
Laboratory tests are done for a variety of reasons. Screening 
tests, such as a complete blood count (CBC), may be done on 
clinically normal animals when they are acquired to avoid a 
financial and/or emotional commitment to a diseased animal, 
to examine geriatric patients for subclinical disease, or to 
identify a condition that might make an animal an anesthetic 
or surgical risk. Screening tests are often done when an ill 
animal is first examined, especially if systemic signs of illness 
are present and a specific diagnosis is not apparent from the 
history and physical examination. Tests are also done to 
confirm a presumptive diagnosis. A test may be repeated or a 
different test may be done to confirm a test result that was 
previously reported to be abnormal. Tests may be done to 
assist in the determination of the severity of a disease, to help 
formulate a prognosis, and to monitor the response to therapy 
or progression of disease.

Decisions to request hematology tests in animals are largely 
based on the cost of the test versus the potential benefit of 
the result to the animal. A CBC is routinely done to establish 
a database for patient evaluation, while other hematology tests 
may be done in an attempt to evaluate a specific problem. 
Examples of more specific hematologic tests that focus on a 
problem identified during the diagnostic evaluation of an 
animal include coagulation tests, such as prothrombin time; 
bone marrow biopsy and interpretation; and immunologic 
tests, such as the direct Coombs’ test. Although single tests 
may be done to address a specific problem (e.g., an erythrocyte 
phosphofructokinase assay), multiple tests are often utilized 
to provide a more comprehensive answer to a broader problem 
(e.g., a hemostasis panel is generally requested to evaluate a 
bleeding animal).

Stat is an abbreviation for statim (Latin meaning “immedi-
ately”). Stat tests are tests that are given high priority and 
begun immediately in situations where rapid results are needed 
for the medical management of critically ill patients. Addi-
tional fees may be charged for stat tests because they disrupt 
the flow of work in the laboratory and result in inefficiency.

I N T ER N A L  V ER S U S  EX T ER N A L 
L A B O R AT O R I E S

A variety of factors should influence the decision of whether 
a test will be done in an in-house laboratory or be sent to an 
external laboratory. A major concern is whether the necessary 
personnel, equipment, and supplies are available to perform 
the test accurately. Considerations include personnel knowl-
edge of species differences and a willingness to conduct 
quality-control tests to verify that the procedure is working 
properly. The costs per test (technician time, reagent costs, 
equipment costs) must be compared to determine which 
option is more economical. The stability of the test may deter-
mine whether it will be done internally. The time it takes to 
obtain results may be important, especially with critically ill 
patients. The hours of operation of the laboratories are impor-
tant for test results that are needed at night or on the weekend. 
Commercial laboratories generally have better quality control 
than laboratories within private practices.

Commercial veterinary laboratories are preferred to com-
mercial human laboratories because errors can occur if tests 
designed to evaluate human samples are used without modi-
fication to test samples from animals. Hematology analyzers 
must be calibrated for species differences to obtain accurate 
results. Technologists must be aware that blood cell morphol-
ogy and blood parasites are different in various animal species. 
Antibody-dependent immunology tests designed for humans 
are generally not valid in animals. Veterinary laboratories are 
more likely to have established their own reference intervals 
for various animal species (as opposed to extracting them from 
the literature) than are human laboratories. A knowledge of 
specific animal diseases and training in veterinary laboratory 
medicine is essential for the evaluation of hematologic speci-
mens and interpretation of laboratory data; consequently a 
veterinary clinical pathologist should be available to perform 
certain subjective tests and provide consultation concerning 
all test results.
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2	 VETERINARY	HEMATOLOGY

FIGURE  1-1 
Frequency diagram of a hypothetical plasma analyte with Gaussian dis-
tribution. The central (tallest) vertical line denotes the mean. Each addi-
tional vertical line represents one standard deviation (SD) from the 
adjacent vertical line. The reference interval calculated using mean ±2 SD 
(21 ± 4 mmol/L) is 17 to 25 mmol/L. 
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R EF ER EN C E  I N T ERVA L S

In order to be able to interpret laboratory data from ill animals, 
it is essential that appropriate reference intervals be estab-
lished from apparently healthy animals drawn from the same 
general population as the ill animals to be examined. The term 
reference interval is preferred to the commonly used normal 
range. The latter term implies that it is the range of test results 
from all “normal” animals. In reality, a low percentage of 
apparently healthy “normal” animals will have test values 
outside the normal range, and, depending on the test, many 
abnormal (diseased) animals may have values within the 
normal range. Healthy animals may have transient increases 
or decreases in laboratory test results based on changes in 
environment, emotional status, diet, and so on, and a low 
percentage of healthy animals simply have values above or 
below the general population of healthy animals. Apparently 
healthy animals may also have occult disease that causes one 
or more abnormal laboratory test results, and sample collec-
tion, handling, and laboratory errors can result in artifactually 
high or low values from healthy animals. Consequently it is 
not appropriate simply to use the actual range of values from 
all apparently healthy animals assayed. To develop useful ref-
erence intervals, one must decide which animals will be 
assayed, how many animals need to be analyzed, and what 
method or methods will be used to remove high or low outli-
ers that would otherwise render the interval of limited value 
as a reference.

Selection of Reference Animals
Specific reference intervals are needed for each species of 
animal being tested. Less often, a different reference interval 
is needed for an analyte from a specific breed of animal (e.g., 
hematocrit values in greyhound dogs are higher than those in 
most other dog breeds). Values may vary with the age of the 
animal, with major changes occurring prior to puberty (e.g., 
3-week-old pups have lower hematocrits than adults). Con-
sequently some analytes need different reference intervals for 
different age groups. Some analytes also vary with sex, preg-
nancy, emotional state, and activity level. The types of animals 
sampled and environmental conditions present during the 
establishment of a reference interval should be defined, along 
with the methods and equipment used, so that the user can 
make appropriate evaluations. Ideally, a reference interval 
should be established using a population of healthy animals 
with a composition (age, breed, sex, diet, etc.) like the popula-
tion of ill animals being evaluated. Homogeneous populations 
generally have more narrow reference intervals than heterog-
enous populations. Establishing a reference interval for a 
blood analyte using a group of male foxhound dogs housed in 
a research colony, fed the same diet, and conditioned to phle-
botomies would likely result in reference intervals too narrow 
for the population of dogs examined in a typical small-animal 
practice. Reference intervals are generally established for a 
species by utilizing samples from apparently healthy adult 

animals of both sexes and various breeds. Monogastric animals 
should have been fasted overnight prior to blood sample 
collection.

Determination of Reference Intervals
Specific reference intervals should be established for each 
instrument and each test evaluated. Ideally, each animal would 
have its own reference intervals established by multiple assays 
done over time when the animal was healthy. In some instances, 
limited numbers of baseline values are available for an animal 
that can be helpful, but rarely are analytes measured often 
enough to establish an accurate reference interval for an  
individual animal. Consequently population-based reference 
intervals are used.

When the frequency diagram of test results from a healthy 
population is examined, many analytes exhibit a Gaussian or 
bell-shaped distribution (Fig. 1-1). When a Gaussian distri-
bution is present, a minimum of 40 individuals (100 or more 
is preferred) should be assayed for statistical validity.2 In this 
case, the reference interval is calculated using the mean ±2 
standard deviations (SD). This interval approximates the 95% 
confidence interval. In other words, about 95% of healthy 
animals have test values within this reference interval, with 
about 2.5% of healthy animals having values above and about 
2.5% of healthy animals values below the reference interval. 
A common mistake made by novices is to calculate the refer-
ence interval from the mean ±1 SD. When this is done, about 
32% of healthy animals will have values outside the calculated 
interval. If less than 40 healthy animals are available, the upper 
and lower values measured should be used to create an esti-
mated reference interval.5

Some analytes do not exhibit a Gaussian distribution. Most 
commonly there is a skew toward the higher values. The use 
of mean ±2 SD to calculate reference intervals results in 
inappropriate reference intervals for skewed populations, as 
shown in Figure 1-2. Data may be manipulated (e.g., log or 
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conducting the test. Hematology indices such as the red  
cell distribution width (RDW) vary more between laborato-
ries, making the use of published reference intervals less 
acceptable.

The units used in reporting values can vary by laboratory 
and a conversion factor may be needed to compare a measured 
value to a published reference interval. For example, blood 
iron might be reported as 100 µg/dL or 18 µmol/L. Most U.S. 
laboratories continue to use conventional units, such as mg/
dL; Canadian and European laboratories use the Interna-
tional System of Units (SI units), such as mmol/L. Where 
possible, moles are used rather than weight (e.g., mg) for SI 
units. This cannot be done for analytes, such as serum  
protein concentration, where the molecular weight is variable 
and/or unknown. For enzymes, an SI enzyme unit is defined 
as 1 µmol/min of substrate utilized or product formed. SI 
units are reported per liter.

For many wild animal species, reference intervals may not 
be published for some or all tests. The simultaneous measure-
ment of a healthy “control” animal from the same species, 
preferably a cohort, can be used as a rough guideline reference 
value and therefore can aid interpretation of the patient’s 
results.

S EN S I T I V I T Y  A N D  S P E C I F I C I T Y 
O F  T E S T S

Ideally analyte values obtained from a healthy animal popula-
tion would not overlap with values obtained form a diseased 
animal population. Unfortunately there is almost always some 
overlap in the distribution of individual analyte test results 
between the two groups (Fig. 1-3). When the disease being 
considered has a major impact on an analyte, little overlap in 

square root transformation) so that the frequency distribution 
of the transformed data approximates a Gaussian distribution. 
The boundaries are determined as before and results are 
retransformed to determine the reference interval. Alterna-
tively, one can use percentiles to determine upper and lower 
limits, especially if large numbers of healthy animals are evalu-
ated. Values are listed in ascending order. The lower limit is 
determined by the formula (n + 1) × 0.025, and the upper 
limit is determined by the formula (n + 1) × 0.975, where n 
= the number of normal animals assayed.2 If 119 animals were 
used, the value for the 3rd lowest animal would be used as the 
lower limit and the value from the 117th animal (3rd from 
the top) would be used as the upper limit.

Interpretation of Test Results Relative to  
Reference Intervals
The common usage of the 95% confidence interval to establish 
reference intervals means that 5% of healthy animals will be 
reported as abnormal for a given test. When multiple tests are 
done in laboratory medicine profiles, the probability of at least 
one test being abnormal increases with the number of tests 
done. For example, there is a 64% chance that at least one 
abnormal test result will be obtained when 20 analytes are 
measured from a healthy animal.6 The degree to which a test 
result is above or below the reference interval is generally 
important in deciding whether a high or low value should be 
taken seriously.

Use of Published Reference Intervals
Routine hematology test results are usually similar between 
laboratories; consequently published reference intervals for 
values such as total leukocyte counts and hematocrits are often 
used to interpret results from a species (e.g., wallaby) when 
reference values have not been established in the laboratory 

FIGURE  1-2 
Frequency diagram of hypothetical absolute blood cell counts with a 
skewed population. The central (tallest) vertical line denotes the mean. 
Each additional vertical line represents one standard deviation (SD) from 
the adjacent vertical line. The use of mean ±2 SD to calculate the refer-
ence interval is inappropriate, as demonstrated by the lower limit being 
an impossible negative value. 
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FIGURE  1-3 
Overlapping Gaussian distributions of a healthy dog population com-
pared with a population of dogs with type 2 diabetes mellitus. 

The figure is redrawn from Farver TB. Concepts of normality in clinical bio-
chemistry. In: Kaneko JJ, Harvey JW, Bruss ML, eds. Clinical Biochemistry 
of Domestic Animals. 6th ed. San Diego: Academic Press; 2008:1-25.
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4	 VETERINARY	HEMATOLOGY

for which they are being tested. As can be seen in Figure 1-4, 
if one increases the reference interval of the healthy popula-
tion in order to minimize the FPs, the number of FNs 
increases.

A clinical test should be safe and practical, and should 
accurately indicate the presence or absence of a specific disease 
or pathology. Sensitivity, specificity, and predictive value con-
stitute measures of a test’s utility for ruling in or ruling out a 
given disease.

Sensitivity is the likelihood of a positive or abnormal test 
result occurring in animals with the disease being considered 
(Box 1-1). For example, if 23 of 28 cats with feline infectious 
peritonitis (FIP) are recognized to have a low absolute lym-
phocyte count in blood, the sensitivity of lymphopenia as a 
diagnostic test for cats with FIP is calculated to be 82% 
(Tables 1-1 and 1-2).7

Specificity is the likelihood of obtaining a negative or 
normal test result in nondiseased animals—that is, animals 
without the particular disease under consideration. In other 
words, specificity represents the proportion of animals without 
the disease in question that have normal tests. Specificity may 
be calculated in two distinctly different ways, either by assum-
ing that all of the nondiseased animals are healthy or by 
assuming that although nondiseased animals do not have the 
particular disease for which the analysis is being performed, 
they may have other diseases.

Determining the specificity of a test in a group of healthy 
animals is of little value because reference intervals are gener-
ally established to include 95% of the total population of 
healthy animals, with 2.5% of healthy animals having values 
above and 2.5% of healthy animals having values below the 
reference interval. The specificity of a test is much more useful 
when the population of animals typically evaluated in a vet-
erinary hospital setting is being used.1 In this approach, the 
“nondiseased” group includes not only healthy animals pre-
sented for elective procedures but also animals with diseases 
other than the disease being considered.

P R ED I C T I V E  VA LU E S  A N D 
D I S E A S E  P R EVA LEN C E

Predictive values demonstrate how well a test performs in a 
given population. In contrast to sensitivity determinations 
(which are made using only a population of animals with the 
disease in question) and specificity determinations (which are 
made using only a population of animals without the disease 
under consideration), predictive value determinations are 
made from populations that contain animal both with and 
without the disease in question.

The predictive value of a positive test (PVPT) considers 
only animals in the population being studied that have a posi-
tive test result and determines what percentage of animals 
actually have the disease being considered (see Box 1-1). It 
answers the question “How likely is it that an animal with a 
positive test will actually have the disease being considered?” 

values will occur; however, extensive overlap occurs if the 
analyte concentration is minimally altered by the disease being 
considered. True positives (TPs) are positive test results from 
animals with the disease for which they are being tested, false 
positives (FPs) are positive test results for animals without the 
disease for which they are being tested (Fig. 1-4), true nega-
tives (TNs) are negative test results from animals without the 
disease for which they are being tested, and false negatives 
(FNs) are negative test results from animals with the disease 

FIGURE  1-4 
Frequency diagrams of a healthy dog population compared with a popu-
lation of dogs with type 2 diabetes mellitus. Graphs are redrawn from 
Figure 1-3 to demonstrate true-negative (TN), false-negative (FN), true-
positive (TP), and false-positive (FP) values used to calculate sensitivity, 
specificity, and predictive values. The top graph (A) demonstrates the 
effect of using the mean +2 standard deviations (SD) to set the upper 
limit of the reference interval. The lower graph (B) demonstrates the 
effect of using the mean +3 SD to set the upper limit. The number of 
FP tests are reduced but the number of FN tests are increased by using 
the higher reference limit. 

The figure is redrawn from Farver TB. Concepts of normality in clinical 
biochemistry. In: Kaneko JJ, Harvey JW, Bruss ML, eds. Clinical Biochemis-
try of Domestic Animals. 6th ed. San Diego: Academic Press; 2008:1-25.
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Test

NUMBER OF CATS AFFECTED

Have FIP (N = 28) Do Not Have FIP (N = 196) Total Cats (N = 224)
Lymphopenia (<1.5 x 103 cells/µL) 23 43 66
Monocytosis (>0.9 x 103 cells/µL) 2 43 45
Hyperglobulinemia (>5.1 g/dL) 11 7 18
Coronavirus titer positive 22 84 106

N, Number of cats.
aData from Sparkes AH, Gruffydd-Jones TJ, Harbour DA. An appraisal of the value of laboratory tests in the diagnosis of feline infectious peritonitis. J Am Anim 
Hosp Assoc. 1994;30:345-350.

Table 1-1
Test Results from the Evaluation of 224 Cats with a History and Clinical Signs Consistent with Feline 
Infectious Peritonitis (FIP) Resulting in the Inclusion of FIP in the List of Differential Diagnosesa

Test

NUMBER OF CATS AFFECTED

Have FIP  
(N = 28)

Do Not Have FIP  
(N = 196)

Total Cats  
(N = 224)

Lymphopenia 23 43 66
True 

positive
False positive Total 

positive
No lymphopenia 5 153 158

False 
negative

True negative Total 
negative

N, Number of cats.
aCats with a history and clinical signs consistent with FIP were evaluated, 
resulting in FIP being included in the list of differential diagnoses. Lymphope-
nia was defined as <1.5 x 103 lymphocytes per microliter of blood.
bData from Sparkes AH, Gruffydd-Jones TJ, Harbour DA. An appraisal of the 
value of laboratory tests in the diagnosis of feline infectious peritonitis. J Am 
Anim Hosp Assoc. 1994;30:345-350.

Table 1-2
Examination of Lymphopenia as a Diagnostic Test 
for Feline Infectious Peritonitis (FIP)a,b

Based on the selected population of cats presented in Tables 
1-1 and 1-2, there is a 23/66 or 35% chance that a cat with 
lymphopenia in this population will have FIP.7

The predictive value of a negative test (PVNT) considers 
only animals in the population being studied that have a nega-
tive or normal test result and determines what percentage of 
animals with negative test results do not have the disease 
being considered (see Box 1-1). It answers the question “How 
likely is that an animal with a negative or normal test result 
will be free of the disease being considered?” Based on the 
selected population of cats presented in Table 1-2, there is a 
153/158 or 97% chance that a cat with a normal or increased 
blood lymphocyte count will not have FIP.

The prevalence of a disease in a population is simply the 
percentage of animals in a given population that have a certain 
disease (see Box 1-1). The prevalence of FIP in the selected 
population presented in Table 1-1 is 28/224 or 12.5%. The 

TP, true positive (the number of animals with the disease being tested for that 
have a positive test result); FP, false positive (the number of animals without 
the disease being tested for that have a positive test result); TN, true negative 
(the number of animals without the disease being tested for that have a nega-
tive test result); and FN, false negative (the number of animals with the 
disease being tested for that have a negative test result).

Sensitivity 
TP
TP FN

Specificity 
TN
TN FP

Pred

%

%

( ) = ×
+

( ) = ×
+

100

100

iictive value of a positive test 
TP
TP FP

Predictive

%( ) = ×
+
100

  value of a negative test 
TN
TN FN

Prevalence 
T

%

%

( ) = ×
+

( ) =

100

PP FN
TP TN FP FN

+( )×
+ + +

100

Box 1-1 Formulas for the Calculation of 
Sensitivity, Specificity, Predictive 
Value of a Positive Test, 
Predictive Value of a Negative 
Test, and Prevalence

prevalence of a disease affects the predictive values of a test 
used to diagnose the disease but not its sensitivity or specific-
ity. For most tests, the PVPT will be low and the PVNT will 
be high if the disease has a low prevalence in the population 
being studied. The PVPT will be low because low prevalence 
magnifies the number of false-positive results—that is, most 
positive test results are false positives because few animals 
actually have the disease (see Box 1-1). The exception would 
be a test where false-positive results occur infrequently (e.g., 
polymerase chain reaction tests for specific infectious agents 
or inherited blood cell defects). The PVNT will be high 
because few false-negative results are present in a population 
when the disease prevalence is low.

To improve diagnostic accuracy, the prevalence (likelihood) 
of the disease being considered can be increased by using the 
history, physical examination, and adjunctive diagnostic tests 
to restrict the population, as described for cats in Table 1-1. 
The prevalence of FIP in the general cat population is much 
lower than 12.5%. By ruling out one or more diseases that can 
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6	 VETERINARY	HEMATOLOGY

give the same positive test result as the disease being consid-
ered, a clinician decreases the size of the population being 
studied, thereby increasing the prevalence of the disease in the 
population and increasing the positive predictive value of the 
test for the disease being considered.

Laboratory tests are used to help rule in or rule out a spe-
cific disease. When significant hazards are associated with 
treatment (e.g., amputation or high-risk chemotherapy) or 
euthanasia is being considered, it is necessary to be as certain 
as possible that the disease is actually present. Consequently 
tests with high positive predictive values are needed for a 
rule-in strategy. When the penalty for missing a diagnosis is 
high, as with a disease for which therapy is effective if begun 
quickly, tests with high negative predictive values are theoreti-
cally important as a rule-out strategy. A normal test result by 
virtue of its high negative predictive value would suggest that 
the disease is not present. Unfortunately many diseases have 
low prevalence, which by itself can result in a high negative 
predictive value. The best evidence for ruling out a disease is 
finding a negative test result for an assay that has a high 
sensitivity for recognizing the disease. Based on the selected 
population of cats presented in Tables 1-1 and 1-2, finding a 
normal or increased blood lymphocyte count is more reliable 
for ruling out FIP than is finding a low lymphocyte count for 
making a diagnosis of FIP.

Information is generally available concerning the sensitiv-
ity of routine tests for common diseases, but information is 
often lacking concerning all diseases that may have a positive 
test result and the frequency of these diseases in the popula-
tion being evaluated. Consequently, the specificity of a test can 
vary when populations containing animals with other diseases 
are analyzed. PVPTs and PVNTs also vary considerably 
depending on the population analyzed. Although accurate 
values are not usually available for PVPTs and PVNTs, clini-
cians use their knowledge and experience, combined with the 
principles outlined above, to make informed judgments con-
cerning the likelihood that a disease can be ruled in or ruled 
out of the differential diagnosis. These decisions are seldom 
based on a single test result; instead, information in the history 
is considered along with the clinical signs and results of the 
physical examination, diagnostic imaging, and other labora-
tory tests. The likelihood that a disease will be present increases 
if several findings are supportive of the diagnosis. For example, 
in the FIP study discussed above, the PVPT was 35% for cats 
with lymphopenia, 77% for cats with lymphopenia and hyper-
globulinemia, and 89% for cats with lymphopenia, hyper-
globulinemia, and a positive coronavirus titer. The PVNT 
increased from 97% when lymphopenia alone was absent to 
99% when all three findings were absent. Minimal change 
occurs in the PVNT because the relatively low disease preva-
lence in the population is a major contributing factor to the 
high negative PVNT. This contribution is most clearly dem-
onstrated by looking at blood monocyte data in the FIP study 
presented in Table 1-1. Only 7% of FIP cats have a monocy-
tosis (sensitivity), and the PVPT for monocytosis is only 4%, 
yet the PVNT for a cat lacking a monocytosis is 88%.

C U T O F F  VA LU E S

The PVPT may be increased by using a cutoff value above or 
below the standard reference interval, depending on whether 
the disease under consideration results in an increase or a 
decrease in the analyte being measured. For example, low 
mean cell volume (MCV) is a diagnostic test suggestive of 
chronic iron deficiency in dogs. If we use 64 fL as the lower 
limit of the reference interval to calculate its positive predic-
tive value, the value would not be remarkably high because 
there are various other relatively common disorders that can 
result in low MCVs in dogs, most notably inflammatory con-
ditions and portosystemic shunts. However, it is recognized 
that the other causes of microcytosis rarely result in MCV 
values below 52 fL. Consequently, if a dog has a MCV below 
52 fL, chronic iron deficiency anemia is highly likely and the 
PVPT using this cutoff value would approach 100%. However, 
52 fL is not routinely used as a cutoff value for a positive test 
because many cases of chronic iron deficiency would be 
missed. Nonetheless, it is important to realize that dogs with 
especially low MCV values almost certainly have chronic iron 
deficiency anemia.

The effects of varying the cutoff value of a test on sensitiv-
ity, specificity, and predictive values are demonstrated in Table 
1-3, where plasma fibrinogen concentration was evaluated as 
a diagnostic test for Rhodococcus equi pneumonia in 165 foals 
from a single farm.3 It is important to recognize that fibrino-
gen is an acute-phase protein that often increases in associa-
tion with various causes of inflammation in horses and that 
the heat precipitation assay used to measure fibrinogen (while 
easily performed and clinically useful) is relatively imprecise. 
As the cutoff value for plasma fibrinogen concentration is 
increased, the specificity and PVPT increase, but the sensitiv-
ity and PVNT decrease (see Table 1-3). Results from this 
study also demonstrate that the PVPT increases and the 
PVNT decreases as the prevalence of disease in a population 
increases. In choosing the most appropriate cutoff value for a 
test, one must consider a number of factors including sensitiv-
ity and specificity of the test, prevalence of disease in the 
population being tested, and consequences of false-positive 
and false-negative tests. In the example above, failure to iden-
tify an infected foal (false-negative test) might result in the 
debilitation or death of the foal. Conversely, the treatment of 
healthy foals based on false-positive test findings could result 
in unnecessary financial losses and potential injury to healthy 
foals as a result of the adverse side effects of antimicrobial 
therapy.

ACC U R AC Y  V ER S U S  P R E C I S I O N

The accuracy of an analytical procedure is determined by  
how closely the result approaches the true value of the  
analyte being measured. An accurate test is one where the 
average of several assay results is close to the true value (Fig. 
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PREDICTIVE VALUES

PREVALENCE 10% PREVALENCE 40%

Cutoff value (mg/dL) Sensitivity (%) Specificity (%) PVPT (%) PVNT (%) PVPT (%) PVNT (%)
300 100 6 11 100 42 100
400 91 51 17 98 55 89
500 71 68 20 96 60 78
600 38 96 51 93 86 70
700 29 97 51 92 86 67
800 12 100 100 91 100 63

PVPT, Predictive value of a positive test; PVNT, predictive value of a negative test.
aData from Giguère S, Hernandez J, Gaskin J, Miller C, Bowan JL. Evaluation of white blood cell concentration, plasma fibrinogen concentration, and an agar 
gel immunodiffusion test for the early identification of foals with Rhodococcus equi pneumonia. J Am Vet Med Assoc. 2003;222:775-781.

Table 1-3
Sensitivity, Specificity, and Predictive Values of Plasma Fibrinogen Concentrations at Selected Cutoff Values  
for the Early Identification of Foals with Rhodococcus equi Pneumonia, Assuming Two Different Prevalences 
of Diseasea

1-5). Analytic procedures with low accuracy are said to have 
a negative bias if results are below the true value or a positive 
bias if results are above the true value.

The precision of a test reflects how reproducible the test 
results are when the assay is replicated. Precision is indepen-
dent of accuracy (Fig. 1-6); consequently test results can be 
highly reproducible but erroneous (see Fig. 1-5, lower plot). 
Precision or, more accurately, the amount of imprecision 
present in an assay, is determined by calculating the coefficient 
of variation (CV) for repeated measurements made on a single 

FIGURE  1-5 
Plots comparing test results of triplicate assays of three standards (y-axis) 
to the known values of the standards (x-axis). The top plot is accurate 
with good precision. The bottom plot has good precision but is 
inaccurate. 
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sample. The CV is the standard deviation (SD) of the repeated 
measurements expressed as a percent of the mean of the 
repeated measurements (SD/mean × 100). The CV indicates 
the amount of random error (imprecision) that is present in 
an assay. A high CV value (e.g., more than 10%) indicates that 
an assay lacks precision. A low CV value (e.g., less than 5%) 
indicates that assay results are reproducible, varying little with 
repeated measurement. The degree of imprecision of an assay 
can also be measured over time intervals to assess within-run, 
between-run, or between-day variation.

FIGURE  1-6 
Plots comparing test results of four replicate assays of three standards 
(y-axis) to the known values of the standards (x-axis). The top plot is 
accurate but imprecise. The bottom plot is inaccurate and imprecise. 
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8	 VETERINARY	HEMATOLOGY

selected blood films (100 cells per differential). CVs were also 
calculated from results from 20 pairs of randomly selected 
slides (200 cells per differential). Last, CVs were calculated 
from results from 20 quads of randomly selected slides (400 
cells per differential). As expected, the CVs for leukocyte types 
that were numerous (e.g., neutrophils) were much lower than 
CVs for leukocyte types that were present in low numbers 
(e.g., basophils), and CVs decreased as the total number of 
cells counted in the differential increased (Figs. 1-9 and 1-10). 
The CVs for each of the five leukocyte types from this dog 
were plotted versus the mean percentage of each leukocyte 
type for 100-, 200-, and 400-cell manual differential counts 
and compared with a like plot with data determined by per-
forming 20 automated differential counts on blood from a 
single dog using an Advia 120 (Siemens Healthcare Diagnos-
tics, Inc., Tarrytown, NY) hematology analyzer (Fig. 1-11). 
Automated hematology analyzers have lower CVs for each 
percentage of leukocyte type present because they examine 
thousands of leukocytes (assuming a normal leukocyte  
count) in performing the differential leukocyte count. 

FIGURE  1-7 
Individual plots of total leukocyte counts performed 20 times each using 
a manual method and an automated method on the same canine blood 
sample. The manual method utilized 20 separate dilutions (Unopette 
365855, Becton Dickinson Co., Franklin Lakes, NJ), followed by the 
counting of all leukocytes in 1 µL of 1/100 diluted blood in a hemacy-
tometer chamber. A Cell-Dyn 3500 (Abbott Laboratories, North 
Chicago, IL) calibrated for canine blood was used to perform the auto-
mated cell counts. The mean and coefficient of variation (CV) for the 
manual counts were 7.1 × 103/µL and 15% respectively. The mean and 
CV for the automated counts were 6.7 × 103/µL and 2% respectively. 

Manual Automated
0

2

4

6

8

10

Le
uk

oc
yt

es
 (

�
10

3 /
�

L)

FIGURE  1-8 
Individual plots of platelet counts performed 20 times each using a 
manual method and an automated method on the same canine blood 
sample. The manual method utilized 20 separate dilutions (Unopette 
365855, Becton Dickinson Co., Franklin Lakes, NJ), followed by the 
counting of all platelets in 1/25 µL of 1/100 diluted blood in a hema-
cytometer chamber. A Cell-Dyn 3500 (Abbott Laboratories, North 
Chicago, IL) calibrated for canine blood was used to perform the auto-
mated cell counts. The mean and coefficient of variation (CV) for the 
manual counts were 240 × 103/µL and 13% respectively. The mean and 
CV for the automated counts were 219 × 103/µL and 4% respectively. 

Manual Automated
0

200

100

300

P
la

te
le

ts
 (

�
10

3 /
�

L)

Automated versus Manual Methods
As can be seen in Figures 1-7 and 1-8, manual leukocyte and 
platelet counts are less precise (CV 15% and 13%, respectively) 
than automated leukocyte and platelet counts (CV 2% and 
4%, respectively). These values do not indicate whether manual 
or automated methods are more accurate. In fact, the mean 
manual platelet count is probably more accurate (more near 
the true platelet count) than the mean automated platelet 
count because platelets in small platelet clumps can be visual-
ized and counted separately in a hemacytometer chamber but 
would be counted as one platelet or not counted at all in an 
automated cell counter.

For manual differential leukocyte counts, the CV varies 
with the percentage of a given leukocyte type present in the 
blood film and the total number of leukocytes included in the 
differential leukocyte count. For example, 100 cell differential 
counts were performed by a single technologist on each of 80 
stained coverslip blood films from a dog with a mild baso-
philia. CVs were calculated from results of 20 randomly 
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FIGURE  1-9
Box plots of neutrophil percentages and coefficients of variation (CVs) 
from manual differential counts from a single dog with 55.4% neutro-
phils. Values represent the results of 20 differential leukocyte counts each 
of 100, 200, and 400 nucleated cells. A median line is shown. Boxes 
include 25th to 75th percentiles and error bars include 10th to 90th 
percentiles. 
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FIGURE  1-10 
Box plots of neutrophil percentages and coefficients of variation (CVs) 
from manual differential counts from a single dog with 1.4% basophils. 
Values represent the results of 20 differential leukocyte counts each of 
100, 200, and 400 nucleated cells. A median line is shown. Boxes  
include 25th to 75th percentiles and error bars include 10th to 90th 
percentiles. 
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FIGURE  1-11 
Mean coefficient of variation (CV) values for each of the five leukocyte 
types from a single dog are plotted versus the mean differential counts 
of each leukocyte type. Mean values were determined from 20 differential 
leukocyte counts each of 100, 200, and 400 nucleated cells. A like plot 
with data determined by performing 20 automated differential counts on 
blood from a single dog using an Advia 120 hematology analyzer is 
included for comparison. 
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However, they are not always more accurate. The inability to 
correctly identify certain cell types (especially basophils), 
abnormal cell morphology, or abnormal cell types can lead to 
the misclassifications of cell types. For example, the Advia 120 
failed to identify any basophils in blood from a cat with 39% 
basophils or a dog with 14% basophils identified on manual 
differential leukocyte counts.

Critical Difference
The CV of an assay affects how the results are interpreted, 
especially if an assay is being repeated to determine whether 
a treatment is effective. For example, if the total leukocyte 
count for a dog is 4600/µL before treatment and 5800/µL 
after treatment, does this represent a real improvement or 
might it reflect imprecision in the measurement of the total 
leukocyte count? An additional confounding variable in this 
example is the biological variability of the animal itself.  
Jensen et al.4 calculated the analytical CV for an automated 
total leukocyte count in healthy laboratory beagles to be  
3.7%, while the CV for repeated total leukocyte counts from 
individual beagles (within dog CV) was 12.1%.4 From these 
numbers, a critical difference of 35% was calculated. This 
means that the total leukocyte count would have to increase 
by more than 35% before the therapy could be assumed to 
have an influence on this analyte. In the example above,  
the automated total leukocyte count would have to exceed 
4600/µL × 1.35, or 6200/µL, before a therapeutic effect might 
be assumed. A considerably greater difference would be 
required if total leukocyte counts were done using a manual 
method because of its higher analytical CV. A greater critical 
difference might also have been calculated in the above 
example had client-owned animals been used for this study 
rather than laboratory animals, because it is likely that the 
biological variation would be higher in client-owned animals 
that were not accustomed to the phlebotomy procedure, the 
individuals handling them, or the environment in which the 
phlebotomy was done.

Unfortunately, critical difference measurements have been 
done for few analytes in veterinary medicine, and values will 
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vary depending on methods and instruments used and animal 
populations evaluated. Nonetheless, clinicians develop knowl-
edge and intuition through study and experience that can help 
them to make informed judgments concerning the impor-
tance of changes in laboratory data.
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CO M P O S I T I O N  O F  B L O O D

Blood is composed of cells (erythrocytes, leukocytes, and 
platelets) circulating within fluid called plasma (Fig. 2-1). 
Erythrocytes or red blood cells are most numerous, with 
several million erythrocytes per microliter of blood in 
mammals (Appendix Table 1). Depending on the species, 
erythrocytes typically account for one-fourth to one-half of 
the total blood volume as measured by determining the hema-
tocrit. Platelets or thrombocytes are the next most numerous 
cell type in blood, with platelet counts as low as 100 × 103/µL 
in healthy horses to several hundred thousand per microliter 
in other mammalian species. Total leukocyte or white blood 
cell counts are much lower than erythrocyte and platelet 
counts, with total leukocyte counts ranging from about 5 × 
103/µL to about 20 × 103/µL in mammals. The proportion of 
leukocyte types present varies by species, with neutrophils 
being the most numerous leukocyte type present in the blood 
of carnivores and lymphocytes being the most numerous leu-
kocyte type present in the blood of ruminants and rodents.

Plasma consists primarily of water that contains about 6 to 
8 g/dL of plasma proteins and 1.5 to 2.0 g/dL of inorganic 
salts, lipids, carbohydrates, hormones, and vitamins.19 Plasma 
is prepared in the laboratory by collecting blood with an 
anticoagulant, followed by centrifugation to remove the blood 
cells. If blood is collected without anticoagulant and allowed 
to clot, the fluid that is obtained following centrifugation is 
called serum. The protein concentration in serum is usually 
about 0.2 to 0.5 g/dL lower than that in plasma, primarily 
owing to the absence of fibrinogen—which is consumed 
during coagulation—in serum. Serum proteins may be sepa-
rated by electrophoresis into albumin, α-globulins, β-globulins, 
and γ-globulins (Fig. 2-2). Albumin is a single protein that 
generally accounts for nearly half of the total plasma proteins 
present by weight. Each of the globulin classes is composed 
of many different proteins.12

C A L C U L AT I O N  O F  
B L O O D  VO LU M E

Total blood volume accounts for about 10% to 11% of body 
weight in hot-blooded horses; 8% to 9% in dogs; 6% to 7% 
in cats, ruminants, laboratory rodents, and cold-blooded 
(draft) horses; and 5% to 6% in pigs. The total blood volume 
of young growing animals often exceeds 10% of body weight.33 
It may be desirable to calculate the total blood volume of an 
animal in determining the size of a needed blood transfusion, 
or the amount of blood that can safely be removed for a series 
of diagnostic tests, or when an animal is to be used as a blood 
donor. For example, the total blood volume of a 4-kg cat is 
0.07 × 4 kg = 0.28 kg = 280 mL, assuming that 7% of body 
weight is blood in cats and the specific gravity of blood is 1.0 
(1 mL weighs 1 g). Since one can safely remove 20% of the 
blood volume from an animal, the calculated amount that can 
be removed from the cat in this example is 280 × 0.2 = 56 mL.

S A M P LE  CO LLE C T I O N  
A N D  H A N D LI N G

In monogastric animals, an overnight fast avoids postprandial 
lipemia, which can interfere with plasma protein, fibrinogen, 
and hemoglobin determinations. Ethylenediaminetetraacetic 
acid (EDTA) is the preferred anticoagulant for complete 
blood count (CBC) determination in most species, but blood 
from some birds and reptiles hemolyzes when collected into 
EDTA. In those species, heparin is often used as the anti-
coagulant. The disadvantage of heparin is that leukocytes  
do not stain as well (presumably because heparin binds to  
leukocytes),24 and platelets generally clump more than 
they do in blood collected with EDTA. However, as discussed 
later, platelet aggregates and leukocyte aggregates may occur 
even in properly collected EDTA-anticoagulated blood 
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12	 VETERINARY	HEMATOLOGY

be made as soon as possible and rapidly dried to minimize 
morphologic changes.

G RO S S  EXA M I N AT I O N  O F  
B L O O D  S A M P LE S

Samples are checked for clots and mixed well (gently inverted 
20 times) immediately before removing aliquots for hematol-
ogy procedures. Horse erythrocytes settle especially rapidly 
because of rouleaux formation (adhesion of erythrocytes 
together like a stack of coins). Blood should be examined 
grossly for color and evidence of erythrocyte agglutination. 
The presence of marked lipemia may result in a blood sample 
with a milky red color resembling “tomato soup” when 
oxygenated.

Methemoglobinemia
Hemoglobin is a protein consisting of four polypeptide globin 
chains, each of which contains a heme prosthetic group within 
a hydrophobic pocket. Heme is composed of a tetrapyrrole 

samples.10,29,41,49,53 In those cases, collection of blood using 
another anticoagulant (e.g., citrate) may prevent the forma-
tion of cell aggregates. Cell aggregation tends to be more 
pronounced as blood is cooled and stored; consequently  
processing samples as rapidly as possible after collection  
may minimize the formation of leukocyte and/or platelet 
aggregates.

Collection of blood directly into a vacuum tube is preferred 
to collection of blood by syringe and transfer to a vacuum tube. 
This method reduces platelet clumping and clot formation in 
samples for CBC determinations, as even small clots render 
a sample unusable. Platelet counts are markedly reduced, and 
a significant reduction can sometimes occur in hematocrit 
(HCT) and leukocyte counts as well. Also, when the tube is 
allowed to fill based on the vacuum within the tube, the proper 
sample-to-anticoagulant ratio will be present. Inadequate 
sample size results in decreased HCT due to excessive EDTA 
solution. Care should be taken to avoid iatrogenic hemolysis, 
which interferes with plasma protein, fibrinogen, and various 
erythrocyte measurements. Samples should be submitted to 
the laboratory as rapidly as possible, and blood films should 

FIGURE  2-1 
Approximate composition of normal dog blood. 
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with a central iron molecule that must be maintained in the 
ferrous (+2) state to reversibly bind oxygen. Methemoglobin 
differs from hemoglobin only in that the iron molecule of the 
heme group has been oxidized to the ferric (+3) state and is no 
longer able to bind oxygen.28 The presence of large amounts of 
deoxyhemoglobin accounts for the dark bluish color of normal 
venous blood samples. Methemoglobinemia may not be recog-
nized in venous blood samples because the brownish color of 
methemoglobin is not readily apparent when methemoglobin 
is mixed with deoxyhemoglobin (Fig. 2-3, A). When deoxyhe-
moglobin binds oxygen to form oxyhemoglobin, it becomes 
bright red; consequently the brownish coloration of methemo-
globin becomes more apparent in the oxygenated samples (Fig. 
2-3, B). A simple spot test provides a rapid way to oxygenate a 
venous blood sample and to determine whether clinically sig-
nificant levels of methemoglobin are present. One drop of 
blood from the patient is placed on a piece of absorbent white 
paper and a drop of normal control blood is placed next to it. 
If the methemoglobin content is 10% or greater, the patient’s 
blood will have a noticeably brown color compared with the 
bright red color of control blood (Fig. 2-4).28 Accurate deter-
mination of methemoglobin content requires that blood be 
submitted to a laboratory that has this test available. Methe-
moglobinemia results from either increased production of 
methemoglobin by oxidants or decreased reduction of methe-
moglobin resulting from a hereditary deficiency in the eryth-
rocyte cytochrome-b5 reductase enzyme (see Chapter 4).27

Erythrocyte Agglutination
The appearance of red granules in a well-mixed blood sample 
(Fig. 2-5) suggests the presence of erythrocyte autoagglutina-
tion. However, it is important to differentiate agglutination 

FIGURE  2-2 
Serum protein electrophoresis from a dog with a polyclonal hyperglobu-
linemia, including increased α2-globulin and β-γ bridging. A, Agarose 
gel stained with Coomassie blue for protein. Albumin (band on the far 
left) migrates more rapidly than other proteins. B, Densitometer tracing 
of the agarose gel used to determine the contribution of each protein 
type: total protein 7.7 g/dL, albumin 2.05 g/dL, α1 0.42 g/dL, α2 1.51 g/
dL, β 1.86 g/dL, γ 1.86 g/dL. 
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FIGURE  2-3 
Gross appearance of mixtures of oxyhemoglobin, deoxyhemoglobin, and methemoglobin. A, Venous blood sample from a cat with 28% methemoglobin 
(left sample) compared with blood from a normal cat with less than 1% methemoglobin (right sample). Both samples also contain a mixture of 
oxyhemoglobin and deoxyhemoglobin. B, Oxygenated blood sample from a cat with 28% methemoglobin (left sample) compared with blood from a 
normal cat with less than 1% methemoglobin (right sample). The sample on the left contains a mixture of oxyhemoglobin and methemoglobin; the 
one on the right contains almost exclusively oxyhemoglobin. 
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14	 VETERINARY	HEMATOLOGY

FIGURE  2-4 
Methemoglobin spot test. A drop of blood from a methemoglobin 
reductase-deficient cat with 50% methemoglobin (left) is placed on 
absorbent white paper next to a drop of blood from a normal cat with 
less than 1% methemoglobin. 

FIGURE  2-5 
Grossly visible agglutination in blood from a dog with immune-mediated 
hemolytic anemia. 

FIGURE  2-6 
Microscopic rouleaux in an unstained wet mount preparation of normal 
cat blood. 

FIGURE  2-7 
Microscopic agglutination in an unstained wet mount preparation of 
saline-washed erythrocytes from a foal with neonatal isoerythrolysis. 

(aggregation of erythrocytes together in clusters) from rou-
leaux (adherence of erythrocytes together like a stack of coins), 
which can be seen in the blood from healthy horses and cats 
(Fig. 2-6). Rouleaux formation is eliminated by washing 
erythrocytes in physiologic saline, but agglutination is not. 
This differentiation requires centrifugation of blood, removal 
of plasma, and resuspension of erythrocytes in saline. A rapid 
way to differentiate rouleaux from agglutination is to mix five 
drops of physiologic saline with a drop of anticoagulated 
blood on a glass slide and examine it as a wet mount using a 
microscope. This dilution reduces rouleaux, but agglutination 
is not affected. The microscopic appearance of agglutination 
in a sample of washed erythrocytes is shown (Fig. 2-7). The 
presence of agglutination indicates that the erythrocytes have 
increased surface-bound immunoglobulins. These immuno-
globulins are usually of the IgM type when agglutination is 
present, because the greater distance between binding sites on 
IgM molecules compared with IgG molecules makes it easier 
for IgM molecules to overcome normal repulsive forces 

between negatively charged erythrocytes.67 In addition, there 
are 10 antigen-binding sites per IgM molecule compared with 
2 binding sites per IgG molecule (Fig. 2-8). A direct anti-
globulin test is not needed to identify the presence of immu-
noglobulin bound to erythrocytes if agglutination is present 
in saline solution-washed erythrocyte samples.

M I C RO H EM AT O C R I T  T U B E 
EVA LUAT I O N

A microhematocrit tube is filled to about 90% of capacity with 
well-mixed blood and sealed with clay at one end. The tube is 
then placed in a microhematocrit centrifuge with the clay  
plug oriented to the periphery of the centrifuge head and 
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FIGURE  2-8 
Antierythrocyte IgM antibodies causing erythrocyte agglutination. 
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hyperbilirubinemia) in horses owing to reduced removal of 
unconjugated bilirubin by the liver.13 Failure of the liver to 
remove unconjugated bilirubin from blood has also been 
reported to cause hyperbilirubinemia in one-fourth of the sick 
(often anorectic) cattle in one study.40 In other species, yellow 
plasma with a normal HCT suggests hyperbilirubinemia sec-
ondary to liver disease. Hyperbilirubinemia associated with a 
marked decrease in the HCT suggests an increased destruc-
tion of erythrocytes; however, the concomitant occurrence of 
liver disease and a nonhemolytic anemia could produce a 
similar finding (Fig. 2-9, B).

Red discoloration of plasma indicates the presence of free 
hemoglobin. This discoloration may represent either true 
hemoglobinemia, resulting from intravascular hemolysis, or 
hemolysis occurring after sample collection due to such causes 
as rough handling, fragile cells, lipemia, or prolonged storage 
(Fig. 2-9, C,D). The HCT value may help differentiate between 
these two possibilities, with red plasma and a normal HCT 
suggesting in vitro hemolysis. The concomitant occurrence of 
hemoglobinuria indicates that intravascular hemolysis has 
occurred. Plasma will also appear red following treatment with 
cross-linked hemoglobin blood substitute solutions.

Lipemia is recognized as a white opaque appearance caused 
by chylomicrons and very low density lipoproteins (VLDLs). 
The presence of chylomicrons may also result in a white layer 
at the top of the plasma column (Fig. 2-9, E). The presence 
of lipemia is frequently the result of a recent meal (postpran-
dial lipemia), but diseases including diabetes mellitus, pancre-
atitis, hypothyroidism, hyperadrenocorticism, protein-losing 
nephropathy, cholestasis, obesity, and starvation may also con-
tribute to the development of lipemia in dogs and cats.23,72 
Transient lipemia and accompanying anemia has been 
described as a syndrome in kittens, but a direct link between 
hyper lipidemia and anemia has not been clearly documented.23 
Hereditary causes of lipemia include lipoprotein lipase defi-
ciency in cats and idiopathic hyperlipidemia in miniature 
schnauzer dogs.20,73

Equids of any age and either sex may develop lipemia, but 
obese ponies, miniature horses, and miniature donkeys are 
most susceptible. Lipemia has been associated with a broad 
range of diseases, but it is more prevalent in association with 
pregnancy, lactation, and/or anorexia.65 Lipemia has also been 
reported in llamas and alpacas with severe systemic diseases. 
It is not associated with age, sex, or reproductive status in these 
camelids.64 The pathogenesis of marked secondary hyperlip-
idemia is not always clear. It often appears to result from a 
mobilization of unesterified fatty acids from adipose tissue 
and the subsequent overproduction of VLDLs by the liver,  
but it may also result from ineffective clearance of VLDLs  
by tissues or a combination of both, as occurs in diabetes 
mellitus.

Plasma Protein Determination
After the PCV is measured and the appearance of the plasma 
and buffy coat is noted, the microhematocrit capillary tube is 
broken just above the buffy coat and the plasma is placed in 

centrifuged for 5 minutes. After centrifugation, the blood 
sample will be separated into three layers based on density, 
with packed erythrocytes located at the bottom. A white 
“buffy coat” is located above the erythrocyte layer, and the 
acellular plasma is located above the buffy coat.

When blood is submitted for a CBC, most commercial 
laboratories determine an electronic HCT rather than a 
packed cell volume (PCV) by centrifugation. This efficiency 
negates the need to centrifuge a microhematocrit tube filled 
with blood. Unfortunately useful information concerning the 
appearance of plasma is missed unless a serum or plasma 
sample is also prepared for clinical chemistry tests.

Packed Cells
The PCV is measured after centrifugation by determining the 
fraction of total blood volume in a microhematocrit tube that 
is occupied by erythrocytes. Leukocytes and platelets are pri-
marily located within the buffy coat, although certain leuko-
cyte types may be present in the top portion of the packed 
erythrocyte column in some species (e.g., neutrophils in 
cattle). The width of the buffy coat generally correlates directly 
with the total leukocyte count. A large buffy coat suggests 
leukocytosis (Fig. 2-9, A) or thrombocytosis, and a small buffy 
coat suggests that low numbers of these cells may be present. 
The buffy coat may appear reddish owing to the presence of 
a marked reticulocytosis.

The Appearance of Plasma
Plasma is normally clear in all species. It is nearly colorless in 
small animals, pigs, and sheep but light yellow in horses 
because they naturally have higher bilirubin concentrations. 
Plasma varies from colorless to light yellow (carotenoid pig-
ments) in cattle, depending on their diet.62 Increased yellow 
coloration usually indicates increased bilirubin concentration. 
This increase often occurs secondarily to anorexia (fasting 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


16	 VETERINARY	HEMATOLOGY

B L O O D  C ELL  CO U N T I N G  
A N D  S I Z I N G

Total leukocyte counts, erythrocyte counts, and platelet counts 
in mammals may be determined using manual or automated 
techniques.

Manual Cell Counting
Manual erythrocyte counts are not accurate enough to be 
useful. Manual total leukocyte counts and platelet counts can 
be performed using commercially available reservoirs and 
pipettes to dilute the sample and lyse erythrocytes prior to the 
microscopic counting of leukocytes and platelets using a 
hemacytometer chamber. Manual leukocyte counts and plate-
let counts are done when errors are suspected in cell counts 
generated by automated cell counters. Manual cell counts may 
also be done in an emergency situation when automated cell 
counts are not available.

a refractometer for plasma protein determination. Plasma 
protein concentrations in newborn animals (approximately 
4.5 to 5.5 g/dL) are lower than adult values and increase to 
within the adult range by 3 to 4 months of age.33 The presence 
of lipemia or hemolysis will falsely increase the measured 
plasma protein value. Maximum information can be gained 
by interpretation of the HCT and plasma protein concentra-
tions simultaneously (see Chapter 4).

Fibrinogen Determination
Fibrinogen can be measured in a hematocrit tube because it 
readily precipitates from plasma when heated to 56°C to 58oC 
for 3 minutes. The difference between the total protein of the 
plasma and the total protein of the defibrinogenated (heated) 
plasma gives an estimate of the fibrinogen concentration in 
the plasma.32 This method is useful in identifying high fibrin-
ogen concentrations, but it is not accurate in identifying low 
fibrinogen concentrations.4,11

A B C D E

FIGURE  2-9 
Gross appearance of microhematocrit tubes demonstrating leukocytosis, icterus, hemolysis, and lipemia.  
A, Microhematocrit tube from a cat with a large buffy coat resulting from a chronic lymphocytic leukemia.  
B, Microhematocrit tube from an anemic cat, with icteric plasma secondary to hepatic lipidosis. C, Micro-
hematocrit tube with evidence of hemolysis in plasma from a cat with acetaminophen-induced Heinz body 
hemolytic anemia. Less dense erythrocyte ghosts can be seen above the packed intact erythrocytes. D, Micro-
hematocrit tube with evidence of hemolysis in plasma from a horse with intravascular hemolysis induced by 
the inadvertent intravenous and intraperitoneal administration of hypotonic fluid. Less dense erythrocyte 
ghosts can be seen above the buffy coat. E, Microhematocrit tube with marked lipemia in plasma from a dog 
with hypothyroidism that was also being treated with prednisone for an allergic dermatitis. It was unclear 
from the medical record if this was a fasting blood sample. 

A, Courtesy of Heather Wamsley.
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must usually be corrected for the presence of nucleated eryth-
rocytes when present.

Errors in Blood Cell Counting and Sizing
The accuracy of blood cell counting depends on the quality 
and characteristics of the blood sample as well as the accuracy 
of the analytic methods used. Storage of blood samples for 
more than a few hours can result in sample deterioration and 
inaccurate cell counts. The presence of even small clots in the 
blood tube invalidates all cell counts. Even without clot for-
mation, platelet aggregation may occur if platelets become 
activated during blood collection, as can happen when speci-
mens are collected with a syringe and then transferred to an 
anticoagulant tube. Heparin is generally not used as an anti-
coagulant because it does not prevent platelet clumping, and 
leukocyte staining is poor on blood films. EDTA is the pre-
ferred anticoagulant for CBC determinations in most species, 
but EDTA may induce platelet, leukocyte, and erythrocyte 
aggregate formation in some individuals with antibodies 
bound to the surfaces of these respective cell types.10,29,54,71,75 
When this occurs, collection of blood into citrate may prevent 
the problem. Cell aggregation tends to be more pronounced 
as blood is cooled and stored; consequently processing samples 
as rapidly as possible after collection may minimize the for-
mation of leukocyte and/or platelet aggregates. EDTA can 
cause marked hemolysis in some species of birds (ostriches, 
emus, and jays),25,35 reptiles (turtles and tortoises),25,42 and fish 
(carp and brown trout).43,66 Heparin is used as an anticoagu-
lant in these species. Both lysis and clumping can result in 
reduced cell counts of the cell types involved.

Platelet clumping can not only result in an erroneously 
decreased platelet count59 but also in a falsely increased mean 
platelet volume (MPV) and occasionally a falsely increased 
total leukocyte count.35,75 Autoagglutination of erythrocytes 
in the blood sample can result in a spuriously increased mean 
cell volume (MCV) and mean cell hemoglobin concentration 
(MCHC) and a decreased HCT and total erythrocyte count.48 
As indicated earlier, with the use of most hematology analyz-
ers, the presence of nucleated erythrocytes can result in a 
falsely increased total leukocyte count. Residual erythrocyte 
stroma from inadequate lysing of erythrocytes may also result 
in spuriously increased total leukocyte counts.35,76

The presence of severe lipemia can result in spuriously 
increased hemoglobin and MCHC values and possibly even 
increased platelet and total leukocyte counts.75 The presence 
of in vitro or in vivo hemolysis in the sample or prior treat-
ment with a cross-linked hemoglobin solution can result in 
an erroneously increased MCHC value.38 The presence of 
numerous Heinz bodies in erythrocytes can also result in 
spuriously increased hemoglobin and MCHC values, increased 
automated reticulocyte counts,14,52 and sometimes increased 
total leukocyte counts.69 The precipitation of an IgM parapro-
tein in blood from a dog by the lysing reagent used in the 
CELL-DYN 3500 falsely increased the spectrophotometric 
measurement of hemoglobin (Hb), which falsely increased the 
calculated MCHC.8

All blood cell types in birds and reptiles are nucleated, 
making accurate separation and counting difficult or impos-
sible with automated cell counters. Consequently manual  
leukocyte counts are generally required in nonmammalian 
species. Thrombocytes can be estimated based on the number 
present in stained blood films.47

If properly maintained, automated blood cell counters are 
more precise and accurate than manual techniques in mam-
malian species. Various technologies—including quantitative 
buffy coat analysis, impedance measurements, laser flow 
cytometry, and cytochemistry—are utilized to generate these 
cell counts.

Automated Cell Counting
Quantitative buffy coat analysis (QBC VetAutoread Hema-
tology System, IDEXX, Inc., Westbrook, ME) depends on 
variations in cell density to separate cell types. Cells are not 
actually counted; instead the widths of the various layers of 
cell types that form are measured and the cell “count” is  
generated assuming a standard cell size for the cell type in 
question.35

Impedance counters such as the Heska CBC-Diff (Heska 
Corporation, Loveland, CO) and Abaxis VetScan HMII 
(Abaxis, Union City, CA) depend on the principle that cells 
are poor electrical conductors. Blood is diluted in an electri-
cally conductive solution and a precise volume of this diluted 
suspension is drawn through a small aperture between two 
electrodes. Each cell produces a change in electrical imped-
ance, resulting in a change in voltage that is proportional to 
the size of the cell counted. Several thousand cells per second 
can be counted and sized. Erythrocytes and platelets can be 
differentiated by size alone in many species using impedance 
counters, but not in cats, because their platelets are large and 
their erythrocytes relatively small. Leukocytes are counted as 
free nuclei following lysis of erythrocytes and platelets.

The development of laser flow cytometry for use in  
instruments such as the CELL-DYN 3500R (Abbott Labo-
ratories, Abbott Park, IL), the Advia 120 (Siemens Healthcare 
Diagnostics, Inc., Tarrytown, NY), the Sysmex XT-2000iV 
(Sysmex Corporation, Kobe, Japan), and the LaserCyte 
(IDEXX, Inc., Westbrook, ME) has allowed for cells to be 
characterized in greater detail. Individual cells pass through a 
laser beam, absorbing and scattering light. Interruptions in 
light are used to count cells and light scatter is used to deter-
mine size and internal complexity or density. The Advia 120 
also utilizes a peroxidase channel to aid in determining spe-
cific leukocyte types. When properly calibrated, laser flow 
analysis allows for a more complete and accurate differential 
leukocyte count than can be done using cell size alone. Laser 
flow cytometry also permits the development of automated 
reticulocyte counts and reticulated platelet counts36,44 as well 
as the development of new erythrocyte and reticulocyte 
parameters based on the simultaneous measurement of size 
and hemoglobin concentration within individual cells.17

Nucleated erythrocytes are counted as leukocytes in most 
electronic cell counters; consequently total leukocyte counts 
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testing programs provide external quality control. Samples are 
periodically sent to participating laboratories for analysis. 
Results are sent back to the agency supplying the samples and 
these values are compared with those from reference labora-
tories and other participating laboratories using the same 
methods. Proficiency testing programs provide valuable peer 
review of instruments and methods used, but the expense is 
beyond the means of most private practices.

Manual methods are also used as quality control measures 
for automated hematology instruments. A PCV can be mea-
sured following centrifugation of a blood sample for compari-
son to the HCT determined electronically. If values do not 
match within a couple of percentage points after adequate 
sample mixing, it suggests that the MCV or the RBC count 
is probably incorrect, because these two values are used to 
determine the HCT.

Stained blood films should be examined as a part of each 
CBC. The blood film is scanned to verify that the automated 
total leukocyte count and the platelet count appear to be 
correct. If the automated platelet count is low, it is especially 
important to examine for platelet clumps that could result in 
a spuriously low count. If an electronic differential leukocyte 
count is to be reported, one must review the blood film to 
verify that the percentages of each leukocyte type recorded 
appear to be correct and that there are no other cell types 
present that are not identified (e.g., basophils are not identi-
fied by most electronic cell counters). More details concerning 
the estimation of cell counts and the proper examination of 
stained blood films are given later in this chapter.

B L O O D - F I L M  P R EPA R AT I O N

Blood films should be prepared within a couple of hours of 
blood sample collection to avoid artifactual changes that will 
distort the morphology of blood cells. Blood films are pre-
pared in various ways including the slide (wedge) method, 
coverslip method, and automated slide spinner method. It is 
essential that a monolayer of intact cells is present on the slide 
so that accurate examination and differential leukocyte counts 
can be performed. If blood films are too thick, cells will be 
shrunken and may be difficult to identify. If blood films are 
too thin, erythrocytes will be flattened and lose their central 
pallor and some leukocytes (especially lymphocytes and blast 
cells) will be ruptured.30

Glass-Slide Blood-Film Method
A clean glass slide is placed on a flat surface and a small drop 
of well-mixed blood is placed on one end of the slide (Fig. 
2-10). This slide is held in place with one hand and a second 
glass slide (spreader slide) is placed on the first slide and held 
between the thumb and forefinger with the other hand at 
about a 30- to 45-degree angle in front of the drop of blood. 
The spreader slide is then backed into the drop of blood, and 
as soon as the blood flows along the back side of the spreader 
slide, the spreader slide is rapidly pushed forward. The 

Laboratory errors may occur as a result of mistakes made 
by operators. These operator errors include a lack of knowl-
edge or the skills for the test being done, improper labeling 
of samples, dilution errors, use of outdated reagents, inade-
quate quality control measures, or improper calibration of 
equipment. The instruments being used must be optimized 
and validated for the species being tested.

Erythrocytes and platelets vary considerably in volume 
among animal species, and instruments must be adjustable to 
accurately count and size these blood cells for the species 
being assayed. Cats naturally have large platelets and moder-
ately small erythrocytes. The resultant overlap of erythrocyte 
and platelet size makes separation of cat platelets and eryth-
rocytes unreliable with the use of impedance counters.77 Con-
sequently cat platelet counts are spuriously decreased when 
measured with impedance counters. This inclusion of platelets 
in the erythrocyte measurements can result in increased  
erythrocyte counts and HCT values and reduced MCV  
and MCHC values, but the ratio of platelets to erythrocytes 
is usually not large enough to have appreciable effects on  
these parameters (exceptions include cats with severe anemia 
and/or marked thrombocytosis).76 Leukocytes are generally 
included in erythrocyte measurements, but the ratio of leuko-
cytes to erythrocytes is usually not large enough to have 
appreciable effects on erythrocyte parameters (exceptions 
include animals with severe anemia and marked leukocytosis). 
In these instances the inclusion of leukocytes in erythrocyte 
measurements can result in increased erythrocyte counts, 
HCT and MCV values, and reduced MCHC values because 
leukocytes are larger than erythrocytes.76 These errors result-
ing from difficulties in separating cell type by size alone should 
be minimized in automated cell counters that separate cells 
not only by size but also by internal complexity.

With the advent of new laser flow cytometry techniques, 
it is now possible to perform automated differential leukocyte 
counts; however, most instruments cannot accurately count 
basophils. For most instruments, a high basophil count is an 
error,35 as has been noted in old blood samples.63 These flow 
cytometers must be specifically calibrated for each species, and 
they work best when leukocyte morphology is normal. More 
reliable flags are needed to identify the presence of left shifts 
and neoplastic cells.35

The examination of a stained blood film is essential as a 
quality control measure regardless of the technology used to 
count blood cells. In addition to verifying the accuracy of 
leukocyte and platelet counts, a number of other evaluations 
are made. Examples include determining whether erythrocyte 
polychromasia, erythrocyte shape abnormalities, neutrophilic 
left shifts, neutrophil toxicity, reactive lymphocytes, blast cells, 
mast cells, and/or blood parasites are present.

Quality Control
Commercial control samples (preferably at two levels) 
approved by the instrument’s manufacturer should be run each 
day; the values obtained should fall within the confidence 
intervals supplied with the control sample.37 Proficiency 
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One coverslip is held between the thumb and index finger of 
one hand and a small drop of blood is placed in the middle 
of the coverslip using a microhematocrit tube. The drop of 
blood should be as perfectly round as possible to produce even 
spreading between coverslips. The second coverslip is dropped 
on top of the first in a crosswise position. After the blood 
spreads evenly between the two coverslips and a feathered 
edge forms at the periphery, the coverslips are rapidly sepa-
rated by grasping an exposed corner of the top coverslip with 
the other hand and pulling apart in a smooth, horizontal 
manner. Coverslips are immediately dried as described above 
and then identified by marking on the thick end of the smears 
with a graphite pencil or a pen containing ink that is not 
removed by alcohol fixation.

If the drop of blood used is too large, a feathered edge will 
not form and the blood film will be too thick. Multiple cov-
erslip blood films may be stained in small slotted coplin jars 
or in ceramic staining baskets that are placed in beakers of 
fixative and stain.

B L O O D - F I L M  S TA I N I N G 
P RO C ED U R E S
Romanowsky-Type Stains
Blood films are routinely stained with a Romanowsky-type 
stain (e.g., Wright or Wright-Giemsa) either manually or 
using an automatic slide stainer. Romanowsky-type stains are 
composed of a mixture of eosin and oxidized methylene blue 
(azure) dyes. The azure dyes stain acids, resulting in blue to 

thickness of the smear is influenced by the size of the blood 
drop, the viscosity of the sample (HCT), the angle of the 
spreader slide, and the speed of spreading. The greater the 
angle (a more upright spreader slide) and faster the speed of 
spreading, the thicker and shorter the blood film will be. Thus 
the spreader slide should be held more upright in preparing 
smears from anemic patients so as to create a thicker blood 
film.30

If the drop of blood is the proper size, all of the blood will 
remain on the slide and a smear will be prepared that is thick 
at the back of the slide, where the drop of blood was placed, 
and thin at the front (feathered) edge of the slide. If the drop 
of blood is too large, some of the blood will be pushed off the 
end of the slide, causing potential problems. Often these blood 
films will be too thick for accurate evaluation. Second, clumps 
of cells tend to be pushed off the slide, making them unavail-
able for examination.

Once prepared, the slide is immediately dried by waving it 
in the air or holding it in front of a hair dryer set on a slightly 
warm-air setting. Holding the slide close to a dryer set on a 
hot-air setting can result in fragmentation of cells. Slow 
drying can cause cells to contract, making them difficult to 
identify.30 Slides are identified by writing on the thick end of 
the smear or the frosted end of the slide with a graphite pencil 
or a pen containing ink that is not removed by alcohol 
fixation.

Coverslip Blood-Film Method
Two 22-mm square No. 11

2 coverslips are required to make 
coverslip blood films (Fig. 2-11). A camel’s hair brush is used 
to remove particles from the surfaces that will contact blood. 

FIGURE  2-10 
Slide blood-film preparation. A, A glass slide is placed on a flat surface 
and a small drop of well-mixed blood is placed on one end of the slide 
using a microhematocrit tube. B, A second glass slide (spreader slide) is 
placed on the first slide at about a 30-degree angle in front of the drop 
of blood. The spreader slide is then backed into the drop of blood. C, As 
soon as the blood flows along the back side of the spreader slide, the 
spreader slide is rapidly pushed forward. D, The blood film produced is 
thick at the back of the slide, where the drop of blood was placed, and 
thin at the front (feathered) edge of the slide. 

A

C

B

D

FIGURE  2-11 
Coverslip blood film preparation. A, B, One clean coverslip is held 
between the thumb and index finger of one hand and a small drop of 
blood is placed in the middle of it using a microhematocrit tube. C, A 
second clean coverslip is dropped on top of the first in a crosswise posi-
tion. D, Blood spreads evenly between the two coverslips and a feathered 
edge forms at the periphery. E, The coverslips are rapidly separated by 
grasping an exposed corner of the top coverslip with the other hand and 
pulling apart in a smooth, horizontal manner. 
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purple colors, and eosin stains bases, resulting in red color-
ation (Fig. 2-12, A). These staining characteristics depend on 
the pH of the stains and the rinse water as well as the nature 
of the cells present (Fig. 2-12, B). Low pH, inadequate stain-
ing time, degraded stains, or excessive washing can result in 
excessively pink-staining blood films. High pH, prolonged 
staining, or insufficient washing can result in excessively blue-
staining blood films.30

Blood films should be fixed in methanol within 4 hours 
(preferably within 1 hour) of preparation. If the methanol 
contains more than 3% water, morphologic artifacts including 
loss of cellular detail and vacuolation may be present.30 Blood 
films may have an overall blue tint if stored unfixed for long 
periods before staining or if the unfixed blood films are 
exposed to formalin vapors, as occurs when blood films are 
shipped to the laboratory in a package that also contains 
formalin-fixed tissue. Blood films prepared from blood col-
lected with heparin as the anticoagulant have an overall 
magenta tint owing to the mucopolysaccharides present.30

Drying or fixation problems can result in variably shaped 
refractile inclusions in the erythrocytes; these may be confused 
with erythrocyte parasites (Fig. 2-13). The presence of stain 
precipitation can make identification of leukocytes and blood 
parasites difficult (Fig. 2-14). Precipitated stain may be present 
because the stain or stains needed to be filtered, the staining 
procedure was too long, or the washing was not sufficient. 
Carboxymethylcellulose has been infused into the peritoneal 
cavity of horses and cattle in an attempt to prevent abdominal 
adhesions after surgery. This material can appear as a precipi-
tate between cells in blood that resembles stain precipitation 
(Fig. 2-15).6

Various rapid stains, such as Diff-Quik (Dade Behring 
Inc., Newark, DE), are available. The quality of Diff-Quik-
stained blood films is generally somewhat lower than that 

FIGURE  2-12 
Appearance of blood films from a normal cat stained with Wright-Giemsa. A, Blood film was rinsed in distilled water. Five neutrophils, a basophil 
( far right), and a lymphocyte (round nucleus) are present. Erythrocytes exhibit rouleaux, a normal finding in cats. B, Blood film was rinsed in tap 
water. A neutrophil (left), monocyte (bottom right), and lymphocyte (top right) are present. The blue color of the erythrocytes results from using water 
with inappropriate pH. 

A B

FIGURE  2-13 
Refractile inclusions in erythrocytes from a horse are artifacts resulting 
from drying or fixation problems. Erythrocytes exhibit rouleaux, a normal 
finding in horses. Wright-Giemsa stain. 

obtained by longer staining procedures, but staining quality is 
improved by allowing the blood film to remain in the fixative 
for several minutes. The Diff-Quik stain is classified as an 
aqueous stain, even though the fixation is done in methanol, 
because the component stains were prepared in water. A sig-
nificant limitation of the Diff-Quik stain and other aqueous 
stains, such as Hema 3 (Fisher Scientific, Pittsburgh, PA) and 
the stain used in the automated stainer Aerospray 7120 
(Westcore, Inc, Logan, UT), is that they do not stain basophil, 
mast cell, or large granular leukocyte granules well (Fig. 
2-16).1 However, these aqueous stains are superior to conven-
tional methanolic Wright or Wright-Giemsa stains in the 
staining of distemper inclusions in canine blood cells.1,26
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FIGURE  2-14 
Stain precipitation in blood from a dog. The two neutrophils present 
might be mistaken for basophils because of the adherent precipitated 
stain. Wright-Giemsa stain. 

FIGURE  2-15 
Carboxymethylcellulose precipitation. The blue-to-purple precipitate 
present between erythrocytes in this horse blood results from treatment 
with carboxymethylcellulose. Wright-Giemsa stain. 

Photograph of a stained blood film from a 1994 ASVCP slide review case 
submitted by M.J. Burkhard, M.A. Thrall, and G. Weiser.

FIGURE  2-16 
Band basophils in the blood of a horse. A, Granules stain well with 
Wright-Giemsa. B, Most granules are not stained with Diff-Quik stain. 

A B

Reticulocyte Stains
Reticulocyte stains are commercially available (N. Brecher, 
Harleco, EMD Chemicals). Those wishing to prepare their 
own stain can do so by dissolving 0.5 g of new methylene blue 
and 1.6 g of potassium oxalate in 100 mL of distilled water. 
Following filtration, equal volumes of blood and stain are 
mixed together in a test tube and incubated at room tempera-
ture for 10 to 20 minutes. After incubation, blood films  
are made and reticulocyte counts performed by examining 
1000 erythrocytes and determining the percentage that are  

reticulocytes. The use of a Miller’s disc in one of the microscope 
oculars saves time in performing the reticulocyte count.

The blue-staining aggregates or “reticulum” seen in reticu-
locytes (Fig. 2-17) does not occur as such in living cells but 
results from the precipitation of ribosomal ribonucleic acid 
(RNA; the same RNA that causes the bluish color seen in 
polychromatophilic erythrocytes) in immature erythrocytes 
during the staining process.33 As a reticulocyte matures, the 
number of ribosomes decreases until only small punctate (dot-
like) inclusions are observed in erythrocytes (punctate reticu-
locytes) stained with the reticulocyte stain (Fig. 2-18). To 
reduce the chance that a staining artifact would result in 
misclassifying a mature erythrocyte as a punctate reticulocyte 
when using a reticulocyte stain, the cell in question should 
have two or more discrete blue granules that are visible without 
requiring fine focus adjustment. These inclusions should be 
away from the cell margin to avoid confusion with hemotro-
phic mycoplasmas (formerly Haemobartonella organisms) or 
small Heinz bodies.

FIGURE  2-17 
Reticulocytes in dog blood. Four reticulocytes (with blue-staining mate-
rial) and three mature erythrocytes in blood from a dog with a regenera-
tive anemia. New methylene blue reticulocyte stain. 
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New Methylene Blue “Wet Mounts”
A new methylene blue “wet mount” preparation can be used 
for rapid information concerning the number of reticulocytes, 
platelets, and Heinz bodies present on a blood film. The stain 
consists of 0.5% new methylene blue dissolved in 0.85% NaCl. 
One milliliter of formalin is added per 100 mL of stain as a 
preservative. This stain is filtered after preparation and stored 
in dropper bottles. Alternatively, the stain may be stored in a 
plastic syringe with a 0.2-µm syringe filter attached so that 
the stain is filtered as it is used. Dry, unfixed blood films are 
stained by placing a drop of stain between the coverslip and 
a glass slide. This preparation is not permanent and does not 
stain mature erythrocytes or eosinophil granules. Punctate 
reticulocytes are not demonstrated, but aggregate reticulocytes 
appear as erythrocyte ghosts containing blue to purple granu-
lar material (Fig. 2-19). Platelets stain blue to purple, and 
Heinz bodies appear as refractile inclusions within erythro-
cyte ghosts. Although this staining method is not optimal for 
differential leukocyte counts, the number and type of leuko-
cytes present can be appreciated.

Iron Stains
An iron stain such as the Prussian blue stain is used to verify 
the presence of iron-containing (siderotic) inclusions in blood 
and bone marrow cells and to evaluate bone marrow iron 
stores. Smears may be sent to a commercial laboratory for this 
stain, or a stain kit can be purchased and applied in house 
(Harleco Ferric Iron Histochemical Reaction Set, #6498693, 
EM Diagnostic Systems, Gibbstown, NJ). Iron-positive mate-
rial stains blue, in contrast to the pink color of the cells and 
the background when this stain is applied.

In normal cats as well as in cats with a regenerative anemia, 
the number of punctate reticulocytes is much greater than  
that seen in other species.2 This apparently occurs because 
the maturation (loss of ribosomes) of reticulocytes in cats is 
slower than in other species. Consequently reticulocytes in 
cats are classified as aggregate (if coarse clumping is observed) 
or punctate (if small individual inclusions are present). Per-
centages of both types should be reported. Based on compos-
ite results from several authors, normal cats generally have 
from 0% to 0.5% aggregate and 1% to 10% punctate reticu-
locytes as determined by manual means. Higher punctate 
numbers of 2% to 17% have been reported using flow 
cytometry.46

The percentages of aggregate reticulocytes in cats directly 
correlate with the percentages of polychromatophilic erythro-
cytes observed in blood films stained with Wright-Giemsa.2 
Aggregate reticulocytes mature to punctate types in a day or 
less. Several more days are required for maturation (total dis-
appearance of ribosomes) of punctate reticulocytes in cats.9,15

In contrast to those of the cat, most reticulocytes in  
other species are of the aggregate type. Consequently no 
attempts are made to differentiate the stages of reticulocytes 
in species other than the cat. In most species, the percentages 
of reticulocytes directly correlate with the percentages of poly-
chromatophilic erythrocytes observed on routinely stained 
blood films.

In examining a reticulocyte-stained blood film, one should 
also be careful not to confuse precipitated RNA with Heinz 
bodies. Heinz bodies are composed of denatured precipitated 
hemoglobin. They are spherical, stain pale blue with reticulo-
cyte stains, and are usually found at the periphery of the 
erythrocyte.

FIGURE  2-18 
Reticulocytes in cat blood. Three whole aggregate reticulocytes (contain-
ing blue-staining aggregates of RNA) and half of an aggregate reticulo-
cyte ( far right) in blood from a cat with a markedly regenerative anemia. 
A majority of the remaining cells are punctate reticulocytes containing 
discrete dot-like inclusions. New methylene blue reticulocyte stain. 

FIGURE  2-19 
Reticulocytes in the blood of a dog. Five reticulocytes (with blue-staining 
material) in blood from a dog with a regenerative anemia in a new 
methylene blue-stained wet preparation. Note the difference in morphol-
ogy compared with reticulocytes stained with a standard reticulocyte 
stain (see Figure 2-17). New methylene blue-stained wet preparation. 
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Blood films are generally examined following staining with 
Romanowsky-type stains such as Wright or Wright-Giemsa. 
These stains allow for the examination of erythrocyte, leuko-
cyte, and platelet morphology. Blood films should first be 
scanned using a low power objective to estimate the total 
leukocyte count and to look for the presence of erythrocyte 
autoagglutination (Fig. 2-21), leukocyte aggregates (Fig. 
2-22), platelet aggregates (Fig. 2-23), microfilaria (Fig. 2-24), 
and abnormal cells that might be missed during the differen-
tial leukocyte count. It is particularly important that the feath-
ered end of blood films made on glass slides be examined 

FIGURE  2-20 
Neutrophils containing hemosiderin (sideroleukocytes) in blood from a 
dog with a hemolytic anemia. A, Wright-Giemsa stain. Hemosiderin 
inclusions stain gray or brownish. B, Prussian blue stain. Hemosiderin 
inclusions stain dark blue. 

A B

The presence of focal areas of basophilic stippling within 
erythrocytes stained with Romanowsky-type blood stains sug-
gests that the stippling may contain iron. Iron-containing eryth-
rocytes are referred to as siderocytes. Neutrophils and monocytes 
may also contain dark bluish-black or greenish iron-positive 
particles within their cytoplasm when they are stained with 
Romanowsky-type stains. Leukocytes containing iron-positive 
inclusions have been called sideroleukocytes (Fig. 2-20).

Prussian blue stain applied to bone marrow aspirate smears 
is a useful way to evaluate the amount of storage iron present 
in the marrow. Minimal or no iron is expected in iron defi-
ciency anemia (although cats normally have no stainable iron 
in the marrow), whereas normal or excess iron may be observed 
in animals with hemolytic anemia and those with anemia 
resulting from decreased erythrocyte production.

Cytochemical Stains
A variety of cytochemical stains—such as peroxidase,  
chloroacetate esterase, alkaline phosphatase, and nonspecific 
esterase—are utilized to classify cells in animals with acute 
myeloid leukemias.22,33,50 Reactions vary not only by cell type 
and stage of maturation but also by species.50 These stains are 
done in a limited number of laboratories, and special training 
and/or experience is required to interpret the results. The 
appearance of positive reactions also varies depending on the 
reagents used. Because of the complexities of the staining pro-
cedures and interpretation of results, minimal information on 
cytochemical stains is presented in this book. As more antibod-
ies become available for immunophenotyping acute myeloid 
leukemias, the need for cytochemical stains will decrease.60

EXA M I N AT I O N  O F  S TA I N ED 
B L O O D  F I L M S

An overview and organized method of blood film examina-
tion are presented here. Descriptions and photographs of 
normal and abnormal blood cell morphologies, inclusions, and 
infectious agents are given in subsequent chapters.

FIGURE  2-21 
Autoagglutination of erythrocytes in blood from a dog with immune-
mediated hemolytic anemia and marked leukocytosis. Wright-Giemsa 
stain. 

FIGURE  2-22 
Leukocyte aggregate in blood from a dog. Leukocyte aggregates were 
present when EDTA was used as the anticoagulant but not when citrate 
was used as the anticoagulant. Wright-Giemsa stain. 
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FIGURE  2-23 
Platelet aggregate in blood from a cow. Wright-Giemsa stain. 

FIGURE  2-24 
Dirofilaria immitis microfilaria in blood from a cat with heartworm 
disease. Wright-Giemsa stain. 

FIGURE  2-25 
Leukocytes concentrated in the feathered edge of a blood film from a 
dog. The blood film was prepared using glass slides. Wright-Giemsa 
stain. 

FIGURE  2-26 
Platelet aggregate in the feathered edge of a blood film from a cat. The 
blood film was prepared using glass slides. Wright-Giemsa stain. 

because leukocytes (Fig. 2-25) and platelet aggregates (Fig. 
2-26) may be concentrated in this area. Conversely, aggregates 
of cells tend to be in the center of blood films rather than at 
the feathered edge when the coverslip blood-film method is 
used.

In examining a glass slide blood film, the blood film will 
be too thick to evaluate blood cell morphology at the back of 
the slide (Fig. 2-27, A) and too thin at the feathered edge, 
where cells are flattened (Fig. 2-27C). The optimal area for 
evaluation is generally in the front half of the smear behind 
the feathered edge (Fig. 2-27, B). This area should appear as 
a well-stained monolayer (a field in which erythrocytes are 
close together with approximately half of the cells touching 
each other).

Leukocyte Evaluation
As a quality control measure, the number of leukocytes present 
should be estimated to assure that the number present on the 
slide is consistent with the total leukocyte count measured. If 
10× oculars and a 10× objective are used (100× magnification), 
the total leukocyte count in blood (cells per microliter) may 
be estimated by determining the average number of leukocytes 
present per field and multiplying by 100 to 150. If a 20× 
objective is used, the total leukocyte count may be estimated 
by multiplying the average number of leukocytes per field by 
400 to 600. The correction factor used may vary, depending 
on the microscope used. Consequently the appropriate cor-
rection factors for the microscope being used should be deter-
mined by performing estimates on a number of blood films 
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FIGURE  2-27 
Selection of the appropriate area for microscopic examination of a slide 
blood film prepared from a dog. A, Thick area in the back end of a blood 
film. B, Optimal area for morphologic evaluation in the front half of the 
blood film. C, Thin area near the feathered edge of the blood film. 
Erythrocytes are flattened to the extent that central pallor is not readily 
apparent. Wright-Giemsa stain. 

B

A

C

in which the total leukocyte counts have been accurately 
determined. Manual differential leukocyte counts are inher-
ently imprecise, so it is also important to scan the blood film 
to gain an appreciation for the relative distribution of leuko-
cyte types present prior to performing the differential leuko-
cyte count.34

Leukocytes tend to smudge in samples with high hemato-
crits, making it difficult to perform a differential leukocyte 
count (Fig. 2-28, A). When this occurs, one can dilute a 
portion of the blood sample with equal parts of plasma  
or serum and make another blood film for examination  
(Fig. 2-28, B). Obviously estimated cell counts will be pro-
portionally reduced in this dilute blood film.

A differential leukocyte count is done by identifying 200 
consecutive leukocytes using a 40× or 50× objective. Because 
monocytes and other large leukocytes are pushed to the sides 
and ends of wedge-prepared blood films, differential counts 
are done by examining cells in a pattern that evaluates both 

A

B

FIGURE  2-28 
Blood films from a dog with a high hematocrit and toxic left shift prior 
to (A) and after (B) dilution of the blood sample with serum. Leukocytes 
are smudged and difficult to classify prior to blood sample dilution. 
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FIGURE  2-29 
Patterns of slide blood film examination (marked in white) that may be 
used to improve the accuracy of differential leukocyte counts. 

63
34

49

D
at

e

Neutrophils with Toxic Change
Few 5-10 (%)
Moderate 11-30 (%)
Many >30 (%)

Severity of Toxic Change in Cytoplasm
Döhle bodiesa 1+
Mildly basophilic 1+
Moderately basophilic with Döhle bodies 2+
Moderately basophilic and foamy 2+
Dark blue-gray and foamyb 3+
Basophilic with toxic granulesb 3+

Box 2-1  Semiquantitative Evaluation of 
Toxic Changes in the Cytoplasm 
of Neutrophils

aOne or two Döhle bodies are sometimes seen in a few neutrophils from cats 
that do not exhibit signs of illness.
bMay also contain Döhle bodies.

the edges and the center of the smear (Fig. 2-29).30 After the 
count is complete, the percentage of each leukocyte type 
present is calculated and multiplied by the total leukocyte 
count to get the absolute number of each cell type present per 
microliter of blood.

It is the absolute number of each leukocyte type that is 
important. Relative values (percentages) can be misleading 
when the total leukocyte count is abnormal. Let us consider 
two dogs, one with 7% lymphocytes and a total leukocyte 
count of 40,000/µL and the other with 70% lymphocytes and 
a total leukocyte count of 4000/µL. The first would be said to 
have a “relative” lymphopenia and the second would be said 
to have a “relative” lymphocytosis, but they would both have 
the same normal absolute lymphocyte count (2800/µL).

Nucleated red blood cells (NRBCs) are counted along with 
the leukocytes when leukocyte counts are done using manual 
methods or automated impedance cell counters. As encoun-
tered during blood-film examination, the number of NRBCs 
per 100 leukocytes should be tabulated and the total leukocyte 
count corrected for the number of NRBCs present (see 
formula below) prior to calculating the absolute cell counts 
for each blood cell type.

Corrected leukocyte count

measured leukocyte count

=
×( )100 1000 +( )NRBC

If leukocyte counts are performed with automated cell 
counters using technology that can differentiate NRBCs from 
leukocytes (e.g., morphologic characteristics of cells are deter-
mined by using a laser beam), the above calculation will not 
be necessary. However, the number of NRBCs present should 
still be recorded.

The presence of abnormal leukocyte morphology—such as 
toxic cytoplasm in neutrophils or increased reactive lympho-
cytes (e.g., more than 5% reactive lymphocytes)—should be 
recorded on the hematology report form. The frequency of 
toxic neutrophils is reported as few (5% to 10%), moderate 
(11% to 30%), or many (more than 30%) and the severity of 
toxic change is recorded as 1+ to 3+ (Box 2-1).68

Erythrocyte Morphology
Erythrocyte morphology should be examined and recorded as 
either normal or abnormal. Erythrocytes on blood films from 
normal horses, cats, and pigs often exhibit rouleaux formation; 

those from normal horses and cats may contain a low percentage 
of small, spherical nuclear remnants called Howell-Jolly bodies. 
Rouleaux and the presence of Howell-Jolly bodies should be 
recorded on the hematology form when they appear in blood 
films from species in which these are not normal findings.

Additional observations regarding erythrocyte morphol-
ogy, such as the degree of polychromasia (presence of poly-
chromatophilic erythrocytes), anisocytosis (variation in size), 
and poikilocytosis (abnormal shape) should also be made. 
Polychromatophilic erythrocytes are reticulocytes that stain 
bluish-red because of the combined presence of hemoglobin 
(red-staining) and ribosomes (blue-staining). Abnormal 
erythrocyte shapes should be classified as specifically as pos-
sible, because specific shape abnormalities can help to deter-
mine the nature of a disorder that may be present. Examples 
of abnormal erythrocyte morphology include echinocytes, 
acanthocytes, schistocytes, keratocytes, dacryocytes, ellipto-
cytes, eccentrocytes, and spherocytes. The number of abnormal 
cells should be reported in a semiquantitative fashion, such as 
that shown in Table 2-1.68

Platelets
Platelet numbers should be estimated as low, normal, or 
increased. Blood smears from most domestic animals nor-
mally average between 10 and 30 platelets per field examined 
under 10× oculars and the 100× objective (1000× magnifica-
tion). As few as 6 platelets per 1000× field may be present in 
normal horse blood films.68 Platelet numbers may be esti-
mated by multiplying the average number per field by 15,000 
to 20,000 to get the approximate number of platelets per 
microliter of blood.61,68 While special attention will be given 
to the estimation of platelet numbers in animals with hemo-
static diatheses, it is important to routinely estimate the  
platelet numbers on blood films, because many animals with 
thrombocytopenia exhibit no evidence or past history of 
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bleeding tendencies. If a thrombocytopenia is suspected, it 
should be confirmed with a platelet count. Dogs and cats have 
larger platelets than do horses and ruminants. Platelets contain 
magenta-staining granules, but these granules generally stain 
poorly in horses. The presence of abnormal platelet morphol-
ogy (large or hypogranular platelets) should also be recorded 
on the hematology form.

Degenerative Changes in Blood Samples
Degenerative changes are apparent in blood samples within a 
few hours after collection; consequently blood films should be 
made and stained and blood cell counts performed as soon as 
possible after collection. Blood samples should be refrigerated 
if tests cannot be performed within a couple of hours. CBCs 
are often performed on day-old blood that has been kept 
refrigerated and submitted to a commercial laboratory, but 
some changes will already be present. Various progressive 
changes may be observed depending on the animal species 
and the time and temperature of storage of blood samples.7,18,31 
Erythrocytes can swell, which results in increased MCV and 
HCT and decreased MCHC within 12 hours. Platelets tend 
to aggregate and degranulate, resulting in lower automated 
platelet counts and higher MPV values.18,45 Electronically 
determined differential counts become less accurate with 

blood storage.7 Nuclear swelling may be present in leukocytes, 
a process that can result in an increased percentage of bands 
on microscopic examination.35 Neutrophil cytoplasmic vacu-
olation develops, which may be confused with toxic changes.21

Leukocytes that undergo programmed cell death (apopto-
sis) exhibit pyknosis and karyorrhexis (Fig. 2-30). Pyknosis 
involves shrinkage or condensation of a cell with increased 
nuclear compactness or density. Karyorrhexis refers to the 
subsequent nuclear fragmentation. It may not be possible to 
determine the cell of origin. These abnormalities can occur in 
vivo but are more commonly associated with prolonged or 
inadequate sample storage before blood films are made.30 
With excessive storage, all blood cell types will lyse, resulting 
in cytopenias.

Infectious Agents or Inclusions of Blood Cells
Blood films are examined for the presence of infectious agents 
or intracellular inclusions using the 100× objective. Infectious 
agents or inclusions that may be seen in blood cells include 
Howell-Jolly bodies, Heinz bodies (unstained), basophilic 
stippling, canine distemper inclusions, siderotic inclusions, 
Döhle bodies, Babesia species, Cytauxzoon felis, hemotrophic 
Mycoplasma (formerly Haemobartonella) species, Ehrlichia 
species, Anaplasma species, Hepatozoon species, and Theileria 

From Weiss DJ. Uniform evaluation and semiquantitative reporting of hematologic data in veterinary medicine. Vet Clin Pathol. 184;13:27-31.

1+ 2+ 3+ 4+
Anisocytosis
 Dog 7-15 16-20 21-29 >30
 Cat 5-8 9-15 16-20 >20
 Cattle 10-20 21-30 31-40 >40
 Horse 1-3 4-6 7-10 >10

Polychromasia
 Dog 2-7 8-14 15-29 >30
 Cat 1-2 3-8 9-15 >15
 Cattle 2-5 6-10 11-20 >20
 Horse Rarely observed — — —

Hypochromasia and Shapes
Hypochromasiaa 1-10 11-50 51-200 >200
Poikilocytosisa 3-10 11-50 51-200 >200
Codocytes (dogs) 3-5 6-15 16-30 >30
Spherocytesb 5-10 11-50 51-150 >150
Echinocytesb 5-10 11-100 101-250 >250
Other shapesc 1-2 3-8 9-20 >20

aA monolayer field is defined as a field in which erythrocytes are close together with approximately half touching each other. In severely anemic animals, such 
monolayers may not be present. When erythrocytes are generally not touching (e.g., tend to be separated by the distance of one cell diameter), the number of 
erythrocytes with morphologic abnormalities are counted for two fields.
bThe same parameters are used for all species.
cParameters are used for acanthocytes, schistocytes, keratocytes, elliptocytes, dacrocytes, drepanocytes, and stomatocytes in all species.

Table 2-1 
Semiquantitative Evaluation of Erythrocyte Morphology Based on Average Number of Abnormal Cells per 
1000× Microscopic Monolayer Fielda
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FIGURE  2-30 
Pyknotic and karyorrhexic cells in blood. A, Pyknotic cell with con-
densed chromatin in blood from a dog with a toxic left shift. B, Pyknosis 
and karyorrhexis of a cell in blood from a dog with dirofilariasis.  
C, Pyknosis and karyorrhexis of a cell in blood from a dog with 
acute monocytic leukemia (AML-M5). D, Pyknosis and karyorrhexis of 
a cell in blood from a cow with leukemic lymphoma. Wright-Giemsa 
stain. 

A B

C D

FIGURE  2-32 
Free nuclei in blood. A, Free nucleus in blood from a dog with chronic 
lymphocytic leukemia. B, Free nucleus with a distorted net-like structure 
(“basket cell”) in blood from a cat. Wright-Giemsa stain. 

A B

FIGURE  2-31 
Mitotic cells in blood. A, Mitotic cell in anaphase in blood from a cat 
with erythroleukemia (AML-M6). B, Mitotic cell (presumably lym-
phoid) in prophase in blood from a horse with equine infectious anemia. 
Wright-Giemsa stain. 

A B

species. The appearance of these agents and inclusions is dis-
cussed in subsequent chapters.

Miscellaneous Cells and Parasites in Blood
Degenerative cells, mitotic cells, vascular lining cells, and 
other cells not typically seen in blood may occasionally be 
recognized during blood film examination. Parasites and bac-
teria that are not associated with blood cells may also be seen 
in blood. However, bacterial rods and cocci between cells are 
usually the result of contaminated stain.

Mitotic Cells
Mitotic cells may be present in the blood of animals with 
malignant neoplasia (Fig. 2-31, A), but they may also occur in 
nonneoplastic disorders, such as lymphocytes undergoing 
blast transformation (Fig. 2-31, B), nucleated erythroid pre-
cursors in regenerative anemia, and activated mononuclear 
phagocytes.

Free Nuclei
When cells are lysed during blood-film preparation, free 
nuclei (nuclei without cytoplasm) may be seen (Fig. 2-32, A). 
When a free nucleus is spread thin on the blood film, it 
appears as a net-like pinkish structure, which has been referred 
to as a “basket cell” (Fig. 2-32, B). This is a misnomer, because 

a basket cell is not truly a cell but only the distorted nucleus 
of a cell. Lymphocytes are the most likely blood cell type to 
lyse during blood-film preparation.

Endothelial Cells
Spindle-shaped endothelial cells with elongated nuclei may 
sometimes be seen in blood films (Fig. 2-33). Endothelial cells 
line vessels and may become dislodged as the needle enters 
the vein during blood sample collection.

Megakaryocytes
Megakaryocytes are multilobulated, platelet-producing giant 
cells that lie against the outside of vascular sinuses in bone 
marrow (see Thrombopoiesis section in Chapter 3 for more 
details). Cytoplasmic processes of mature megakaryocytes 
extend into the sinus lumen, where they develop into pro-
platelets and subsequently individual platelets. Sometimes 
whole megakaryocytes enter vascular sinuses, accounting for 
the rare recognition of these cells in blood films from animals 
(Fig. 2-34).51 Megakaryocytes are more easily found by 
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FIGURE  2-33 
Two spindle-shaped endothelial cells with elongated nuclei in blood 
from a cow. These cells were likely dislodged from the vessel wall during 
blood sample collection. Wright-Giemsa stain. 

FIGURE  2-34 
Mature megakaryocyte in blood from dog with an abscess and accom-
panying toxic left shift. Wright-Giemsa stain. 

Courtesy of Heather Wamsley.

FIGURE  2-35 
Dwarf megakaryocytes in blood from dogs with myeloid neoplasms. A, Dwarf megakaryocyte with single 
nucleus in blood from a dog with chronic myeloid leukemia (CML). B, Dwarf megakaryocyte with two nuclei 
in blood from a dog with CML. C, Dwarf megakaryocyte in blood from a dog with AML-M7. Wright-
Giemsa stain. 

A B C

examination of blood buffy coat smears. Those reaching the 
blood are quickly trapped in lung capillaries, where continued 
platelet production may occur.

Dwarf megakaryocytes are smaller than normal mature 
megakaryocytes and have decreased nuclear ploidy, but their 
cytoplasm generally contains granules and appears similar to 
that of blood platelets (Fig. 2-35). Dwarf megakaryocytes are 
common in the bone marrow of animals with myeloid neo-
plasms but are only rarely seen in blood.

Microfilaria
Microfilariae (nematode larvae) that might be observed 
include Dirofilaria immitis (see Fig. 2-24) and Dirofilaria 
repens in dogs, cats, and wild canids, Dipetalonema reconditum 
in dogs, and Setaria species in cattle and horses.74

Trypanosoma Species
Various Trypanosoma species may be seen in blood. These 
elongated, flagellated protozoa cause important diseases of 
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FIGURE  2-36 
Trypanosoma theileri in blood from a 3-day-old female Angus calf. 
Wright stain. 

Photograph of a stained blood film from a 1989 ASVCP slide review case 
submitted by H. Bender, A. Zajak, G. Moore, and G. Saunders.

FIGURE  2-37 
A, B, Trypanosoma cruzi organisms in blood from a dog. Wright stain. 

Photographs of a stained blood film from a 2006 ASVCP slide review case 
submitted by P.K. Patten and J.M. Meinkoth.

A B

FIGURE  2-38 
Two Borrelia turicatae spirochetes in blood from a North Central Florida 
dog. Wright-Giemsa stain. 

livestock outside the United States,74 but the species seen in 
cattle (T. theileri) in the United States is usually nonpatho-
genic (Fig. 2-36).16,39 Many dogs are infected with T. cruzi in 
the United States, but organisms are rarely seen in blood and 
most cases are subclinical (Fig. 2-37). When present, clinical 
forms of disease have principally involved heart or neural 
dysfunction.3

Bacteria
Various bacterial species may be present in blood films. It is 
important to verify that these are not contaminants, especially 
during the staining procedure. The presence of phagocytized 

bacteria within neutrophils indicates that the bacteria are 
likely of clinical significance. Spirochetes have been seen in 
blood from dogs with Borrelia infections.55 Borrelia burgdorferi 
does not usually result in microscopically detectable spiro-
chetemia.56 However, relapsing fever spirochetes, Borrelia 
turicatae and Borrelia hermsii, have been readily identified 
in stained blood films from dogs in the United States (Fig. 
2-38).5,57,58,70
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OVERVIEW
Sites of Blood Cell Production
In mammals, primitive hematopoiesis begins outside the  
body of the embryo in the yolk sac and shortly thereafter 
within the aorta-gonad-mesonephros (AGM) region of the 
embryo.42,130,139 Small clusters of hematopoietic stem cells 
(HSCs) have been identified attached to the endothelium of 
the yolk sac and the dorsal aorta. These HSCs and the associ-
ated endothelial cells are produced by common embryonic 
stem cells known as hemangioblasts.34,74,150 In addition to 
HSCs, committed erythroid and megakaryocytic progenitor 
cells, primitive erythrocytes (large nucleated cells containing 
embryonal hemoglobin), large primitive reticulated platelets, 
and rare primitive macrophages are also produced in the yolk 
sacs of rodents and humans.98,136 Notably, these primitive 
macrophages appear to develop directly from progenitor cells 
in the yolk sac without passing through a monocyte stage.14 
Definitive erythropoiesis, prominent megakaryocytopoiesis, 
and limited leukocyte production also occur in the yolk sacs 
of cats, with hematopoiesis persisting longer during gestation 
than it does in rodents and humans.134 The AGM region 
transiently supports the development of HSCs and some 
committed hematopoietic progenitor cells (HPCs), but rec-
ognizable blood cells are not produced in the AGM.93

Sites of blood cell production shift during embryonic and 
fetal development as optimal microenvironments are produced 
in various tissues (Fig. 3-1).102 The liver and, to a lesser extent, 
the spleen become the major hematopoietic organs by midges-
tation in the fetus.129,134 Current evidence suggests that the 
AGM is more important than the yolk sack in providing HSCs 
to seed the liver and spleen, but the relative importance of each 
area in embryonic and fetal hematopoiesis remains to be clari-
fied.102 Blood cell production begins in bone marrow and lym-
phoid organs during midgestation in mammals, with nearly all 
blood cells being produced in these organs at the time of 
birth.134 Blood cells are produced in the bone marrow of 
adult birds20; the bone marrow and sometimes the spleen 
of adult reptiles30; the kidney, liver, spleen, and/or bone marrow 
of amphibians5,42; and the kidney and/or spleen of fish.42,48

Organization of Bone Marrow
Bone marrow develops in mammals during the second trimes-
ter.21 Rudimentary fetal bone is initially filled with cartilage. 
Chondrocytes hypertrophy and promote mineralization of the 
cartilage matrix in the center of the rudimentary bone. This is 
followed by the entry of progenitor cells, which develop into 
chondroclasts that partially degrade the mineralized cartilage 
and form bone marrow spaces colonized by incoming blood 
vessels.23,131 Osteoblast progenitors enter the space created, 
adhere to remaining cartilage, develop into mature osteoblasts, 
and begin the formation of bony trabeculae. Vascular sinuses 
and extravascular mesenchymal cells subsequently form a con-
nective tissue meshwork within which HSCs originating from 
the liver (and probably the spleen) bind, proliferate, and dif-
ferentiate, ultimately producing circulating blood cells.131 
When these structures are fully developed, blood is supplied 
to the bone marrow by nutrient arteries and periosteal capil-
laries (Fig. 3-2).7

The stroma of the marrow is a connective tissue consisting 
of stromal cells (fibroblast-like cells, also called reticular cells), 
adipocytes, vascular elements (endothelial cells and myocytes), 
neural elements, and extracellular matrix (ECM), with the 
arrangement creating both intravascular and extravascular 
spaces (Figs. 3-3, 3-4).146,147 In postnatal mammals, blood cells 
are continuously produced within the extravascular spaces of 
bone marrow. Leukocytes are also produced within the extra-
vascular spaces of bone marrow in birds, but erythrocytes and 
thrombocytes are produced within the vascular spaces of the 
avian marrow.20

This specialized arrangement of the marrow vasculature is 
important in the organization of intramedullary hematopoi-
etic microenvironments, as marrow endothelial cells are 
actively involved in the regulation of transendothelial (not 
interendothelial) movement of hematopoietic cells and blood 
cells between the extravascular hematopoietic space and 
peripheral blood.92,114 Together, endothelial cells and stromal 
cells produce the ECM, which consists of collagen fibers, 
various macromolecules capable of binding cells, and basal 
laminae of the sinuses.100,109 The marrow stromal cells have 
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FIGURE  3-1 
Sites of definitive hematopoiesis during prenatal development in cats.  
Percentages represent relative contributions of sites to definitive blood 
cell production. Lymphoid populations also develop in lymph nodes and 
thymus beginning in midgestation (not shown). 

Redrawn from Tiedemann K, van Ooyen B. Prenatal hematopoiesis and blood 
characteristics of the cat. Anat Embryol (Berl). 1978;153:243-267.
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FIGURE  3-2 
Anatomy and circulation of the bone marrow. Periosteum (p), cortical 
bone (cb), nutrient foramen (nf ), nutrient artery (na), nutrient vein (nv), 
central longitudinal artery (cla), central longitudinal vein (clv), periosteal 
capillaries (pc), arteriole (a), sinuses (s), hematopoietic compartment (h), 
anastomosis of the nutrient capillaries and sinuses (1), anastomosis of 
the nutrient artery capillaries and periosteal capillaries (2), anastomosis 
of the periosteal capillaries and sinuses (3). 

From Alsaker RD. The formation, emergence, and maturation of the reticulo-
cyte: a review. Vet Clin Pathol. 1977;6(3):7-12.

extensively branched cytoplasmic processes and, along with 
the fibers that they produce, provide structural support for the 
marrow (Fig. 3-5).147 These stromal cells have generally been 
considered to be fibroblast-like, but they also display smooth 
muscle characteristics in culture and have been classified as 
myofibroblasts by some investigators.122 The particular stromal 
cells that support the endothelium of the venous sinuses are 
termed adventitial stromal cells (Fig. 3-6).147 Granulopoiesis 
also occurs primarily on the surface of stromal cells.125 Adi-
pocytes develop from mesenchymal stem cells and may share 
common hematopoietic functions with stromal cells.47 Auto-
nomic nerves occur in bone marrow. Their function is not 
clear, but direct and indirect effects of the sympathetic nervous 
system on hematopoietic stem cell and hematopoietic pro-
genitor cell proliferation and motility have been described.61

In addition to hematopoietic cells and developing blood 
cells, a number of accessory cells involved in regulating hema-
topoiesis reside within the extravascular space of mammalian 
bone marrow. These accessory cells include macrophages, 
mature lymphocytes, and natural killer (NK) cells.12,31,33,85 
Erythrocyte development occurs in close association with 
marrow macrophages.26

In contrast to other organs such as skin and intestine, 
where continuous new cell production occurs throughout life, 
hematopoietic cells and their progeny in bone marrow are not 
arranged in stratified layers of progressively more differenti-
ated cells. Although some segregation of cell types may be 
visualized by microscopic examination of stained bone marrow 
sections, the overall impression is that bone marrow contains 
an unstructured mixture of cells of different lineages and 
stages of maturation. Nonetheless, hematopoietic cells develop 
in specialized microenvironmental niches within the bone 
marrow.

Hematopoietic Stem Cells and Progenitor Cells
Beginning in midgestation and continuing throughout post-
natal life, mammalian blood cells are produced continuously 
from HSCs within the extravascular spaces of the bone 
marrow. HSCs are capable of proliferation; they exhibit long-
term self-renewal and differentiation. HSCs replicate only 
once every 8 to 10 weeks.2 The term hematopoietic progenitor 
cell (HPC) refers to cells that form colonies in bone marrow 
culture like HSCs but do not have long-term self-renewal 
capacities. HSCs and HPCs are mononuclear cells that cannot 
be distinguished morphologically from lymphocytes. The 
presence of a transmembrane glycoprotein termed cluster of 
differentiation antigen 34 (CD34) has been used to identify 
HSCs and early HPCs, but some HSCs (possibly inactive 
ones) lack CD34.43 In addition, CD34 is also present on the 
surface of nonhematopoietic stem cells and vascular endo-
thelial cells.72,149 CD34 is believed to play a role in cell 
adhesion.43

The most primitive HSC has the capacity to differentiate 
into HPCs of all blood cell lineages and several cell types in 
tissue. The frequency of HSCs in the marrow is estimated to 
be less than 0.01% of nucleated marrow cells in adult mice 
and less than 0.0001% of nucleated marrow cells in adult cats.2 
HSCs produce HPCs that can give rise to one or more blood 
cell types. Thus, HPCs are much more numerous in marrow 
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FIGURE  3-3 
Schematic view of a cross section of bone marrow near the central longitudinal vein. Hematopoietic cells lie 
in the hematopoietic compartment between the vascular sinuses that drain into the central vein. The sinus 
wall consists of endothelial cells (end), a basement membrane, and, in some areas, adventitial stromal cells 
(adv). Megakaryocytes (meg) lie against the outside of the vascular sinus wall and discharge proplatelets 
directly into the vascular lumen through apertures in the sinus wall. Erythroid cells are shown developing in 
an erythroid islet (eryth islet) around a central macrophage. Emperipolesis (emp), the entry of megakaryocyte 
cytoplasm by other cells, is occasionally observed. 

From Weiss L. The Blood Cells and Hematopoietic Tissues. New York: Elsevier; 1984.

than are HSCs. Less than 2% of nucleated bone marrow cells 
in adult dogs are CD34+, but up to 18% CD34+ cells have 
been reported in neonatal pups.38,128

The HSC produces a common lymphoid progenitor (CLP) 
and a common myeloid progenitor (CMP), as shown in 
Figure 3-7. The CLP is believed to give rise to B lymphocytes, 
T lymphocytes, and NK cells.16 The CMP is believed to give 
rise to all nonlymphoid blood cells (see Fig. 3-7) as well as 
macrophages, dendritic cells, osteoclasts, and mast cells.66,89 
HPCs proliferate with higher frequency than do HSCs, but 
the self-renewal capabilities of HPCs decrease as progressive 
differentiation and cell lineage restrictions occur. When mea-
sured in an in vitro cell culture assay, HPCs are referred to as 
colony-forming units (CFUs). HPCs that rapidly proliferate, 
retain their ability to migrate, and form multiple subcolonies 
around a larger central colony in culture are called burst-
forming units (BFUs).

The CMP (also called a colony-forming unit-granulocyte-
erythrocyte-monocyte-megakaryocyte [CFU-GEMM]) 
gives rise to the megakaryocyte-erythrocyte progenitor 
(MkEP) and the granulocyte-monocyte progenitor (GMP). 
The MkEP produces megakaryocyte progenitors (MkP) and 
erythrocyte progenitors (EP). The GMP produces the granu-
locyte progenitor (GP), the monocyte-dendritic cell progeni-
tor (MDP), the basophil-mast cell progenitor (BMaP), and 
the eosinophil progenitor (EoP) in mice (see Fig. 3-7). 
However, in humans, the EoP may develop from the CMP, 
rather than the GMP.89

Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are estimated to occur in 
bone marrow at a frequency of 0.001% to 0.0002% of nucle-
ated marrow cells.84 Evidence suggests that the MSC lineage 
differentiation pathways are less strictly delineated (exhibit 
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FIGURE  3-4 
A scanning electron micrograph of the cut surface of bone marrow 
showing a system of vascular sinuses originating at the periphery of the 
marrow (right side of field) and draining into a large vein (upper left corner). 
The large vein has several apertures in its wall, representing tributary 
venous sinuses. Hematopoietic tissue lies between the vascular sinuses. 

From Weiss L. The hematopoietic microenvironment of the bone marrow: an 
ultrastructural study of the stroma of rats. Anat Rec. 1976;186:161-184.

FIGURE  3-5 
A scanning electron micrograph from the extravascular space in rat bone 
marrow. Spherical hematopoietic cells are shown developing in close 
association with marrow stromal cells and their cytoplasmic processes. 

Courtesy of Ahmed Deldar.

FIGURE  3-6 
Structure of the bone marrow sinus wall. Sinus lumen (s), endothelial 
cell (e), basement membrane (bm), hematopoietic compartment (h), 
adventitial stromal cell with processes (ac). 

From Alsaker RD. The formation, emergence, and maturation of the reticulo-
cyte: a review. Vet Clin Pathol. 1977;6(3):7-12.

FIGURE  3-7 
Simplified working model of hematopoiesis. HSC, hematopoietic stem 
cell; CLP, common lymphoid progenitor; CMP, common myeloid pro-
genitor; T/NKP, T lymphocyte-natural killer cell progenitor; MkEP, 
megakaryocyte-erythroid progenitor; GMP, granulocyte-monocyte pro-
genitor; NKP, natural killer cell progenitor; TLP, T lymphocyte progeni-
tor; BLP, B lymphocyte progenitor; MkP, megakaryocyte progenitor; EP, 
erythroid progenitor; BMaP, basophil-mast cell progenitor; EoP, eosino-
phil progenitor, GP, granulocyte progenitor; MDP, monocyte-dendritic 
cell progenitor; NK, natural killer; MaP, mast cell progenitor; CDP, 
common dendritic progenitor. 
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injection of growth factors is one approach used to collect 
increased numbers of stem cells from blood for human bone 
marrow transplantation.46

Hematopoietic Microenvironment
Blood cell production occurs throughout life in the bone 
marrow of adult animals because of the unique microenviron-
ment present there. The hematopoietic microenvironment is 
a complex meshwork composed of stromal cells, endothelial 
cells, adipocytes, macrophages, subsets of lymphocytes, NK 
cells, osteoblasts, ECM components, and glycoprotein growth 
factors that profoundly affect HSC and HPC engraftment, 
survival, proliferation, and differentiation.1

Stromal cells and endothelial cells produce components of 
the ECM, including collagen fibers, basement membranes of 
vessels and vascular sinuses, proteoglycans, and glycoproteins. 
In addition to providing structural support, the ECM is 
important in the binding of hematopoietic cells and soluble 
growth factors to stromal cells and other cells in the micro-
environment so that optimal proliferation and differentiation 
can occur by virtue of these cell-cell interactions (Fig. 3-8).1,106

Collagen fibers produced by stromal cells may not have 
direct stimulatory effects on hematopoiesis but rather are  
permissive, promoting hematopoiesis by forming a scaffolding 
around which the other elements of the microenvironment are 
organized. Hematopoietic cells can adhere to collagen types I 
and VI.22

Adhesion molecules (most importantly β1-integrins) on 
the surface of hematopoietic cells bind to ECM glycoproteins 
such as VCAM-1, hemonectin, fibronectin, laminin, vitronec-
tin, and thrombospondin. The spectrum of the expression of 
adhesion molecules on hematopoietic cells that differentially 
bind to ECM glycoproteins varies with the type, maturity, and 
activation state of the hematopoietic cells. In addition to 
anchoring cells to a given microenvironmental niche, the 
binding of adhesion molecules on hematopoietic cells also 

greater plasticity) than the HSC pathways.115 MSCs have the 
ability to differentiate into multiple lineages, including marrow 
stromal cells, adipocytes, osteoblasts, chondrocytes, fibroblasts, 
and myoblasts.95 Progenitor cells for a variety of peripheral 
tissue cell types are also present in bone marrow. Some studies 
suggest that MSCs may also produce epithelial cells, hepato-
cytes, and neuronal cells.81,115 Endothelial progenitor cells are 
present in bone marrow and blood; however, their origin 
remains to be clarified. Evidence has been presented suggest-
ing an association with both MSCs and HSCs.24,118

Homing of Hematopoietic Stem Cells and Progenitor 
Cells to the Marrow
Homing is the process by which circulating HSCs and HPCs 
bind to the luminal surface of bone marrow endothelial cells, 
migrate through the endothelial cells, bind selectively to sites 
in the extravascular space, and begin the process of prolifera-
tion and differentiation. Homing of HSCs/HPCs is mediated 
by chemoattractants produced by endothelial cells and other 
cells in the microenvironment and by adhesion molecules 
expressed on the surfaces of HSCs/HPCs that bind to pro-
teoglycans and glycoproteins on the surfaces of various marrow 
cells and the extracellular matrix.27

The chemokine (chemoattractant cytokine) CXCL12, also 
called stromal cell-derived factor-1 (SDF-1), is especially 
important in the homing of HSCs/HPCs, but other chemoat-
tractants are also involved in this process. SDF-1 is produced 
by both marrow endothelial cells and stromal cells, and migra-
tion of HSCs/HPCs from blood to bone marrow occurs 
toward an SDF-1 gradient by virtue of an SDF-1 receptor 
CXCR4 expressed on these migrating cells. SDF-1 promotes 
the expression of CXCR4 and other adhesion molecules on 
the surface of HSCs/HPCs and induces transendothelial 
migration.27

HSCs/HPCs must be activated by locally produced factors 
(including SDF-1) for optimal transendothelial migration to 
occur. P- and E-selectin molecules (membrane-spanning, 
sugar-binding glycoproteins), expressed on bone marrow 
endothelial cells, bind to glycosylated ligands on HSCs/HPCs 
to promote an initial loose, rolling-type adhesion between 
HSCs/HPCs and endothelial cells in blood. Tight adhesion 
and migration through endothelial cells is dependent on  
integrin molecules—particularly the α4β1-integrin (very late 
antigen-4, VLA-4) on the surfaces of migrating cells—
binding to their counterreceptors, especially vascular cell 
adhesion molecule-1 (VCAM-1), on endothelial cells.27

The first successful bone marrow transplants were done 
experimentally in dogs in the late 1950s.6 Because of the 
homing properties of HSCs, bone marrow transplants are 
performed by injecting bone marrow cells into the blood. In 
addition, HSCs/HPCs naturally circulate in blood. The physi-
ologic mechanisms involved in the release of these hemato-
poietic cells from the bone marrow are not well defined, but 
HSC and HPC numbers can be increased markedly in blood 
following injection of growth factors such as granulocyte 
colony-stimulating factor (G-CSF).113 In fact, intravenous 

FIGURE  3-8 
Interactions between a progenitor cell and a stromal cell in the extravas-
cular microenvironment of the bone marrow. VCAM-1, vascular cell 
adhesion molecule-1. 
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cells, and T lymphocytes to produce HGFs. Different combi-
nations of HGFs regulate the growth of different types of 
HSCs and/or HPCs.66

Early-acting HGFs are involved with triggering dormant 
(GO) primitive HSCs to begin cycling. Stem cell factor (SCF), 
fms-like tyrosine kinase 3 ligand (Flt3L), and TPO are 
important early factors that act in combination with one or 
more other cytokines such as IL-3, IL-6, IL-11, and G-CSF.

Intermediate-acting HGFs have broad specificity. IL-3 
(multi-CSF), granulocyte-macrophage-CSF (GM-CSF), and 
IL-4 support proliferation of multipotent HPCs. These factors 
also interact with late-acting factors to stimulate the prolifera-
tion of a wide variety of committed progenitor cells. Late-
acting HGFs have restricted specificity. Macrophage-CSF 
(M-CSF), G-CSF, EPO, TPO, and IL-5 are more restrictive 
in their actions. They have their most potent effects on com-
mitted progenitor cells and on later stages of development 
when cell lines can be recognized morphologically.67 TPO 
appears to be an exception. In addition to stimulating platelet 
production, it is important in maintaining a population of 
HSCs in their osteoblastic niche.8

ERYTHROPOIESIS
Primitive Erythropoiesis
Primitive erythropoiesis begins and predominates in the yolk 
sac but also occurs later in the liver. Primitive erythrocytes are 
large (more than 400 fL in humans), generally nucleated cells 
with high nuclear:cytoplasmic ratios. Their nuclei have open 
(noncondensed) chromatin and their cytoplasm contains pre-
dominantly embryonal hemoglobin (Hb) with a high oxygen 
affinity.117,133,138 In mammals as in nonmammalian species, 
primitive RBCs enter the blood as nucleated cells, but in 
contrast to nonmammalian species, enucleation can eventually 
occur in the circulation.70 These extruded nuclei circulate for 
a short time in the blood. They are surrounded by a small 
amount of cytoplasm and have been called pyrenocytes.97

A switch to definitive erythropoiesis occurs during fetal 
development. This results in the production of smaller cells 
that generally extrude their nuclei before entering the blood, 
produce fetal Hb (in some species) and adult Hb, and are 
highly dependent on EPO for proliferation.138

Hematopoietic Progenitor Cells and the Bone 
Marrow Microenvironment
The CMP gives rise to the MkEP, which can differentiate into 
megakaryocyte progenitors (MkPs) or erythroid progenitors 
(EPs). The production of EPs is stimulated by SCF, IL-3, 
GM-CSF, and TPO.67,78 The earliest EP is the burst-forming-
unit erythrocyte (BFU-E), which differentiates into the 
colony-forming-unit erythrocyte (CFU-E). EPO is the 
primary growth factor involved in the proliferation and dif-
ferentiation of CFU-Es into rubriblasts, the first morphologi-
cally recognizable erythroid cells. CFU-Es are more responsive 
to EPO than BFU-E cells because CFU-Es exhibit greater 
numbers of surface receptors for EPO.116

plays a role in cell regulation directly by activating signal 
pathways for cell growth, survival, and differentiation or indi-
rectly by modulating the responses to hematopoietic growth 
factors.22

A proteoglycan consists of a protein core with repeating 
carbohydrate glycosaminoglycans (GAGs) attached. Major 
proteoglycans in the marrow include heparan sulfate, chon-
droitin sulfate, hyaluronic acid, and dermatan sulfate. Proteo-
glycans enhance hematopoiesis by trapping soluble growth 
factors in the vicinity of hematopoietic cells and by strength-
ening the binding of hematopoietic cells to the stroma.28

Hematopoietic cells develop in specific niches within the 
marrow. During steady-state conditions, quiescent HSCs are 
concentrated near endosteal and trabecular bone, where osteo-
blasts help to regulate their numbers.152 HSCs and HPCs are 
also located near vascular sinuses, where they appear more 
active. HSCs and HPCs in this vascular niche likely have 
homeostatic roles during steady-state conditions.94 Erythroid 
cells develop around macrophages and megakaryocytes form 
adjacent to sinusoidal endothelial cells; granulocyte develop-
ment is associated with stromal cells located away from the 
vascular sinuses.1,63,66

Hematopoietic Growth Factors
Proliferation of HSCs and HPCs cannot occur spontaneously 
but requires the presence of specific hematopoietic growth 
factors (HGFs); these may be produced locally in the bone 
marrow (paracrine or autocrine) or more remotely by periph-
eral tissues and transported to the marrow through the blood 
(endocrine). All cells in the hematopoietic microenvironment, 
including the hematopoietic cells themselves, produce HGFs 
and/or inhibitors of hematopoiesis.69 Some HGFs have been 
called poietins (erythropoietin [EPO] and thrombopoietin 
[TPO]). Other growth factors have been classified as colony-
stimulating factors (CSFs) based on in vitro culture studies. 
Finally, some HGFs have been described as interleukins 
(ILs).67

Hematopoietic cells express receptors for more than one 
HGF on their surfaces. The number of each receptor type 
present depends on the stage of cell activation and differentia-
tion. Binding of an HGF to its receptor results in a series of 
enzymatic reactions that generate transcription factors; these 
promote the synthesis of molecules that inhibit apoptosis, the 
formation of cell-cycle regulators (cyclins), and the synthesis 
of additional HGFs and their receptors.22,67 The pathways 
involved in generating lineage-restricted transcription factors 
is complex and beyond the scope of this text.22

HGFs vary in the type(s) of HSCs and/or HPCs that they 
can stimulate to proliferate. Factors are often synergistic in 
their effects on hematopoietic cells. In some instances, an 
HGF may not directly stimulate the proliferation of a given 
cell type, but may potentiate its proliferation by inducing the 
expression of membrane receptors for HGFs that do directly 
stimulate proliferation. Some glycoproteins, such as IL-1 and 
tumor necrosis factor-α (TNF-α), can modulate hematopoi-
esis indirectly by stimulating marrow stromal cells, endothelial 
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progressively accumulates, imparting a red coloration to the 
cytoplasm (Fig. 3-10). Cells with both red and blue coloration 
are described as having polychromatophilic cytoplasm. An 
immature erythrocyte, termed a reticulocyte, is formed follow-
ing extrusion of the metarubricyte nucleus. This generally 
occurs while cells are still bound to central macrophages.26 
Extruded nuclei are bound and phagocytosed by a novel 
receptor on the surface of bone marrow macrophages.107 
However, nuclei can be extruded in blood when metarubri-
cytes are released from the bone marrow (Fig. 3-11).119

Early reticulocytes have polylobulated surfaces. Their cyto-
plasm contains ribosomes, polyribosomes, and mitochondria 
necessary for the completion of Hb synthesis.15 Reticulocytes 
derive their name from a network or reticulum that appears 
when they are stained with basic dyes such as new methylene 
blue and brilliant cresyl green. That network is not preexisting 
but rather an artifact formed by the precipitation of ribosomal 
ribonucleic acids and proteins secondary to staining.57 As 
reticulocytes mature, the amount of ribosomal material 
decreases until only a few basophilic specks can be visualized 
with reticulocyte staining procedures. These mature reticulo-
cytes have been referred to as type IV reticulocytes53 or punc-
tate reticulocytes.7,101

The development of a reticulocyte into a mature erythro-
cyte is a gradual process that requires a variable number of 
days depending on the species involved. Consequently the 
morphologic and physiologic properties of reticulocytes vary 
with the stage of maturation. The cell surface undergoes 
extensive remodeling, with loss of membrane material and 
ultimately the formation of the biconcave shape of mature 

Marrow macrophages are important components of the 
hematopoietic microenvironment involved with erythropoie-
sis. Both early and late stages of erythroid development occur 
with intimate membrane apposition to central macrophages 
in “erythroid islands.” Several adhesion molecules on ery-
throid cells and macrophages, and extracellular matrix glyco-
proteins are important in forming these erythroid islands.26 
Direct contact with these macrophages enhances the prolif-
eration of erythroid precursors under basal conditions. Central 
macrophages may promote basal erythrocyte production by 
producing positive growth factors, including EPO; however, 
they may inhibit erythropoiesis by producing negative factors 
such as IL-1, TNF-α, transforming growth factor-β (TGF-
β), and interferons (IFNs)-α, -β, and -γ in inflammatory 
conditions.25,145,154 The finding that EPO can also be produced 
by erythroid progenitors suggests that these cells may support 
erythropoiesis by autocrine stimulation.126 Although some 
degree of basal regulation of erythropoiesis occurs within the 
marrow microenvironment, humoral regulation is also impor-
tant, with EPO production occurring primarily within peri-
tubular interstitial cells of the kidney and various inhibitory 
cytokines being produced at sites of inflammation throughout 
the body.

Nutrients Needed for Erythropoiesis
In addition to amino acids and essential fatty acids, several 
metals and vitamins are required for normal erythropoiesis. 
Iron is needed for the synthesis of heme, an essential compo-
nent of Hb and certain enzymes. Copper, in the form of 
ceruloplasmin, is important in the release of iron from tissue 
to plasma for transport to developing erythroid cells. Vitamin 
B6 (pyridoxine) is needed as a cofactor in the first enzymatic 
step in heme synthesis.

Tetrahydrofolic acid, the active form of folic acid (a B 
vitamin), is needed for the transfer of single carbon-containing 
molecules in DNA and RNA synthesis. The physiologic 
mechanism of B12 involvement in erythrocyte production is 
not well understood, but it is related to folate metabolism. 
Cobalt is essential for the synthesis of B12 by ruminants.51

Maturation of Erythroid Cells
Rubriblasts are continuously generated from progenitor cells 
in the extravascular space of the bone marrow. The production 
of a rubriblast initiates a series of approximately four divisions 
over a period of 3 or 4 days to produce about 16 metarubri-
cytes that are no longer capable of division (Fig. 3-9).36 These 
divisions are called maturational divisions because there is a 
progressive maturation of the nucleus and cytoplasm con-
comitant with each division.

When they are stained with Romanowsky-type blood 
stains, early precursors have intensely blue cytoplasm owing 
to the presence of many basophilic ribosomes and polyribo-
somes that are actively synthesizing globin chains and smaller 
amounts of other proteins. As these cells divide and mature, 
overall cell size decreases, nuclear chromatin condensation 
increases, cytoplasmic basophilia decreases, and Hb 

FIGURE  3-9 
Diagram of erythropoiesis showing the release of reticulocytes into blood 
as it normally occurs in dogs. 
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FIGURE  3-10 
Maturation of canine erythroid and granulocytic cells as they appear in Wright-Giemsa-stained bone marrow aspirate smears. 

Drawing by Perry Bain.
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erythrocytes.15 The loss of membrane protein and lipid com-
ponents requires ATP and involves the formation of intracel-
lular multivesicular endosomes that fuse with the plasma 
membrane, releasing vesicles (exosomes) extracellularly.45,140 
This is a highly selective process in which some proteins (e.g., 
transferrin receptor 1 and fibronectin receptor) are lost and 
cytoskeletal proteins (e.g., spectrin) and firmly bound trans-
membrane proteins (e.g., the anion transporter and glycopho-
rin A) are retained and concentrated.45,103

The mitochondria undergo degenerative changes in a pro-
grammed death phenomenon (mitoptosis)45 and are either 
digested or extruded following entrapment in structures 
resembling autophagic vacuoles (Fig. 3-12).90,120 The poly-
somes separate into monosomes, decrease in number, and 
disappear as reticulocytes mature into erythrocytes. The deg-
radation of ribosomes appears to be energy-dependent and 
presumably involves proteases and RNAases.112

Reticulocyte maturation begins in the bone marrow and is 
completed in the peripheral blood and spleen in dogs, cats, 
and pigs.56 As reticulocytes mature, they lose the surface 
receptors needed to adhere to the fibronectin and thrombo-
spondin components of the extracellular matrix, presumably 
facilitating their release from the bone marrow.132 

Reticulocytes become progressively more deformable as they 
mature, a characteristic that also facilitates their release from 
the marrow.144 To exit the extravascular space of the marrow, 
reticulocytes press against the abluminal surfaces of endothe-
lial cells making up the sinus wall. Cytoplasm thins and small 
pores develop in endothelial cells, which allow reticulocytes 
to be pushed through by a small pressure gradient across the 
sinus wall.79,143 These pores apparently close after cell passage.

Relatively immature aggregate-type reticulocytes are 
released from canine bone marrow; consequently most of 
these cells appear polychromatophilic when they are viewed 
following routine blood-film staining procedures.73 Reticulo-
cytes are generally not released from bone marrow of non-
anemic cats until they mature to punctate-type reticulocytes 
(Fig. 3-13); consequently few or no aggregate reticulocytes 
(less than 0.4%) but up to 10% punctate reticulocytes are 
found in blood from normal adult cats.29 The high percentage 
of punctate reticulocytes results from a long maturation time 
with delayed degradation of RNA.39 Reticulocytes are gener-
ally absent in the peripheral blood of healthy adult cattle and 
goats, but a small number of punctate types (0.5%) may occur 
in adult sheep.56 Based on microscopic examination of blood 
films stained with new methylene blue, equine reticulocytes 
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FIGURE  3-11 
Nuclear extrusion of metarubricytes to form canine reticulocytes. A, 
Blood film from a dog with a hemolytic anemia secondary to hemangio-
sarcoma. Frictional forces during smear preparation may have contrib-
uted to the nuclear extrusion. B, Transmission electron microscopy of 
nuclear extrusion of a metarubricyte. 

B, From Simpson CF, King JM. The mechanism of denucleation in circulating 
erythroblasts. J Cell Biol. 1967;35:237-245.

A

B
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FIGURE  3-12 
Transmission electron microscopy of mitochondrial extrusion from 
canine reticulocytes. A, A series of vesicles appear to be surrounding 
three mitochondria. B, Fusion of a vacuole containing mitochondria with 
the reticulocyte outer membrane, thereby promoting mitochondrial 
extrusion. 

From Simpson CF, King JM. The mechanism of mitochondrial extrusion from 
phenylhydrazine-induced reticulocytes in the circulating blood. J Cell Biol. 
1968;36:103-109.

FIGURE  3-13 
Cat erythroid cells demonstrating reticulocyte release into blood as it 
occurs in most normal cats. Note that punctate reticulocytes do not 
appear polychromatophilic when stained with Wright-Giemsa. 
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are normally absent from blood and are rarely released in 
response to anemia.

Control of Erythropoiesis
Early- and intermediate-acting growth factors—including 
SCF, IL-3, GM-CSF, and TPO—are utilized to produce EPs. 
EPO is the principal growth factor promoting the viability, 
proliferation, and differentiation of EPs (BFU-E and CFU-E) 
that express specific cell-surface EPO receptors. The main 
mechanism used to achieve these effects is inhibition of apop-
tosis.124 Early BFU-E cells do not express EPO receptors, but 
more mature BFU-E cells do and are thus responsive to EPO. 
EPO receptor numbers on cell surfaces increase to maximum 

values in CFU-E cells, decline in rubriblasts, and continue to 
decrease in the later stages of erythroid development.104,105 
Because of their EPO receptor density, CFU-E cells readily 
respond to EPO, promoting their proliferation, differentia-
tion, and transformation into rubriblasts, the first morpho-
logically recognizable erythroid cell type. High concentrations 
of EPO may accelerate rubriblast entry into the first mitotic 
division, thus shortening the marrow transit time and result-
ing in the early release of stress reticulocytes.105

In the presence of EPO, other hormones—including 
androgens, glucocorticoid hormones, growth hormone, insulin, 
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of vascular tone, and exerting cardioprotective and neuropro-
tective effects.59

LEUKOPOIESIS
Neutrophil Production
Neutrophilic cells within the bone marrow can be included in 
two pools (Fig. 3-15). The proliferation and maturation pool 
(mitotic pool) includes myeloblasts, promyelocytes, and 
myelocytes. Approximately four or five divisions occur over 
several days (Fig. 3-16). During this time primary (reddish 
purple) cytoplasmic granules are produced in late myeloblasts 
or early promyelocytes and secondary (specific) granules are 
synthesized within myelocytes (see Fig. 3-10). Once nuclear 
indentation and condensation become apparent, precursor 

and insulin-like growth factors (IGFs)—can enhance the 
growth of erythroid progenitor cells in vitro.76,88 The thyroid 
hormone 3,5,3′-triiodothyronine (T3) promotes the differen-
tiation and maturation of erythroid cells.76 Thyroid hormones 
may also promote the synthesis of EPO in the kidney.82 EPO 
production in adult mammals occurs primarily within peritu-
bular interstitial cells located within the inner cortex and outer 
medulla of the kidney. The liver is an extrarenal source of EPO 
in adults and the major site of EPO production in the mam-
malian fetus.59 Bone marrow macrophages and erythroid pro-
genitor cells themselves can produce EPO, suggesting the 
possibility of short-range regulation of erythropoiesis.126,141

Hematopoietic cells die not only as a consequence of lack 
of HGFs but also in response to the presence of molecules 
that induce apoptosis. Inhibitors of erythropoiesis include 
TGF-β, TNF-α, IFN-γ, IL-6, and TNF-related apoptosis-
inducing ligand (TRAIL).26

The ability to deliver oxygen to the tissues depends on 
cardiovascular integrity, oxygen content in arterial blood, and 
Hb oxygen affinity. Low oxygen content in the blood can 
result from a low partial pressure of oxygen (PO2) in arterial 
blood, as occurs at high altitudes or with congenital heart 
defects in which some of the blood flow bypasses the pulmo-
nary circulation. A low oxygen content in blood can also be 
present when arterial PO2 is normal, as occurs with anemia 
and methemoglobinemia. An increased oxygen affinity of Hb 
within erythrocytes results in a decreased tendency to release 
oxygen to the tissues.86 Regardless of the cause, EPO produc-
tion is stimulated by tissue hypoxia (Fig. 3-14), which is 
mediated by hypoxia-inducible factors that control the tran-
scription of the EPO gene in EPO-secreting cells.50,59

Other tissues also exhibit EPO receptors, and EPO stimu-
lates nonhematopoietic actions, including promoting the  
proliferation and migration of endothelial cells, enhancing 
neovascularization, stimulating the production of modulators 

FIGURE  3-14 
Central role of erythropoietin (EPO) in the control of erythropoiesis. 
BFU-E, burst-forming unit-erythroid; CFU-E, colony-forming unit-
erythroid; NRBC, nucleated red blood cell. 
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FIGURE  3-16 
A diagram of granulopoiesis. 
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FIGURE  3-15 
Approximate sizes of mitotic and postmitotic neutrophilic compartments 
within bone marrow. 
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neutrophilic colony formation. If this also happens in vivo, it 
might provide negative feedback for neutrophil production in 
the extravascular space of bone marrow.71 One possible mech-
anism is the release of serine proteases, such as elastase, from 
neutrophils. Elastase appears to inhibit granulopoiesis by 
inactivating G-CSF.35 Second, increased neutrophil numbers 
in blood are associated with the increased clearance of circu-
lating G-CSF following binding to surface receptors on neu-
trophils, thereby decreasing the primary stimulus for their 
production.65,75 Third, mature neutrophils indirectly inhibit 
granulopoiesis by the removal (through phagocytosis) of 
invading microorganisms that would otherwise stimulate the 
production of HGFs by tissue cells. Activated T lymphocytes 
may also inhibit neutrophil production by secreting the soluble 
molecule Fas-ligand and the cytokine IFN-γ.99

Eosinophil, Basophil, and Mast Cell Production
The eosinophil progenitor (EoP) or colony-forming unit 
eosinophil (CFU-Eo) is reported to develop from the CMP 
in humans but downstream from the GMP in mice.89 Eosino-
phil production in the marrow parallels that of neutrophils. 
Eosinophil precursors become recognizable at the myelocyte 
stage, when their characteristic secondary granules appear (see 
Fig. 3-10). The marrow transit time is 1 week or less, with a 
significant storage pool of mature eosinophils.142 As in the 
case of neutrophils, growth factors, including IL-3 and 
GM-CSF, are needed for the proliferation of early progeni-
tors. In addition, activated TH2 lymphocytes produce IL-5, 
which promotes the terminal maturation of eosinophils. IL-3, 
GM-CSF, and IL-5 also inhibit eosinophil apoptosis,62 while 
inhibitors of eosinophil production include IL-12 and 
IFN-γ.110

The GMP reportedly produces the bipotential basophil-
mast cell progenitor (BMaP), which gives rise to the basophil 
progenitor and the mast cell progenitor (MaP).121 Like eosin-
ophils, basophil precursors become recognizable at the myelo-
cyte stage, when their characteristic secondary granules appear 
(see Fig. 3-10). A specific growth factor for the production of 
basophils has not been identified. IL-3 appears to be the 
major growth and differentiation factor for basophils, but 
other growth factors—including GM-CSF, IL-5, TGF-β, 
and nerve growth factor—also promote the production of 
basophils.37

In contrast to basophils, which mature in the bone marrow, 
maturation of mast cell progenitors into mast cells occurs in 
the tissues.40 SCF appears to be the major growth and dif-
ferentiation factor for mast cells. Additional cytokines—
including IL-3, IL-4, IL-9, IL-10, and IL-13—also stimulate 
mast cell production.54 Some local proliferation of mast cells 
can occur in tissues if they are appropriately stimulated.41

Production of Monocytes, Macrophages, Dendritic 
Cells, and Osteoclasts
Bone marrow MDPs give rise to monocytes and common 
dendritic cell progenitors (CDPs).153 Monocytes are produced 
through the combined effects of IL-3, GM-CSF, M-CSF, and 

cells are no longer capable of division. The maturation and 
storage pool (postmitotic pool) includes metamyelocytes, 
bands, and segmented neutrophils. Cells within this pool nor-
mally undergo maturation and storage for several more days 
prior to the migration of mature neutrophils through the 
vascular endothelium and into the circulation.123 The number 
of mature neutrophils stored in marrow is more than seven 
times the number present in the circulation of the dog.32 The 
marrow transit time from myeloblast to release of mature 
neutrophils into the blood varies by species but is generally 
between 6 and 9 days. This time can be shortened considerably 
when inflammation is present.108,123

A variety of cytokines with overlapping specificities are 
important in neutrophil production (also called granulopoie-
sis). IL-3, GM-CSF, and G-CSF are of primary importance 
in the production of neutrophils. These cytokines act on 
various stages of development from CMPs to GMPs to GPs, 
depending on the array of growth factor receptors displayed 
on their surfaces. GPs are stimulated to proliferate and dif-
ferentiate into myeloblasts by G-CSF. This cytokine appears 
to play a role in the basal regulation of granulopoiesis as well 
as to function as a primary regulator of the neutrophil response 
to inflammatory stimuli. G-CSF increases the number of cell 
divisions and reduces the time for granulocytic progenitors to 
develop into neutrophils. It also promotes the release of neu-
trophils from bone marrow into blood.108,127

As neutrophils mature, there is a progressive downregula-
tion of certain surface receptors, including CXCR4 and the 
α4β1 integrin, that adhere neutrophils to glycoproteins within 
the extravascular space. CXCR4 binds to CXCL12/SDF-1 
produced by stromal cells, and the α4β1 integrin binds to 
VCAM-1 on endothelial cells. Experimental neutralization of 
CXCR4 and VCAM-1 results in an increased release of neu-
trophils into blood. G-CSF promotes neutrophil release from 
bone marrow at least in part by decreasing CXCL12/SDF-1 
production and decreasing CXCR4 expression on the surface 
of neutrophils.127

Activated helper T lymphocytes produce various growth 
factors including IL-3 and GM-CSF. Mononuclear phago-
cytes, fibroblasts, and endothelial cells can also produce 
GM-CSF and G-CSF when appropriately stimulated. Mono-
nuclear phagocytes can not only synthesize HGFs when they 
contact bacterial products but can also stimulate other cells to 
produce them. The cytokines, IL-1 and TNF-α, produced by 
monocytes and macrophages stimulate the production of 
HGFs by other cell types. These monokines are important in 
the inflammatory response to foreign organisms and neoplas-
tic cells, but their role in resting granulopoiesis is unclear.66,123 
IL-6 is a multifunctional cytokine that regulates inflammation 
(including the hepatic acute-phase response), the immune 
response, and hematopoiesis. In this latter role, it promotes 
granulopoiesis and thrombopoiesis during inflammation.111

Inhibition of neutrophil production is not well understood, 
but mature neutrophils may provide negative feedback inhibi-
tion on their own production in three ways. First, the addition 
of mature neutrophils to bone marrow culture inhibits 
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required for pre-B lymphocytes to develop into mature, naive 
B lymphocytes in the marrow and enter the circulation. Less 
than 20% of B lymphocytes produced in the marrow become 
part of the peripheral mature B lymphocyte pool, with most 
of the cells being culled in the bone marrow or after  
their entry into blood.83 B lymphocytes also proliferate in 
peripheral lymphoid tissues in adults. As with other blood 
cells, the microenvironment of the marrow and lymphoid 
organs is important for lymphopoiesis. The production of 
antigen-sensitive, surface-immunoglobulin-positive B lym-
phocytes is marked by successive rearrangements of the 
immunoglobulin gene loci and selective expression of surface 
proteins. Although a number of cytokines—including SCF, 
Flt3L, SDF-1, and IGF—are involved in B lymphocyte pro-
duction in marrow, IL-7 appears to be an especially important 
positive growth factor.19,77 B lymphocyte lymphopoiesis is 
inhibited by several factors, including TGF-β, IFN-α, IFN-β, 
and IFN-γ.77

Recirculating B lymphocytes are activated by antigenic 
stimulation in the T lymphocyte region of secondary lym-
phoid organs, followed by migration to the cortex in lymph 
nodes and to follicles in jejunal Peyer’s patches and the spleen 
in mammals.135 B lymphocyte activation and differentiation 
into plasmablasts is induced by combinations of microbial 
products, cytokines, and molecules bound to the surfaces of T 
lymphocytes and dendritic cells. Plasmablasts can develop 
into plasma cells in the lymphoid organs where they are pro-
duced or can migrate through blood and develop into plasma 
cells in peripheral tissues or bone marrow. SDF-1 attracts 
circulating plasmablasts to the bone marrow, and factors 
including SDF-1 and IL-6 promote plasma cell development 
by preventing apoptosis.91

T lymphocyte progenitors leave the marrow and migrate 
to the thymus. Homing of these cells to the thymus depends 
on their interaction with various adhesion molecules on 
thymic endothelial cells and the production of specific che-
motactic factors by thymic stromal cells. T lymphocyte pro-
genitors develop into T lymphocytes under the influence of 
the thymic microenvironment and growth factors (including 
Flt3L and IL-7) produced in the thymus.151 After maturation 
in the thymus, T lymphocytes accumulate within paracortical 
areas of lymph nodes, periarteriolar lymphoid sheaths of the 
spleen, and the interfollicular areas of jejunal Peyer’s patches 
in mammals.135

Most NK cells are produced from progenitor cells in the 
bone marrow, where they undergo expansion and maturation 
for a week or more before their release into the blood.155 
Growth factors controlling their production need further 
characterization, but SCF, IL-2, IL-7, and IL-15 can stimu-
late NK cell development from progenitor cells in vitro.3 
Subsets of NK cells also develop in the thymus and possibly 
other organs, such as lymph nodes, liver, and spleen. These 
sites may depend on the trafficking of bone marrow–derived 
progenitor cells and/or immature NK cells into these organs 
from the blood, where they mature under the influence of 
microenvironmental factors.49,55

IL-34 on the proliferation and differentiation of bone marrow 
progenitor cells.44 Less time is required to produce monocytes 
than granulocytes, and there is little marrow reserve of these 
cells.

Monocytes have long been viewed primarily as precursors 
that develop into tissue macrophages and dendritic cells. 
However, it is now recognized that many macrophage and 
dendritic cells in tissues do not originate from monocytes 
under steady-state conditions because these cells are capable 
of self-replication. In addition, neither microglia (macro-
phages in the central nervous system) nor Langerhans cells 
(epidermal dendritic cells) depend on cells from the bone 
marrow for their renewal under steady-state conditions and 
possibly also during inflammation.10 In fact, Langerhans cells 
appear to develop from embryonic progenitor cells that enter 
the epidermis before birth.44

Monocytes are important effector cells during inflamma-
tory conditions. They exit the blood, respond to the tissue 
environment, and differentiate into subsets of macrophages 
and inflammatory dendritic cells. Exposure to M-CSF pro-
motes the development of monocytes into macrophages. The 
addition of IFN-γ to M-CSF promotes the formation of 
M1-like macrophages, while the addition of IL-4 to M-CSF 
induces the differentiation of M2-like macrophages. The 
exposure of monocytes to GM-CSF, IL-4, and TNF-α pro-
motes their development into inflammatory dendritic cells  
or TNF-α and inducible nitric oxide synthase (iNOS)-
producing (TiP)-dendritic cells.10,44,153

CDPs can give rise to preclassic dendritic cells (Pre-cDC) 
and plasmacytoid dendritic cells (pDCs) in bone marrow.96 
Both cell types are released into blood and enter the tissues, 
where the Pre-cDCs develop into classic dendritic cells (cDC) 
in lymphoid organs and mucosal dendritic cells.44,153 
Cytokines—including Flt3L, GM-CSF, and lymphotoxin 
α1β2—appear to be important for the development of cDCs 
and pDCs.10,44

Osteoclasts develop when monocyte progenitors are cul-
tured with M-CSF and a soluble form of receptor activator 
of nuclear factor-κB ligand (RANKL).9 IL-3 and GM-CSF 
inhibit osteoclast formation. The relative amounts of these 
growth factors and presumably others present in the micro-
environment of a monocyte progenitor apparently determine 
whether macrophages, dendritic cells, or osteoclasts are 
formed.

Lymphocyte and NK Cell Production
The CLP is believed to give rise to B lymphocytes, T lym-
phocytes, and NK cells.16 The development of B lymphocyte 
and T lymphocyte progenitors in bone marrow is antigen-
independent. Both SCF and Flt3L appear to be involved  
in the production of early lymphoid progenitor cells in  
mice.17

B lymphocyte progenitors produce mature, naive B lym-
phocytes in the marrow in most mammals, in specialized ileal 
Peyer’s patches in dogs, pigs, and ruminants, and in the bursa 
of Fabricius in birds.83,135 Approximately 2 to 3 days are 
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individual platelets within the sinuses and general circula-
tion.60 Megakaryocytes may rarely migrate through the vas-
cular endothelium into the sinuses, enter the general venous 
circulation (see Fig. 2-34), and become lodged in pulmonary 
capillaries.11 It is estimated that 1000 to 3000 platelets are 
produced from each megakaryocyte, depending on mega-
karyocyte size.68 Megakaryocytes are not present in nonmam-
malian species. Like erythrocytes and leukocytes, the nucleated 
thrombocytes of nonmammalian species are produced by 
mitosis of precursor cells.

A number of cytokines can stimulate or enhance the pro-
liferation and expansion of megakaryocyte progenitor cells. 
Factors that may be involved include SCF, Flt3L, IL-3, 
GM-CSF, IL-11, and EPO.13,18,68 TPO is the key stimulator 
of platelet production by stimulating megakaryocyte prolifera-
tion, survival, and size (ploidy).60,68 TPO also transiently 
enhances the aggregatory response of platelets to agonists.4

Although various cells in the body can produce TPO, 
including cells in the kidney and bone marrow stromal 
cells,80,87 the major sites of TPO production appear to be the 
endothelial cells of the liver.58,148 The amount of TPO pro-
duced in the body appears to be relatively constant. TPO 
receptors (c-Mpl receptors) on blood platelets and maturing 
megakaryocytes can bind, internalize, and degrade TPO,  
providing negative feedback on platelet production.68 Conse-
quently blood TPO concentration is remarkably high in the 
case of thrombocytopenia resulting from megakaryocytic 
hypoplasia. In contrast, blood TPO concentrations are much 
lower with ongoing immune-mediated thrombocytopenia, 
because megakaryocytes are generally increased in the marrow 
and rapid platelet turnover is occurring, resulting in increased 
binding and removal of TPO from blood.52

However, the number of maturing megakaryocytes and 
blood platelets present may not be the only determinants of 
blood TPO concentrations. IL-6 stimulates thrombopoiesis 
by increasing the production of TPO by the liver, which con-
tributes to the thrombocytosis seen in some inflammatory 
conditions.64 Conversely, platelet factor 4 (PF4), TGF-β, 
IL-4, and TNF-α appear to be inhibitors of megakaryocyte 
production.13,137
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THROMBOPOIESIS

Blood platelets in mammals are produced from multinucle-
ated giant cells in the bone marrow called megakaryocytes. 
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FIGURE  3-17 
Stages of megakaryocyte development. MkEP, Megakaryocyte-erthroid 
progenitor; BFU-Mega, burst-forming unit megakaryocyte; CFU-
Mega, colony-forming unit megakaryocyte. 
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Erythrocyte Morphology
Erythrocytes from all mammals are anucleated, and most are 
in the shape of biconcave discs called discocytes (Figs. 4-1, 
4-2).205 The biconcave shape results in the central pallor of 
erythrocytes observed in stained blood films. Among common 
domestic animals, biconcavity and central pallor are most pro-
nounced in dogs (Figs. 4-3, 4-4), which also have the largest 
erythrocytes. Other species do not consistently exhibit central 
pallor in erythrocytes on stained blood films. The apparent 
benefit of the biconcave shape is that it gives erythrocytes high 
surface area : volume ratios and allows for deformations that 
must take place as they circulate. Erythrocytes from goats 
generally have a flat surface with little surface depression;  
a variety of irregularly shaped erythrocytes (poikilocytes) may 
be present in clinically normal goats (Fig. 4-5). Erythrocytes 
from animals in the Camelidae family (camels, llamas, vicuñas, 
and alpacas) are anucleated, thin, elliptical cells termed ellip-
tocytes or ovalocytes (Fig. 4-6). They are not biconcave in 
shape and are minimally deformable.437 Erythrocytes from 
birds (Fig. 4-7), reptiles, and amphibians are also elliptical in 
shape, but they contain nuclei and are larger than mammalian 
erythrocytes. Blood cells in salamanders are the largest  
recognized (Fig. 4-8).

Erythrocyte Functions
Mammalian erythrocytes normally circulate for several 
months in blood despite limited synthetic capacities and 
repeated exposures to mechanical and metabolic insults. 
Erythrocytes have three functions: transport of oxygen (O2) 
to tissue, transport of carbon dioxide (CO2) to the lungs, and 
buffering of hydrogen ions (H+). In nonanemic animals, the 
presence of hemoglobin within erythrocytes increases the  
O2-carrying capacity of blood more than 50 times that of 
plasma without erythrocytes. The O2 content of blood depends 
on the blood hemoglobin content, the partial pressure of dis-
solved oxygen (PO2) in blood, and the affinity of hemoglobin 
for O2.

Each hemoglobin tetramer is capable of binding four mol-
ecules of O2 when fully oxygenated. The initial binding of a 
molecule of O2 to a monomer of tetrameric deoxygenated 
hemoglobin facilitates further binding of O2 to the hemoglo-
bin molecule. The changing O2 affinity of hemoglobin with 
oxygenation results in a sigmoid O2 dissociation curve (Fig. 
4-9), when the percent saturation of hemoglobin with O2 
is graphed against the PO2. The steepness of the middle 
portion of the curve is of great physiologic significance  
because it covers the range of O2 tensions present in tissues. 
Consequently a relatively small decrease in O2 tension in 
tissues results in substantial O2 release from hemoglobin. 
The overall affinity of hemoglobin for O2 is decreased by 
increasing H+, CO2, temperature, and, in most mammals, 
2,3-diphosphoglycerate (2,3DPG). There is a direct correla-
tion between body weight and the O2 affinity of hemoglobin 
in whole blood (lower body weight, lower O2 affinity) when 
various species of mammals are compared.205

The O2 affinity of fetal blood is greater than that of mater-
nal blood except in the cat. Differences in fetal versus maternal 
O2 affinity may potentiate O2 transport from the mother to 
the fetus. However, the fetus is subjected to low arterial O2 
tensions, and the increased O2 affinity of fetal blood is likely 
needed to more fully saturate hemoglobin with O2.205

The ability of plasma to carry CO2 is small, but the car-
bonic anhydrase reaction in erythrocytes increases the CO2-
carrying capacity of blood 17-fold by rapidly converting CO2 
to carbonic acid (H2CO3). The H2CO3 spontaneously ionizes 
to H+ and bicarbonate (HCO3

−). The HCO3
− diffuses out of 

the cell down a concentration gradient and chloride (Cl−) 
moves in (chloride shift) to maintain electrical neutrality. 
These processes are reversed at the lungs. Some CO2 is also 
transported bound to hemoglobin as carbamino groups. 
Deoxyhemoglobin binds about twice the CO2 that oxyhemo-
globin does.205

Hemoglobin is the major protein buffer in blood. Deoxy-
hemoglobin is a weaker acid than oxyhemoglobin. Conse-
quently, when oxyhemoglobin releases its O2 in the tissues, 
the formation of deoxyhemoglobin results in increased binding 
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FIGURE  4-1 
Scanning electron photomicrograph of a normal horse erythrocyte called 
a discocyte. 

From Stockham SL, Harvey JW, Kinden DA. Equine glucose-6-phosphate 
dehydrogenase deficiency. Vet Pathol. 94;31:518-527.

FIGURE  4-2 
Blood film from a horse. Most erythrocytes are adhered together like 
stacks of coins (rouleaux), a normal finding in this species. Individual 
nonadherent erythrocytes exhibit central pallor as a result of their bicon-
cave shape. A basophil with purple granules is present in the bottom 
right of the image. Wright-Giemsa stain. 

FIGURE  4-3 
Scanning electron photomicrograph of dog erythrocytes (discocytes). 

Courtesy of K. S. Keeton and N. C. Jain.

FIGURE  4-4 
Blood from a dog with acute blood-loss anemia and normal erythrocyte 
morphology. Erythrocytes exhibit prominent central pallor. Two mature 
neutrophils and a platelet (bottom right corner) are also present. Wright-
Giemsa stain. 

of H+. Hemoglobin buffers the effects of H2CO3 and allows 
for the isohydric transport of CO2. Hemoglobin also buffers 
organic acids produced during metabolism.205

Erythrocyte Biochemistry
Membrane Structure and Function
The erythrocyte membrane contains a phospholipid bilayer 
with molecules of unesterified cholesterol intercalated between 
fatty acid chains. Phospholipids can move in various ways and 
contribute to membrane fluidity. Glycolipids are located on 

the outer layer of the membrane, with carbohydrate groups 
extending outward. Some blood group antigens are glycolip-
ids, with their specificity residing in the carbohydrate moieties 
(see Chapter 6 for a discussion of clinically significant blood 
groups).205

Membrane proteins consist of integral membrane proteins 
that penetrate the lipid portion, often spanning the bilayer, 
and skeletal proteins that form or attach to the internal surface 
of the lipid bilayer. Glycoproteins associated with the mem-
brane are integral membrane proteins with the carbohydrate 
residues extending from the outside surface of the cell 
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dog with protein 4.1 deficiency and another with mutant 
β-spectrin.122,205 Neither dog with elliptocytosis was anemic, 
but the protein 4.1-deficient dog had a reticulocytosis, indi-
cating a shortened erythrocyte life span. Hereditary stomato-
cytosis occurs in multiple dog breeds, but the specific 
membrane defects have not been reported.205

ATP Generation
Mammalian erythrocytes lack nuclei; therefore they cannot 
synthesize DNA or RNA. They also lack ribosomes, 

membrane. They carry erythrocyte antigens and function as 
receptors or transport proteins (e.g., band 3 is an anion trans-
porter). The membrane skeleton is composed of various pro-
teins located in a lattice-like arrangement on the inner surface 
of the erythrocyte membrane. This meshwork is attached to 
the membrane by binding to transmembrane proteins. The 
membrane skeleton is a major determining factor of mem-
brane shape, deformability, and durability. It is in a condensed 
configuration in intact cells and can be stretched considerably 
without rupturing.205

Inherited membrane defects can result in abnormally 
shaped erythrocytes with shortened erythrocyte life spans and 
variable degrees of anemia. Band 3 deficiency in cattle results 
in marked spherocytosis with membrane instability and severe 
anemia.232 Hereditary elliptocytosis has been reported in one 

FIGURE  4-5 
Poikilocytes in blood from a normal goat. Note the small size of the 
erythrocytes compared with the neutrophil in the left part of the image. 
Wright-Giemsa stain. 

FIGURE  4-6 
Elliptocytes in blood from a normal llama. Wright-Giemsa stain. 

FIGURE  4-7 
Blood film from a macaw. Nucleated erythrocytes and three heterophils 
are present. 

FIGURE  4-8 
Blood film prepared by mixing equal parts of blood from a salamander 
(Amphiuma means) with that of a domestic cat to demonstrate the large 
size of the nucleated erythrocytes and a neutrophil in the salamander. 
Most of the cat erythrocytes are echinocytes, a shape artifact of sample 
handling in this instance. Wright-Giemsa stain. 

Courtesy of H. L. Wamsley.
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is stimulated by increased blood inorganic phosphate (Pi) con-
centration and increased blood pH, both of which stimulate 
anaerobic glycolysis. 2,3DPG is the most abundant organic 
phosphate in the erythrocytes of most species but its concen-
tration is low in erythrocytes of Felidae (including domestic 
cats), Bovidae (cattle, sheep, and goats), and Cervidae (deer).415 
Animals with high erythrocyte 2,3DPG concentrations, 
including dogs and horses, have the potential to alter their 
hemoglobin O2 affinity to meet their metabolic needs. The 
significance (and, in some cases, the appropriateness) of  
alterations in 2,3DPG in disease states is not always clear. 
Erythrocyte 2,3DPG concentration increases in some anemic 
animals, and the resultant decrease in hemoglobin O2 affinity 
would seem to be beneficial.205 Increased 2,3DPG has also 
been reported in erythrocytes from horses with hypoxic con-
ditions.173 In the case of severe hypoxic hypoxemia, the 
response might be detrimental because hemoglobin cannot be 
fully saturated.241 High-altitude camelids (including llamas, 
alpacas, guanacos, and vicuñas) have erythrocytes with high 
hemoglobin oxygen affinity, even though their erythrocytes 
have relatively high 2,3DPG concentrations, because their 
hemoglobin exhibits low reactivity toward 2,3DPG.377 The P50 
for greyhound erythrocytes in whole blood is lower than that 
for mongrel dogs, yet the groups have similar 2,3DPG con-
centrations.458 The cause of this difference remains to be deter-
mined, but it could reflect a low reactivity to 2,3DPG. It is 
suggested that the higher hematocrit found in greyhound 
dogs may represent a compensatory response to a higher 
oxygen affinity of hemoglobin in this species.

PFK deficiency inhibits glycolysis above the DPG pathway, 
resulting in markedly decreased 2,3DPG concentrations, 
which makes dog erythrocytes alkaline-fragile. Episodes of 
intravascular hemolysis occur when PFK-deficient dogs 
develop alkalemia secondary to hyperventilation.203

Oxidant Injury
Animals are exposed to low levels of oxidants in their environ-
ments and from normal metabolic processes in the body. 
Reactive oxygen species and reactive nitrogen species are 
formed as products of normal cellular metabolism. When they 
are generated at higher concentrations in disease states, these 
free radicals (and the even more potent oxidative metabolites 
that they produce) can overwhelm protective systems within 
the body, producing cellular injury and/or destruction.492

Oxidative reactions can damage hemoglobin, enzymes 
(sulfhydryl groups especially), and the membrane lipids of 
erythrocytes. Methemoglobin forms when hemoglobin iron is 
oxidized from the +2 to the +3 state. Heinz bodies are inclu-
sions that form within erythrocytes following the oxidative 
denaturation of the globin portion of hemoglobin. Membrane 
damage can result in intravascular hemolysis or erythropha-
gocytosis and shortened erythrocyte life spans.205

Protection against Oxidant Injury. NADPH generated 
in the pentose phosphate pathway (PPP) provides electrons 
for protection against oxidants. It is needed to maintain glu-
tathione and thioredoxin in their reduced states, and it is 

mitochondria, and endoplasmic reticula; consequently they 
have no Krebs cycle or electron transport system and are 
unable to synthesize proteins or lipids de novo. Glucose is the 
primary substrate for the energy needs of erythrocytes from 
all species except the pig, where inosine appears to be the 
major substrate. Mature erythrocytes depend on anaerobic 
glycolysis for energy (Fig. 4-10). The ATP generated by gly-
colysis is needed for the maintenance of erythrocyte ionic 
composition, shape, and deformability and for limited syn-
thetic activities such as glutathione synthesis. Hypophospha-
temia results in decreased erythrocyte glycolytic rates and 
decreased ATP generation. Hemolytic anemia resulting from 
hypophosphatemia has been reported in diabetic cats and in 
a diabetic dog following insulin therapy, in a cat with hepatic 
lipidosis, and in postparturient cattle and buffaloes.109,205 Defi-
ciencies of rate-controlling enzymes in glycolysis also result 
in insufficient ATP generation and shortened erythrocyte  
survival. Pyruvate kinase (PK)-deficient dogs and cats have 
mild to severe regenerative hemolytic anemia. Phosphofruc-
tokinase (PFK)-deficient dogs have compensated hemolytic 
anemia plus sporadic episodes of intravascular hemolysis and 
hemoglobinuria.203

2,3DPG Pathway
2,3DPG binds to hemoglobin and reduces the affinity of 
hemoglobin for oxygen in erythrocytes from most mammals. 
It is produced from a side pathway of the anaerobic glycolysis 
pathway. No net ATP is generated when molecules traverse 
this DPG pathway. The formation of 2,3DPG in erythrocytes 

FIGURE  4-9 
Hemoglobin-oxygen dissociation curve and factors influencing the posi-
tion of the curve. 

From Harvey JW. The erythrocyte: physiology, metabolism, and biochemical 
disorders. In: Kaneko JJ, Harvey JW, Bruss ML, eds. Clinical Biochemistry 
of Domestic Animals, 6th ed. San Diego, CA: Academic Press; 2008:
173-240.
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eccentrocytosis has been described in an American saddlebred 
colt with less than 1% of normal G6PD activity.452

Reduced glutathione (GSH) is a tripeptide containing a 
highly reactive sulfhydryl group that may act nonenzymati-
cally as a free radical acceptor to counteract oxidant damage. 

important in maintaining catalase in a functional form. 
Defects in the PPP can render erythrocytes susceptible to 
endogenous and exogenous oxidant injury. Glucose-6- 
phosphate dehydrogenase (G6PD) is the rate-controlling 
enzyme in the PPP. A persistent hemolytic anemia with 

FIGURE  4-10 
Metabolic pathways of the mature erythrocyte. HK, hexokinase; GPI, glucose phosphate isomerase; PFK, 
phosphofructokinase; TPI, triosephosphate isomerase; GAPD, glyceraldehyde-3-phosphate dehydrogenase; 
PGK, phosphoglycerate kinase; MPGM, monophosphoglycerate mutase; DPGM, diphosphoglycerate mutase; 
PK, pyruvate kinase; G6PD, glucose-6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydroge-
nase; LDH, lactate dehydrogenase; GR, glutathione reductase; GPx, glutathione peroxidase; TK, transketolase; 
TA, transaldolase; GSSG, oxidized glutathione; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate;  
FDP, fructose 1,6-diphosphate; DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde 3-phosphate; 
1,3DPG, 1,3-diphosphoglycerate; 2,3DPG, 2,3-diphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 
2-phosphoglycerate; PEP, phosphoenolpyruvate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; 
NAD, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; NADP, nico-
tinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; 
GSH, reduced glutathione; Pi, inorganic phosphate; SOD, superoxide dismutase. 

From Harvey JW. The erythrocyte: physiology, metabolism, and biochemical disorders. In: Kaneko JJ, Harvey JW, Bruss 
ML, eds. Clinical Biochemistry of Domestic Animals, 6th ed. San Diego, CA: Academic Press; 2008:173-240.
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lysed, hemoglobin is degraded, and iron is released. Most iron 
released from degraded hemoglobin is quickly released back 
into plasma, but a small amount may be stored as ferritin or 
hemosiderin within macrophages, which is released more 
slowly into plasma. The vast majority of iron entering plasma 
each day comes from macrophage release.204

About 60% to 70% of total body iron is present in hemo-
globin (3.4 mg iron per gram of hemoglobin). About a third 
of total body iron is stored as ferritin and hemosiderin (pri-
marily within macrophages), 3% to 7% is present in myoglo-
bin (with the higher values occurring in dogs and horses), 1% 
is present in hemoprotein and flavoprotein enzymes, and only 
0.1% is bound to transferrin in plasma.204

Iron Absorption. The absorption of iron from the diet 
depends upon age, species, iron stores, rate of erythropoiesis, 
inflammation, and pregnancy, as well as the amount and 
chemical form of iron ingested. A low percentage of  
dietary iron is absorbed in normal adult animals. Iron absorp-
tion occurs through enterocytes of the duodenum and proxi-
mal jejunum. Iron can be taken in by enterocytes as free ions 
or as heme by different pathways (Fig. 4-12). The relative 
importance of these pathways varies depending on species and 
diet.204

FIGURE  4-11 
Iron cycle. Iron (Fe) is highly conserved in the body. Iron in plasma  
is bound to transferrin, a transport protein that is synthesized in the  
liver. Iron is transported to all tissues, but most iron is utilized to syn-
thesize hemoglobin in developing erythroid cells. Aged blood erythro-
cytes are phagocytized by macrophages and hemoglobin is degraded. 
Released iron is either returned to plasma or stored in macrophages as 
ferritin and hemosiderin. Nearly all of the iron in plasma under normal 
conditions comes from the release of iron by macrophages that have 
phagocytized and degraded erythrocytes. Only about 3% of the iron in 
plasma results from gastrointestinal (GI) enterocyte absorption in 
normal individuals. 

From Harvey JW. Iron metabolisms and its disorders. In: Kaneko JJ, 
Harvey JW, Bruss ML, eds. Clinical Biochemistry of Domestic Animals, 
6th ed. San Diego, CA: Academic Press; 2008:259-285.
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GSH also functions as an electron donor in various reductive 
enzyme reactions including glutathione peroxidase (GPx), 
phospholipid hydroperoxide glutathione peroxidase, glutathi-
one S-transferase, and glutaredoxin. Following oxidation, glu-
tathione forms a disulfide (GSSG) that can be reduced back 
to GSH by the flavin adenine dinucleotide (FAD)-dependent 
glutathione reductase (GR) enzyme, using NADPH as the 
source of electrons (see Fig. 4-10). Horses with erythrocyte 
FAD deficiency have markedly reduced GR activity, decreased 
GSH concentration, and prominent eccentrocytosis.203,212

Selenium acts as an antioxidant when incorporated as  
selenocysteine at the active site of a wide range of selenopro-
teins, including GPx, phospholipid hydroperoxide glutathione 
peroxidase, and thioredoxin reductase in erythrocytes.73 Heinz 
body hemolytic anemia has been reported in selenium-
deficient cattle grazing on St. Augustine grass.327 Catalase is 
an enzyme that can catalyze the conversion of H2O2 to water 
and O2 without using energy.

Recent studies suggest that peroxiredoxins may be more 
important in protecting against H2O2 than GPx or catalase.285 
Oxidized peroxiredoxins are regenerated using reduced thio-
redoxin, and oxidized thioredoxin is reduced by NADPH 
using thioredoxin reductase.277 Ascorbate functions as an anti-
oxidant by donating one or two electrons to a variety of oxi-
dants, including oxygen free radicals and peroxides. Vitamin 
E is lipid-soluble and acts as a free radical scavenger in the 
membrane.205

Methemoglobin Formation and Reduction
About 3% of hemoglobin (Fe+2) is oxidized to methemoglobin 
(Fe+3) each day. Methemoglobin is unable to bind O2. To 
prevent hypoxemia, which would result from the accumulation 
of a high level of methemoglobin, the methemoglobin formed 
is reduced back to functional hemoglobin in a reaction that 
requires the cytochrome-b5 reductase (Cb5R) enzyme and 
NADH generated by anaerobic glycolysis.205 An inherited 
deficiency in Cb5R in dogs and cats results in persistent met-
hemoglobinemia with minimal or no clinical signs.203 Methe-
moglobinemia also occurs in horses that have decreased Cb5R 
activity secondary to erythrocyte FAD deficiency.212

Iron Metabolism
Iron metabolism is presented in this chapter because more 
iron is needed for the production of erythrocytes than for all 
other cells in the body combined. Iron is absorbed from the 
diet in the small intestine and transferred to plasma, where it 
is bound to transferrin for transport to cells within the body. 
Once inside the body, iron cycles in a nearly closed system 
(Fig. 4-11) because little iron is lost in domestic animals unless 
hemorrhage occurs. About 75% of the iron present in plasma 
will be transported to the bone marrow for incorporation into 
hemoglobin in developing erythroid cells.436 The remaining 
plasma iron is taken up by nonerythroid tissues, primarily the 
liver.266 Erythrocytes containing hemoglobin normally circu-
late for several months before being phagocytized by macro-
phages when senescent. After phagocytosis, erythrocytes are 
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FIGURE  4-12 
Mechanisms of iron absorption. Ferrous iron (Fe+2) ions are transported into enterocytes in the duodenum by 
the divalent transporter-1 (DMT1) after reduction of ferric iron (Fe+3) ions using a duodenal cytochrome b 
(DcytB). Heme is transported into enterocytes using heme carrier protein-1 (HCP1). Once inside, inorganic 
iron is released from heme by the action of the heme oxygenase (HO) reaction. Fe+2 ions are exported from 
enterocytes using ferroportin, oxidized to Fe+3 using hephaestin, and bound by apotransferrin (aTf ) to form 
monoferric transferrin (mTf ) and diferric transferrin (not shown). Hepcidin in plasma inhibits iron export 
to plasma by interacting directly with ferroportin, leading to ferroportin’s internalization and lysosomal deg-
radation. Fe+2 not transported to plasma is stored as ferritin following oxidation to Fe+3. Iron stored as ferritin 
is returned to the lumen of the small intestine when enterocytes are sloughed at the tip of the villus. 

From Harvey JW. Iron metabolism and its disorders. In: Kaneko JJ, Harvey JW, Bruss ML, eds. Clinical Bio-
chemistry of Domestic Animals. 6th ed. San Diego, CA: Academic Press; 2008:259-285.
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Most inorganic iron in the diet is in the ferric (Fe+3) state. 
Fe+3 iron is solubilized from food by hydrochloric acid in the 
stomach and binds to mucins and various small molecules in 
the stomach, which keep the iron soluble and available for 
absorption in the more alkaline environment of the small 
intestine. The most important pathway for nonheme iron 
uptake utilizes the divalent metal transporter-1 (DMT1). Fe+3 
ions must be reduced to ferrous (Fe+2) ions before they can be 
transported into the enterocyte via the DMT1. Although 
some Fe+3 ion reduction may occur by direct interaction with 
dietary ascorbic acid, most reduction appears to rely on duo-
denal cytochrome b (DcytB) and possibly other brush border 
ferrireductase enzymes. Although humans absorb Fe+2 salts 
more readily from the intestine than Fe+3 salts, dogs are 
reported to absorb both valence forms equally well.204

Heme is released from dietary myoglobin and hemoglobin 
by the action of digestive enzymes. Dietary heme iron is gen-
erally more bioavailable than is nonheme iron and is an 
important nutritional source of iron in carnivores and omni-
vores. Heme enters duodenal enterocytes as an intact metal-
loporphyrin, possibly using a brush border transporter named 
heme carrier protein 1 (HCP1). However, this protein trans-
ports folate more efficiently than heme; consequently, its 
physiologic role in intestinal heme uptake remains to be 
clearly defined. After heme absorption, iron is released from 
heme by the action of the heme oxygenase reaction.20

Once within the enterocyte, intracellular iron molecules are 
likely bound to one or more chaperone molecules. A potential 
chaperone named poly (rC)-binding protein 1 (PCBP1) has 
been described.422 Iron taken up by enterocytes has one of two 

fates, export or storage, depending on the body’s iron needs. 
If iron is required by the body, molecules will be transported 
from enterocytes to transferrin in plasma. This transportation 
is mediated by ferroportin, an iron transport protein located 
on the basolateral surface of mature enterocytes. In addition 
to ferroportin, the efflux of iron from enterocytes requires a 
copper-containing protein called hephaestin, which is also 
located on the basolateral membranes of mature enterocytes. 
Hephaestin is a membrane-bound ferroxidase that has signifi-
cant homology to the plasma protein ceruloplasmin. Hepha-
estin’s function may relate to its ability to oxidize Fe+2 ions to 
Fe+3 ions for binding to transferrin in plasma.20

If body iron requirements are low, enterocyte cytoplasmic 
iron accumulates. Free iron is toxic; consequently the mucosal 
cell protects itself by increasing apoferritin synthesis and 
incorporating the excess iron into ferritin. Each ferritin mol-
ecule is composed of a protein shell of 24 apoferritin subunits 
surrounding a central core of up to 4500 iron atoms as ferric 
oxyhydroxide. Ferritin is a storage protein that prevents free 
iron from catalyzing oxidative reactions, which would injure 
the cell. Ferritin within mucosal cells is returned to the small 
intestine lumen when enterocytes are sloughed at the tip of 
the villus after 1 to 2 days.445

Iron absorption is increased when total body iron content 
is low or erythropoiesis is increased. Iron absorption is 
decreased when total body iron content is high or inflamma-
tion is present.204 Components of brush-border iron uptake, 
including DMT1 and DcytB, are strongly influenced by the 
iron concentration within enterocytes, with increased compo-
nents expressed when intracellular iron content is low and 
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form heme. A direct interorganelle transfer of iron occurs 
between endosomes and mitochondria in developing ery-
throid cells.419 Some iron is presumably released from endo-
somes into a cytoplasmic labile iron pool, with excess 
cytoplasmic iron stored as ferritin. TfR and apoferritin syn-
thesis are regulated by the amount of intracellular iron present. 
High iron content stimulates apoferritin synthesis and inhib-
its TfR expression to minimize the potential of iron toxicity 
to the cell. Low iron content results in decreased apoferritin 
synthesis and increased TfR expression on cell surfaces to 
maximize iron uptake and use for heme synthesis. Free heme 
concentration within erythroid cells controls hemoglobin  
synthesis. An increase in free heme promotes the synthesis  
of globin chains and inhibits the uptake of iron from 
transferrin.204

Macrophage Iron Metabolism. Little iron enters macro-
phages, in contrast to other cell types in the body, via plasma 
transferrin. Rather, nearly all iron enters macrophages by the 
phagocytosis of aged or prematurely damaged erythrocytes 
(Fig. 4-13).373 Following phagocytosis, erythrocytes are lysed 
and hemoglobin is degraded to heme and globin. The micro-
somal heme oxygenase reaction degrades heme and releases 
iron. Most of the iron released from degraded heme is quickly 
exported from the macrophage and bound to plasma trans-
ferrin for transport to other cells (especially erythrocyte 

decreased components expressed when iron content is high. 
These locally responsive changes in brush-border transport 
components help buffer the body against the absorption of 
excessive iron, but it is the control of the basolateral transport 
of iron from enterocytes to plasma that represents the primary 
site at which iron absorption is regulated.445

Systemic Control of Iron Metabolism. Hepcidin, a 
peptide secreted by hepatocytes into the circulation, is an 
important systemic regulator of iron metabolism.153 Its 
production is modulated by body iron requirements, which  
are largely influenced by the magnitude of erythropoiesis 
present.354 Hepcidin inhibits iron export from enterocytes, 
macrophages, and hepatocytes by interacting directly with 
ferroportin, leading to the internalization and lysosomal deg-
radation of this iron export protein.20 Hepcidin production is 
decreased in iron deficiency and disorders resulting in increased 
erythropoiesis, which increase the demand for iron.152 As a 
result, ferroportin receptors are abundant on cell surfaces and 
dietary iron absorption is increased, as is the export of iron 
from macrophages and hepatocytes. Conversely, hepcidin pro-
duction is increased and ferroportin transporter expression on 
cell surfaces is decreased when iron overload is present. Hep-
cidin production is also increased during inflammation by a 
pathway not dependent on body iron requirements.445

Plasma Iron. Nearly all of the iron in plasma is bound to 
the protein apotransferrin to form transferrin. The binding of 
iron to apotransferrin keeps iron molecules soluble and pre-
vents iron-catalyzed oxidative reactions. Apotransferrin is a 
β-globulin with two binding sites for Fe+3. Normally, 25% to 
50% of the iron-binding sites are saturated with iron. Plasma 
iron turns over rapidly in 3 hours or less.436 Nearly all of the 
iron in plasma under normal conditions comes from the 
release of iron by macrophages that have phagocytized and 
degraded erythrocytes. In contrast, in normal individuals, only 
about 3% of the iron in plasma results from enterocyte 
absorption.372

Iron Uptake by Erythroid Cells. The delivery of iron 
from plasma to developing erythroid cells and other cell types 
except macrophages is dependent on transferrin.266 Trans-
ferrin (especially diferric transferrin) molecules bind to  
transferrin receptor 1 (TfR1) on the surface of cells, and these 
transferrin-TfR1 complexes invaginate to initiate endocytosis. 
After the transferrin-TfR1 complexes are internalized as 
endosomes, a proton pump decreases the pH in the endosome, 
resulting in conformational changes in the proteins and sub-
sequent release of iron ions from transferrin. The released iron 
is exported from the endosome using DMT1.349 The resultant 
apotransferrin-TfR1 complex is recycled to the cell mem-
brane, where apotransferrin is released from the cell, and the 
TfR1 is again available for binding additional iron-containing 
transferrin molecules. Erythroid precursor cells in the bone 
marrow and reticulocytes that synthesize hemoglobin have 
TfR1 on their surfaces for iron uptake, but reticulocytes lose 
their TfR1 as they develop into mature erythrocytes.372

After its release from transferrin, iron is transported to the 
mitochondria, where it is incorporated into protoporphyrin to 

FIGURE  4-13 
Iron metabolism in macrophages. Nearly all iron enters macrophages by 
the phagocytosis of aged or prematurely damaged erythrocytes. Follow-
ing phagocytosis, erythrocytes are lysed, and hemoglobin is degraded to 
heme and globin. The microsomal heme oxygenase reaction within mac-
rophages degrades heme and releases iron to the labile iron pool (LIP). 
Most of the released iron is exported from the macrophage by ferroportin 
as ferrous iron, oxidized to ferric iron by ceruloplasmin (Cp) in plasma, 
and bound to apotransferrin (aTf ) to form monoferric transferrin (mTf ) 
or diferric transferrin (not shown). Hepcidin in plasma inhibits iron 
export by interacting directly with ferroportin, leading to ferroportin’s 
internalization and lysosomal degradation. Iron not rapidly released to 
plasma is stored within macrophages as ferritin, which may be degraded 
to hemosiderin within lysosomes. 

From Harvey JW. Iron metabolism and its disorders. In: Kaneko JJ, Harvey 
JW, Bruss ML, eds. Clinical Biochemistry of Domestic Animals. 6th ed. 
San Diego, CA: Academic Press; 2008:259-285.
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antigenic remains to be clarified, but oxidative mechanisms 
are probably involved. A natural antibody against the senes-
cent cell antigen is present in human plasma. This antibody 
binds to senescent cell antigens on the surface of aged cells 
and, together with bound complement, promotes the phago-
cytosis of aged erythrocytes by macrophages that exhibit Fc 
and C3b surface receptors. Senescent dog erythrocytes accu-
mulate surface-associated immunoglobulin, which is believed 
to promote their removal by macrophages.395 The relative 
importance of the immune- and nonimmune-mediated 
phagocytosis of senescent erythrocytes remains to be 
clarified.

Erythrocytes lose volume by shedding microvesicles as they 
age. The composition of the resultant microvesicles varies, but 
they typically contain hemoglobin. Other components that 
may be present include glycophorin A, breakdown products 
of band 3 (senescent antigen), IgG, and exposed phosphati-
dylserine. They do not contain the skeletal proteins spectrin 
and ankyrin.186,536 Microvesicles are rapidly cleared from the 
circulation by macrophages, using receptors discussed above 
for aged erythrocytes.186 It may be that this process of microve-
siculation removes patches of damaged membrane that would 
otherwise bind to macrophages and result in the early removal 
of otherwise healthy erythrocytes.536

Following phagocytosis by macrophages of the spleen, liver, 
and other organs, erythrocytes and erythrocyte microvesicles 
are lysed and hemoglobin is degraded to heme and globin 
(Fig. 4-14). Globin is catabolized to constituent amino acids, 
and the microsomal heme oxygenase reaction within macro-
phages degrades heme to iron, biliverdin, and carbon 

precursors in the bone marrow).204 The export of iron from 
macrophages is mediated by ferroportin and controlled by 
hepcidin, as has been discussed for enterocytes.495 The copper-
containing plasma protein ceruloplasmin oxidizes Fe+2 ions to 
Fe+3 ions for binding to transferrin in plasma.341

The mononuclear phagocyte system accounts for much of 
the total body iron stores. Iron not rapidly released to plasma 
is stored within macrophages as ferritin and hemosiderin. Free 
cytoplasmic ferritin molecules are visible by electron micros-
copy but not by light microscopy. Hemosiderin is composed 
of aggregates of protein and iron within lysosomes. It is insol-
uble in water and thought to result from the degradation of 
ferritin. Hemosiderin is visible by light microscopy when it is 
stained with an iron stain (Prussian blue stain). Iron in the 
storage pool turns over slowly unless there is an increased need 
for iron for hemoglobin synthesis.45

ERY T H RO C Y T E  D E S T R U C T I O N
Normal Removal of Aged Erythrocytes
Most erythrocytes circulate in blood for a finite time period 
(survival time or life span) ranging from 2 to 5 months in 
domestic animals, depending on the species. Erythrocyte life 
spans are related to body weight (and consequently metabolic 
rate), with the smallest animals (highest metabolic rate) 
having the shortest erythrocyte life spans. Greyhound dogs 
are often used as blood donors. The erythrocyte life span of 6 
greyhound dogs (mean 93 days) was not significantly different 
from that of 3 nongreyhound dogs (103 days).158 Aged eryth-
rocytes are phagocytized by macrophages of the mononuclear 
phagocyte system. Oxidative injury, especially near the end of 
their life span, appears to be responsible for normal erythro-
cyte aging and removal.205 Oxidative damage and other stress-
ors can induce suicidal death of erythrocytes (eryptosis), with 
reactions similar to some of those that occur during apoptosis 
of nucleated cells. Eryptosis is characterized by Ca+2 entry, 
erythrocyte shrinkage, membrane blebbing (microvesicle for-
mation), and cell membrane phospholipid scrambling, with 
phosphatidylserine exposure on the cell surface.271

Surface membrane alterations on aged or damaged cells 
that may be recognized by macrophages include exposure of 
phosphatidylserine on the external surface, modified external 
membrane carbohydrate residues (e.g., desialation of sialogly-
coproteins), and/or modified membrane proteins (e.g.,  
partially degraded band 3); these are possible signals for 
removal.57,246,265 Phosphatidylserine is normally localized in 
the inner leaflet of the lipid bilayer, but with cell damage 
phosphatidylserine may be exposed on the outer leaflet of the 
lipid bilayer, where it can be bound by phosphatidylserine 
receptors such as CD36 on the surface of macrophages.249 
Other macrophage receptors can recognize altered carbo-
hydrate moieties on the surface of erythrocytes.

The appearance of a senescent cell antigen may be an 
important signal in the removal of aged erythrocytes.246 This 
senescent cell antigen is derived from the band 3 anion trans-
porter. The specific alteration required for band 3 to become 

FIGURE  4-14 
Overview of erythrocyte production, erythrocyte phagocytosis by mono-
nuclear phagocytes, hemoglobin degradation, and bilirubin metabolism. 
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humans include sepsis, malaria, hemoglobinopathies, G6PD 
deficiency, phosphate depletion, iron deficiency, and hemolytic 
uremic syndrome.270

Almost no lysis of erythrocytes occurs within the circula-
tion of normal individuals, but intravascular hemolysis can be 
present when severe membrane damage occurs in disease 
states (Fig. 4-16). Following lysis, hemoglobin in plasma 
(hemoglobinemia) reversibly dissociates into dimers that bind 
almost irreversibly to haptoglobin, an α2-glycoprotein in 
plasma. The hemoglobin-haptoglobin complex is too large to 
be filtered through the kidney and is rapidly removed from 
the circulation following binding to the hemoglobin scavenger 
receptor CD163 on macrophages. Once inside the cell, 
hemoglobin-haptoglobin complexes are transported to lyso-
somes for degradation, and receptors are recycled to the cell 
surface.229 The hemoglobin is degraded and iron is conserved, 
as discussed previously.

Once plasma haptoglobin is saturated (about 50 to 150 mg/
dL of hemoglobin-binding capacity in dogs, cats, and horses), 
remaining free hemoglobin dimers are small enough to be 
readily filtered by the kidney.196 Some hemoglobin is reab-
sorbed by the proximal tubules, but once that capacity is 
exceeded, hemoglobin appears in the urine (hemoglobin-
uria).211 Plasma appears red when as little as 50 mg/dL of 
hemoglobin is present; consequently hemoglobinemia may  
be observed in the absence of hemoglobinuria. Hemoglobin 
absorbed by the proximal tubules is rapidly catabolized, and 
iron is stored as ferritin and hemosiderin.203 Iron that is not 
reutilized is lost when tubular epithelial cells slough into the 
urine.

monoxide. Biliverdin is reduced to bilirubin via biliverdin 
reductase in nearly all mammals. Biliverdin reductase activity 
is low in rabbits and nutria and almost completely lacking in 
birds; consequently biliverdin is the predominant bile pigment 
in these species.101,476 Considerable heterogeneity exists in 
reptiles, amphibians, and fish in the production of bilirubin 
versus biliverdin.101 Bilirubin is released from macrophages 
and bound to albumin for transport to the liver for conjuga-
tion and excretion. Approximately 80% of the bilirubin pro-
duced in the body comes from the degradation of hemoglobin, 
with the remainder coming from the degradation of other 
heme-containing proteins.476

Pathologic Destruction of Erythrocytes
Increased membrane injury associated with various pathologic 
disorders can result in increased phagocytosis of erythrocytes 
by macrophages (see previous discussion concerning the 
removal of aged erythrocytes). Anemia develops if the rate of 
erythrocyte destruction exceeds the ability of the bone marrow 
to respond by producing new erythrocytes. Lysis of erythro-
cytes within macrophages after phagocytosis is sometimes 
referred to as extravascular hemolysis. Hyperbilirubinemia 
may be present within a few hours following substantial 
erythrocyte destruction.

Increased eryptosis (similar to the apoptosis of nucleated 
cells) may contribute to the development of anemia in some 
disorders. As discussed earlier, eryptosis is characterized by 
Ca+2 entry, erythrocyte shrinkage, and membrane blebbing 
with ectosome formation (Fig. 4-15).271 Reported triggers of 
eryptosis include oxidative stress, energy depletion, osmotic 
shock, lipid-derived signaling molecules, certain bacterial exo-
toxins, various drugs, and metals including lead, copper, zinc, 
and mercury. Diseases associated with accelerated eryptosis in 

FIGURE  4-15 
Presumptive eryptosis with erythrocyte shrinkage and vesicle formation 
in blood from dogs. A, Blood from a dog with regenerative anemia and 
hemangiosarcoma. Frequent acanthocytes and echinocytes and occa-
sional schistocytes and keratocytes were also noted in the stained blood 
film. Wright-Giemsa stain. B, Blood from a febrile dog with mild non-
regenerative anemia and lymphoma. Low numbers of eccentrocytes and 
pyknoctyes and rare hemoglobin crystals were also noted in the stained 
blood film. Wright-Giemsa stain. 

A B

FIGURE  4-16 
Pathophysiology of intravascular hemolysis. Methemalbumin forms in 
primates but not in common domestic animals. Hp, haptoglobin. 
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in species other than horses, cats, or pigs should be noted 
as an abnormal finding.

Prominent rouleaux formation results in rapid erythrocyte 
sedimentation in whole blood samples allowed to stand undis-
turbed. This characteristic formed the basis of an erythrocyte 
sedimentation rate test that was done with special sedimenta-
tion tubes. Increased sedimentation rates after 1 hour were 
suggestive of increased globulins in plasma, as typically seen 
with inflammation. Unfortunately the sedimentation rate 
increases as the hematocrit decreases, so correction factors 
were required for the HCT. The sedimentation rate has largely 
been replaced by making direct measurements of total globu-
lins and fibrinogen and other acute-phase proteins.

Agglutination
Aggregation or clumping of erythrocytes in clusters (not in 
chains, as in rouleaux) is termed agglutination (Fig. 4-18). 
Agglutination is caused by the occurrence of immunoglobu-
lins bound to erythrocyte surfaces. Because of their pentava-
lent nature, IgM immunoglobulins have the greatest propensity 
to produce agglutination.129 EDTA-dependent IgM-mediated 
erythrocyte agglutination has been reported in a cat without 
evidence of hemolysis. Agglutination did not occur if blood 
was collected in heparin or citrate.411 High-dose unfraction-
ated heparin treatment in horses also causes erythrocyte 
agglutination by an undefined mechanism.319,322

Polychromasia
The presence of bluish-red erythrocytes in stained blood films 
is called polychromasia (Fig. 4-19). Polychromatophilic 
erythrocytes are reticulocytes that stain bluish-red owing to 
the combined presence of hemoglobin (red staining) and 

Free hemoglobin in plasma can spontaneously oxidize to 
form methemoglobin, which tends to dissociate into ferri-
heme (hemin) and globin. Free heme binds to a plasma 
protein called hemopexin. The heme-hemopexin complexes 
undergo endocytosis after binding to CD91 on the surface of 
macrophages and hepatocytes.229 The binding to hemopexin 
protects cell membranes from toxic effects of free heme, and 
it also conserves iron. Albumin from primates can also bind 
heme to form methemalbumin, but albumin from common 
domestic animals does not bind heme.163

A B N O R M A L  ERY T H RO C Y T E 
M O R P H O L O G Y
Rouleaux
Erythrocytes on blood films from healthy horses, cats, and 
pigs often exhibit rouleaux (aggregations of erythrocytes 
grouped together like a stack of coins) formations (see Fig. 
4-2). Rouleaux formation depends on both the nature 
of the erythrocytes and the composition of plasma.37 Eryth-
rocytes that are more deformable and have greater membrane 
fluidity with less negative charge on their surfaces (weaker 
electrostatic repulsive force) aggregate more readily than  
cells with the opposite characteristics.37,443,460 Rouleaux 
formation also depends on the presence of high-molecular-
weight proteins in plasma.132 Increased concentrations of 
globulin proteins—including fibrinogen, haptoglobin, and 
immunoglobulins—potentiate rouleaux formation in associ-
ation with inflammatory conditions.11,532 Rouleaux formation 
can also occur in association with some lymphoproliferative 
disorders in which one or more immunoglobulins are secreted 
in high amounts (Fig. 4-17). Prominent rouleaux formation 

FIGURE  4-17 
Rouleaux formation in blood from a dog with multiple myeloma and a 
monoclonal hyperglobulinemia. The cytoplasm of a neutrophil present is 
pale compared to the background that stains blue because of the increased 
protein present in the blood. Wright-Giemsa stain. 

FIGURE  4-18 
Erythrocyte agglutination and spherocyte formation in blood from a dog 
with von Willebrand’s disease after transfusion. A large basophilic eryth-
rocyte (macroreticulocyte or stress reticulocyte) is present in the upper 
left corner and an echinocyte is present in the lower left corner. Wright-
Giemsa stain. 
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the blood (Fig. 4-21). High concentrations of erythropoietin 
shorten the marrow transit time for erythroid cells, resulting 
in the early release of immature reticulocytes that are twice 
the normal size.379 There is a direct correlation between 
the percentage of polychromatophilic erythrocytes and the 
percentage of reticulocytes in dogs (and presumably in pigs) 
and between the percentage of polychromatophilic erythro-
cytes and percentage of aggregate reticulocytes in cats (Fig. 
4-22).15,269 Cats with mild anemia may not release aggregate 
reticulocytes from the marrow but will release punctate reticu-
locytes (Fig. 4-23, A).15 Because punctate reticulocytes do not 

individual ribosomes and polyribosomes (blue staining). Low 
numbers of polychromatophilic erythrocytes are usually seen 
in blood from normal dogs and pigs, because up to 1.5% 
reticulocytes may be present in dogs and up to 1% reticulo-
cytes may be present in pigs even when the HCT is normal.238 
Slight polychromasia may be present in normal cats, but many 
normal cats exhibit no polychromasia in stained blood films. 
Polychromasia is absent in stained blood films from normal 
cattle, sheep, goats, and horses because reticulocytes with suf-
ficient RNA to impart a bluish color are not normally present 
in the blood in these species.

The most useful approach in the classification of anemia is 
to determine whether or not evidence of a bone marrow 
response to the anemia is present in blood. For all species 
except the horse, this involves determining whether absolute 
reticulocyte numbers are increased in blood. Horses rarely 
release reticulocytes from the bone marrow even when an 
increased production of erythrocytes occurs. When an abso-
lute reticulocytosis is present, the animal is said to have a 
regenerative anemia. The presence of a regenerative response 
suggests that the anemia results from either increased eryth-
rocyte destruction or hemorrhage. A nonregenerative anemia 
generally indicates that the anemia is the result of decreased 
erythrocyte production (Fig. 4-20); however, about 3 to 5 days 
are required for increased reticulocyte production and release 
by the bone marrow in response to an acute anemia.15,65,146,364 
Consequently the anemia appears nonregenerative shortly 
after hemolysis or hemorrhage has occurred (see Fig. 4-4).

Increased polychromasia is usually present in regenerative 
anemias because many reticulocytes stain bluish-red with 
routine blood stains (see Fig. 4-19). When the degree of 
anemia is severe, basophilic macroreticulocytes or so-called 
stress reticulocytes or shift reticulocytes may be released into 

FIGURE  4-19 
Increased polychromasia and anisocytosis in blood from a dog with a 
hemolytic anemia caused by Mycoplasma haemocanis, although no organ-
isms are present in this field. Three large polychromatophilic erythrocytes 
(reticulocytes) are present in the central area. A nucleated erythrocyte 
(metarubricyte) is present in the upper left. Wright-Giemsa stain. 

FIGURE  4-20 
Blood from a dog with a nonregenerative aplastic anemia secondary to 
trimethoprim-sulfadiazine therapy. Erythrocyte morphology is normal 
except for several erythrocytes with scalloped borders (echinocytes). 
Wright-Giemsa stain. 

FIGURE  4-21 
Two exceptionally large basophilic erythrocytes (macroreticulocytes or 
stress reticulocytes) are present in blood from a dog with immune-
mediated hemolytic anemia. Wright-Giemsa stain. 
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FIGURE  4-22 
Agglutination of aggregate reticulocytes in blood from a cat with a 
Coombs’-positive hemolytic anemia. A, Agglutination of polychromato-
philic erythrocytes and a metarubricyte. Wright-Giemsa stain. B, Agglu-
tination of aggregate reticulocytes. New methylene blue reticulocyte 
stain. C, Agglutination of aggregate reticulocytes. New methylene blue 
wet mount preparation. 
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FIGURE  4-23 
Blood from a FeLV-positive cat with a macrocytic normochromic anemia 
(HCT = 23%, MCV = 70 fL, MCHC = 33 g/dL). A, Low numbers of 
aggregate reticulocytes but markedly increased punctate reticulocytes 
(83% uncorrected) are present. Methylene blue reticulocyte stain.  
B, Increased anisocytosis is present but polychromasia is not apparent, 
even though most of the blood cells present are punctate reticulocytes, 
because there is insufficient RNA present to impart a blue color to the 
cytoplasm of these cells. Wright-Giemsa stain. 

contain sufficient numbers of ribosomes to impart a bluish 
color to the cytoplasm, mild regenerative anemia in cats may 
lack polychromasia in stained blood films (Fig. 4-23, B).

Anisocytosis
Variation in erythrocyte diameters in stained blood films is 
called anisocytosis (see Fig. 4-23, B). It is greater in normal 
cattle than in other normal domestic animals.238 Anisocytosis 
is increased when different populations of cells are present,  
as can occur following a transfusion (Fig. 4-24). Anisocytosis 
may occur when substantial numbers of smaller than normal 
cells are produced, as occurs with iron deficiency, or when 
substantial numbers of larger than normal cells are produced, 
as occurs when increased numbers of reticulocytes are 
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FIGURE  4-24 
Marked anisocytosis in blood from a 6-week-old kitten after a blood 
transfusion. The RDW (43%) was also markedly increased. The kitten 
presented with marked lipemia and a severe iron-deficiency anemia. The 
small hypochromic erythrocytes are from the kitten and the larger eryth-
rocytes from the blood donor cat. Two lysed erythrocytes (red smudges) 
are present (left center) because lipemia enhances erythrocyte lysis during 
blood film preparation. Wright-Giemsa stain. 

FIGURE  4-25 
Increased anisocytosis in blood from a horse with a regenerative anemia 
resulting from internal hemorrhage. Horses almost never release reticu-
locytes in response to anemia; therefore no polychromasia is present. 
Wright-Giemsa stain. 

FIGURE  4-26 
Hypochromic erythrocytes in blood from a dog with iron deficiency 
secondary to chronic blood loss resulting from a persistent flea infesta-
tion. Not only is the center of each cell paler than normal but the 
diameter of the area of central pallor is increased relative to the red-
staining periphery of the cell. A polychromatophilic erythrocyte (reticu-
locyte) is present near the left edge of the image. Wright-Giemsa stain. 

FIGURE  4-27 
Hypochromic erythrocytes in blood from a dog with iron deficiency 
secondary to chronic gastrointestinal blood loss. A microcytic hypochro-
mic anemia with poikilocytosis (including keratocytes, schistocytes, and 
dacryocytes) were present. 

produced. Consequently increased anisocytosis is usually 
present in regenerative anemia (see Figs. 4-18, 4-19, 4-21), 
but it may be present in some cases of nonregenerative anemia 
resulting from dyserythropoiesis.199 Anisocytosis without 
polychromasia may be seen in horses with intensely regenera-
tive anemia (Fig. 4-25).

Hypochromasia
The presence of erythrocytes with decreased hemoglobin con-
centration and increased central pallor is called hypochroma-
sia (Figs. 4-26 through 4-32). Not only is the center of the 
cell paler than normal but the diameter of the area of central 
pallor is increased relative to the red-staining periphery of the 
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FIGURE  4-28 
Marked poikilocytosis and hypochromasia in blood from a 6-week-old 
lamb with microcytic hypochromic iron-deficiency anemia. Wright-
Giemsa stain. 

FIGURE  4-29 
Marked poikilocytosis (primarily dacryocytes) and hypochromasia in 
blood from a goat with microcytic hypochromic iron-deficiency anemia 
secondary to chronic blood loss resulting from Haemonchus gastrointes-
tinal parasites. Wright-Giemsa stain. 

cell. True hypochromic erythrocytes must be differentiated 
from torocytes, which have colorless punched-out centers  
but wider dense red-staining peripheries (Fig. 4-33).43,238 
Torocytes are generally artifacts. Increased hypochromasia is 
observed in iron-deficiency anemia.

Erythrocytes from dogs, ruminants, and pigs with iron-
deficiency anemia often appear hypochromic on stained blood 
smears. Hypochromasia is less prominent (see Fig. 4-24) and 
generally not recognized in iron-deficient cats and horses. 
Hypochromasia in iron deficiency results from both decreased 
hemoglobin concentration within cells and from the fact that 

the cells are thin leptocytes (Fig. 4-34, A). Because these micro-
cytic leptocytes have increased diameter-to-volume ratios, they 
may not appear as small cells when viewed in stained blood 
films (Fig. 4-34, B).210 Microcytic erythrocytes from iron-
deficient llamas and alpacas exhibit irregular or eccentric areas 
of hypochromasia within the cells (see Figs. 4-31, 4-32).326

Poikilocytosis
Erythrocytes can assume a wide variety of shapes. Poikilocytosis 
is a general term used to describe the presence of abnormally 
shaped erythrocytes. Although specific terminology is used  

FIGURE  4-30 
Marked poikilocytosis and hypochromasia in blood from a piglet with 
microcytic hypochromic iron-deficiency anemia resulting from a failure 
to provide iron injections that are part of the husbandry required in 
raising piglets on slated floors. Wright-Giemsa stain. 

FIGURE  4-31 
Microcytic erythrocytes in blood from an iron-deficient llama exhibiting 
irregular or eccentric areas of hypochromasia within the cells. Wright-
Giemsa stain. 
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FIGURE  4-32 
Blood from an iron-deficient alpaca with dacryocytes and spindle-shaped 
hypochromic erythrocytes. Wright-Giemsa stain. 

FIGURE  4-33 
Two torocytes (center and bottom left) with colorless punched-out centers 
and wide dense red-staining peripheries in blood from a dog. Wright-
Giemsa stain. 

FIGURE  4-34 
Comparison of discocytes to leptocytes. A, The profile of a normal dis-
cocyte is compared to a leptocyte with similar diameter but smaller 
volume. B, Blood from a dog with a microcytic hypochromic (MCV = 
32 fL, MCHC = 23 g/dL) iron-deficiency anemia was mixed with an 
equal volume of blood from a normal dog (MCV = 70 fL, MCHC = 
34 g/dL) prior to blood film preparation. Because the hypochromic cells 
are leptocytes, they have diameters similar to normal cells even though 
they are microcytic cells. Wright-Giemsa stain. 

From Harvey JW, French TW, Meyer DJ. Chronic iron deficiency anemia in 
dogs. J Am Anim Hosp Assoc. 1982;18:946-960.

A

B

for certain abnormal shapes, it is less important to quantify 
each type of shape change than it is to determine the cause 
of the shape change.509 Poikilocytosis may be present in clini-
cally normal goats and young cattle (Figs. 4-5, 4-35).225,409 In 
some instances, these shapes appear to be related to the hemo-
globin types present, but an abnormality in protein 4.2 in the 
membrane has been suggested as a causative factor in calves.352 
Increased numbers of poikilocytes are also present in human 
preterm and term neonates.403

Poikilocytosis forms in various disorders associated with 
erythrocyte fragmentation, including disseminated intra-
vascular coagulation (DIC), liver disease, myeloid neoplasms, 
myelofibrosis, glomerulonephritis, and hemangiosarcoma 
(dogs).392 For unknown reasons, severe iron-deficiency anemia 

in dogs, pigs, and ruminants may exhibit pronounced  
poikilocytosis (see Figs. 4-27 through 4-32).201 Poikilocytes 
can form when oxidant injury results in Heinz body forma-
tion and/or membrane injury. One or more blunt erythrocyte 
surface projections may form as the membrane adheres to 
Heinz bodies bound to its internal surface.392 Various abnor-
malities in erythrocyte shape were reported in horses with 
intravascular hemolysis resulting from severe cutaneous burn 
injuries. Membrane blebbing with fragmentation was promi-
nent (Fig. 4-36).347 A variety of abnormal erythrocyte shapes 
have been reported in dogs and cats with doxorubicin toxic-
ity32,348 and in dogs with dyserythropoiesis.223
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(Fig. 4-38), forming in vitro.238 The morphology of echino-
cytes varies from slightly spiculated echinodiscocytes to highly 
spiculated spheroechinocytes, which have been called burr 
cells (Fig. 4-39, A). The most advanced echinocytes are those 
that have lost most of their spicules and have nearly become 
spherocytes (Fig. 4-39, B). Echinocytes form when the surface 
area of the outer lipid monolayer increases relative to the inner 
monolayer.438

Echinocytic transformation occurs in the presence of fatty 
acids, lysophospholipids, and amphiphatic drugs that distri-
bute preferentially in the outer half of the lipid bilayer.205 
Transient echinocytosis occurs in horses with Clostridium per-
fringens infection526 and in dogs following rattlesnake (see Fig. 
4-39, A),70,191 coral snake (see Fig. 4-39, B),301 water moccasin 
(Fig. 4-40), and asp viper (Vipera aspis) envenomation,303 

Echinocytes (Crenated Erythrocytes)
Echinocytes are spiculated erythrocytes in which the spicules 
are relatively evenly spaced and of similar size.523 Spicules may 
be sharp or blunt. When observed in stained blood films, 
echinocytosis is usually an artifact that results from excess 
EDTA, improper smear preparation, or prolonged sample 
storage before blood film preparation. The appearance of the 
echinocytes can vary depending on the thickness of the blood 
film (Fig. 4-37). They are common in normal pig blood smears 

FIGURE  4-35 
Poikilocytosis (acanthocytes and echinocytes) in blood from a nonanemic 
young calf. Wright-Giemsa stain. 

FIGURE  4-36 
Echinocytes with membrane blebbing and fragmentation in blood from 
a horse with intravascular hemolysis resulting from severe cutaneous burn 
injuries. Wright stain. 

Photograph of a stained blood film from a 2004 ASVCP slide review case 
submitted by E. Spangler, M. Johnson, A. Kessell, B. Weeks, T. Norman, and 
K. Chaffin.

FIGURE  4-37 
Echinocytes in blood from a dog with histiocytic sarcoma. A, Spicules 
of similar length are regularly spaced. B, Echinocytes, in a thinner area 
of the same blood film, appear as erythrocytes with scalloped borders. 
Wright-Giemsa stain. 

A B

FIGURE  4-38 
Echinocytes in blood from a normal pig appear as erythrocytes with 
scalloped borders; consequently the term crenation, from Latin meaning 
“notched,” has previously been used for echinocytes. Wright-Giemsa 
stain. 
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Although the mechanisms are not fully understood, ATP is 
required for the maintenance of normal shape and deform-
ability of erythrocytes.205 Phospholipids are asymmetrically 
arranged in the plasma membrane, with anionic amino-
containing phospholipids (predominantly phosphatidylserine) 
located in the inner leaflet of the bilaminar membrane.  
These anionic phospholipids are shuttled (flipped) from the 
outer leaflet to the inner leaflet by an ATP-dependent 
aminophospholipid-specific translocase or flippase.553 ATP 
also provides the energy needed to pump Ca+2 out of cells. 
Increased Ca+2 activates neutral proteases (calpains), which can 
degrade membrane skeletal proteins; phospholipase C, which 
cleaves phosphoinositides; and scramblase, which accelerates 
the bidirectional transbilayer movement of phospholipids.205,540 
The inhibition of the flippase and/or the activation of the 
scramblase can result in increased phosphatidylserine in the 
outer layer, which appears to promote echinocyte formation, as 
well as coagulation and erythrophagocytosis.116,295,406

Echinocytes and other shape abnormalities have been rec-
ognized in dogs with erythrocyte pyruvate kinase deficiency 
(Fig. 4-41), which results in a decreased ability to generate 
ATP. 86,328,412 Occasional echinocytes may also be seen in dogs 
with erythrocyte phosphofructokinase deficiency (Fig. 4-42). 
PFK-deficient erythrocytes have decreased ATP and increased 
Ca+2 concentrations.404

Acanthocytes
Erythrocytes with irregularly spaced, variably sized  
spicules are called acanthocytes or spur cells (Fig. 4-43).43 
Acanthocytes form when erythrocyte membranes contain 
excess cholesterol compared to phospholipids. If cholesterol 
and phospholipids are increased to a similar degree, codocyte 
formation is more likely than acanthocyte formation.98 
Alterations in erythrocyte membrane lipids can result from 
increased blood cholesterol content or due to the presence of 

presumably secondary to the action of phospholipases present 
in venom.498 Depending on the time course and dose of venom 
received, either echinocytosis or spherocytosis may be observed 
after these snakebites.

Echinocytes may occur in uremic animals and immediately 
after transfusion of stored blood.392 They have been seen with 
increased frequency in dogs with glomerulonephritis and neo-
plasia (lymphoma, hemangiosarcoma, mast cell tumor, and 
carcinoma).391,523 Echinocytes are the predominant erythro-
cyte shape abnormality in human burn patients, and this was 
one of the shape abnormalities recognized in horses with 
severe cutaneous burn injuries (see Fig. 4-36).195,347

Echinocytes also form when erythrocytes are dehydrated, 
pH is increased, ATP is depleted, and intracellular calcium is 
increased.31,205 Echinocytosis occurs in horses when total body 
depletion of cations has occurred (endurance exercise, furose-
mide treatment, diarrhea, systemic disease).162,205

FIGURE  4-39 
Echinocytes in the blood of dogs following snake bites. A, Highly spicu-
lated echinocytes (burr cells) in blood from a dog following an Eastern 
diamondback rattlesnake bite. B, Spheroechinocytes and a lysed eryth-
rocyte “ghost” (bottom center) in blood from a dog following a coral snake 
bite. Wright-Giemsa stain. 

A B

FIGURE  4-40 
Highly spiculated echinocytes in blood from a dog following a water 
moccasin bite. Two large polychromatophilic erythrocytes (reticulocytes) 
are also present. Wright-Giemsa stain. 

FIGURE  4-41 
An echinocyte (center) and four polychromatophilic erythrocytes in 
blood from a pyruvate kinase-deficient beagle dog. Wright-Giemsa stain. 
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FIGURE  4-42 
An echinocyte (center) and four polychromatophilic erythrocytes in 
blood from a phosphofructokinase-deficient English springer spaniel 
dog. Wright-Giemsa stain. 

FIGURE  4-43 
Acanthocytes in blood from a dog and cat. A, Two acanthocytes (above) 
with irregularly spaced, variably sized spicules in blood from a dog with 
neoplastic lymphoid infiltrates in the liver. B, An acanthocyte in blood 
of a cat with hepatic lipidosis. Wright-Giemsa stain. 

A B

FIGURE  4-44 
Acanthocytes in blood from a dog with neoplastic lymphoid infiltrates 
in the liver. A neoplastic lymphoblast is also present. Wright-Giemsa 
stain. 

abnormal plasma lipoprotein composition.99 Acanthocytes 
have been recognized in animals with liver disease (Fig. 4-44), 
possibly due to alterations in plasma lipid composition, which 
can alter erythrocyte lipid composition.91,392,522 They have also 
been reported in dogs with disorders that result in erythrocyte 
fragmentation, such as hemangiosarcoma (Fig. 4-45), DIC, 
and glomerulonephritis.342,471,522

Marked acanthocytosis is reported to occur in young goats 
and some young cattle (see Fig. 4-35). Acanthocytosis of 
young goats occurs as a result of the presence of hemoglobin 
C at this early stage of development.205

Keratocytes
Erythrocytes containing one or more intact holes are called 
prekeratocytes, and erythrocytes with ruptured holes are  
called keratocytes (Figs. 4-46 and 4-47).140 The rupture of 

FIGURE  4-45 
Three acanthocytes, four polychromatophilic erythrocytes, two metaru-
bricytes, and a neutrophil in blood from a dog with hemangiosarcoma. 
Wright-Giemsa stain. 

the hole results in the formation of one or two projections. 
Keratocytes have been recognized in various disorders  
including iron-deficiency anemia,201 liver disorders,91 doxoru-
bicin toxicity in cats,348 myelodysplastic syndrome,524 and in 
various disorders in dogs having concomitant echinocytosis  
or acanthocytosis.342,522,523

Stomatocytes
Cup-shaped erythrocytes that have oval or elongated areas of 
central pallor when viewed in stained blood films are called 
stomatocytes (Fig. 4-48, A). They most often occur as artifacts 
in thick blood film preparations. Stomatocytes form when pH 
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FIGURE  4-47 
Keratocytes in blood from a cat with hepatic lipidosis. A, Prekeratocyte 
with a hole. B, Keratocyte where the hole has ruptured, producing a 
single horn. C, Keratocyte where hole has ruptured, producing two horns. 
D, Keratocyte where two holes have ruptured. Wright-Giemsa stain. 

DC

A B

FIGURE  4-46 
Scanning electron photomicrographs of cat keratocytes. A, A prekerato-
cyte contains a hole completely through the cell. B, A keratocyte forms 
when the hole in the prekeratocyte ruptures, resulting in the formation 
of one or two projections. This cell might be considered an echinokera-
tocyte because of its additional projections. 

Photomicrographs were provided by C. L. Flint and M. A. Scott.

A B

is decreased160 and amphiphatic drugs are present that distrib-
ute preferentially in the inner leaflet of the lipid bilayer.205

Stomatocytes also form when the water content of eryth-
rocytes is increased, as occurs in at least three different  
inherited syndromes in dogs.205 No clinical signs occur in 
miniature schnauzers,71,170 standard schnauzers,59,355 or 

FIGURE  4-48 
Stomatocytes with elongated areas of central pallor in blood. A, Blood 
from a cat with hemolytic anemia. The stomatocytes were not uniformly 
present in the blood film and were considered to be an artifact. Wright-
Giemsa stain. B, Stomatocytes in blood from an asymptomatic Pomera-
nian dog with persistent stomatocytosis associated with macrocytic 
hypochromic erythrocytes. As in dogs reported to have hereditary sto-
matocytosis, these erythrocytes were osmotically fragile and had a low 
concentration of reduced glutathione. Wright-Giemsa stain. 

A B

FIGURE  4-49 
Scanning electron photomicrograph of a discocyte (left) and spherocyte 
(right) in blood from a dog. 

Courtesy of K. S. Keeton and N. C. Jain.

Pomeranians (Fig. 4-48, B) with hereditary stomatocytosis. 
Chondrodysplasia (short-limbed dwarfism) occurs along with 
stomatocytosis in Alaskan malamutes.139 Stomatocytosis in 
Drentse patrijshond dogs is associated with severe polysys-
temic disease and shortened life span.433

Spherocytes
Spherical erythrocytes that result from cell swelling and/or 
loss of cell membrane are referred to as spherocytes (Fig. 
4-49). Spherocytes lack central pallor and have smaller diam-
eters than normal on stained blood films (Fig. 4-50, A). 
Spherical erythrocytes with slight indentations on one side 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	4	 n	 Evaluation	of	Erythrocytes	 69

may be called stomatospherocytes (Fig. 4-50, B,C). Since 
erythrocytes from other common domestic animals exhibit 
less central pallor than those of dogs, it is difficult to be certain 
when spherocytes are present in these noncanine species  
(Fig. 4-50, D).

Spherocytes and stomatospherocytes occur most frequently 
in association with immune-mediated hemolytic anemia in 
dogs (Fig. 4-51).33,368 Other potential causes of spherocyte 
formation include snake envenomations,301,303,498 bee 
stings,344,543 zinc toxicity,64 erythrocyte parasites,3 transfusion 
of stored blood, and a familial dyserythropoiesis in dogs.223 
Spherocytes have been reported in cattle with anaplasmosis463 
and Theileria buffeli infection453 and in horses with cutaneous 
burns.347

Defects in ankyrin, band 3, protein 4.2, and certain  
defects in α-spectrin and β-spectrin result in hereditary 
spherocytosis in mice and humans.116 A complete absence of 
band 3 results in hereditary spherocytosis in Japanese black 
cattle.34,232 Hereditary spherocytosis has been reported in 
golden retriever dogs with reductions in erythrocyte mem-
brane spectrin432; however, spherocytes were not recognized 
in stained blood films.434

Schistocytes
Erythrocyte fragments with pointed extremities are called 
schistocytes or schizocytes (Fig. 4-52), and they are smaller 
than normal discocytes. Schistocytes may be seen in dogs with 
microangiopathic hemolytic anemia associated with DIC, 
where they can be formed by the impact of erythrocytes  
with fibrin strands in flowing blood (Fig. 4-53).392 Schisto-
cytes are less consistently seen in cats, horses, and cattle with 
DIC,234,477 possibly because the erythrocytes of these species 
are smaller and less likely to be split by fibrin strands in the 
circulation.

Schistocytes have also been seen in severe iron-deficiency 
anemia (see Fig. 4-27),201 myelofibrosis,128,281,420 heart failure, 
glomerulonephritis, hemolytic uremic syndrome, hemo-
phagocytic histiocytic disorders, hemangiosarcoma in dogs,  

FIGURE  4-50 
Spherocytes and stomatospherocytes in animal blood samples. A, Three 
spherocytes (bottom) and a large polychromatophilic erythrocyte or retic-
ulocyte (top) in blood from a dog with immune-mediated hemolytic 
anemia. B, Two stomatospherocytes in blood from a dog with primary 
immune-mediated hemolytic anemia. The stomatospherocytes are not 
perfect spheres; rather, each has a slight indentation on one side. C, Two 
stomatospherocytes in blood from a cat with Mycoplasma haemofelis 
infection. D, A spherocyte (top) and a discocyte (bottom) in blood from 
a foal with immune-mediated neonatal isoerythrolysis. Wright-Giemsa 
stain. 

AA B

C D

FIGURE  4-52 
Schistocytes in dog blood. A, A fragmented erythrocyte (schistocyte) 
and two discocytes in blood from a dog with disseminated intravascular 
coagulation (DIC). B, A schistocyte (left), discocyte (top), and echinocyte 
(bottom) in blood from a dog with DIC. Wright-Giemsa stain. 

A B

FIGURE  4-51 
Spherocytes, polychromatophilic erythrocytes, and two rubricytes in 
blood from a dog with primary immune-mediated hemolytic anemia. 
Wright-Giemsa stain. 
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*References 193, 197, 223, 281, 392, 522, 524.

FIGURE  4-53 
Drawing of schistocyte and microspherocyte formation when an eryth-
rocyte impacts a fibrin strand under flow conditions. 

FIGURE  4-54 
Echinocytes, a polychromatophilic erythrocyte, a metarubricyte and a 
schistocyte (bottom) in blood from a dog with intravascular hemolysis, 
resulting from dirofilariasis and caudal vena cava syndrome. A neutrophil 
and band neutrophil are also present. Wright-Giemsa stain. 

caudal vena cava syndrome of dirofilariasis in dogs (Fig. 4-54), 
and congenital and acquired dyserythropoiesis in dogs.* 
Marked poikilocytosis with schistocytes and acanthocytes  
has been recognized in pyruvate kinase-deficient dogs after 
splenectomy (Fig. 4-55).378,412 It is assumed that the spleen 
had previously removed these fragmented erythrocytes. Schis-
tocytes have been described in cats with liver disease, in cats 
and dogs with doxorubicin toxicity,91,348 and in horses with 
severe cutaneous burns.347

FIGURE  4-55 
Echinocytes, acanthocytes, and echinoschistocytes in blood from a  
splenectomized pyruvate kinase-deficient Cairn terrier dog. Wright-
Giemsa stain. 

Leptocytes
These cells are thin, often hypochromic-appearing erythro-
cytes with increased membrane-to-volume ratios. Some lep-
tocytes appear folded (Fig. 4-56, A), some appear as triconcave 
knizocytes (Fig. 4-57) that give the impression that the eryth-
rocyte has a central bar of hemoglobin (Fig. 4-56, B,C), and 
others appear as codocytes (Fig. 4-58). Codocytes (target cells) 
are bell-shaped cells that exhibit a central density or “bull’s-
eye” in stained blood films. Small numbers of codocytes are 
often seen in normal dog blood, and both codocytes and 
knizocytes are increased in regenerative anemia in dogs. 
Codocytes are especially increased in dogs with a congenital 
dyserythropoiesis.223 Leptocytes may be seen in iron-deficiency 
anemia (Fig. 4-58, B)201 and rarely in hepatic insufficiency 
(Fig. 4-58, C), resulting in a balanced accumulation of mem-
brane phospholipids and cholesterol.98 Polychromatophilic 
erythrocytes can sometimes appear as leptocytes.

Eccentrocytes
An erythrocyte in which the hemoglobin is localized to part 
of the cell, leaving a hemoglobin-poor area visible in the 
remaining part of the cell, is termed an eccentrocyte (Figs. 
4-59, 4-60). Other terms used to refer to eccentrocytes include 
hemighosts, irregularly contracted cells, double-colored cells, and 
cross-bonded erythrocytes.24 Oxidant damage to erythrocyte 
membranes results in the adhesion of opposing areas of the 
cytoplasmic face of the erythrocyte membrane.24,137 It has 
been suggested that eccentrocytes form in vivo when adhesive, 
damaged membranes are brought together by osmotic  
shrinkage in the kidney and/or from squeezing through the 
microcirculation.138

Eccentrocytes have been recognized in dogs secondary to 
increased endogenous oxidants associated with ketoacidotic 
diabetes, inflammation (Fig. 4-61), neoplasia (especially 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	4	 n	 Evaluation	of	Erythrocytes	 71

FIGURE  4-56 
Leptocytes in blood from dogs. A, Two thin, flat, hypochromic-appearing erythrocytes (leptocytes) with 
increased membrane-to-volume ratios are present in blood from a dog with severe iron-deficiency anemia. 
The bottom leptocyte is folded. B, A discocyte and triconcave knizocyte in blood from a dog with a mild 
nonregenerative anemia associated with a hepatocellular carcinoma. C, Leptocytes, including two knizocytes 
(top and bottom center), are present in blood of a dog with iron-deficiency anemia. Wright-Giemsa stain. 

BA C

FIGURE  4-57 
Scanning electron photomicrograph of two discocytes and a knizocyte 
(top) in blood from a dog. 

Courtesy of K. S. Keeton and N. C. Jain.

lymphoma), and Babesia canis canis infection.77,82 Eccentro-
cytes have been seen in dogs ingesting or receiving oxidants 
including onions and garlic, acetaminophen (see Fig. 4-59, C) 
and nonsteroidal anti-inflammatory drugs, vitamin K and 
vitamin K antagonist rodenticides, naphthalene, and pro-
longed propofol anesthesia (Fig. 4-62).77,120,200,276 Eccentrocyte 
formation also occurs in cats following oxidant damage  
(Fig. 4-63).

Eccentrocytosis was recognized in a cow treated with 
intravenous hydrogen peroxide as a “home remedy.”291 Eccen-
trocytes have been reported in horses ingesting red maple 
leaves and in those with severe cutaneous burns.347,389 Finally, 
eccentrocytes have been seen in horses with inherited G6PD 
deficiency (see Fig. 4-59, B) and glutathione reductase 
deficiency secondary to erythrocyte FAD deficiency (Fig. 
4-64).212,452 Both of these hereditary disorders result in the 
decreased ability of erythrocytes to protect against endoge-
nous oxidants.

Pyknocytes
Irregularly spherical erythrocytes with small cytoplasmic pro-
jections are called pyknocytes (see Figs. 4-59, D, 4-60, D). 
Like eccentrocytes, pyknocytes appear to be a product of 
oxidant injury.131,452 They may develop from eccentrocytes fol-
lowing the loss of much of the fused membrane.212 Pyknocytes 
are appreciably smaller in diameter and stain more densely 
(especially with new methylene blue) than discocytes (Fig. 
4-64).203 These contracted erythrocytes have higher hemoglo-
bin concentrations than normal131 and presumably represent 
erythrocytes undergoing eryptosis.

Elliptocytes (Ovalocytes)
Erythrocytes from nonmammals and animals in the Cameli-
dae family are elliptical or oval in shape (see Fig. 4-6). They 
are generally flat rather than biconcave. Abnormal elliptocytes 
have been recognized in cats with bone marrow abnormalities 
(myeloid neoplasms and acute lymphoblastic leukemia),281 
hepatic lipidosis,91 portosystemic shunts,410 and doxorubicin 
toxicity348 and in dogs with myelofibrosis,222,420 myelodys-
plastic syndrome,524 and glomerulonephritis, in which the 
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FIGURE  4-59 
Eccentrocytes in blood from dogs and a horse. A, An eccentrocyte 
(center) in blood from a dog with prolonged propofol anesthesia. B, Two 
eccentrocytes in blood from a horse with inherited erythrocyte glucose-
6-phosphate dehydrogenase (G6PD) deficiency. C, Two eccentrocytes 
and a discocyte (left) in blood from a dog with oxidant injury induced 
by the administration of acetaminophen. The cell at top center appears 
spherical with a small tag of cytoplasm and is classified as a pyknocyte. 
D, Two echinocytes (top), an eccentrocyte (bottom left) and a pyknocyte 
(bottom right) in blood from a dog with diabetes mellitus and septic 
hepatitis. Wright-Giemsa stain. 
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FIGURE  4-60 
Scanning and transmission electron photomicrographs of eccentrocytes 
and a pyknocyte in blood from a horse with erythrocyte flavin adenine 
dinucleotide (FAD) deficiency. A, Scanning electron photomicrograph 
of an eccentrocyte showing a fused membrane leaf in the left portion 
and a spheroid region containing hemoglobin in the right portion of an 
erythrocyte. B, Scanning electron photomicrograph of an eccentrocyte 
showing fused membranes in different planes. C, Transmission electron 
photomicrograph of an eccentrocyte showing a fused membrane leaf in 
the left portion and a spheroid region containing hemoglobin in the right 
portion of an erythrocyte. D, Scanning electron photomicrograph of a 
spheroid pyknocyte with only tags of cytoplasm remaining. 

From Harvey JW, Stockham SL, Scott MA, et al. Methemoglobinemia and 
eccentrocytosis in equine erythrocyte flavin adenine dinucleotide deficiency. Vet 
Pathol. 2003;40:632-642.
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FIGURE  4-58 
Codocytes in blood from dogs. These erythrocytes exhibit a central density or “bull’s-eye” and are often referred 
to as target cells. A, Three codocytes in blood from a Cairn terrier dog with a regenerative anemia and hepatic 
hemochromatosis secondary to pyruvate kinase deficiency. B, Two codocytes (top and bottom center) and a 
schistocyte (bottom left) in blood from a dog with severe iron-deficiency anemia. C, Codocytes in blood from 
a dog with liver disease. Wright-Giemsa stain. 

CBA
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FIGURE  4-61 
Blood from a dog with diabetes mellitus and septic hepatitis. Four eccen-
trocytes, two pyknocytes, and a toxic band neutrophil are present. 
Wright-Giemsa stain. 

FIGURE  4-62 
Eight eccentrocytes in blood from a dog subjected to prolonged propofol 
anesthesia. A neutrophil is present at bottom right. Wright-Giemsa stain. 

FIGURE  4-63 
Heinz body and eccentrocyte formation in blood from a cat with acet-
aminophen toxicity. A, Heinz bodies are barely discernible as pale spots 
in erythrocytes. A polychromatophilic erythrocyte (left lower quadrant) 
and an erythrocyte containing a Howell-Jolly body (top right) are also 
present. B, Eccentrocytes and pale-staining Heinz bodies are visible in 
blood collected 2 days after the sample shown in (A). 

A

B

elliptocytes may be spiculated (Fig. 4-65).391 Hereditary 
elliptocytosis has been reported in a dog with a membrane 
protein 4.1 deficiency and in another with a mutant β-spectrin 
(Fig. 4-66).122,439

Dacryocytes
These erythrocytes are teardrop-shaped with single elongated or 
pointed extremities (Fig. 4-67, A,B). Dacryocytosis is a common 
feature of myelofibrosis in humans, but dacryocytes are not as 
commonly recognized in dogs with myelofibrosis.281,388,420 Dac-
ryocytes have also been seen in the blood of dogs and cats with 

myeloid neoplasms,238 dogs with glomerulonephritis, and a dog 
with hypersplenism.267 Dacryocytes are common erythrocyte 
shape abnormalities in iron-deficient ruminants, including 
llamas and alpacas (Fig. 4-67, C,D).326,483

Drepanocytes (Sickle Cells)
These fusiform or spindle-shaped erythrocytes were first rec-
ognized in deer blood in 1840 and in a human with sickle cell 
anemia in 1910.44 Drepanocytes are often observed in blood 
from normal deer (Figs. 4-68, A, 4-69).474 They develop sec-
ondary to hemoglobin polymerization, and drepanocyte shape 
in deer depends on the hemoglobin types present. This is an 
in vitro phenomenon that occurs when oxygen tension is high 
and pH is above 7.4. Members of the Cervidae family whose 
erythrocytes do not sickle in vitro include reindeer, caribou, 
and muntjac deer.479
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FIGURE  4-64 
Pyknocytes and eccentrocytes in blood from horses with erythrocyte 
flavin adenine dinucleotide (FAD) deficiency. A, Two eccentrocytes 
(center), three pyknocytes (upper left quadrant), and an erythrocyte con-
taining an eccentrically located hemoglobin crystal (bottom) in a stained-
blood film from a mustang mare with FAD deficiency. Wright-Giemsa. 
B, Dark blue-staining eccentrocytes and pyknocytes in a blood film from 
a Kentucky mountain saddle horse gelding with FAD deficiency. New 
methylene blue reticulocyte stain. 

From Harvey JW. Pathogenesis, laboratory diagnosis, and clinical implications 
of erythrocyte enzyme deficiencies in dogs, cats, and horses. Vet Clin Pathol. 
2006;35:144-156.
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FIGURE  4-65 
Elliptocytes in blood from a cat and a dog. A, Three elliptocytes (top) 
and a discocyte in blood from a diabetic cat with mild anemia. Radio-
graphs revealed diffuse interstitial lung disease of unknown etiology.  
B, A discocyte (left) and an echinoelliptocyte (right) in blood from a dog 
with glomerulonephritis. Wright-Giemsa stain. 

A B

FIGURE  4-66 
Elliptocytosis in blood from a dog with a mutant β-spectrin. A, Ellip-
tocytes and echinoelliptocytes in blood from a dog. Wright-Giemsa 
stain. B, Scanning electron photomicrograph of elliptocytes and echino-
elliptocytes in blood from a dog. 

From Di Terlizzi R, Gallagher PG, Mohandas N, et al. Canine elliptocytosis 
due to a mutant beta-spectrin. Vet Clin Pathol. 2009;38:52-58.
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Polymerization of hemoglobin in tubular filaments occurs 
in some normal adult Angora goats239,240 and some breeds of 
British sheep.130 The resultant fusiform or spindle-shaped 
erythrocytes resemble drepanocytes in deer; they have been 
called acuminocytes by some authors (Fig. 4-68, B).238 
The proportion of fusiform cells in Angora goats varies 

depending on the individual goat and on in vitro alterations 
in temperature, pH, and oxygenation. The number of these 
cells decreases during anemia, probably because of the synthe-
sis of hemoglobin C.239

Crystallized Hemoglobin
The presence of large hemoglobin crystals within erythrocytes 
is occasionally recognized in blood films from cats (Figs. 4-70, 
A, 4-71, A)16,17,428 and dogs (Fig. 4-70, B)287 and frequently in 
the blood of llamas and alpacas (Fig. 4-70, C).483 No hemo-
globin abnormalities have been recognized by hemoglobin 
electrophoresis in animals with hemoglobin crystals.

In addition to eccentrocytes and pyknocytes, intraerythro-
cytic crystals have been recognized in low number in horses 
with erythrocyte G6PD and FAD deficiencies (Figs. 4-70, D, 
4-71, B).212 Large hemoglobin crystals were reported in horses 
with experimental Babesia equi infections treated with imido-
carb dipropionate (Fig. 4-71, C).429 Low numbers of intraeryth-
rocytic hemoglobin crystals have been reported in two dogs 
with multiple erythroid abnormalities including prominent 
siderotic inclusions in their erythrocytes (Fig. 4-71, D).81,209 
Hemoglobin crystals may also develop as sample storage 
artifacts.38

The mechanism or mechanisms of hemoglobin crystal for-
mation are unknown, but based on studies of humans with 
hemoglobin C disease, crystal formation may be influenced 
by factors such as pH, degree of oxygen saturation, and cellular 
dehydration/increased intracellular hemoglobin concentra-
tion.76 Their potential relationships to oxidant injury, eccen-
trocytes, and eryptosis need further study.212

FIGURE  4-67 
Dacryocytes in the blood of animals. A, A dacryocyte (bottom) and two 
discocytes in blood from a cat. Wright-Giemsa stain. B, A dacryocyte 
(top) and elliptocyte (bottom) in blood from a dog with glomerulo-
nephritis. C, Hypochromic dacryocytes in blood from a goat with severe 
iron-deficiency anemia. D, Hypochromic dacryocytes in blood from a 
llama with severe iron-deficiency anemia. The presence of the normal 
llama elliptocyte (above right) is the result of a blood transfusion. Wright-
Giemsa stain. 
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FIGURE  4-68 
Drepanocytes and fusiform erythrocytes in a deer and goat. A, Elongated 
drepanocyte (sickle cell) in blood from a white-tailed deer. B, Erythro-
cytes containing hemoglobin inclusions in blood from a mixed-breed 
goat. Some erythrocytes appeared as rectangles but most appeared more 
fusiform and may represent polymerization of hemoglobin in tubular 
filaments, as occurs in drepanocytes. Wright-Giemsa stain. 

A B

FIGURE  4-69 
Transmission electron photomicrograph of a matchstick-shaped drepa-
nocyte in blood from a deer showing filamentous aggregates of 
hemoglobin. 

From Taylor WJ, Simpson CF. Ultrastructure of sickled deer erythrocytes. II. 
The matchstick cell. Blood. 1974;43:907-914.
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FIGURE  4-70 
Hemoglobin crystals in stained blood films. A, Crystallized hemoglobin 
in an erythrocyte from a cat. B, Discocyte and erythrocyte with crystal-
lized hemoglobin in the blood from a dog with a mild nonregenerative 
anemia associated with a hepatocellular carcinoma. C, Crystallized 
hemoglobin in two erythrocytes from a llama. D, An eccentrocyte 
(bottom) and hemoglobin crystal in blood from mustang mare with FAD 
deficiency. Wright-Giemsa stain. 
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FIGURE  4-71 
Scanning and transmission electron photomicrographs of hemoglobin 
crystals. A, Scanning electron photomicrograph of a cat erythrocyte 
containing crystallized hemoglobin.  B, Scanning electron photomicro-
graph of an erythrocyte containing a hemoglobin crystal in blood from 
a mustang mare with FAD deficiency. C, Transmission electron photo-
micrograph of a horse erythrocyte containing both a hemoglobin crystal 
and a Babesia equi organism. The horse had been treated with imidocarb.  
D, Transmission electron photomicrograph of a dog erythrocyte contain-
ing a hemoglobin crystal. The dog had microcytic hypochromic erythro-
cytes that also contained siderotic inclusions and Heinz bodies. 

A, From Jain NC. Schalm’s Veterinary Hematology. 4th ed. Philadelphia, 
Lea & Febiger, 1986. B, From Harvey JW, Stockham SL, Scott MA, et al. 
Methemoglobinemia and eccentrocytosis in equine erythrocyte flavin adenine 
dinucleotide deficiency. Vet Pathol. 2003;40:632-642. C, From Simpson CF, 
Taylor WJ, Kitchen H. Crystalline inclusions in erythrocytes parasitized with 
Babesia equi following treatment of ponies with imidocarb. Am J Vet Res. 
1980;41:1336-1340. D,Courtesy of W. L. Clapp. 
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Lysed Erythrocytes
The presence of erythrocyte “ghosts” in peripheral blood films 
indicates that the cells lysed prior to blood film preparation 
(Fig. 4-72, A). Erythrocyte membranes are rapidly cleared from 
the circulation following intravascular hemolysis; consequently 
the presence of erythrocyte ghosts indicates either recent intra-
vascular hemolysis or in vitro hemolysis in the blood tube after 
collection. If the hemolysis is caused by an oxidant, Heinz 
bodies may be visible within erythrocyte ghosts (Fig. 4-72, B). 
When erythrocytes lyse during blood film preparation, they 
appear as red smudges (see Figs. 4-24, 4-72, C). These smudged 
erythrocytes are commonly seen in lipemic samples.

Erythroid Loops
In addition to echinocytes, spherocytes, and erythrocyte 
ghosts, moderate numbers of unusual erythrocyte membrane-
like structures (termed erythroid loops) have been found in 
the blood of dogs bitten by the asp viper (Fig. 4-73).303 
Although generally round, these loops were sometimes dis-
rupted and appeared as thin, pale reddish-blue bands. They 
are believed to be a consequence of erythrocyte hemolysis, but 
the mechanism of their formation is unknown.

Erythrocyte Vesicles
Erythrocyte injury can result in the formation of variably 
sized erythrocyte vesicles (Fig. 4-74, A–C). They are classified 
as microvesicles when their diameter is less than 1 µm. The 
small size of microvesicles makes them difficult to identify  
in stained blood films and difficult to count using flow 
cytometers.

Erythrocytes, leukocytes, platelets, and endothelial cells all 
release membrane-bound microvesicles (also called micro-
particles) into the circulation, even in healthy individuals. 
Depending on the cell type and stimulus, these microvesicles 
may be either exosomes or ectosomes. Exosomes are micro-
vesicles that form following inward budding of membranes  
to form multivesicular bodies, and multivesicular bodies sub-
sequently fuse with the external cell membrane, releasing  
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FIGURE  4-72 
Lysed erythrocytes in blood films. A, Red-staining intact erythrocytes (echinocyte in the center) and 
pale-staining erythrocyte ghosts in blood from a horse in which intravascular hemolysis was produced by  
the intravenous and intraperitoneal administration of hypotonic fluid believed isotonic at the time of  
administration. B, Erythrocyte ghosts, each containing a single red-staining Heinz body, in erythrocytes 
from a cat with intravascular hemolysis caused by acetaminophen administration. C, A lysed erythrocyte (red 
smudge at top) and discocyte in blood from a dog with lipemia. The lysis occurred during smear preparation. 
Wright-Giemsa stain. 

BA C

FIGURE  4-73 
Three erythroid loops in blood from a dog bitten by a snake (Vipera 
aspis). 

From Masserdotti C. Unusual “erythroid loops” in canine blood smears after 
viper-bite envenomation. Vet Clin Pathol. 2009;38:321-325.

FIGURE  4-74 
Erythrocyte vesicles in blood films. A, Erythrocyte vesicle (center) in 
blood from a febrile dog with mild nonregenerative anemia and lym-
phoma. Low numbers of eccentrocytes and pyknoctyes and rare hemo-
globin crystals were also noted in the stained blood film. B, Erythrocyte 
vesicle formation in blood from a cat with eccentrocytes and erythrocytes 
containing Heinz bodies. The cat was a ketoacidotic diabetic with hepatic  
lipidosis. C, Elongated erythrocyte vesicle (top left) and eccentrocyte 
(bottom right) in blood from a dog subjected to prolonged propofol 
anesthesia. D, Microvesiculation from an acanthocyte in blood from a 
dog with neoplastic lymphoid infiltrates in the liver. 

A B

C D
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preformed exosomes.405 As presented in Chapter 3, as reticu-
locytes mature into erythrocytes, this process is used by reticu-
locytes to eliminate unneeded proteins, such as transferrin 
receptors and Na+, K+ ATPase transporters (in dogs) from 
their surfaces.263

Ectosomes are shed by many cells, including erythrocytes, 
following the budding of microvesicles directly from the cell 
membrane (Fig. 4-74, D). The mean numbers of erythrocyte 
microvesicles in healthy humans are reported to vary from 
about 30 to 300/µL of plasma, depending on the methods 
used to measure them.40,335,536 Erythrocytic ectosomes have 
both procoagulant and anti-inflammatory/immunosuppres-
sive activities.405 They are released in increased numbers during 
conditions that result in eryptosis (see Fig. 4-15), as discussed 
earlier in this chapter.270 Increased total microvesicles, includ-
ing erythrocyte microvesicles, are present in the blood of 
humans with metabolic syndrome and oxidative stress.216 
Large numbers of microvesicles can form in blood stored for 

transfusion when ATP depletion results in echinocyte forma-
tion and blebbing of ectosomes from the tips of echinocytic 
spicules.186

Erythrocyte microvesicles are rapidly cleared by macro-
phages in the liver.537 The spleen also appears to be important 
in this regard because erythrocyte microvesicles are higher in 
splenectomized compared with nonsplenectomized humans 
with immune-mediated thrombocytopenia.143

Nucleated Erythrocytes
Rubricytes and metarubricytes (Fig. 4-75, A,B) are seldom 
present in the blood of normal adult mammals, although low 
numbers may occur in some normal dogs and cats.490 Meta-
rubricytosis (generally called normoblastemia in human 
hematology) is often seen in blood in association with a 
regenerative anemia; however, their presence does not neces-
sarily indicate that a regenerative response is present.296 

A B C D

FIGURE  4-75  Nucleated erythroid cells and nuclear fragmentation

A, Polychromatophilic rubricyte in blood from a dog with regenerative anemia. B, Metarubricyte in blood 
from a beagle with erythrocyte pyruvate kinase deficiency. C, Nuclear lobulation in a polychromatophilic 
rubricyte in blood from a cat with acute myelogenous leukemia (AML-M6) and a nonregenerative anemia. 
D, Exceptionally large basophilic rubricyte in blood from a cat with myelodysplastic syndrome and a nonre-
generative anemia. 

E F G H

E, Rubriblast in blood from a cat with acute myelogenous leukemia (AML-M6) and a nonregenerative 
anemia. F, Polychromatophilic metarubricyte with elongated nucleus and erythrocyte containing nuclear 
fragments in blood from a dog with immune-mediated hemolytic anemia and thrombocytopenia 5 days after 
treatment with vincristine. G, Erythrocyte containing nuclear fragments in blood from a dog with immune-
mediated hemolytic anemia and thrombocytopenia 5 days after treatment with vincristine. H, Mitotic rubri-
cyte in blood from a dog with hemangiosarcoma and a regenerative anemia. Wright-Giemsa stain. 
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Nucleated erythrocytes are rarely seen in horses with regen-
erative anemia.

Nucleated erythrocytes may be seen in animals with lead 
poisoning, in which there is minimal or no anemia,164,325 and 
in nonanemic conditions in which the bone marrow is 
damaged, such as septicemia, endotoxic shock, and drug 
administrations.117,490,534 Nucleated erythrocytes are present in 
the blood of most dogs presented with heat stroke.25 
Low numbers of nucleated erythrocytes are seen in a wide 
variety of conditions in dogs, including cardiovascular disease, 
trauma, hyperadrenocorticism, and various inflammatory 
conditions.296

When frequent nucleated erythrocyte precursors are 
present in the blood of an animal with nonregenerative anemia 
(Fig. 4-75, C-E), conditions including myelodysplasia, hema-
topoietic neoplasia,238,296 infiltrative marrow disease,217,490 
impaired splenic function,490 and inherited dyserythropoietic 
disorders223,446 should be considered. The presence of rubri-
blasts in blood from an animal with nonregenerative anemia 
strongly suggests that a myeloid neoplasm is present (Fig. 
4-75, E). Nucleated erythrocytes may be excessively large 
(Fig. 4-75, D) and erythrocyte nuclei may be lobulated or 
fragmented in animals with myeloid neoplasms (Fig. 4-75, 
C)105,125,416 or following vincristine therapy (Fig. 4-75, F, G). 
Nucleated erythroid precursors are capable of division earlier 
than metarubricytes; consequently, mitotic nucleated erythro-
cytes may be seen in blood (Fig. 4-75, H).

I N C LU S I O N S  O F  ERY T H RO C Y T E S
Howell-Jolly Bodies (Micronuclei)
These small spherical nuclear remnants (Fig. 4-76) form in 
the bone marrow following nuclear fragmentation or rupture 
of the nuclear membrane, with nuclear material left behind 

FIGURE  4-76 
Howell-Jolly bodies (spherical nuclear remnants) in erythrocytes. A, Erythrocyte (left) containing a Howell-
Jolly body in blood from a cat. B, Three Howell-Jolly bodies in erythrocytes in blood from a dog being treated 
with glucocorticoid steroids. C, Three Howell-Jolly bodies in a single erythrocyte from a poodle with benign 
macrocytosis. 

CBA

when the nucleus is expelled (Fig. 4-77).43,76 They have gener-
ally been called Howell-Jolly bodies by hematologists and 
micronuclei by toxicologists.194,552 The latter term is advanta-
geous because it describes their composition. Howell-Jolly 
bodies are removed or “pitted” by the spleen as reticulocytes 
and erythrocytes squeeze through interendothelial slits of the 
splenic sinus.76,528 They may be present in low numbers in 
erythrocytes of normal horses and cats (Fig. 4-76, A). They are 
often present in association with regenerative anemia or  
following splenectomy in other species.76,384,494 Howell-Jolly 
bodies may be increased in animals receiving glucocorticoid 
therapy (Fig. 4-76, B),238 in benign poodle macrocytosis (Fig. 
4-76, C),238 and in animals being treated with chemothera-
peutic agents that induce nuclear fragmentation, such as  
vincristine, colchicine, cytosine arabinoside, and cyclophos-
phamide (see Fig. 4-75, F, G).194,552

Heinz Bodies
These inclusions are large aggregates of oxidized, precipitated 
hemoglobin attached to the internal surfaces of erythrocyte 
membranes. In contrast to Howell-Jolly bodies, which stain 
dark blue, Heinz bodies stain red to pale pink with 
Romanowsky-type stains (Fig. 4-78, A,C). Heinz bodies stain 
lighter blue than Howell-Jolly bodies when stained with 
reticulocyte stains (Fig. 4-78, B,D). They can also be visualized 
as dark refractile inclusions in new methylene blue wet mount 
preparations (Fig. 4-78, E). Heinz bodies may also be visible 
within eccentrocytes (Fig. 4-78, F). If they bind extensively to 
the inner surface of erythrocyte membranes, they may be 
recognized as small surface projections when the membrane 
binds around much of an inclusion (Figs. 4-78, F,G, 4-79, 
4-80). When intravascular hemolysis occurs, they may be 
visible as red inclusions within erythrocyte ghosts (Figs. 4-72, 
B, 4-78, G, 4-79, C).
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formation can also occur in cats with repeated propofol anes-
thesia.21,304 Although erythrocyte survival tends to be short-
ened, anemia is either absent or mild in the above conditions. 
Causes of Heinz body hemolytic anemia are presented under 
“Hemolytic Anemias,” below.

Basophilic Stippling
Reticulocytes usually stain as polychromatophilic erythrocytes 
with Romanowsky-type blood stains owing to the presence of 
dispersed ribosomes and polyribosomes; however, sometimes 
the ribosomes and polyribosomes aggregate together, forming 
blue-staining punctate inclusions referred to as basophilic 
stippling (Fig. 4-81).43 These aggregates are similar to those 
produced using reticulocyte stains, but they form during the 
process of cell drying prior to staining with Romanowsky-
type blood stains. Diffuse basophilic stippling commonly 
occurs in regenerative anemia in ruminants (Fig. 4-81, A,B) 
and occasionally in regenerative anemia in other species (Fig. 
4-81, C).238 It may be prominent in any species in the presence 
of lead poisoning (Fig. 4-81, D).164,325 Diffuse basophilic stip-
pling was reported in a dog with dyserythropoiesis and Cabot 
rings within erythrocytes.286

Siderotic Inclusions
Anucleated erythrocytes containing siderotic (iron-positive) 
inclusions are called siderocytes. Nucleated siderocytes have 
been called sideroblasts in human hematology. In contrast to 
diffuse basophilic stippling, which is distributed throughout 
the erythrocyte, siderotic inclusions generally appear as focal 
basophilic inclusions located near the periphery of erythro-
cytes (Fig. 4-81, E,F). A Prussian blue staining procedure is 
used to verify the presence of iron-positive material (Fig. 4-81, 
G). Siderotic inclusions in erythroid cells may consist of cyto-
plasmic ferritin aggregates or iron-loaded mitochondria. Fer-
ritin aggregates can occur normally in nucleated erythroid cells 
of humans, dogs, and pigs, but the presence of iron-loaded 
mitochondria (Fig. 4-82) is a pathologic finding.205 Iron-
loaded degenerative mitochondria may be contained within 
autophagic vacuoles (lysosomes).43 These inclusions have been 
called Pappenheimer bodies in human hematology.60 Electron 
microscopy is used to identify the nature of siderotic inclu-
sions; however, the location of iron-positive inclusions in a ring 
around the nucleus of a nucleated siderocyte (termed ringed 
sideroblast in human hematology) strongly suggests the pres-
ence of iron-loaded mitochondria.60

Except for iron deficiency, disorders of mitochondrial iron 
metabolism have the potential to cause excess iron accumula-
tion in mitochondria. Erythrocytes may be microcytic and/or 
hypochromic secondary to defective heme synthesis.233 Exper-
imental pyridoxine deficiency and experimental chronic 
copper deficiency have both resulted in mitochondrial iron 
overload in nucleated erythroid cells in the bone marrow of 
deficient pigs.205 Drugs or chemicals reported to cause sidero-
cytes and/or nucleated siderocytes in dogs include chloram-
phenicol (see Fig. 4-81, E), lead, hydroxyzine (Fig. 4-83), zinc, 
and an oxazolidinone antibiotic.213,288,370

In contrast to other domestic animal species, normal cats 
may have up to 5% Heinz bodies within their erythrocytes.90 
Small Heinz bodies may be seen in other species following 
splenectomy.238 Not only is cat hemoglobin more susceptible 
to denaturation by endogenous oxidants,205 but the cat spleen 
is less efficient in the removal (pitting) of Heinz bodies from 
erythrocytes than are spleens of other species.55 Increased 
numbers of Heinz bodies may occur in cats with spontaneous 
diseases such as diabetes mellitus (especially when ketoacido-
sis is present), hyperthyroidism, and lymphoma.89,90 Increased 
numbers of Heinz bodies have been seen in kittens fed  
fish-based diets218 and in cats fed commercial soft-moist 
diets containing propylene glycol.92,218 Increased Heinz body 

FIGURE  4-77 
Formation of Howell-Jolly bodies. A, Apparent rupture of the nuclear 
membrane of a metarubricyte, allowing nuclear material to enter the 
cytoplasm and potentially form a Howell-Jolly body. B, Transmission 
electron photomicrograph of a nucleated erythroid cell with expanded 
nuclear pore or rupture of the nuclear membrane, allowing nuclear mate-
rial to enter the cytoplasm and potentially form a Howell-Jolly body. 

From Simpson CF, Kling JM. The mechanism of denucleation in circulating 
erythroblasts. J Cell Biol. 1967;35:237-245.
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FIGURE  4-78  Staining characteristics and appearance of Heinz bodies

A, The erythrocyte at the top contains a pale-pink staining Heinz body at the margin at the 7 o’clock position. 
This cat had a Heinz body hemolytic anemia resulting from acetaminophen toxicity. In contrast, the erythrocyte 
at the bottom contains a Howell-Jolly body that stains dark blue. Wright-Giemsa stain. B, For comparison, 
erythrocytes from the same cat presented in (A) were stained with a new methylene blue reticulocyte stain. The 
erythrocyte on the left contains a dark blue-staining Howell-Jolly body and the other two cells each contain a 
light blue-staining Heinz body. C, Heinz bodies in blood from a cat appearing as pale “spots” within erythro-
cytes. Wright-Giemsa stain. D, Heinz bodies in blood from a cat. New methylene blue reticulocyte stain. 

E F G

E, Heinz bodies in blood from a cat. New methylene blue wet mount preparation. F, Eccentrocyte with a 
visible Heinz body in blood of a cat with acetaminophen toxicity. G, A large polychromatophilic erythrocyte 
(top), erythrocyte “ghost” containing a Heinz body (bottom), and an intact erythrocyte containing a Heinz 
body projecting from its surface (right) in blood from a dog with a hemolytic anemia resulting from the 
ingestion of several pennies containing zinc. Wright-Giemsa stain. 

FIGURE  4-79 
Transmission and scanning electron photomicrographs of Heinz bodies. A, Transmission electron photomi-
crograph of a Heinz body bound to the inner membrane of a horse erythrocyte.  B, Scanning electron pho-
tomicrograph of a Heinz body protruding from a cat erythrocyte.  C, Scanning electron photomicrograph of 
two erythrocyte ghosts, each containing a Heinz body. 

A, From Simpson CF. The ultrastructure of Heinz bodies in horse, dog, and turkey erythrocytes. Cornell Vet. 
1971;61:228-238. B, From Jain NC. Schalm’s Veterinary Hematology. 4th ed. Philadelphia: Lea & Febiger, 1986. 
C, From Jain NC. Schalm’s Veterinary Hematology. 4th ed. Philadelphia: Lea & Febiger; 1986.
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FIGURE  4-80 
Idiopathic Heinz body hemolytic anemia in a horse. A, Heinz bodies 
protruding from erythrocytes, including two erythrocytes that also 
contain hemoglobin crystals. A large platelet is located on the left side. 
Wright-Giemsa stain. B, Heinz bodies protruding from erythrocytes. 
Apparently shrunken erythrocytes with larger Heinz bodies stain more 
basophilic. New methylene blue reticulocyte stain. 

A

B

Siderotic inclusions in erythroid cells have been recognized 
in some dogs and cats with myeloid neoplasms.56,524 Acquired 
dyserythropoiesis with siderocytes has been reported in dogs 
in which specific etiologies could not be determined, although 
some of these animals had inflammatory disorders.81,513 Con-
genital anemias with ringed nucleated siderocytes have been 
reported in humans.60,233 Persistent siderotic inclusions have 
been recognized in microcytic hypochromic erythrocytes  
from an English bulldog; they were composed of degenerate 
iron-loaded mitochondria (see Fig. 4-82). Echinocytes and 
acanthocytes were present and erythrocytes contained Heinz 
bodies and low numbers of hemoglobin crystals (see Fig. 
4-83).209 A congenital defect resulting in mitochondrial iron 
overload and secondary oxidant injury was suspected but not 
identified.

Cabot Rings
Cabot rings are reddish purple-staining threadlike loops or 
figure-eight structures that are primarily found in reticulo-
cytes in humans.189 Diffuse basophilic stippling is usually also 
present. Spectral analysis indicates that Cabot rings contain 
arginine-rich histones but not DNA.401 They may be remnants 
of mitotic spindle microtubules. Cabot rings have been 
reported in erythrocytes from humans with cobalamin and 
folate deficiency, dyserythropoiesis, and myelodysplastic 
syndrome.189

Cabot rings have been observed in normal camel and llama 
erythrocytes stained with reticulocyte stains (Fig. 4-84, A,B) 
and less frequently in llama erythrocytes prepared with May-
Grunwald-Giemsa stain.30,321,483 Studies of lysed camelid 
erythrocytes demonstrate thin elliptical and figure-eight-
shaped structures in reticulocytes that presumably represent 
Cabot rings. When examined by transmission electron micros-
copy, these structures were described as marginal bands that 
are composed of microtubules and associated proteins. These 
marginal bands disappear as the cell matures.94

Cabot rings have been reported in a May-Grunwald-
Giemsa-stained blood film from a dog with dyserythropoiesis 
(Fig. 4-84, C,D).286 As in humans, most Cabot rings occurred 
in polychromatophilic erythrocytes.

I N F E C T I O U S  AG EN T S  O F 
ERY T H RO C Y T E S

A number of infectious agents are recognized to occur in or 
on erythrocytes. These include intracellular protozoal parasites 
(Babesia species, Theileria species, and Cytauxzoon felis), intra-
cellular rickettsial organisms (Anaplasma species), and epicel-
lular Mycoplasma species. The erythrocyte protozoal organisms 
(piroplasms) of the order Piroplasmida each have a nucleus 
within their cytoplasm. In contrast to Plasmodium and Hae-
moproteus genera, these organisms do not form pigment in 
infected erythrocytes even though they also consume hemo-
globin.491 The rickettsia and mycoplasma organisms are bac-
teria and therefore lack nuclei. These infectious agents 
generally cause mild to severe hemolytic anemia depending 
on the pathogenicity of the organism and the susceptibility of 
the host. Distemper virus inclusions may also be seen in dog 
erythrocytes.

Babesia Species
More than 100 species of Babesia are recognized to infect 
domestic animals, wild animals, and humans worldwide.228,491 
When stained with Romanowsky-type blood stains, a babesial 
organism (piroplasm) generally has colorless to light-blue 
cytoplasm with a red to purple nucleus (Fig. 4-85). Babesial 
parasites vary considerably in size from large (2.5-5.0 µm), 
easily visualized Babesia canis parasites (Fig. 4-85, A) to small 
(1.0-2.5 µm in diameter), difficult-to-see Babesia gibsoni 
(Fig. 4-85, B) and Babesia felis (Fig. 4-85, C) parasites. Large 
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A B C D

FIGURE  4-81  Diffuse and focal basophilic stippling

A, Diffuse basophilic stippling (bottom left) in a macrocytic polychromatophilic erythrocyte, a macrocytic 
erythrocyte (top right), and three normal-sized erythrocytes in blood from a cow with anaplasmosis (no organ-
isms present) and a subsequent regenerative anemia. Wright-Giemsa stain. B, Diffuse basophilic stippling in 
a large erythrocyte (left) in blood from a sheep with a regenerative anemia. Wright-Giemsa stain. C, Eryth-
rocytes containing a Howell-Jolly body (top), diffuse coarse basophilic stippling (middle), and diffuse fine 
basophilic stippling (bottom) in blood from a cat with Mycoplasma haemofelis infection (no organisms present) 
and a regenerative anemia. Wright-Giemsa stain. D, A polychromatophilic erythrocyte with basophilic stip-
pling (left) and a polychromatophilic metarubricyte (right) in blood from a dog with lead toxicity. Wright-
Giemsa stain. 

E F G

E, Focal basophilic stippling in an erythrocyte in blood from a dog treated with chloramphenicol. The inclu-
sions were shown to contain iron using the Prussian blue staining procedure and can therefore be called 
siderocytes. Wright-Giemsa stain. F, Focal basophilic stippling in two erythrocytes (siderocytes) in blood from 
a male Sheltie dog that had many siderocytes in his blood when examined several times over 4 years. Eryth-
rocytes were microcytic but the dog was not anemic. The dog was treated with hydroxyzine. Abnormalities in 
copper, zinc, and pyridoxine metabolism were ruled out, as was lead toxicity. Wright-Giemsa stain.  G, Iron-
positive inclusions in erythrocytes (siderocytes) in blood from the same dog as shown in (F), Prussian blue 
stain. 

F-G, Blood samples and case information provided by M. Plier.
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FIGURE  4-83 
Siderotic inclusions in microcytic hypochromic erythrocytes in a blood 
film from an English bulldog with a presumptive defect in mitochondrial 
iron metabolism. A, Basophilic stippling is diffuse in one erythrocyte (top 
center) but focal in other erythrocytes. Echinocytes and acanthocytes are 
present, and two erythrocytes contain hemoglobin crystals. Wright-
Giemsa stain. B, Focal (iron-positive) basophilic inclusions are present 
in a blood film from the same dog presented in (A). These siderotic 
inclusions were composed of degenerate, iron-loaded mitochondria (see 
Fig. 4-82). Prussian blue stain. 

A

B

FIGURE  4-84 
Cabot rings in erythrocytes. A, Cabot ring with a figure-eight shape in 
an erythrocyte from an adult alpaca with a moderately regenerative 
hypochromic iron-deficient anemia secondary to gastric ulceration and 
hemorrhage. New methylene blue reticulocyte stain. B, Erythrocyte with 
a Cabot ring at the periphery and a reticulocyte (bottom right) in blood 
from an adult alpaca with a moderately regenerative hypochromic iron-
deficient anemia secondary to gastric ulceration and hemorrhage. New 
methylene blue reticulocyte stain. C, Cabot ring with a figure-eight shape 
in an erythrocyte from a dog with dyserythropoiesis. D, Cabot rings in 
an erythrocyte from a dog with dyserythropoiesis. May-Grunwald-
Giemsa stain. 

A, From a stained blood film from a 2009 ASVCP slide review case submitted 
by B. Fierro and M. Scott. B, From a stained blood film from a 2009 ASVCP 
slide review case submitted by B. Fierro and M. Scott. C and D, From 
Lukaszewska J, Lewandowski K. Cabot rings as a result of severe dyseryth-
ropoiesis in a dog. Vet Clin Pathol. 2008;37:180-183.

A B

C D

FIGURE  4-82 
Transmission electron photomicrograph of a cluster of iron-loaded (dark 
material) degenerating mitochondria in a circulating erythrocyte from an 
English bulldog, which produced focal basophilic stippling seen in eryth-
rocytes by light microscopy in this animal (see Fig. 4-83). 

Courtesy of W. L. Clapp.
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A B C

D E F

FIGURE  4-85  Babesia organisms in erythrocytes

A, Two pear-shaped Babesia canis organisms in each of four erythrocytes in blood from a puppy with hemolytic 
anemia. Infected erythrocytes often were seen to be adhering to one another. Wright-Giemsa stain. B, Single 
small Babesia gibsoni organisms in two erythrocytes from a dog. C, Single Babesia felis organisms in three 
erythrocytes in blood from a domestic cat from South Africa. Wright stain. D, Two Babesia bigemina organ-
isms in an erythrocyte from a cow. Wright-Giemsa stain. E, Two pear-shaped Babesia caballi organisms in a 
horse erythrocyte. Wright-Giemsa stain. F, A single Babesia equi organism in one erythrocyte (top) and a 
Maltese cross of four organisms in another erythrocyte (bottom) in blood from a horse. Wright-Giemsa stain. 

babesial organisms generally appear pear-shaped and com-
monly occur in pairs. Small babesial organisms are more often 
round in shape. Aside from size, the morphology of protozoal 
organisms infecting erythrocytes is similar; therefore poly-
merase chain reaction (PCR) and 18S rRNA gene sequencing 
is required to specifically identify these organisms.228 New 
organisms will continue to be identified using genetic 
analysis.

Three genetically distinct large B. canis subspecies (B. canis 
canis, B. canis vogeli, and B. canis rossi) have been identified as 
causing disease in dogs.467 In reality, these organisms appear 
to be different species; consequently they may be renamed B. 
canis, B. vogeli (Fig. 4-85, A), and B. rossi, respectively.491 In 
addition, a large Babesia species was originally described in 
dogs in North Carolina; it has yet to be named.51,226,427 At least 
three small protozoal species, B. gibsoni (Fig. 4-85, B), Babesia 
conradae, and a Babesia microti-like organism cause disease in 

dogs. B. microti organisms exhibit characteristics of Theileria 
species, and a B. microcoti-like organism in dogs has been 
called Theileria annae, but a new genus may be required for 
this group of organisms.491

B. felis (Fig. 4-85, C) causes hemolytic anemia in cats in 
South Africa.362 Additional piroplasms have been identified 
by PCR in domestic cats, but their clinical significance remains 
to be determined.491 The two most important Babesia species 
infecting cattle appear to be Babesia bigemina (Fig. 4-85, D) 
and Babesia bovis. The two most important piroplasms infect-
ing horses are the large Babesia caballi parasite (Fig. 4-85, F) 
and the smaller, more pleomorphic Babesia. equi parasite (Figs. 
4-85, E, 4-86). Some investigators have recommended that 
B. equi be renamed Theileria equi based on genetic studies as 
well as finding schizonts transiently in lymphocytes.318 Other 
investigators believe B. equi belongs in a new genus that is 
distinct from both Babesia and Theileria.14,491
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FIGURE  4-86 
Babesia equi organisms in erythrocytes from a horse with clinical disease. 
Although pleomorphism (including variation in organism size) was 
prominent, PCR and gene sequencing of the 18S rDNA gene identified 
a single infective agent. Wright-Giemsa stain. 

Theileria Species
Theilerial organisms appear similar to babesial organisms 
when observed on stained blood films (Fig. 4-87, A). The 
genus Theileria differs from the genus Babesia in that the 
former species has a tissue phase as well as an erythrocyte 
stage of development. Schizonts develop in lymphoid cells 
and, when mature, release merozoites, which enter erythro-
cytes. Babesia organisms proliferate only in erythrocytes.

Theilerial species (Theileria parva and Theileria annulata) 
cause important diseases in ruminants in Africa, Asia, and the 
Middle East274; however, the theilerial organisms present in 
ruminants in the United States are usually nonpathogenic.245,453 
Piroplasms are commonly observed in deer blood in the 
United States (Fig.4-87, B). They are generally considered of 
low pathogenicity but may cause hemolytic anemia under 
some circumstances.544

Cytauxzoon felis
Cytauxzoon felis (Fig. 4-87, C,D), as its name implies, infects 
feline erythrocytes.185 It is similar in morphology to B. felis in 
erythrocytes (see Fig. 4-85, C). Like Theileria, the genus 
Cytauxzoon has both a tissue phase and an erythrocyte phase. 
In contrast to Theileria, the schizonts of Cytauxzoon develop 
in macrophages rather than in lymphocytes.

Anaplasma Species
Anaplasma organisms appear as round to oval basophilic inclu-
sions in ruminant erythrocytes (Fig. 4-88), which must be 
differentiated from Howell-Jolly bodies.500 Although morulae 
are not appreciated by light microscopy, the inclusions consist 
of one to several subunits within a membrane-lined vesicle 
(Fig. 4-89). The size of an inclusion seen by light microscopy 

is directly related to the number of subunits present. Unlike 
Howell-Jolly bodies, Anaplasma organisms are generally not 
perfect spheres, and most are smaller than Howell-Jolly bodies. 
Anaplasma marginale is an important pathogen of cattle. 
Organisms are often located at the margin in erythrocytes 
when viewed on stained blood films (see Fig. 4-88). Anaplasma 
centrale is less pathogenic and organisms are more often located 
more centrally in erythrocytes when viewed on stained blood 
films.159 Anaplasma ovis (see Fig. 4-88, C) is pathogenic for 
sheep, goats, and some wild ruminants.112

Distemper Inclusions
Viral inclusions may be seen in the blood cells of some dogs 
during the viremic stage of canine distemper virus infec-
tion.181,504 These inclusions can be difficult to visualize when 
routine Wright or Giemsa stains are used. In erythrocytes, 
they appear as variably sized round, oval, or irregular blue-gray 
inclusions that most often occur in polychromatophilic cells 
(Fig. 4-90, A). For an unknown reason, distemper inclusions 
typically stain red and are easier to see in erythrocytes stained 
with the aqueous Diff-Quik stain (Fig. 4-90, B), which is a 
rapid modified Wright stain.13,198

FIGURE  4-87 
Theileria and Cytauxzoon organisms in erythrocytes. A, Theileria buffeli 
organism in an erythrocyte in blood from a cow. Wright stain. (Photo-
graph from a 2001 ASVCP slide review case submitted by A. Boisvert and  
R. Pillars.) B, Theileria cervi organisms in erythrocytes in blood from a 
white-tailed deer. Several drepanocytes (sickle erythrocytes) are present. 
Wright-Giemsa stain. C, A Cytauxzoon felis organism in a domestic cat 
erythrocyte. Wright-Giemsa stain. D, Single Cytauxzoon felis organisms 
in several domestic cat erythrocytes. Wright-Giemsa stain. 

A B

C D

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	4	 n	 Evaluation	of	Erythrocytes	 87

Distemper inclusions are composed of aggregates of viral 
nucleocapsids.310 The presence of viral inclusions in anucleated 
cells is explained by the fact that they form within nucleated 
erythroid precursors in the bone marrow and persist following 
expulsion of the nucleus.181

Hemotropic Mycoplasmas (Hemoplasmas)
Hemotropic mycoplasmas are gram-negative non-acid-fast 
bacteria that attach to the external surfaces of erythrocytes 
(Figs. 4-91, 4-92, 4-93), although evidence that Mycoplasma 
suis can enter erythrocytes has recently been published.187 

Hemoplasmas has been proposed as a trivial name for these 
hemotropic mycoplasmas.340

Hemoplasmas appear as small (generally 0.5 to 1 µm) 
blue-staining cocci, rods, or rings on erythrocytes in blood 
films stained with Wright-type blood stains (Fig. 4-94, A,B). 
Reticulocyte stains cannot be used to search for mycoplasmas 
because the basophilic ribosomal material in reticulocytes can 
appear similar to the organisms. These organisms were classi-
fied as rickettsia in the genus Haemobartonella or the genus 
Eperythrozoon for many years.202 Organisms that were tightly 
bound to erythrocyte surfaces, with prominent cocci and rod 

FIGURE  4-88 
Anaplasma organisms in erythrocytes. A, Anaplasma marginale organism located within an erythrocyte in blood 
from a Holstein cow. Three platelets are also visible (right). Wright-Giemsa stain. B, An erythrocyte contain-
ing an Anaplasma marginale organism (bottom left), a macrocytic erythrocyte (top left), and an abnormally 
shaped erythrocyte with basophilic stippling (right) in blood from a Holstein cow. Wright-Giemsa stain. 
C, Anaplasma ovis organisms in blood from a 6-month-old goat with esophageal perforation and intestinal 
Trichostrongylus infestation. Wright-Giemsa stain. 

A B C

FIGURE  4-89 
Transmission electron photomicrograph of Anaplasma marginale organ-
isms in bovine erythrocytes. A, Binary fission of an Anaplasma organism 
within an erythrocytic vacuole. B, Six Anaplasma organisms within an 
erythrocytic vacuole. 

From Simpson CF, Kling JM, Love JN. Morphologic and histochemical nature 
of Anaplasma marginale. Am J Vet Res. 1967;28:1055-1065.

A B

FIGURE  4-90 
Distemper inclusions in dog erythrocytes. A, Round blue-gray distemper 
inclusion in a polychromatophilic erythrocyte (top left). Wright-Giemsa 
stain. B, Two round reddish distemper inclusions in erythrocytes in 
blood from the same dog as shown in (A). The inclusion at top right is 
in a large polychromatophilic erythrocyte. Diff-Quik stain. 
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FIGURE  4-92 
Transmission photomicrograph of Mycoplasma haemofelis organisms 
attached to the external surface of a cat erythrocyte. 

From Simpson CF, Gaskin JM, Harvey JW. Ultrastructure of erythrocytes 
parasitized by Haemobartonella felis. J Parasitol. 1978;64:504-511.

FIGURE  4-93 
Scanning electron photomicrograph of a bovine erythrocyte parasitized 
with M. wenyoni. 

From Keeton KS, Jain NC. Eperythrozoon wenyoni: a scanning electron 
microscopy study. J Parasitol. 1973;59:867-873.

FIGURE  4-91 
Scanning electron photomicrograph of erythrocytes from a cat infected 
with Mycoplasma haemofelis. 

From Harvey JW. Hemotrophic mycoplasmosis (hemobartonellosis). In: Greene 
CE, ed. Infectious Diseases of the Dog and Cat. 3rd ed. Philadelphia: 
Saunders Elsevier; 2006:252-260.

forms, were classified in the Haemobartonella genus. Organ-
isms that were often found between erythrocytes, as well as 
adhered to erythrocytes, with prominent ring forms, were 
classified in the Eperythrozoon genus. These criteria seemed 
inadequate for the establishment of two genera, especially 
since the frequency of ring forms and the number of free 
organisms can be influenced to some degree simply by the 

manner in which a blood film is prepared. In addition, organ-
isms detach from erythrocytes over time in blood samples 
collected using EDTA as an anticoagulant (Fig. 4-94, C).12

Results from sequencing of the 16S rRNA gene indicate 
that all of these epicelluar erythrocyte parasites are mycoplas-
mas.202,539 Consequently the Haemobartonella and Eperythro-
zoon genera have been discarded and organisms in these 
genera were moved to the genus Mycoplasma. Species names 
often include the prefix haemo (e.g., Mycoplasma haemofelis) 
to identify these unique mycoplasmas that attach to 
erythrocytes.

Three different hemoplasmas have been identified in cats 
based on 16S rRNA gene sequences, Mycoplasma haemofelis 
(formerly called the large form of Haemobartonella felis), Can-
didatus Mycoplasma haemominutum (formerly called the small 
form of Haemobartonella felis), and Candidatus Mycoplasma 
turicensis.473,539 M. haemofelis is more pathogenic than either 
of the other organisms.473

M. haemofelis organisms appear as small blue-staining 
cocci, rods, or rings on feline erythrocytes (see Fig. 4-94, A). 
Chains of organisms may be present on the surface of heavily 
parasitized erythrocytes (Fig. 4-95). Ring- and rod-shaped 
organisms are seen more readily in thin blood films. Organ-
isms are pleomorphic and vary in size, but most are between 
0.5 and 1.5 µm in diameter or length. They appear to be 
partially buried in indented foci on the surface of the eryth-
rocytes (Fig. 4-96). Parasitized erythrocytes may lose their 
normal biconcave shape and become spherocytes or stomato-
spherocytes (see Fig. 4-91). Organisms occur in cyclic para-
sitemias; consequently they are not always identifiable in 
blood even during acute infections.202

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	4	 n	 Evaluation	of	Erythrocytes	 89

FIGURE  4-94  Hemotrophic mycoplasmas (hemoplasmas)

A B C D

A, Mycoplasma haemofelis organisms located on the surface of erythrocytes in blood from a cat. Some organ-
isms appear as rings, including the unattached one at the bottom right. Wright-Giemsa stain. B, Mycoplasma 
haemominutum organisms on the outside of an erythrocyte. C, An aggregate of free Mycoplasma haemofelis 
organisms that have detached from erythrocytes following 3 days in transit to the laboratory of infected blood 
collected with EDTA as the anticoagulant. Wright stain.  D, Mycoplasma haemocanis organisms located on 
the outside of erythrocytes in blood from a dog. One erythrocyte (center) has a rod-shaped structure on its 
surface that may be composed of two closely associated organisms, while another erythrocyte (top right) has 
many organisms forming filamentous chains in deep grooves on its surface. A platelet and large polychro-
matophilic erythrocyte are also present. Wright-Giemsa stain. 

E F G H

E, Mycoplasma suis organisms on the surface of erythrocytes and between erythrocytes in blood from a 
splenectomized pig. Erythrocytes appear as echinocytes, a normal finding in pig blood. Wright stain.  
F, Mycoplasma ovis organisms between erythrocytes in blood from a sheep. Wright-Giemsa stain. G, Myco-
plasma wenyoni organisms between erythrocytes in blood from a Charolais bull. Wright stain. H, Mycoplasma 
haemolamae organisms on the surface of erythrocytes and between erythrocytes in blood from a llama. Wright-
Giemsa stain. 

B, Courtesy of J. B. Messick. C, From Allison RW, Fielder SE, Meinkoth JH. What is your diagnosis? Blood film 
from an icteric cat. Vet Clin Pathol. 2010;39:125-126. E, Photograph of a stained blood film from a 1980 ASVCP 
slide review case submitted by G. Searcy. F, Photograph of a stained blood film from a 1993 ASVCP slide review case 
submitted by E. G. Welles, J. W. Tyler, and D. F. Wolfe.

Candidatus M. haemominutum organisms (see Fig. 4-94, B) 
are rarely recognized in stained blood films. When seen, they 
appear as small rods or coccoid organisms and infrequently as 
ring forms, which stain less densely and measure about half 
the size (approximately 0.3 µm) of M. haemofelis.142,165 
However, this reported size difference has been challenged by 
the finding of a Candidatus M. haemominutum isolate in 
Great Britain that is about 0.6 µm in diameter.472 Conse-
quently morphologic appearance is not reliable in distinguish-
ing these isolates; genetic analysis is needed for specific 

identification. Candidatus M. turicensis has been documented 
in blood from many cats using PCR-based assays, but it has 
not yet been identified in stained blood films from infected 
cats, presumably because of the low numbers of organisms 
present.539

Three hemoplasmas have been reported in dogs based on 
16S rRNA gene sequences. Organisms are generally observed 
only in splenectomized or immunosuppressed dogs.202 Single 
Mycoplasma haemocanis (formerly Haemobartonella canis) 
organisms dimple the surface of host erythrocytes in a manner 
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similar to M. haemofelis and chains of organisms are frequently 
found in grooves or deep folds, which can markedly distort 
the erythrocyte shape and appear as filamentous structures on 
the surface of erythrocytes (see Fig. 4-94, D). M. haemocanis 
has long been considered to be a distinctly different organism 
from M. haemofelis, but the sequence of the 16S rRNA gene 
of a M. haemocanis isolate from one dog was remarkably 
similar (99% homology) to that of M. haemofelis.67 More 

recent studies evaluating RNase P gene sequences demon-
strated a lower degree of sequence homology between the two 
organisms (about 95%), suggesting that the organisms may 
represent different species.48

A hemoplasma with 99% 16S rRNA gene homology to 
Candidatus M. haemominutum has been identified in a dog 
in China.551 Another hemoplasma with somewhat less 16S 
rRNA gene homology has been identified in multiple coun-
tries and classified as Candidatus Mycoplasma haematopar-
vum.35,465,539 Candidatus Mycoplasma haematoparvum appeared 
as small (0.3 µm), basophilic coccoid bodies on the surface of 
erythrocytes in a stained blood film from a dog.464

Hemoplasmas, previously classified as Eperythrozoon 
organisms, infect pigs (Mycoplasma suis, Fig. 4-94, E),221 sheep 
and goats (Mycoplasma ovis, Fig. 4-94,G),339 cattle (Myco-
plasma wenyoni [Figs. 4-93, 4-94, F], and Candidatus Myco-
plasma haemobos or the synonymous Candidatus Mycoplasma 
haemobovis),343,457,493 and llamas and alpacas (Candidatus 
Mycoplasma haemolamae, Fig. 4-94, H).315,390

Hemoplasma infections have been recognized for many 
years in animals but, using PCR assays, have only recently 
been documented in humans. These human organisms were 
related to M. suis, M. wenyoni, and M. ovis. 95,466 Based on the 
widespread use of PCR assays, new hemoplasmas will 
undoubtably be identified in animals and humans.

Bartonella Species
Members of the Bartonella species are small gram-negative 
bacteria. Cats and dogs are infected with multiple Bartonella 
species.88 Bartonella henselae appears to be the primary cause 
of cat-scratch disease in humans. This organism causes mild 
illness and anemia in cats during the initial infection; subse-
quently, however, cats generally become carriers without evi-
dence of disease.63 This small rod-shaped bacterium occurs 
within erythrocytes264 but is rarely appreciated in blood films 
of bacteremic cats (Fig. 4-97, A), even though the organism 
can be cultured from the blood of many healthy cats.63

Artifacts Resembling Infectious Agents
Erythrocyte parasites (especially hemoplasmas) must be dif-
ferentiated from precipitated stain, refractile drying or fixa-
tion artifacts (Fig. 4-97, B), poorly staining Howell-Jolly 
bodies, and basophilic stippling. Platelets overlying erythro-
cytes (Fig. 4-97, C) may also be confused with erythrocyte 
parasites, especially Babesia species.

ERY T H RO C Y T E  A S S AY S
Erythrocyte Counts, Hematocrit, and  
Hemoglobin Content
Erythrocytes in blood are quantified by cell counting (number 
of cells per microliter), by determining blood hemoglobin 
content (grams per deciliter), and by determining the hema-
tocrit (HCT) as a percentage of blood volume. Because essen-
tially all hemoglobin is present within erythrocytes, the 
erythrocyte count or red blood cell (RBC) count, HCT, and 

FIGURE  4-95 
Large numbers of Mycoplasma haemofelis organisms (including ones 
forming chains) located on the outside of erythrocytes in blood from a 
cat. A large polychromatophilic erythrocyte (aggregate reticulocyte) is 
also present (upper right). Wright-Giemsa stain. 

FIGURE  4-96 
Blood film from a cat with Mycoplasma haemofelis infection demonstrat-
ing features that help distinguish this parasite from stain precipitation. 
An organism indents the membrane of the erythrocyte in the upper left. 
A second organism (center right) binds two areas of an erythrocyte mem-
brane together. Two polychromatophilic erythrocytes (aggregate reticu-
locytes) are also present. 
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hemoglobin content parallel each other when a change occurs. 
The term packed cell volume (PCV) is often used when the 
HCT is measured by centrifugation of blood in a microhe-
matocrit centrifuge. The PCV is the easiest and most repro-
ducible test available for quantifying erythrocytes in clinical 
practice. The RBC count and hemoglobin content need to be 
measured only when erythrocyte indices are to be calculated.

The RBC count and mean cell volume (MCV) are accurate 
if they are measured using an electronic cell counter that has 
been designed or adjusted to measure the variably sized eryth-
rocytes of animals. Hemoglobin concentration is measured 
spectrophotometrically. Modern electronic cell counters cal-
culate the HCT using the measured RBC count and MCV. 
This efficiency negates the need to centrifuge a microhema-
tocrit tube of blood. Unfortunately, useful information con-
cerning the appearance of plasma is missed when the HCT 
is determined electronically unless a serum sample is also 
prepared for clinical chemistry tests.

Cats, dogs, hot-blooded horses, and some marine diving 
mammals (e.g., seals) have large (as much as one-third of the 
total blood volume in horses) contractile spleens.449 This pro-
vides a blood reservoir that can be released into the general 
circulation in response to sympathetic stimulation induced by 
exercise, hypoxia, hemorrhage, or excitement. The capacity of 
the spleen to expand and contract results in substantial changes 
in the peripheral blood HCT in these species because the 
HCT in the spleen (about 80%-90%) is much higher than 
that in peripheral blood.110,449 Maximal splenic contraction 
increases the HCT 1.3- to 1.5-fold above resting levels in 
these species.66,110,309 The HCT is slightly higher in spleen-
intact versus splenectomized dogs, presumably because basal 

sympathetic tone keeps the spleen slightly contracted during 
the awake resting state.110 A slight postprandial increase in 
HCT has been reported after feeding dogs and sheep; this 
persists for several hours, and most of this change in dogs and 
about half of this change in sheep is attributable to splenic 
contraction.123,268 HCT increases associated with splenic con-
traction in ruminants and pigs are smaller than increases in 
cats, dogs, and horses.376,448 Conversely, anesthesia (especially 
with barbiturates) can produce splenic enlargement, causing 
the HCT to drop below reference intervals.66

Maximum information can be gained by interpretating the 
HCT and plasma protein concentrations simultaneously. 
Various combinations of low, normal, or high HCT values 
may occur with low, normal, or high plasma protein concen-
trations. The various combinations and examples of how they 
can be interpreted are given in Box 4-1.

Reticulocyte Counts
Manual methods used in performing reticulocyte staining and 
counting are given in Chapter 2. Reticulocytes in cats are 
classified as aggregate (if coarse clumping is observed) or 
punctate (if small individual inclusions are present). In healthy 
cats as well as cats with regenerative anemia, the number of 
punctate reticulocytes is much greater than that seen in other 
species.15 In contrast to those of the cat, most reticulocytes in 
other species are of the aggregate type; consequently no 
attempt is made to differentiate stages of reticulocytes except 
in cats. The higher number of punctate reticulocytes occurs  
in cats because the maturation (loss of ribosomes) of  
reticulocytes in cats is slower than that in other species. 
Aggregate reticulocytes in the circulation mature to punctate 

FIGURE  4-97 
Bartonella organisms and artifacts that might be confused with erythrocyte parasites. A, Bartonella henselae 
organisms in an erythrocyte (center right) from a confirmed bacteremic cat. In addition to blood culture, 
organisms were identified in fixed erythrocytes using a fluorescent-labeled antibody. Wright-Giemsa stain.  
B, Drying artifact and precipitated stain present in this blood film from a cat may be confused with blood 
parasites. Wright-Giemsa stain. C, A platelet overlying an erythrocyte (bottom left) may be confused with a 
blood parasite in this blood film from a dog. Wright-Giemsa stain. 

A, Courtesy of R. E. Raskin.
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reticulocytes in a day or less, but a week or more is required 
for maturation (total disappearance of ribosomes) of punctate 
reticulocytes in cat blood.133 Percentages of both types should 
be reported separately in cats. Manual reticulocyte counts 
were done in blood from 41 healthy cats. Aggregate reticulo-
cyte counts were between 0% and 0.9% and punctate reticu-
locyte counts were between 0% and 7.4%.

Raw (uncorrected) manual reticulocyte counts can be mis-
leading when moderate to severe anemia is present because 
reticulocytes are quantified as a percentage of the total number 
of erythrocytes (reticulocytes plus mature erythrocytes) 
counted. The raw reticulocyte count (percent) would be higher 
in an anemic animal (with a lower number of mature eryth-
rocytes) than it would be in a normal animal (with a higher 
number of mature erythrocytes), even if the actual number of 
reticulocytes per microliter in the circulation was the same in 
each animal. Consequently reticulocyte counts should either 
be corrected for the degree of anemia using the HCT or an 
absolute reticulocyte count should be calculated using the 
total RBC count. The reticulocyte count is corrected by divid-
ing the patient’s HCT by the mean normal HCT for the 
species and then multiplying this value by the raw reticulocyte 
count to obtain a corrected reticulocyte count.

Corrected reticulocyte count
patient’s HCT/mean normal HC= ( TT for species

raw reticulocyte count in percent
)

×

For example, if the raw reticulocyte count was determined 
to be 6% in a dog with an HCT of 9%, the corrected 

reticulocyte count would be 9 divided by 45 (mean normal 
HCT for dogs) times 6% = 1.2%. The corrected reticulocyte 
count is used to determine whether reticulocytes are truly 
increased in blood. Although the raw reticulocyte count (6%) 
suggests that the reticulocyte numbers were increased sub-
stantially in blood, the corrected reticulocyte count demon-
strates that little increase in reticulocyte numbers was present 
in blood. Normal dogs generally have no more than about 1% 
reticulocytes when this value is determined by manual 
methods.

If the total RBC count is known, an absolute reticulocyte 
count (reticulocytes per microliter) can be determined. This is 
done by multiplying the percentage of reticulocytes counted 
(expressed as a fraction) by the total RBC count.

Absolute reticulocyte count ( )
(

per microliter
RBC count per = mmicroliter
raw reticulocyte count fraction

)
( )×

It should be noted that the calculations of absolute reticu-
locyte counts and corrected reticulocyte counts are indepen-
dent calculations, with each one using the original raw 
reticulocyte count.

Absolute reticulocyte counts in normal dog are generally 
less than 80 × 103/µL when manual counts are done. Deter-
mined manually, absolute aggregate reticulocyte counts in 41 
normal cats were between 0 and 95 × 103/µL and absolute 
punctate reticulocyte counts were between 0 and 650 × 103/µL.

Absolute reticulocyte counts can also be determined 
directly by flow cytometry with some automated hematology 
analyzers. These instruments provide more rapid results with 
better precision than the manual method. Their use is also 
much less labor-intensive. However, it is essential that these 
automated counts be validated by comparing automated 
counts against manual counts for accuracy. Automated refer-
ence intervals can vary considerably depending on the instru-
ment used. In cats, it is especially important to determine 
whether some punctate reticulocytes are counted by the 
machine, along with the aggregate reticulocytes, before  
the reticulocyte counts can be interpreted appropriately. The 
Advia 120 (Siemens Healthcare Diagnostics, Inc., Tarrytown, 
NY) hematology analyzer appears to count primarily aggre-
gate reticulocytes in cats; reticulocyte counts from the same 
41 normal cats listed above were between 8 × 103/µL and 57 
× 103/µL, when measured by the Advia 120. This was similar 
to the absolute reticulocyte counts in 58 normal dogs, which 
were between 8 × 103/µL and 65 × 103/µL when measured 
using the Advia 120.

The corrected reticulocyte response to blood loss anemia in 
the cat is shown in Figure 4-98.15 As in other species, about 
4 days are required to obtain a maximal aggregate reticulocyte 
response to anemia because of the time needed for the pro-
duction of aggregate reticulocytes from progenitor cells. The 
maximal punctate response occurs considerably later, primar-
ily because of the long time required for punctate reticulocytes 
to mature to erythrocytes. As can be seen in Figure 4-98, 

Normal HCT with
Low TPP: Gastrointestinal protein loss, proteinuria, severe 
liver disease, vasculitis
Normal TPP: Normal
High TPP–Increased globulin synthesis, dehydration-masked 
anemia

High HCT with
Low TPP: A combination of splenic contraction and a source 
of protein loss
Normal TPP: Splenic contraction, primary or secondary eryth-
rocytosis, dehydration-masked hypoproteinemia
High TPP: Dehydration

Low HCT with
Low TPP: Substantial ongoing or recent blood loss, 
overhydration
Normal TPP: Increased erythrocyte destruction, decreased 
erythrocyte production, chronic blood loss
High TPP: Anemia of inflammatory disease, multiple myeloma, 
lymphoproliferative diseases, hepatocellular carcinoma (one 
report in a dog)97

Box 4-1 
Concomitant Interpretation  
of Hematocrit (HCT) and  
Total Plasma Protein (TPP) 
Concentration
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Erythrocyte Indices
Determination of erythrocyte indices can assist in the dif-
ferential diagnosis of anemia. Of the erythrocyte parameters 
routinely determined or calculated, the MCV is the most 
useful.

Mean Cell Volume
The MCV represents the average volume of a single erythro-
cyte in femtoliters (10−15 L) in a population of erythrocytes 
(typically whole blood). Erythrocytes lose volume and hemo-
globin through vesiculation as they age. The MCV measured 
in an aged human erythrocyte population was decreased by 
30%, while the mean cell hemoglobin concentration (MCHC) 
was increased by 15%.535 The MCV is determined most accu-
rately by direct measurement with electronic cell counters. It 
can be determined indirectly by dividing the HCT (as a per-
centage) by the RBC count (in millions of cells per microliter) 
and multiplying by 10, but this calculated value is less accurate 
because two separate measurements are required. The MCV 
varies greatly depending on species. Mammals have smaller 
erythrocytes than birds, reptiles, or amphibians.215 Erythro-
cytes (and other blood cell types) are especially large in 
amphibians with MCVs in excess of 10,000 fL in the Amphi-
uma salamander (see Fig. 4-8).175 Species with larger erythro-
cytes have lower RBC counts, resulting in similar HCTs and 
hemoglobin concentrations in mammals and birds.215 MCVs 
can vary with age, with higher MCVs reported in older horses 
and cattle.84,238 Slight increases in MCVs are reported with 
exercise in horses.302,329

When identified, high MCV values (macrocytosis) are 
usually associated with regenerative anemias because the 
volumes of individual reticulocytes (especially stress reticulo-
cytes) are larger than the volumes of mature erythrocytes. 
However, it is important to remember that many macrocytic 
cells must be present to increase the MCV above the normal 
reference interval; consequently the MCV is usually within 
reference intervals in animals with regenerative anemia.119 
Some dogs with nonregenerative immune-mediated anemia 
and/or myelofibrosis also have a macrocytosis.454 High MCVs 
may occur in animals with myeloid neoplasms and nonregen-
erative anemia.125,257,527 Macrocytosis is often seen in feline 
leukemia virus (FeLV)-positive cats with nonregenerative 
anemias.507 Folate deficiency has been reported as a cause of 
macrocytic nonregenerative anemia in a cat.332 Macrocytosis 
(without anemia or reticulocytosis) occurs in some apparently 
healthy miniature and toy poodle dogs that have variable 
megaloblastic abnormalities in the bone marrow and normal 
serum folate and cobalamin values.80 Dogs with hereditary 
stomatocytosis may have high MCVs, with normal or only 
slightly increased reticulocyte counts.59,231 Some cats with 
hyperthyroidism have slightly increased MCVs with normal 
or increased HCTs.365 Macrocytic anemia has been reported 
in Hereford calves with congenital dyserythropoiesis. In these 
calves, many nucleated erythrocytes are present in blood but 
reticulocyte counts are only slightly increased.447

punctate reticulocyte continue to be released from bone 
marrow after the HCT begins to increase and aggregate retic-
ulocyte release has ceased. Consequently cats with mild regen-
erative anemia may have increased punctate reticulocyte 
counts and normal aggregate reticulocyte counts (see Fig. 
4-23, A).

Lower HCTs typically result in higher plasma erythropoi-
etin concentrations,351 which lead to higher absolute blood 
reticulocyte counts (except in horses) if the marrow is able to 
respond appropriately. High erythropoietin concentrations 
also lead to the early release of reticulocytes from the bone 
marrow into the blood.7 Instead of continuing to mature in 
the bone marrow, these more immature reticulocytes mature 
in the circulation. This reticulocyte maturation time or resi-
dence time increases from about 0.5 day to 1 day in sheep 
following a phlebotomy removing more than half of the cir-
culating erythrocyte mass.146 Absolute reticulocyte counts are 
generally higher in response to hemolytic anemia than they 
are in response to hemorrhage, presumably because plasma 
iron concentration is high in animals with hemolytic anemia 
and normal or low in animals following hemorrhage. Conse-
quently the presence of a marked reticulocytosis indicates the 
likelihood that increased erythrocyte destruction is the cause 
of the anemia. When the degree of anemia is severe, basophilic 
macroreticulocytes or so-called stress reticulocytes may be 
released into the blood (see Fig. 4-21). It is proposed that one 
less mitotic division occurs during production and that large 
immature reticulocytes are released. Although a portion of 
these macroreticulocytes may be rapidly removed from the 
circulation, it appears from studies in cats that some can 
mature into large (macrocytic) erythrocytes with relatively 
normal life spans.506

FIGURE  4-98 
Reticulocyte response following controlled bleeding in cats. Reticulocyte 
counts have been corrected using packed cell volume (PCV) values. 

Data from Alsaker RD, Laber J, Stevens JB, et al. A comparison of polychro-
masia and reticulocyte counts in assessing erythrocyte regenerative response in 
the cat. J Am Vet Med Assoc. 1977;170:39.
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High MCVs may occur as an artifact secondary to  
agglutination of erythrocytes, as can occur in immune-
mediated disorders or following heparin administration to 
horses.322,374,489,550 MCVs may also be spuriously increased in 
cats and dogs with persistent hypernatremia because the cells 
can swell in vitro when diluted with counting fluid prior to 
sizing in an electronic cell counter.58 Finally, MCVs increase 
with prolonged storage of blood samples; however, the increase 
may not be sufficient to elevate the value beyond the reference 
interval.156,311

Macrocytosis is more likely to occur in response to hemo-
lytic anemia than to hemorrhage, at least in part because 
serum iron concentration is increased in animals with hemo-
lytic anemia. While iron does not stimulate erythropoiesis, 
decreased iron availability may limit the erythropoietic 
response following hemorrhage. Reticulocytes, especially 
those produced in response to severe anemia (stress reticulo-
cytes), are larger than mature erythrocytes. A week or more is 
required before macrocytosis occurs in response to hemolytic 
anemia. Although the bone marrow normally contains some 
reticulocytes undergoing maturation, most reticulocytes 
released from the bone marrow in response to anemia must be 
formed de novo. A minimum of 4 days is required for a peak 
reticulocyte response to occur,15,136,364 and then the newly pro-
duced, larger cells must comprise a high enough percentage of 
the total erythrocytes present to increase the MCV above the 
reference interval. Although there is a reduction in size as 
reticulocytes mature into erythrocytes, larger-than-normal 
reticulocytes produce larger-than-normal erythrocytes.506

The erythrocytes produced in the fetus are larger than those 
produced in the adult.10,62,334 There is a gradual decrease in 
MCV during fetal development. The MCV is within adult 
reference intervals in horses and cattle at birth.207,238 The 
MCV is above adult reference intervals in dogs and cats at 
birth, and it declines as the larger erythrocytes formed in the 
fetus are replaced by smaller erythrocytes produced after 
birth.126,508

Microcytic (low-MCV) anemias usually indicate the pres-
ence of chronic iron deficiency.204 Microcytic iron-deficiency 
anemia in adult animals is almost always due to chronic hem-
orrhage. Depending on the initial MCV and the magnitude 
of ongoing blood loss, one or more months are required before 
the MCV decreases below the reference interval. Body iron 
stores must be depleted and then the microcytes formed must 
comprise a high enough percentage of the total erythrocytes 
present to decrease the MCV below the reference interval. 
Microcytic anemia rarely occurs as a result of dietary iron 
deficiency in adult animals. However, iron deficiency without 
blood loss is common in nursing animals, because milk is low 
in iron and these rapidly growing animals have an increased 
demand for iron.204 Although microcytes are often formed in 
nursing animals, the MCV may not be reduced in iron-
deficient neonatal dogs and cats because of the persistence of 
macrocytes formed before birth.508 Even if body iron stores 
have not been depleted, erythrocytes may become microcytic 
in dogs given long-term recombinant canine erythropoietin 

(rcEPO) therapy.387 Microcytosis apparently occurs because 
iron delivery to the developing erythroid cells is not sufficient 
to fully support the accelerated erythropoiesis accompanying 
rcEPO administration.

Copper is needed for optimal iron absorption and release 
from body iron stores. Consequently prolonged copper defi-
ciency results in microcytic anemia in some species. Pyridox-
ine is required for the first step in heme synthesis. Although 
natural cases of pyridoxine deficiency have not been docu-
mented in domestic animals, microcytic anemias with high 
serum iron values have been produced experimentally in dogs, 
cats, and pigs with dietary pyridoxine deficiency.205

The MCV may be slightly decreased in association with 
the anemia of inflammatory disease, but the MCV is at the 
low end of the reference interval in most cases. Microcytosis 
is common in dogs with portosystemic shunts.243 In these 
cases, the MCV is seldom more than 7 fL below the reference 
interval and the HCT is within the reference interval or only 
slightly decreased.201 This modest decrease in MCV may be 
masked if blood is stored for 24 hours before being assayed.178 
Some cats with portosystemic shunts and hepatic lipidosis 
exhibit slight microcytosis.85,280 Drugs or chemicals that inter-
fere with heme synthesis, such as chloramphenicol, lead, and 
probably hydroxyzine (dogs) have the potential for causing  
the formation of microcytic erythrocytes with siderotic inclu-
sions.205 Microcytic anemia may also occur in myeloid 
neoplasms exhibiting iron accumulation in erythroid cells.524 
Persistent siderotic inclusions have been recognized in micro-
cytic hypochromic erythrocytes from an English bulldog (see 
Fig. 4-83, A,B). These erythrocytes also contained Heinz 
bodies and rare hemoglobin crystals.209 A congenital defect 
resulting in mitochondrial iron overload and secondary 
oxidant injury was suspected but not identified. A nonregen-
erative microcytic anemia with many circulating nucleated 
erythrocytes has been reported in related English springer 
spaniels with dyserythropoiesis, polymyopathy, and heart 
disease.223 Microcytosis has been described in a crossbred dog 
with persistent elliptocytosis resulting from a lack of erythro-
cyte membrane protein band 4.1. Although the animal was 
not anemic, the reticulocyte count was about twice normal in 
response to a shortened erythrocyte life span.205 Some Japa-
nese breeds (Akita and Shiba) normally have MCV values 
below the reference intervals established for other breeds of 
dogs, but they are not anemic.115,179

Spurious microcytosis may occur when platelets are 
included with erythrocytes in MCV calculations in severely 
anemic animals or animals with marked thrombocytosis.550 
MCVs may also be spuriously decreased in dogs with persis-
tent hyponatremia because the erythrocytes shrink when they 
are diluted in vitro with counting fluid prior to sizing in an 
electronic cell counter.58

Mean Cell Hemoglobin Concentration
The MCHC represents the average hemoglobin concentra-
tion within erythrocytes. It is calculated by dividing the  
whole blood hemoglobin value (in grams per deciliter) by the 
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dogs with hereditary stomatocytosis because the increased 
intracellular water, which occurs in this condition, dilutes the 
hemoglobin concentration within the cells.59,231 MCHCs may 
be spuriously decreased in cats and dogs with persistent 
hypernatremia because the cells can swell when they are 
diluted with counting fluid prior to analysis in an electronic 
cell counter.58

Mean Cell Hemoglobin
The mean cell hemoglobin (MCH) is calculated by dividing 
the hemoglobin value (in grams per deciliter) by the RBC 
count (in millions of cells per microliter) and multiplying  
by 10. The MCH provides no added value because it depends 
on the MCV and MCHC. It usually correlates directly with 
the MCV except in animals with macrocytic hypochromic 
erythrocytes.

Red Cell Distribution Width
The red cell distribution width (RDW) is an electronic 
measure of anisocytosis or erythrocyte volume heterogeneity. 
A histogram of the volume of individual erythrocytes reveals 
a plot approximating a Gaussian distribution. Consequently 
one can calculate the degree of size variation by determining 
the standard deviation (SD) of erythrocyte volumes. However, 
the SD depends on the size of the cells as well as the degree 
of size variation around the MCV. To provide a measure of 
size variation that does not depend on how large the cells are, 
the coefficient of variation of erythrocyte volume is calculated 
by dividing the SD by the MCV and then multiplying by 100. 
In short, the RDW is the SD of erythrocyte volumes expressed 
as a percentage of the mean erythrocyte volume.

Reference values vary depending on the instrument used 
to measure the RDW. Cattle and horses normally have some-
what higher RDW values than cats and dogs.505 One need 
only refer to the upper limit of a reference interval in examin-
ing data from a patient, because there is no pathologic state 
in which erythrocytes have greater volume homogeneity 
(lower RDW) than in the normal state.

Examination of the RDW has not been extensively utilized 
in veterinary medicine. It is expected to be increased in cases 
where the degree of anisocytosis (as estimated on the stained 
blood film) is increased. It is often increased in regenerative 
anemias because reticulocytes and young erythrocytes are 
larger than mature erythrocytes.127,338,382 Like the MCV, the 
number of large erythrocytes in blood must reach a certain 
level before the RDW of a given patient exceeds the reference 
interval. As an animal responds to anemia and young eryth-
rocytes become the predominant population, the RDW will 
begin to decline and may return to the reference interval even 
though the MCV is still high.

The RDW is also expected to increase in iron-deficiency 
anemia, where smaller than normal erythrocytes are produced. 
As in regenerative anemia, the increase is most likely to be 
seen during the phase of disease when a significant number 
of normally and abnormally sized erythrocytes are present 
simultaneously.201 In severe chronic iron-deficiency anemia, 

HCT (as a percentage) and multiplying by 100. The MCHC 
is expressed as grams per deciliter of erythrocytes. (Note: 
Hemoglobin values in blood are expressed as grams per deci-
liter of whole blood.) Electronic cell counters calculate the 
MCHC using three measured parameters (RBC count, MCV, 
and hemoglobin concentration); consequently the MCHC 
can provide a form of quality control for these measured 
parameters.

High MCHC values are artifacts. They may result from in 
vivo or in vitro hemolysis, lipemia, the presence of Heinz 
bodies within erythrocytes, cryoproteins that precipitate when 
the sample is cooled, or paraprotein precipitation in the ana-
lyzer diluent.100,297,550 In the case of hemolysis, some hemo-
globin is free in plasma; but the formula used to calculate the 
MCHC assumes that all measured hemoglobin is contained 
within erythrocytes. Lipemia, protein precipitation, and Heinz 
bodies cause turbidity in the spectrophotometric assay for 
hemoglobin, thereby giving erroneously elevated hemoglobin 
values. A high MCHC may also occur if there is agglutination 
of erythrocytes when the specimen is assayed in an electronic 
cell counter, as can happen with cold-acting autoantibodies or 
following heparin therapy in some horses.322,489,550 Large 
erythrocyte aggregates are too large to be considered erythro-
cytes; consequently cell counters are programmed to exclude 
them from erythrocyte measurements. This results in errone-
ously low HCT values and consequently erroneously high 
MCHC values. Agglutination should not interfere with HCT 
values determined by centrifugation as long as the blood 
samples are well mixed before the microhematocrit tubes are 
filled. In addition to the standard MCHC calculation, the 
Advia 120 (Siemens Healthcare Diagnostics, Inc., Tarrytown, 
NY) determines the hemoglobin concentration within indi-
vidual erythrocytes based on deflection of light that occurs 
when a laser beam strikes individual cells. The mean of hemo-
globin concentrations within erythrocytes determined in this 
manner is calculated and referred to as the cell hemoglobin 
concentration mean (CHCM). The CHCM provides an accu-
rate measure of mean hemoglobin concentration within 
erythrocytes even when hemoglobinemia and lipemia are 
present.297 For example, a kitten with marked lipemia and a 
microcytic anemia (HCT 12%, MCV 33 fL) had a calculated 
MCHC of 122 g/dL but a CHCM of 26 g/dL.

MCHC values may be decreased in animals with regenera-
tive anemia, especially those with high percentages of stress 
reticulocytes. Hemoglobin synthesis is not complete until late 
in reticulocyte maturation. Consequently hemoglobin synthe-
sis is less complete in stress reticulocytes because these cells 
are released from the bone marrow earlier than would occur 
normally.205

Low MCHC values may also occur in animals with chronic 
iron-deficiency anemia. When it is determined using an elec-
tronic cell counter, the MCHC may be normal in animals 
with slight microcytosis, but it is usually low when the MCV 
is markedly reduced.201 The MCHC is low in iron deficiency 
because there is inadequate iron to support the synthesis of 
normal amounts of hemoglobin. Low MCHC values occur in 
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the RDW might decrease toward normal once the whole 
population of erythrocytes is small. The RDW may increase 
again following iron therapy, as normally sized erythrocytes 
are produced.

Other potential causes of increased RDW include condi-
tions in which substantial fragmentation of erythrocytes is 
occurring and following transfusion of blood from a donor 
animal in which the MCV is substantially different from that 
of the recipient. The RDW is also increased in dogs with 
hereditary stomatocytosis.59 Animals with nonregenerative 
anemias will have normal RDW values unless significant dys-
erythropoiesis is present. Spuriously increased RDW values 
may occur when agglutination is present or platelets are 
included with erythrocytes in calculations of cell volume dis-
tribution in severely anemic animals.183

Erythrocyte Volume Histograms and  
Erythrocyte Cytograms
Although quite useful when abnormal, MCV and MCHC 
values are relatively insensitive in identifying the presence of 
erythrocytes with abnormal volumes or hemoglobin concen-
trations. Many microcytic or macrocytic erythrocytes are 
required to move the MCV below or above the reference 
interval, and many hypochromic erythrocytes are needed to 
move the MCHC below the reference interval. In addition to 
counting cells, electronic cell counters can determine and plot 
the volume of individual erythrocytes, and examination of 
these erythrocyte volume histograms can reveal the presence 
of increased numbers of microcytes or macrocytes even when 
the MCV is within the reference interval (Fig. 4-99, A). Some 
electronic cell counters, such as the Advia 120, can also deter-
mine the hemoglobin concentration of individual erythrocytes 
from the deflection of light that occurs when a laser beam 
strikes individual cells. This allows for the generation of 
hemoglobin concentration histograms (Fig. 4-99, B). Inspec-
tion of hemoglobin concentration histograms can reveal the 
presence of increased numbers of hypochromic erythrocytes 
even when MCHC has not decreased below the reference 
interval. Individual erythrocytes can be further characterized 
by creating a cytogram in which the erythrocyte volumes of 
individual cells are plotted against their respective hemoglobin 
concentrations (Fig. 4-100).

Direct Antiglobulin Test
A direct antiglobulin (Coombs’) test is done when autoag-
glutination is absent but immune-mediated hemolytic anemia 
is still suspected. Species-specific antisera against IgG, IgM, 
and the third component of complement (C3) are used to 
detect the presence of one or more of these factors on the 
surface of erythrocytes.502 This test is discussed in greater 
detail in Chapter 6.

Methemoglobin Determination
Methemoglobin differs from hemoglobin only in that the iron 
moiety of heme groups has been oxidized to the ferric (+3) 
state. The term methemoglobinemia refers to methemoglobin 

FIGURE  4-99 
Erythrocyte histograms from a 6-week-old kitten after a blood transfu-
sion. The kitten presented with marked lipemia and a severe iron defi-
ciency anemia. The animal was obtained from a shelter and was no longer 
nursing. An image from the stained blood film prepared from this cat is 
shown in Figure 4-24. Most erythrocytes from normal animals are 
expected to be between the vertical lines. A, Erythrocyte volume histo-
gram demonstrates a population of small erythrocytes from the patient 
and a population of large erythrocytes from the blood donor. The MCV 
was 47 fL and the RDW was 43%. B, Erythrocyte hemoglobin concen-
tration histogram revealed hypochromic cells but did not demonstrate 
two distinct cell populations. Histograms were generated using an Advia 
120 hematology analyzer. 

Erythrocyte volume

Hemoglobin concentration

A

B

content in blood above 1.5% of total hemoglobin. Clinical 
signs associated with methemoglobinemia are the result of 
tissue hypoxia, because methemoglobin cannot bind O2. Both 
low blood O2 tension and methemoglobinemia can result in 
cyanotic-appearing mucous membranes and dark-colored 
blood samples. Hypoxemia is documented by measuring a low 
PO2 in arterial blood (PaO2). Methemoglobinemia is sus-
pected when arterial blood with normal or increased PaO2 is 
dark-colored. Methemoglobin is quantified spectrophoto-
metrically, but a spot test can be used to determine whether 
clinically significant levels of methemoglobin are present (see 
Fig. 2-4).
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in cattle, copper toxicity in sheep and goats, and red maple 
toxicity in horses.53,205 These oxidants can also produce Heinz 
body hemolytic anemia. Methemoglobinemia without Heinz 
bodies or eccentrocytes has been reported in a dog with 
hydroxycarbamide (hydroxyurea) toxicity.542 Nitrite produces 
methemoglobinemia without Heinz body formation or devel-
opment of anemia. Methemoglobinemia occurs in ruminants 
eating nitrate-accumulating plants, especially when those 
plants have been fertilized with nitrogenous compounds. 
Nitrate is relatively nontoxic, but it is reduced to nitrite by 
ruminal microorganisms.205 Nitrite toxicity has been reported 
in dogs and cats fed a commercial pet food that had sodium 
nitrite added as a preservative.541

Cytochrome-b5 Reductase Deficiency
Persistent methemoglobinemia resulting from erythrocyte 
Cb5R deficiency has been recognized in many breeds of dogs 
and in domestic shorthaired cats.203 Methemoglobin content 
is generally higher in cats (44% to 52%) than in dogs (13% to 
51%) with this deficiency because of lower enzyme activity in 
deficient cats compared with deficient dogs. Flavin adenine 
dinucleotide (FAD) is a cofactor for the Cb5R enzyme, and 
persistent methemoglobinemia (26% to 48%) has also been 
recognized in horses with Cb5R deficiency secondary to 
erythrocyte FAD deficiency.203 Animals with Cb5R deficiency, 
in contrast to those with methemoglobinemia produced by 
oxidant drugs and compounds, usually exhibit few or no clini-
cal signs of illness. The diagnosis of this deficiency is made by 
measuring enzyme activity within erythrocytes.

S ER U M  I RO N  A S S AY S
Serum Iron
Serum iron concentration is generally increased in animals 
with hemolytic anemia, dyserythropoiesis, hypoplastic or 
aplastic anemia, iron overload, acute iron toxicity, chronic 
hepatopathy (dogs), experimental pyridoxine deficiency (pigs), 
and following the administration of glucocorticoid steroids to 
dogs and horses.192,205 Serum iron values may be spuriously 
increased if laboratory tubes or pipettes that are used to handle 
blood or serum are contaminated with iron.

Serum iron concentration is generally low in iron defi-
ciency and with inflammation.108,204,236 It is also low in about 
half of the dogs with portosystemic shunts.204 Serum iron may 
be decreased when demands for erythropoiesis exceed the iron 
flow from the diet and storage pools, such as might occur with 
erythropoietin administration or following acute hemor-
rhage.204,356 Serum iron concentration is decreased following 
glucocorticoid administration to cattle and goats.204

True iron deficiency may be differentiated from other 
causes of hypoferremia by examination of bone marrow for 
stainable iron, which is minimal or absent in iron deficiency 
and normal or high in other disorders (see Chapter 8). 
However, stainable iron is not present in the bone marrow of 
normal cats; consequently a lack of stainable iron does not 
suggest iron deficiency in this species.204

FIGURE  4-100 
Erythrocyte volume versus hemoglobin concentration (V/HC) cyto-
grams. Most erythrocytes from normal animals are expected to be within 
the square formed by the double vertical and horizontal lines. A, Eryth-
rocyte V/HC cytogram from a 6-week-old kitten with marked lipemia 
and a severe iron-deficiency anemia that was a littermate of the cat 
presented in Figures 4-24 and 4-99. A population of microcytic hypo-
chromic cells is clearly visible. The HCT was 12%, MCV was 33 fL, 
RDW was 30%, MCHC was 122 g/dL, and CHCM was 26 g/dL. The 
MCHC was spuriously increased because of the lipemia. B, Erythrocyte 
V/HC cytogram from a 6-week-old kitten with lipemia and severe iron 
deficiency that is also presented in Figures 4-24 and 4-99. The kitten was 
given a whole-blood transfusion prior to sample analysis. The HCT was 
23%, MCV was 47 fL, RDW was 43%, MCHC was 40 g/dL, and 
CHCM was 27 g/dL. Two populations of erythrocytes are visible. The 
kitten’s cells are concentrated in the bottom left area of the cytogram. 
Erythrocyte V/HC cytograms were generated using an Advia 120 hema-
tology analyzer. 
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Toxic Methemoglobinemia
Methemoglobinemia results from either increased production 
of methemoglobin by oxidants or decreased reduction of met-
hemoglobin associated with a deficiency in the erythrocyte 
Cb5R (also called methemoglobin reductase) enzyme.203 
Experimental studies indicate that many drugs can produce 
methemoglobinemia in animals. Significant methemoglobin-
emia has been associated with clinical cases of benzocaine 
toxicity in several species, acetaminophen and phenazopyri-
dine toxicities in cats, skunk musk in dogs, chlorate toxicity 
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used to measure EPO, but commercial tests developed for 
human assays may not always cross-react sufficiently for use in 
other species. Consequently individual tests require validation 
for each species to be assayed before they can be used clinically. 
Serum EPO is increased in response to various anemias except 
the anemia of chronic renal disease, in which EPO production 
is decreased.96,350,361 Serum EPO concentration appears to be 
regulated not only by the rate of renal production but also by 
the rate of utilization by erythroid cells. At any given blood 
hemoglobin concentration, the serum EPO concentration is 
likely to be highest in disorders with low marrow erythroid 
activity (e.g., erythroid aplasia).83 The EPO assay has received 
limited use in veterinary medicine. EPO has been assayed in 
serum to assist in differentiating primary erythrocytosis (where 
EPO values should be normal or low) from secondary eryth-
rocytosis (where EPO values should be high).182,214,248,408 
Unfortunately there is considerable overlap among patients 
with primary and secondary erythrocytosis, thus limiting the 
diagnostic value of the EPO assay.96

D I F F ER EN T I A L  D I AG N O S I S  
O F  A N EM I A

True or absolute anemia is defined as a decrease in erythrocyte 
mass within the body. HCT, hemoglobin, and RBC count 
values are usually below their reference intervals; however, the 
anemia can sometimes be masked by concomitant dehydra-
tion. Low erythrocyte parameters may also be present in blood 
when the total-body erythrocyte mass is normal (relative 
anemia). This can result from overhydration resulting in 
erythrocyte dilution and from splenic sequestration of eryth-
rocytes as occurs with splenic relaxation during anesthesia, 
heparin-induced erythrocyte agglutination in horses, and 
various causes of splenomegaly.66,319

Anemia is a condition, not a diagnosis. Anemia is classified 
in various ways to assist in determining its specific cause so 
that effective therapy can be given. In addition to past history, 
presenting complaints, and laboratory findings, results of 
other test procedures (e.g., diagnostic imaging) are important 
in reaching a final diagnosis.

Anemia may occur following blood loss, increased eryth-
rocyte destruction, or decreased erythrocyte production. 
Factors that can be useful in categorizing anemia into these 
broad causes (and often into more specific causes) include 
reticulocyte counts, erythrocyte indices, erythrocyte morphol-
ogy on stained blood films, the appearance of the plasma, 
plasma protein concentration, serum iron measurements, 
serum bilirubin determination, direct antiglobulin test, and 
bone marrow evaluation.

Anemia may also develop as a result of the expansion of 
the vascular space faster than the expansion of the total-body 
erythrocyte mass. This hemodilution contributes to the anemia 
of the neonate (to be discussed later) and to the mild anemia 
that develops during pregnancy in most domestic animals, the 
horse being an exception.8,41,208,531

Total Iron-Binding Capacity
The total iron-binding capacity (TIBC) of serum is a measure 
of serum transferrin concentration because insignificant 
amounts of circulating iron are bound to other proteins. TIBC 
is calculated by measuring serum iron and serum unsaturated 
iron-binding capacity and summing these values. Serum 
TIBC is low normal or decreased in association with inflam-
matory disorders and increased in iron-deficient humans, 
rabbits, pigs, horses, and cattle.204 A slight increase in serum 
TIBC was reported in an experimental study of diet-induced 
iron-deficiency anemia in young growing dogs,151 but serum 
TIBC is generally normal in dogs with naturally occurring 
iron-deficiency anemia.204 About half of the dogs with porto-
systemic shunts exhibited hypoferremia with normal or 
slightly decreased serum TIBC.204 TIBC may be increased in 
some animals with iron overload and in dogs with chronic 
hepatopathy.204,441

Serum Ferritin
Ferritin is secreted by cells into the blood rather than leaking 
from the cytoplasm of damaged cells. Serum ferritin typically 
has a much lower iron content than does intracellular ferritin. 
The macrophage appears to be the primary cell involved in 
secreting ferritin into the blood, at least under steady-state 
conditions, but other cells, including kidney proximal tubular 
cells and hepatocytes, may also secrete ferritin into the 
blood.93,486

Serum ferritin concentration correlates with tissue iron 
stores in domestic animals, including cats. Consequently 
serum ferritin concentration can help differentiate true iron 
deficiency (serum ferritin is low) from the anemia of inflam-
matory disease (serum ferritin is normal or high).204 Increased 
serum ferritin occurs in animals with increased storage iron, 
as may occur with hemolytic anemia, hemophagocytic histio-
cytic sarcoma (in dogs), and repeated blood transfusions. An 
increase has also been reported in dogs with inflammation, 
liver disease, and lymphoma.148 It is transiently increased in 
horses after moderate to severe exercise and in foals following 
consumption of colostrum. Serum ferritin is an acute-phase 
protein; consequently increased values are expected in inflam-
matory conditions in addition to conditions with increased 
iron stores.204 It should be remembered that true iron defi-
ciency can be missed if concomitant inflammation is present, 
resulting in increased ferritin secretion into blood. Commer-
cial assay kits are not available for serum ferritin assays in 
animals, but ferritin assays may be performed for several 
species at the Kansas State University College of Veterinary 
Medicine.

ERY T H RO P O I E T I N  A S S AY

Erythropoietin (EPO) is a glycoprotein hormone that stimu-
lates erythropoiesis in a number of ways. Radioimmunoassays 
or enzyme-linked immunosorbent assays (ELISAs) may be 
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R E G EN ER AT I V E  V ER S U S 
N O N R E G EN ER AT I V E  A N EM I A

The most useful approach in the classification of anemia is to 
determine whether evidence of a bone marrow response to the 
anemia is present in blood. For all common domestic animals 
except the horse, this involves determining whether absolute 
reticulocyte numbers are increased in blood. Horses rarely 
release reticulocytes from the bone marrow even when an 
increased production of erythrocytes occurs. MCV and/or 
RDW values are increased in some horses responding to anemia, 
but others recover from anemia without having these parame-
ters exceed reference intervals.127,382 Consequently bone marrow 
evaluation is often needed to determine whether an appropriate 
response to anemia is present in a horse. Myeloid to erythroid 
(M : E) ratios below 0.5 and bone marrow reticulocyte counts 
above 5% suggest a regenerative response to anemia.238

Increased polychromasia is usually present in regenerative 
anemias because many reticulocytes stain bluish red with 
routine blood stains (see Figs. 4-18, 4-19, 4-21, 4-22). Cats 
with mild anemias may not release aggregate reticulocytes 
from the marrow but will release punctate reticulocytes. 
Because punctate reticulocytes do not contain sufficient 
numbers of ribosomes within them to impart a bluish color 
to the cytoplasm, mild regenerative anemias in cats may lack 
polychromasia in stained blood films (see Fig. 4-23, A,B). 
Increased anisocytosis is often present in regenerative anemias 
because of the presence of large immature erythrocytes (see 
Figs. 4-18, 4-19, 4-21), although anisocytosis may be marked 
in some nonregenerative anemias as well.

Except in horses, some nucleated erythrocytes (rubricytes 
and metarubricytes) are often seen on blood films in associa-
tion with regenerative anemia; however, nucleated erythro-
cytes may also be present in anemic and nonanemic disorders 
with minimal or no reticulocytosis (see Fig. 4-75, C-E). There-
fore the presence of nucleated erythrocytes in blood is a much 
less reliable indicator of a regenerative response to anemia 
than is an increased reticulocyte count.

Howell-Jolly bodies are often present within erythrocytes 
in regenerative anemias, but they also occur in normal cats 
(see Fig. 4-76, A) and horses and in splenectomized animals 
of other species. Basophilic stippling occurs in regenerative 
anemias in ruminants (see Fig. 4-81, A,B) but rarely in other 
species (see Fig. 4-81, C). Basophilic stippling can also occur 
in erythrocytes of any species with lead toxicity whether or 
not anemia is present (see Fig. 4-81, D).

The presence of compensatory reticulocytosis indicates that 
the anemia has resulted from either blood loss or increased 
erythrocyte destruction. Several factors should be kept in mind 
in interpreting the magnitude of a reticulocyte response. In 
regenerative anemias, animals with lower HCTs should  
have higher absolute reticulocyte counts. Severe anemia evokes 
a greater stimulus for increased erythrocyte production  
than does mild anemia.351 Also, in response to severe anemia, 
reticulocytes can be released from the marrow earlier in their 

development than normally occurs. These large “stress” reticu-
locytes (see Fig. 4-21) apparently remain in the circulation 
longer than other reticulocytes before maturation is com-
plete.146 Factors have been utilized in an attempt to correct for 
this longer reticulocyte circulation time in humans, and some 
veterinary authors have empirically applied these same factors 
to anemic dogs to calculate what has been called the reticulo-
cyte index. This approach has not been validated in dogs.

Hemolytic anemia usually elicits a more dramatic regen-
erative response than hemorrhagic anemia at least in part due 
to the greater availability of iron. There are also species differ-
ences in the ability to increase erythrocyte production. The 
HCT increases about 1 percentage point per day following 
experimental phlebotomy in dogs and cats, with a slightly 
lower response in cattle and horses.15,65,364

Anemias with no or minimal increase in blood reticulocyte 
counts are classified as nonregenerative and poorly regenera-
tive respectively. The lack of a reticulocyte response in none-
quine species generally indicates that the anemia results from 
insufficient erythrocyte production in the marrow. A minimal 
reticulocyte response may be present if the anemia develops 
acutely following hemorrhage or hemolysis because about 4 
days are required for a substantial reticulocyte response to 
occur. Mild anemias may have minimally increased reticulo-
cyte counts.

Classification of Anemia Using Erythrocyte Indices
An anemia can also be classified using the MCV and MCHC 
values to assist in determining its cause. The terms used to 
indicate size are macrocytic (increased MCV), normocytic 
(normal MCV), and microcytic (decreased MCV). The terms 
used to describe MCHC values are normochromic (normal 
MCHC) and hypochromic (decreased MCHC). Anemias are 
not classified as hyperchromic because high MCHC values 
are artifacts. A comparison of erythrocyte indices and causes 
of anemia is given in Box 4-2.

H EM O LY T I C  A N EM I A S

Hemolytic anemias occur as a result of increased erythrocyte 
destruction within the body. Causes of hemolytic anemia in 
animals are given in Box 4-3. Erythrocytes may be lysed 
within the circulation (intravascular hemolysis), but more fre-
quently they are lysed following phagocytosis by cells of the 
mononuclear phagocyte system (extravascular hemolysis).

Hemolytic anemias are generally regenerative if sufficient 
time has elapsed for a bone marrow response to the anemia. 
They are initially normocytic normochromic but may be mac-
rocytic hypochromic or macrocytic normochromic if sufficient 
time has elapsed for the release of a significant number of 
large reticulocytes from the bone marrow. Macrocytic hypo-
chromic erythrocytes may also occur in hereditary stomatocy-
tosis in dogs as a result of membrane abnormalities and 
erythrocyte swelling.205 An example of a hemolytic anemia 
that is usually nonregenerative and normocytic normochromic 
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is cytauxzoonosis in cats. Most cats die before there is time 
for a regenerative response to the anemia to occur.185 Increased 
erythrocyte phagocytosis occurs in animals with hemophago-
cytic syndrome (macrophage activation syndrome), but the 
anemia may not be regenerative because the associated release 
of inflammatory mediators interferes with normal 
erythropoiesis.499,516

An increase in the plasma bilirubin concentration imparts 
a yellow color to the plasma (see Fig. 2-9, B). Mucous mem-
branes and skin may also appear yellow (icteric) in extreme 
cases of hyperbilirubinemia (Fig. 4-101). Hyperbilirubinemia 
associated with a substantial decrease in the HCT suggests 
increased phagocytosis of erythrocytes.

If substantial intravascular hemolysis occurs rapidly,  
hemoglobinemia (see Fig. 2-9, C, D) and subsequently hemo-
globinuria may be observed. Disorders where significant  
intravascular hemolysis sometimes occurs include immune-
mediated hemolytic anemia, oxidant chemical and plant tox-
icities, severe hypophosphatemia, leptospiral and clostridial 
infections, coral snake and rattlesnake envenomation, zinc 
toxicity, copper toxicity, severe babesiosis, hypo-osmolality, 

4. Nonregenerative immune-mediated anemia and/or 
myelofibrosis in dogs

5. Poodle macrocytosis (healthy miniature poodles with no 
anemia)

6. Hyperthyroid cats (slight macrocytosis without anemia)
7. Folate deficiency (rare)
8. Congenital dyserythropoiesis of Hereford calves
9. Spurious with erythrocyte agglutination

10. Spurious in cats and dogs with persistent hypernatremia (may 
be hypochromic)

Microcytic Normochromic/Hypochromica

1. Chronic iron deficiency (months in adults, weeks in nursing 
animals)

2. Portosystemic shunts in dogs and cats (often not anemic)
3. Anemia of inflammatory disease (usually normocytic)
4. Hepatic lipidosis in cats (usually normocytic)
5. Normal Akita and Shiba dogs (not anemic)
6. Prolonged recombinant erythropoietin treatment (mild)
7. Copper deficiency (rare)
8. Drugs or compounds that inhibit heme synthesis
9. Myeloid neoplasms with abnormal iron metabolism (rare)

10. Pyridoxine deficiency (experimental)
11. Familial dyserythropoiesis of English springer spaniel dogs 

(rare)
12. Hereditary elliptocytosis in dogs (rare)
13. Spurious when platelets are included in erythrocyte  

histograms
14. Spurious in dogs with persistent hyponatremia (not typically 

anemic)

Normocytic Normochromic
1. Hemolytic anemia if reticulocyte response is mild or if 

sufficient time has not elapsed for a prominent reticulocyte 
response to occur.

2. Hemorrhage if reticulocyte response is mild or if sufficient 
time has not elapsed for a prominent reticulocyte response to 
occur.

3. Early iron-deficiency anemia before microcytes predominate
4. Chronic inflammation and neoplasia (sometimes slightly 

microcytic)
5. Chronic renal disease
6. Endocrine deficiencies
7. Selective erythroid aplasia
8. Aplastic and hypoplastic bone marrows
9. Lead toxicity (may not be anemic)

10. Cobalamin deficiency

Macrocytic Hypochromic
1. Regenerative anemias with marked reticulocytosis
2. Hereditary stomatocytosis in dogs (often slight  

reticulocytosis)
3. Abyssinian and Somali cats with increased erythrocyte 

osmotic fragility (a reticulocytosis is usually present)
4. Spurious with prolonged storage of blood sample

Macrocytic Normochromic
1. Regenerative anemias (decreased MCHC is not always 

present)
2. FeLV infections with no reticulocytosis (common)
3. Erythroleukemia (AML-M6) and myelodysplastic syndromes

Box 4-2  Comparison of Classification of Anemias by Erythrocyte Indices and Etiology

aThe presence of low MCHC along with low MCV strongly suggests iron-deficiency anemia.

FIGURE  4-101 
Icteric mucous membranes in an English springer spaniel dog with a 
hemolytic crises associated with PFK deficiency. 
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caudal vena cava syndrome of dirofilariasis in dogs, hepatic 
failure in horses, phosphofructokinase deficiency in dogs, 
inherited idiopathic increased erythrocyte osmotic fragility in 
Abyssinian and Somali cats, postparturient cattle without 
hypophosphatemia, and splenic torsion in dogs. In most of 
these disorders, however, erythrocyte destruction occurs pri-
marily by increased phagocytosis.

Immune-Mediated Hemolytic Anemia
The binding of antibodies and/or complement to erythrocyte 
surfaces can result in phagocytosis by macrophages and,  
in some cases, intravascular hemolysis. Immune-mediated 
hemolytic anemia (IMHA) may be primary or it may occur 
secondarily to rickettsial, bacterial, protozoal, viral, or hemo-
tropic mycoplasmal infections; neoplasia (especially lympho-
mas); and toxin or drug exposure. Additional information 
concerning IMHA is given in Chapter 6.

Primary IMHA
A diagnosis of primary IMHA, also called autoimmune 
hemolytic anemia, is reached by ruling out other disorders 
known to have concomitant IMHA. Primary IMHA is 
common in dogs,33 less common in cats,261 and rare in other 
domestic animal species. About two-thirds of the dogs with 
IMHA appear to have primary IMHA.394 In contrast, IMHA 
in noncanine species is usually a secondary rather than a 

primary, disorder. Primary IMHA may be associated with 
immune-mediated thrombocytopenia; it may also be part of 
systemic lupus erythematosus, a multisystemic autoimmune 
disease.167,480

Neonatal Isoerythrolysis
Neonatal isoerythrolysis is an IMHA that develops in neona-
tal animals following ingestion of colostrum containing anti-
bodies against antigens on their erythrocytes.480 It occurs 
primarily in horses, mules, and cats. In horses, dams become 
sensitized to foreign erythrocyte antigens from leakage of fetal 
erythrocytes through the placenta during pregnancy or from 
exposure to fetal erythrocytes of the same blood type during 
a previous parturition. Antibodies are produced against these 
antigens and secreted in colostrum.61,371 Neonatal isoeryth-
rolysis can occur in kittens with blood type A born to queens 
with blood type B who have had no prior exposure to blood 
type A antigens, because all adult cats with type B blood 
naturally have high anti-A antibody titers.171

Transfusion Reactions
Hemolytic transfusion reactions may occur when plasma of 
the recipient contains antibodies against one or more antigens 
on the surface of donor erythrocytes. Erythrocyte destruction 
may also occur when plasma of the donor contains antibodies 
against one or more antigens on the surface of recipient 

in horses), crude oil (marine birds), venoms (snakes, bees, 
wasps, and spiders)

5. Fragmentation: Disseminated intravascular coagulation 
(primarily dogs), dirofilariasis (especially posterior vena cava 
syndrome) in dogs, hemangiosarcoma (dogs), vasculitis, 
hemolytic uremia syndrome

6. Hypo-osmolality: Hypotonic fluid administration, water 
intoxication (primarily in cattle)

7. Hypophosphatemia: Postparturient hemoglobinuria (cattle), 
ketoacidotic diabetic animals following insulin therapy (cats 
and dogs), hepatic lipidosis (cats)

8. Hereditary erythrocyte defects: Pyruvate kinase deficiency 
(dogs and cats), phosphofructokinase deficiency (dogs), 
glucose-6-phosphate dehydrogenase deficiency (horses), 
hereditary stomatocytosis (mild anemia in dogs), erythropoietic 
porphyria (cattle and cats), hereditary nonspherocytic 
hemolytic anemias of unknown etiology (poodle and beagle 
dogs), idiopathic increased erythrocyte osmotic fragility (cats), 
erythrocyte flavin adenine dinucleotide deficiency in horses 
(methemoglobinemia and sometimes mild anemia), hereditary 
spherocytosis in cattle

9. Miscellaneous: Liver failure (horses), hypersplenism, 
hemophagocytic histiocytic sarcoma, splenic torsion (dogs), 
selenium deficiency in cattle grazing on St. Augustine grass, 
postparturient hemoglobinuria in cattle not associated with 
hypophosphatemia

1. Immune-mediated erythrocyte destruction: Primary or 
autoimmune hemolytic anemia (common in dogs); neonatal 
isoerythrolysis (primarily horses and cats); lupus erythematosus 
(primarily dogs); incompatible blood transfusions; drugs, 
including penicillin (horses), cephalosporins (dogs), levamisole 
(dogs), sulfonamides (horses and dogs), pirimicarb (insecticide 
in dogs), and propylthiouracil (cats)

2. Erythrocyte parasites (may have an immune-mediated 
component): Anaplasma spp. (ruminants), erythrocytic 
Mycoplasma spp. (except horses), Babesia spp., Cytauxzoon 
felis, Theileria spp. (ruminants)

3. Other infectious agents (may have an immune-mediated 
component): Leptospira and Clostridium spp. (primarily 
ruminants and horses), FeLV (seldom hemolytic),  
equine infectious anemia virus (multifactorial, also  
with decreased production), Sarcocystis spp. (cattle 
and sheep), Trypanosoma spp. (primarily outside the 
United States)

4. Chemicals and plants (most are oxidants): Onions, red maple 
(horses), Brassica spp. (ruminants), lush winter rye (cattle), 
copper (sheep and goats), phenothiazine (horses), 
acetaminophen (cats and dogs), methylene blue (cats and 
dogs), benzocaine (cats and dogs), phenazopyridine (cats), 
methionine (cats), vitamin K (dogs), propylene glycol (cats), 
naphthalene (dogs?), zinc (dogs and ruminants), indole 
(experimental in cattle and horses), tryptophan (experimental  

Box 4-3  Causes of Hemolytic Anemias in Domestic Animals
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erythrocytes, but the amount of antibody present to react with 
erythrocytes is considerably less. With the exception of cats, 
naturally occurring antierythrocyte antibodies of clinical sig-
nificance seldom occur in animals. Rather, antibody formation 
results from prior exposure to different erythrocyte antigens 
via transfusion, pregnancy, or vaccination with products con-
taining blood group antigens. Consequently severe hemolytic 
transfusion reactions generally do not occur at the time of the 
first blood transfusion. Cats with blood type B have naturally 
occurring anti-A antibodies with high hemolytic titers. There-
fore the transfusion of type A blood into a type B cat can 
result in a life-threatening intravascular hemolytic reaction 
the first time such a transfusion is given.

Erythrocyte Parasites
Erythrocyte parasites include intracellular protozoal parasites 
(Babesia species, Theileria species, and Cytauxzoon felis), intra-
cellular rickettsial organisms (Anaplasma species), and epicel-
lular Mycoplasma species. The morphology of these organisms 
is presented earlier in this chapter. These infectious agents 
generally cause mild to severe hemolytic anemia, depending 
on the pathogenicity of the organism and the susceptibility of 
the host. Some damage to erythrocytes is caused directly by a 
parasite, but secondary immune-mediated injury may be more 
important in the pathogenesis of anemia in some cases.314 
Antierythrocyte antibodies are often present and spherocytes 
may be seen in stained blood films; therefore it is important 
to differentiate these infectious diseases from primary 
IMHA.82,176 Macrophage activation with increased erythro-
phagocytosis may also contribute to the development of 
anemia.330

Except in horses, reticulocytosis is generally present if suf-
ficient time (about 4 days) has elapsed for a bone marrow 
response to occur. The anemia may be nonregenerative if a 
concomitant inflammatory response inhibits erythropoiesis 
(see “Anemia of Inflammatory Disease,” below), and/or if the 
infection results in decreased hematopoietic precursors, as 
reported with Theileria parva infection in cattle.305 Thrombo-
cytopenia is usually present with protozoal infections of 
erythrocytes. Platelet consumption may occur in association 
with DIC in severe disorders,185,467 but thrombocytopenia is 
probably more often associated with increased phagocytosis 
of platelets in response to antibodies on their surfaces and/or 
because of macrophage activation by inflammatory cytokines 
such as M-CSF and IFN-γ.2,159,331 Thrombocytopenia is not 
generally present with erythrocytic Anaplasma and hemo-
plasma infections.

Babesia Species
Three genetically distinct large B. canis subspecies (B. canis 
canis, B. canis vogeli, and B. canis rossi) have been identified. 
B. canis vogeli in the United States generally causes mild or 
inapparent disease in adults (unless they are immunosup-
pressed) but severe hemolytic anemia in pups. B. canis rossi in 
South Africa can cause severe disease and death in adult dogs.  

B. canis canis occurs primarily in Europe and Asia and is of 
intermediate pathogenicity.467 In addition, an unnamed large 
Babesia species has been described in the United States in 
immunosuppressed dogs.51,226,427

B. gibsoni is a small Babesia species infecting dogs; it is 
endemic in Africa, the Middle East, and Asia. There has been 
a rapid increase in the number of cases reported in various 
parts of the United States, predominantly in American pit bull 
terriers.547 Although ticks are considered the primary vector 
in much of the world, it appears that transmission of infected 
blood through dog bites is a major mechanism of transmission 
of this organism in the United States.49 A second small Babesia 
species called Babesia conradae has been recognized in Cali-
fornia. Like B. gibsoni, it causes severe clinical disease in adult 
dogs.252 It is closely related to piroplasms isolated from wild-
life and humans in the western United States. A third small 
piroplasm has been identified causing hemolytic anemia in 
dogs; it is closely related to Babesia microti, a previously rec-
ognized parasite of rodents and humans. A provisional name 
of Theileria annae has been assigned to this organism based 
on its 18S rRNA gene sequence.79

B. felis causes hemolytic anemia in cats in South Africa.362 
Additional piroplasms have been identified by PCR in  
domestic cats, but their clinical significance remains to be 
determined.491

The two most important Babesia species infecting cattle are 
B. bigemina and B. bovis. Both are capable of causing life-
threatening hemolytic anemia.176 The two most important 
piroplasms infecting horses are the large B. caballi parasite, 
and the smaller, more pleomorphic B. equi parasite.491 The 
anemia is generally more severe in B. equi-infected than in 
B. caballi-infected horses.78

Theileria Species
Theileria parva and Theileria annulata cause important diseases 
in ruminants in Africa, Asia, and the Middle East.274 The 
associated anemia may be regenerative or nonregenera-
tive.353,430 Theilerial organisms present in domestic ruminants 
in the United States are usually nonpathogenic.245,453 Like-
wise, Theileria in deer are generally considered of low patho-
genicity, but may cause hemolytic anemia under some 
circumstances.544 Some investigators have proposed that B. 
equi and B. microti be moved to the genus Theileria, but others 
believe that they belong in a new genus that is distinct from 
both Babesia and Theileria.14,491

Cytauxzoon felis
Like Theileria, the genus Cytauxzoon has both a tissue phase 
and an erythrocyte phase. In contrast to Theileria, the schiz-
onts of Cytauxzoon develop exclusively in macrophages 
rather than in lymphocytes.459 Most domestic cats with acute 
cytauxzoonosis die.185 Cats generally have icteric plasma 
in the terminal stage of the disease. The HCT may be in  
the low thirties but is usually in the twenties. Reticulocyte 
counts are not increased in response to the anemia. Cats 
become thrombocytopenic during the late stage of disease. 
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been associated with growth retardation and mild anemia in 
feeder pigs and unthriftiness with poor reproductive perfor-
mance in sows.221,397

M. ovis generally causes hemolytic anemia in young sheep 
and goats, with mild or unapparent disease in adults.314,339 
However, severe hemolytic anemia and death have been 
described in an outbreak in adult sheep that were also infected 
with A. ovis.227

Systemic illness with edema has been reported in cattle 
infected with M. wenyoni435,530; however, this syndrome could 
not be reproduced experimentally.529 M. wenyoni is not 
reported to produce significant anemia in cattle unless they 
have been splenectomized.

Variable anemia has been reported in llamas and alpacas 
infected with Candidatus M. haemolamae, but most infections 
appear to be subclinical. Camelids that are immune-
compromised or have other concurrent disorders are more 
likely to be ill and anemic.483 The anemia may not be regenera-
tive if it is complicated by inflammatory disease.390

Other Infectious Agents
In addition to erythrocyte parasites, infections with other 
agents may result in hemolytic anemia. As in the case of 
erythrocyte parasites, the enhanced erythrocyte destruction 
may have an immune-mediated component. Leptospira species 
have been reported to cause hemolytic anemia in cattle, sheep, 
and pigs.47,114,451 Clostridium species have been reported to 
cause hemolytic anemia in cattle,469 sheep,307,385 and horses.393,526

Hemolytic anemia has been described in experimental 
acute Sarcocystis infections in cattle,147,293 goats,124 and pigs.36 
Several Trypanosoma species cause hemolytic anemia in cattle, 
sheep, and goats in tropical and subtropical regions, except in 
the United States, even though the parasite is not directly 
associated with erythrocytes.23,52,230 Nonpathogenic trypano-
somes, including T. theileri, occur worldwide in cattle.134,413

The anemia associated with equine infectious anemia 
(EIA) virus infection is multifactorial. It includes both an 
immune-mediated destruction of erythrocytes and bone 
marrow suppression.308,417,461 Macrophages within the marrow 
are important components of the erythropoietic microenvi-
ronment, where they can produce erythropoietic stimulatory 
and inhibitory factors (see Chapter 3). The EIA virus repli-
cates in macrophages, including those in the bone marrow,462 
and macrophages produce proinflammatory cytokines in 
response to EIA infection that may inhibit both erythrocyte 
and platelet production.283,461,484

A transient regenerative anemia was reported in some 
kittens experimentally infected with FeLV,290 and immune-
mediated hemolytic anemia has infrequently been reported  
in naturally infected cats,261 although some of these animals 
might have had concomitant hemoplasma infections.165,174 
However, the anemia seen in FeLV-infected cats is typically 
nonregenerative because it is secondary to bone marrow pro-
liferative abnormalities, discussed later in this chapter and in 
Chapter 9.174,421

Coagulation tests may be prolonged or remain normal, tests 
for fibrin degradation products (FDPs) may be positive, and 
the total serum protein concentration is variably decreased. 
White blood cell counts are variable, but leukopenia generally  
develops terminally. Parasitemia occurs late in the disease. 
Since domestic cats with acute cytauxzoonosis generally die 
in a matter of days, they are believed to be dead-end hosts. 
Bobcats, however, usually do not die when infected with C. 
felis and serve as a reservoir of infection for transmission to 
domestic cats by ticks. A low percentage of cats have been 
reported to survive.190 This may, in large part, be because of 
infection with a less virulent strain of the organism; however, 
studies are needed to determine if these cats can serve as a 
reservoir for C. felis transmission that would result in disease 
in other domestic cats.72

Anaplasma Species
Anaplasma marginale is an important pathogen causing mild 
to severe hemolytic anemia and sometimes death in naive 
adult cattle.255 Infected calves generally do not become ill but 
become carriers of the organism. Anaplasma centrale is much 
less pathogenic in cattle and has been used as a vaccine against 
A. marginale.159,313 Anaplasma ovis is pathogenic for sheep, 
goats, and some wild ruminants.112

Hemotropic Mycoplasmas (Hemoplasmas)
Hemotropic mycoplasmas are bacteria that attach to the 
external surfaces of erythrocytes. In contrast to erythrocyte 
protozoal parasites, thrombocytopenia is not a feature of 
hemoplasma infections. Three different hemoplasmas have 
been identified in cats based on 16S rRNA gene sequences.473,539 
Mycoplasma haemofelis generally produces anemia and clinical 
signs of disease, while Candidatus Mycoplasma haemominutum 
generally results in unapparent infection and minimal change 
in HCT unless the infection is complicated by other disorders 
such as FeLV infection, feline immunodeficiency virus (FIV) 
infection, and neoplasia.113,141,165,242,533 Candidatus Mycoplasma 
turicensis can be pathogenic in cats, causing a moderate to 
severe hemolytic anemia. Early reports suggest that the  
clinical signs of infection are worsened in cats having concur-
rent FIV infections or following the administration of 
corticosteroids.538

Three hemoplasmas have been reported in dogs based on 
16S rRNA gene sequences. Mycoplasma haemocanis is closely 
related to M. haemofelis.48,67 A hemoplasma closely related to 
Candidatus M. haemominutum has been identified in a dog in 
China.551 Another hemoplasma has been identified in mul-
tiple countries and classified as Candidatus Mycoplasma 
haematoparvum.35,465,539 Splenectomy, splenic pathology, or 
immunosuppression is generally required before hemoplasmas 
are recognized in stained blood films, and hemolytic anemia 
develops in dogs.202

Mycoplasma suis causes hemolytic anemia with icterus in 
young piglets. Hemolytic anemia may also occur in pigs at 
weaning, in feeder pigs under stress, and in pregnant sows 
immediately prepartum.314 However, M. suis has more often 
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Drugs Causing Immune-Mediated Anemia
A number of drugs are reported to produce secondary IMHA 
in animals. These drugs include penicillin (horses),306,398 ceph-
alosporins (dogs),54 levamisole (dogs),28 sulfonamides (horses 
and dogs),478,487 pirimicarb (insecticide in dogs),235 and pro-
pylthiouracil (cats).29

Fragmentation
Microangiopathic hemolytic anemia may occur when eryth-
rocytes are forced to flow through altered vascular channels 
or exposed to turbulent blood flow. Erythrocyte fragments 
with pointed extremities are called schistocytes. Erythrocyte 
fragmentation may be seen in animals (especially dogs) with 
DIC. Mechanical fragmentation occurs as the cells pass 
through the fibrin meshwork of a microthrombus (see Fig. 
4-53). Fragmentation anemia is especially common in dogs 
with hemangiosarcoma and in dogs with caudal vena cava 
syndrome, resulting from a rapid blockage of the posterior 
vena cava with large numbers of adult heartworms.197,392,456

Erythrocyte fragmentation is a component of the 
hemolytic-uremic syndrome. This rare syndrome is character-
ized by hemolytic anemia, thrombocytopenia, and acute renal 
failure.345 In humans (and probably animals), the syndrome is 
usually initiated by certain toxins produced by Escherichia coli 
(and less often other bacteria) infecting the gastrointestinal 
tract; however, atypical cases have also been associated with 
nongastrointestinal infections, cancer, parturition, immuno-
suppressive drug therapy, organ transplants, and autoimmune 
diseases.26,118,224,345 Absorbed bacterial toxins can result in 
endothelial injury, activation of hemostasis, the formation of 
microthrombi, erythrocyte fragmentation, and reduced blood 
flow with injury to the kidney and other affected organs.345 
Atypical cases have been attributed to the overactivation of 
the alternative complement pathway. The glomerular capillary 
bed of the kidney may be at increased risk because of its 
fenestrated endothelium, which continually exposes the sub-
endothelial matrix to a variety of circulating proteins and 
peptides.346 Additional disorders where erythrocyte fragmen-
tation may be observed are described under “Schistocytes,” 
above.

Hypo-osmolality
Intravascular hemolysis can occur in calves that drink exces-
sive amounts of water following a period of water depriva-
tion.172 Water intoxication decreases plasma osmolality, and 
water moves into erythrocytes causing them to swell and lyse. 
Hemolysis has been reported in juvenile pygmy goats fed 
water using a nipple bottle for human infants,316 and hemo-
lysis may occur when hypotonic fluid is administered intra-
venously (see Fig. 4-72, A).

Hypophosphatemia
Hemolytic anemia can occur secondary to hypophosphatemia 
because hypophosphatemia decreases the erythrocyte glyco-
lytic rate, which results in a decreased ATP concentration. 
Hemolytic anemia resulting from hypophosphatemia has 

Chemicals and Plants
Oxidants
Most chemicals and plants that cause hemolytic anemia are 
oxidants. Consequently Heinz bodies, eccentrocytes, and/or 
methemoglobinemia may be present. Dietary causes of Heinz 
body hemolytic anemia (with or without eccentrocytosis and/
or methemoglobinemia) include consumption of onions and 
garlic in small and large animals, consumption of kale and 
other Brassica species by ruminants, consumption of lush 
winter rye by cattle, and consumption of red maple leaves by 
horses and alpacas.* Heinz bodies have been recognized in 
erythrocytes from selenium-deficient Florida cattle grazing 
on St. Augustine grass pastures and in postparturient New 
Zealand cattle grazing primarily on perennial ryegrass.205 
Copper toxicity results in Heinz body formation in sheep and 
goats.39 Heinz body formation has been reported in dogs 
ingesting zinc-containing objects (e.g., U.S. pennies minted 
after 1982).46,205 Naphthalene ingestion may have caused 
Heinz body formation in a dog.120

Heinz body hemolytic anemia has occurred following the 
administration of a variety of drugs including acetaminophen 
and methylene blue in cats and dogs, methionine and phenazo-
pyridine in cats, menadione (vitamin K3) in dogs, and pheno-
thiazine in horses. The application of benzocaine to inflamed 
dog skin can result in Heinz body formation, but methemo-
globinemia is more prominent.205

Heinz body hemolytic anemia has been reported in a dog 
that had been sprayed with skunk musk.549 The ingestion of 
crude oil by marine birds results in Heinz body hemolytic 
anemia.278,488

Heinz bodies were consistently present in erythrocytes 
from a male English bulldog with multiple erythroid abnor-
malities including prominent siderotic inclusions in his eryth-
rocytes.209 A prominent Heinz body hemolytic anemia (see 
Fig. 4-80, A,B), with an HCT of 14% to 24% and a mild 
methemoglobinemia (about 13%), persisted in a rescued 
quarter horse colt during 3 months of study. A source of 
dietary oxidants was not identified, and hemoglobin electro-
phoresis appeared normal. Erythrocyte reduced glutathione 
concentration was below the reference interval. An erythro-
cyte metabolic defect was suspected, but erythrocyte enzyme 
assays failed to identify a cause. ( J. W. Harvey, unpublished).

Venoms
Venoms from snakes, bees, wasps, and brown recluse spiders 
are complex mixtures of proteins, peptides, enzymes, and 
chemicals that have multiple pathologic effects, including 
hemolytic anemia and other forms of tissue injury.301,303,344,431 
Phospholipase enzymes (especially phospholipase A2) in 
venoms appear to be important in causing erythrocyte 
injury.396,407,431,498

*References 18, 27, 121, 205, 470, 545.
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anemias and sporadic episodes of intravascular hemolysis with 
hemoglobinuria. HCTs are generally between 30% and 40%, 
except during hemolytic crises, when the HCT may decrease 
to 15% or less. MCVs are usually between 80 and 90 fL and 
reticulocyte counts are generally between 10% and 30% even 
when the HCT is within the reference range. Lethargy, weak-
ness, pale or icteric mucous membranes, mild hepatospleno-
megaly, muscle wasting, and fever as high as 41oC may 
occur during hemolytic crises, which occur secondary to 
hyperventilation-induced alkalemia.

Affected dogs appear to tire more easily than normal, and 
a myopathy with cramping is infrequently observed. Progres-
sive cardiac disease was reported in two whippets. In contrast 
to PK deficiency, myelofibrosis and liver failure have not been 
recognized in dogs with PFK deficiency.

Homozygous affected animals more than 3 months of age 
can easily be identified by measuring erythrocyte PFK activity. 
A DNA test using PCR technology has been developed that 
can clearly differentiate normal, carrier, and affected dogs of 
all breeds except wachtelhunds, which have a different genetic 
mutation.205

Increased Erythrocyte Osmotic Fragility in Cats
A hemolytic anemia with markedly increased osmotic fragil-
ity occurs in Abyssinian and Somali cats.260 Splenomegaly and 
polyclonal hyperglobulinemia are common. The HCT is gen-
erally between 15% and 25%, but values as low as 5% have 
been recognized. A macrocytosis with mild to moderate retic-
ulocytosis is present in most cats. Most samples exhibit 
extreme hemolysis after 1 day of refrigeration; however, in 
vivo intravascular hemolysis also occurs, as evidenced by 
hemoglobinuria in some cats. An erythrocyte membrane 
defect is suspected.

Hereditary Spherocytosis in Cattle
Severe hemolytic anemia with icterus and splenomegaly is 
present shortly after birth in Japanese black cattle that lack 
band 3 in their erythrocyte membranes. The mortality rate is 
high in affected animals, especially during the first week of 
life. Those that survive exhibit a persistent mild hemolytic 
anemia (HCT 25% to 35%), with marked spherocytosis and 
anisocytosis but no reticulocytosis. This defect is inherited as 
an autosomal dominant trait, and osmotic fragility is increased 
in both heterozygous and homozygous cattle.231

Glucose-6-Phosphate Dehydrogenase Deficiency in a Horse
Persistent hemolytic anemia and hyperbilirubinemia have 
been described in an American standard-bred colt with severe 
G6PD activity. Morphologic abnormalities of erythrocytes 
included eccentrocytosis, pyknocytosis, increased anisocytosis, 
increased Howell-Jolly bodies, and rare hemoglobin crystals. 
Heinz bodies were not observed in erythrocytes stained with 
new methylene blue.452

been reported in diabetic cats and in a diabetic dog following 
insulin therapy, in a cat with hepatic lipidosis, and in post-
parturient cattle and buffaloes.109,205 In addition to having 
low ATP concentrations, dog erythrocytes might hemolyze  
as a result of decreased erythrocyte 2,3DPG concentration, 
because dog erythrocytes with low 2,3DPG are more alkaline-
fragile than those of normal dogs and may hemolyze at physi-
ologic pH values.205

Hereditary Erythrocyte Defects
Pyruvate Kinase Deficiency in Dogs and Cats
Pyruvate kinase (PK) deficiency is transmitted as an autoso-
mal recessive trait in many breeds of dogs, with highest preva-
lence reported in basenji and beagle dogs. Homozygously 
affected animals have decreased exercise tolerance, pale 
mucous membranes, tachycardia, and splenomegaly. Affected 
animals have a macrocytic hypochromic anemia (HCT 16% 
to 28%) with marked reticulocytosis (15% to 50% uncorrected 
reticulocyte count) when young. Myelofibrosis and osteoscle-
rosis develop in the bone marrow, and hemochromatosis and 
cirrhosis develop in the liver as the dogs age. HCT and reticu-
locyte counts decrease as myelofibrosis and osteosclerosis 
become severe. Affected dogs generally die between 1 and 5 
years of age because of bone marrow failure and/or liver 
failure.169,203

PK deficiency has been reported in Abyssinian, Somali, 
and domestic shorthaired cats. Affected cats are often asymp-
tomatic, but lethargy, pale mucous membranes, and  
inappetence may be recognized. The HCT is generally  
normal or mildly decreased, but severe anemia may occur 
during intermittent hemolytic crises. The MCV is usually  
mildly increased. The MCHC is sometimes decreased. An 
aggregate reticulocytosis is present in 90% of cases.259 Sple-
nectomy may reduce the severity of the anemia in cats. In 
contrast to dogs, bone marrow and liver failure have not been 
reported in cats; consequently the life expectancy in cats with 
PK deficiency is generally longer than that in dogs with this 
defect.169

PK deficiency can be diagnosed by measuring erythrocyte 
enzyme activity in affected cats, but it can be difficult to 
diagnose by measuring enzyme activities in affected dogs 
because their erythrocytes contain an unstable M2 isozyme 
that is usually lost as erythroid precursors develop into eryth-
rocytes.206 All PK-deficient cats identified thus far have had 
the same mutation; therefore a single DNA-based diagnostic 
test may be used to identify deficient cats.259 Unfortunately 
several different genetic mutations have been identified in 
dogs with PK deficiency. Consequently different DNA-based 
diagnostic assays must be developed and/or validated for each 
affected dog breed.169

Phosphofructokinase Deficiency in Dogs
Autosomal recessive inherited erythrocyte PFK deficiency 
occurs in English springer spaniel, American cocker spaniel, 
mixed-breed, wachtelhund, and whippet dogs.166,205 Homozy-
gously affected dogs have persistent compensated hemolytic 
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Postparturient Hemoglobinuria in Dairy Cattle
Postparturient hemoglobinuria in dairy cattle has been associ-
ated with hypophosphatemia.450 The anemia appears to 
develop because affected animals have decreased erythrocyte 
ATP concentrations.205 An apparently different syndrome of 
postparturient hemoglobinuria has been reported in cattle in 
New Zealand grazing primarily on perennial ryegrass (Lolium 
perenne). The presence of Heinz bodies in these animals indi-
cates an oxidant etiology. Postparturient cattle may be more 
susceptible to the development of anemia because increased 
food consumption associated with lactation could increase 
exposure to an unidentified dietary oxidant. Copper deficiency 
may contribute to the severity of the anemia in these cattle by 
rendering their erythrocytes more susceptible to oxidants.292

B L O O D - L O S S  A N EM I A S

Causes of blood-loss anemia are given in Box 4-4.* In some 
cases the diagnosis of blood-loss anemia and its cause is 
apparent from the history and/or physical findings. In other 

Erythrocyte Flavin Adenine Dinucleotide Deficiency  
in Horses
Eccentrocytosis, pyknocytosis, and variable numbers of hemo-
globin crystals have also been seen in FAD-deficient horses, 
but HCTs were normal or only slightly decreased. Affected 
horses have undetectable glutathione reductase and reduced 
Cb5R enzyme activities because FAD is a cofactor for these 
enzymes. A persistent methemoglobinemia (25% to 46%) is 
present because of the Cb5R deficiency.203

Hereditary Stomatocytosis in Dogs
Stomatocytosis is recognized in association with three differ-
ent inherited syndromes in dogs that result in one or more 
membrane defects causing erythrocytes to swell. Hemoglobin 
values and erythrocyte counts are low-normal or slightly 
reduced, but HCTs are normal in Malamutes, schnauzers, and 
Pomeranians. The MCV is increased and MCHC decreased 
even though reticulocyte counts are normal or only slightly 
increased. Affected Drentse patrijshond dogs have lower 
HCTs and higher reticulocyte counts than those found in the 
other breeds. Erythrocytes from all breeds have increased 
osmotic fragility and shortened erythrocyte survival.205

Additional Hereditary Defects
Familial nonspherocytic hemolytic anemia has been reported 
in poodles. Despite extensive studies, the defect in this disor-
der could not be determined, but PK deficiency cannot be 
ruled out. A mild hemolytic anemia with reticulocytosis, 
slightly increased erythrocyte osmotic fragility, shortened 
erythrocyte life span, and normal erythrocyte morphology has 
been reported in beagle dogs. A membrane defect was sus-
pected. Persistent elliptocytosis and microcytosis have been 
described in a crossbred dog that lacked erythrocyte mem-
brane protein 4.1. Although the animal was not anemic, the 
reticulocyte count was about twice normal in compensation 
for a shortened erythrocyte life span.205

Miscellaneous Causes of Hemolytic Anemia
Splenic Disorders
Disorders that cause splenomegaly may result in a syndrome 
called hypersplenism, where phagocytosis of blood cells is 
increased.442 Increased erythrophagocytosis and anemia occur 
in various hemophagocytic disorders,516 most notably in 
hemophagocytic histiocytic sarcoma, which typically involve 
the spleen.149,324 Erythrocyte destruction can occur secondary 
to splenic torsion, where stagnation and breakdown of blood 
results in hemoglobinuria.336

Liver Failure in Horses
Marked intravascular hemolysis has been reported in horses 
with liver failure. The mechanism of this hemolysis is unknown, 
but bile acids or their salts have been considered possible 
hemolytic factors in horses.383

*References 6, 107, 145, 161, 168, 284, 298, 312, 380, 414, 444.

1. Trauma: Accidents, fights, gastrointestinal foreign bodies, 
surgery

2. Parasites: Hookworms, fleas, blood-sucking lice, 
Haemonchus spp. (small ruminants), liver flukes, 
Coccidia spp.

3. Coagulation disorders: Vitamin K deficiency, sweet clover 
(dicoumarol) toxicity (cattle), rodenticide toxicity, bracken 
fern toxicity (cattle and sheep), disseminated intravascular 
coagulation, inherited coagulation factor deficiencies (see 
Chapter 7)

4. Platelet disorders: Thrombocytopenia and inherited platelet 
function defects (see Chapter 7)

5. Neoplasia: Gastric tumors including carcinomas, 
leiomyosarcoma, and lymphoma; transitional cell carcinoma 
and transitional cell papilloma of urogenital system; and 
ruptured hemangioma, hemangiosarcoma, and adrenal gland 
tumors with bleeding into body cavities and tissues

6. Gastrointestinal ulcers: Glucocorticoids, nonsteroidal 
anti-inflammatory drugs, mast cell tumors, gastrinoma, 
stress, metabolic diseases (uremia, liver failure, 
hypoadrenocorticism)

7. Vascular abnormalities: Arteriovenous fistula and vascular 
ectasia in the gastrointestinal or urogenital tracts

8. Phenylephrine-induced hemorrhage: Presumably associated 
with hypertension in aged horses treated for nephrosplenic 
entrapment of the large colon

Box 4-4 
Causes of Blood-Loss Anemias in 
Domestic Animals
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cases hemorrhage is apparent but its cause must be deter-
mined. Finally, blood-loss anemia and its cause may not be 
recognized until laboratory tests and other diagnostic tests are 
done. The gastrointestinal and urogenital tracts are common 
sites of occult hemorrhage. Tests that may assist in the diag-
nosis of gastrointestinal hemorrhage include the occult blood 
test in feces, fecal examination for parasite ova, and diagnostic 
imaging to identify tumors or ulcers. Urinalysis and diagnostic 
imaging of the urinary system may assist in the diagnosis of 
renal or bladder hemorrhage.

Although total blood volume is decreased, HCT and 
plasma protein concentration are normal immediately after 
substantial acute blood loss has occurred because there is a 
balanced loss of erythrocytes and plasma. The HCT may even 
be increased shortly after acute blood loss in horses and dogs 
because splenic contraction occurs, which releases blood with 
a higher HCT into the general circulation.237 After several 
hours, the HCT and plasma protein concentration decrease 
as fluid moves from the digestive tract and extravascular spaces 
into the circulation to return the blood volume toward normal. 
If no further hemorrhage occurs, the plasma protein concen-
tration will return to normal within a few days. Consequently 
the occurrence of a low plasma protein concentration in asso-
ciation with anemia suggests the presence of recent or ongoing 
hemorrhage. Considerably more time is required for the HCT 
to return to normal than is required for the plasma protein 
concentration to return to normal. The HCT increases about 
1 percentage point per day following experimental phlebot-
omy in dogs and cats, with a slightly lower response in cattle 
and horses.15,65,364

The anemia appears nonregenerative shortly after blood 
loss because approximately 4 days are required for production 
of reticulocytes by the marrow. The MCV may not be increased 
following blood loss in animals because the reticulocyte 
response may not be of sufficient magnitude to result in a high 
MCV. Few reticulocytes are released from the marrow in 
response to blood-loss anemia in cattle and no reticulocytes 
are released following hemorrhage in horses.

Chronic external blood loss can result in iron deficiency. 
Iron-deficiency anemia is common in adult dogs and rumi-
nants but seldom occurs in adult cats and horses because 
parasitism causing significant blood loss is uncommon in 
these species. If iron deficiency persists for several weeks, the 
anemia can become microcytic and hypochromic. Reticulo-
cyte counts may be slightly to moderately increased in early 
iron-deficiency anemia in dogs; however, as iron deficiency 
becomes more severe, the regenerative response will be attenu-
ated (see discussion of iron deficiency under “Abnormalities 
in Heme Synthesis,” later in this chapter).204 Internal hemor-
rhage can share some characteristics of hemolytic anemias. 
Iron is conserved so that hypoferremia does not occur. Slight 
hyperbilirubinemia may occur due to phagocytosis and deg-
radation of erythrocytes at the sites of widespread hemor-
rhage. Some plasma proteins may be reabsorbed when 
hemorrhage occurs in body cavities, thus shortening the return 
of plasma protein concentrations to normal.

A N EM I A S  R E S U LT I N G  F RO M 
D E C R E A S ED  ERY T H RO C Y T E 
P RO D U C T I O N

Anemia resulting from decreased erythrocyte production 
lacks evidence of bone marrow response to the anemia (e.g., 
the absolute reticulocyte count in blood is not increased or 
only minimally raised for the degree of anemia). Nonregen-
erative anemias result from reduced or defective erythropoi-
esis (Box 4-5). They are usually normocytic. Exceptions 
include microcytic anemia associated with chronic iron-
deficiency anemia, copper deficiency, pyridoxine deficiency, 
and dyserythropoiesis in English springer spaniel dogs and 
macrocytic anemia associated with folate deficiency, FeLV 
infection in cats, erythroleukemia, some myelodysplastic dis-
orders, and dyserythropoiesis in polled Hereford calves.201,257 
Bone marrow biopsies are often required to delineate the 
nature of non regenerative anemias.

Reduced Erythropoiesis
1. Chronic renal disease: Primarily lack of erythropoietin
2. Endocrine deficiencies: Hypothyroidism, 

hypoadrenocorticism, hypopituitarism, hypoandrogenism
3. Inflammatory disease: Inflammation and neoplasia
4. Cytotoxic damage to the marrow: Bracken fern poisoning 

(cattle), cytotoxic anticancer drugs, estrogen toxicity (dogs 
and ferrets), chloramphenicol (cats, usually not anemic), 
phenylbutazone (dogs), trimethoprim-sulfadiazine (dogs), 
radiation, albendazole (dogs, cats, alpacas), griseofulvin 
(cats), trichloroethylene (cattle)

5. Infectious agents: Ehrlichia spp. (dogs, horses, and cats), 
FeLV, nonbloodsucking trichostrongyloid parasites 
(ruminants), parvovirus (pups)

6. Immune-mediated: Nonregenerative anemia, selective 
erythroid aplasia, continued treatment with recombinant 
human erythropoietin, idiopathic aplastic anemia (?)

7. Congenital/inherited: Foals and dogs?
8. Myelophthisis: Myeloid leukemias, lymphoid leukemias, 

myelodysplastic syndromes, multiple myeloma, myelofibrosis, 
osteosclerosis, metastatic lymphomas, metastatic mast cell 
tumors

Defective Erythropoiesis
1. Disorders of heme synthesis: Iron, copper, and pyridoxine 

deficiencies; lead toxicity; drugs
2. Disorders of nucleic acid synthesis: Folate and cobalamin 

deficiencies
3. Abnormal maturation: Erythroleukemia or AML-M6 (primarily 

cats), myelodysplastic syndromes with erythroid 
predominance (MDS-Er), inherited dyserythropoiesis of 
Hereford calves, inherited dyserythropoiesis of English 
springer spaniels

Box 4-5 
Anemias Resulting from 
Decreased Erythrocyte 
Production in Domestic Animals
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Nonregenerative Anemias without Leukopenia  
or Thrombocytopenia
A nonregenerative anemia without an accompanying leuko-
penia or thrombocytopenia in blood suggests a bone marrow 
abnormality affecting only erythroid cells. Mild to moderate 
anemia of this type may occur in association with chronic 
renal disease, endocrine deficiencies, and the anemia of inflam-
matory disease. Erythroid production is reduced in these dis-
orders, but often not enough to result in an M : E ratio in the 
marrow that is increased above the reference interval.

Hormone Deficiencies
Because the kidney is the major site of EPO production in 
the body, chronic renal disease can result in a mild to moderate 
nonregenerative anemia secondary to reduced EPO produc-
tion.250,360 Disorders such as hypopituitarism, hypoadrenocor-
ticism, and hypothyroidism may result in mild nonregenerative 
anemia because these hormones enhance the growth of ery-
throid progenitor cells in the presence of EPO.205,282,357 Glu-
cocorticoids appear to be important in stress erythropoiesis 
(e.g., following hemorrhage or increased erythrocyte destruc-
tion, when a substantial increase in erythropoiesis is required). 
Thyroid hormones may also promote the synthesis of EPO in 
the kidney.205

Anemia of Inflammatory Disease  
(Anemia of Chronic Disease)
A mild to moderate nonregenerative anemia often accom-
panies chronic inflammatory and neoplastic disorders. The  
cause of the anemia is multifactorial and only partially under-
stood. Abnormalities that can contribute to the anemia 
include low serum iron, the production of inflammatory 
mediators that can inhibit erythropoiesis, and shortened 
erythrocyte life spans, presumably secondary to membrane 
damage caused by endogenous oxidants generated during 
inflammation.204

Disorders of Nucleic Acid Synthesis
Anemia resulting from folate deficiency is rarely reported in 
animals. Macrocytic anemia has been produced experimen-
tally in pigs and a clinical case of folate deficiency has been 
recognized in a cat.205 Cobalamin (vitamin B12) deficiency in 
humans, who require cobalamin for normal folate metabolism, 
causes hematologic abnormalities similar to folate deficiency. 
In contrast, cobalamin deficiency does not cause macrocytic 
anemia in any animal species. Anemia has been reported in 
some experimental animal studies, but erythrocytes were of 
normal size. Cobalamin deficiency occurs secondarily to an 
inherited malabsorption of cobalamin in dogs. Affected 
animals have normocytic, nonregenerative anemia with 
increased anisocytosis. Additional findings include neutrope-
nia with hypersegmented neutrophils and giant platelets. A 
normocytic nonregenerative anemia was also present in a 
cobalamin-deficient cat that probably had an inherited defect 
in cobalamin absorption.205

Abnormalities in Heme Synthesis
Iron deficiency in adult domestic animals usually results from 
blood loss. The absolute reticulocyte count may be increased 
early in response to hemorrhage, but as iron deficiency 
becomes more severe, a minimal regenerative response is 
present. Microcytic erythrocytes form when iron becomes 
limiting because erythroid cells apparently undergo additional 
divisions, resulting in smaller-than-normal cells. If sufficient 
time has elapsed for these small cells to account for a substan-
tial portion of the total erythrocyte population, the MCV will 
decrease below the normal reference interval. When the MCV 
is only slightly decreased, the MCHC is usually normal. 
When the MCV is substantially below normal, the MCHC 
will also be decreased.204 Erythrocytes in these microcytic 
hypochromic anemias will appear hypochromic (pale cells 
with prominent areas of central pallor) on stained blood films. 
A low MCHC is seldom present and hypochromasia is usually 
not apparent in stained blood films from iron-deficient horses 
and adult cats. Hematologic aspects of iron deficiency are 
compared to the anemia of inflammatory disease in Table 4-1.

Milk contains little iron; consequently nursing animals can 
deplete body iron stores as they grow. Microcytic erythrocytes 
are produced in response to iron deficiency, but a low MCV 
may not develop postnatally in species such as dogs and cats 
in which the MCV is above adult values at birth. The potential 
for development of severe iron deficiency in young animals 
appears to be less in species that begin to eat food at an early 
age. Piglets are especially susceptible to the development of 
iron deficiency when they are not raised on dirt; thus the 
practice of iron injections of piglets.204

Prolonged copper deficiency usually results in anemia in 
mammals. Because copper is required for normal iron 

Parameter
Chronic Iron 
Deficiency

Anemia of 
Inflammatory 
Disease

HCT Slight to marked 
decrease

Slight to moderate 
decrease

MCV Slight to marked 
decrease

Normal to slight 
decrease

Serum iron Slight to marked 
decrease

Slight to moderate 
decrease

Serum TIBC Normal to increased Normal to decreased
Serum ferritin Decreased Normal to increased
Marrow 

hemosiderin
Decreased or absent Normal to increased

HCT, Hematocrit; MCV, mean cell volume; TIBC, total iron-binding capacity.

Table 4-1 
Laboratory Findings in Chronic Iron- 
Deficiency Anemia versus the Anemia of 
Inflammatory Disease

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	4	 n	 Evaluation	of	Erythrocytes	 109

may be a prominent feature of some hematopoietic neoplasms, 
especially erythroleukemia, and some myelodysplastic syn-
dromes.56,125,518 However, leukopenia and/or thrombocytope-
nia are usually present along with nonregenerative anemia in 
these latter disorders, which in cats are usually associated with 
FeLV infections.56

Nonregenerative Anemias with Leukopenia  
and/or Thrombocytopenia
The pattern of a pancytopenia with a nonregenerative anemia 
suggests a defect in the production of blood cells in bone 
marrow. The bone marrow may be hypocellular, with low 
numbers of cells (including hematopoietic precursors) present, 
or high numbers of abnormal cells may have replaced the 
normal hematopoietic precursors in marrow (myelophthi-
sis).520 However, pancytopenia with nonregenerative anemia 
may sometimes be present in disorders other than marrow 
hypoplasia/aplasia and myelophthisis. These disorders gener-
ally have increased numbers of macrophages (histiocytes) in 
bone marrow and/or peripheral tissues, and the destruction of 
blood cells is a component of the pathogenesis of the cytope-
nias in these histiocytic disorders. Histiocytic inflammatory 
conditions that may have accompanying pancytopenia include 
the terminal stage of cytauxzoonosis in cats,50 histoplasmo-
sis,157 leishmaniasis,300 and mycobacteriosis.363 Bicytopenia or 
pancytopenia has been reported in dogs classified as having 
the hemophagocytic syndrome (activated macrophage syn-
drome) with greater than 2% hemophagocytic macrophages 
in bone marrow.516 This syndrome develops secondary to some 
infectious, neoplastic, and immune-mediated conditions, but 
an underlying disease may not always be identified.499,516 
Cytopenias may also occur with hypersplenism, associated 
with splenomegaly and increased phagocytosis of blood cells 
by the spleen.87,420,442,520 Hemophagocytic histiocytic sarcoma 
may also result in multiple cytopenias.149,514,520 The anemia is 
generally nonregenerative in most of these histiocytic disor-
ders because of accompanying inflammation (see “Anemia of 
Inflammatory Disease,” above), but the anemia may be regen-
erative in response to erythrocyte phagocytosis in some his-
tiocytic disorders.

Hypocellular/Aplastic Bone Marrow
A marrow is classified as hypoplastic when 5% to 25% of the 
hematopoietic space consists of bone marrow cells. General-
ized necrosis may result in hypocellular marrow,247,420,426,525 but 
generally fat replaces lost hematopoietic cells in hypocellular 
marrow. When all hematopoietic cell types—erythrocytic, 
granulocytic, and megakaryocytic—are absent or markedly 
reduced (less than 5% of the hematopoietic space consists of 
hemic cells), the marrow is said to be aplastic. Anemic animals 
with generalized marrow aplasia in which nearly all of the 
marrow space is occupied by fat are reported to have aplastic 
anemia. When only one cell line is reduced or absent, more 
restrictive terms, such as granulocytic hypoplasia or erythroid 
aplasia, are used to describe the abnormalities present. Hypo-
cellular or aplastic bone marrow may result from insufficient 

metabolism, the anemia that develops is generally microcytic, 
but it may be normocytic. Pyridoxine (vitamin B6) is required 
for the first step in heme synthesis. While natural cases of 
pyridoxine deficiency have not been documented in domestic 
animals, microcytic anemias with high serum iron values have 
been produced experimentally in dogs, cats, and pigs with 
dietary pyridoxine deficiency.205

Nonregenerative Immune-Mediated Anemia
Erythroid cellularity in the marrow varies from hypocellular 
to hypercellular in dogs and cats with nonregenerative 
immune-mediated anemia. Erythroid maturation may be 
complete to the polychromatophilic erythrocyte stage or a 
maturation arrest may occur at an earlier stage of erythrocyte 
development.244,261,454,517 A nonregenerative immune-mediated 
anemia with maturation arrest has also been reported in a 
ferret.294 An antibody or cell-mediated response may be 
directed against one or more maturation antigens present on 
nucleated erythrocyte precursors and/or reticulocytes. Ery-
throid hypoplasia occurs when the immune response is 
directed at earlier stages of erythroid development.517

Selective Erythroid Aplasia
Pure red cell aplasia or selective erythroid aplasia can result 
in severe anemia in dogs and cats. Most cases appear to be 
acquired, but congenital erythroid aplasia may occur in dogs.320 
Some cases in adult dogs and cats appear to be immune-
mediated.511,517 Selective erythroid aplasia occurs in cats 
infected with FeLV subgroup C, but not in cats infected only 
with subgroups A or B.155 Colony-forming-unit-erythrocyte 
(CFU-E) numbers are markedly decreased but burst-forming-
unit-erythrocyte (BFU-E) numbers are normal in infected 
cats.1 FeLV-C binds to a heme exporter on bone marrow 
CFU-E cells, and it is hypothesized that this binding inhibits 
heme export from these cells, resulting in their destruction 
because free heme is toxic to cells.381 High doses of chloram-
phenicol cause reversible erythroid hypoplasia in some dogs 
and erythroid aplasia in cats.205 Marked erythroid hypoplasia 
has been reported in dogs, cats, and horses given recombinant 
human EPO.106,369 Antibodies made against this human 
recombinant glycoprotein apparently cross-react with the 
animals’ endogenous EPO.369 A recombinant cat EPO pro-
duced in a hamster cell line has also caused erythroid aplasia 
in cats.386

Dyserythropoiesis
The term dyserythropoiesis refers to various disorders in which 
abnormal erythrocyte maturation and/or morphology is asso-
ciated with ineffective erythropoiesis (see dyserythropoiesis 
section in Chapter 9). Dyserythropoiesis is a prominent com-
ponent of some congenital (presumably inherited) disorders 
in Hereford calves and English springer spaniel dogs.223,447 
Dyserythropoiesis has been reported in association with 
immune-mediated disorders, drug toxicities, and myelofibro-
sis.9,518 Dyserythropoiesis with Cabot rings has been reported 
in a dog with a metastatic carcinoma.286 Dyserythropoiesis 
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cases of aplastic anemia are immune-mediated, and activated 
type-1 cytotoxic T cells have been implicated.548 Consequently 
most cases of idiopathic aplastic anemia in animals may be 
immune-mediated, if the pathophysiology is similar to that in 
humans.

Congenital aplastic anemia, renal abnormalities, and skin 
lesions have been reported in newborn foals whose mothers 
were treated for equine protozoal myeloencephalitis with sul-
fonamides and/or pyrimethamine during pregnancy.482 Aplas-
tic anemia has been described in 11- and 14-day-old Holstein 
calves that may have also developed in utero.19,424 An in utero 
toxic insult was suspected in a 9-week-old Clydesdale foal with 
aplastic anemia.317 Generalized bone marrow hypoplasia has 
been reported in eight young standard-bred horses sired by the 
same stallion, suggesting an inherited etiology.262

Myelophthisic Disorders
Myelophthisic disorders are characterized by the replacement 
of normal hematopoietic cells with abnormal ones. Examples 
include myelogenous leukemias, lymphoid leukemias, multi-
ple myeloma, myelodysplastic syndromes, and myelofibrosis 
(often associated with anemia but less often with pancytope-
nia). Nonregenerative anemia with leukopenia and/or throm-
bocytopenia are often recognized in cats infected with FeLV 
and less often with cats infected with FIV.154,174 Examination 
of bone marrow generally reveals the presence of a myelodys-
plastic syndrome or less often leukemia.154,512 Multiple cyto-
penias may sometimes be present secondary to the extensive 
metastasis of lymphomas, carcinomas, and mast cell tumors.* 
Myelophthisic disorders do not simply “crowd out” normal 
cells, but also alter the marrow microenvironment so that 
normal hematopoiesis is compromised. In the case of myelo-
dysplastic syndromes, increased apoptosis probably accounts 
for the ineffective hematopoiesis that is present.425

Physiologic Anemia of Neonatal Animals
HCT and hemoglobin values increase during fetal develop-
ment, reaching values near those of adult animals upon birth 
(Fig. 4-102). Following birth, there is a rapid decrease in these 
parameters during the first few weeks of life, followed by a 
gradual increase to adult values by 4 months of age in most 
species (Fig. 4-103). Factors involved in the development of 
the anemia of the neonate include absorption of colostral 
proteins during the first day of life (increases plasma volume 
through an osmotic effect), decreased erythrocyte production 
during the early neonatal period, shortened life span of eryth-
rocytes formed in utero, and rapid growth with hemodilution 
resulting from total plasma volume expansion, which occurs 
more rapidly than the increase in total erythrocyte mass.205

In some species, production of erythrocytes is decreased 
because of low EPO concentrations at birth. The decreased 
stimulus for EPO production at birth may occur as a result of 
a placental blood transfusion that increases erythrocyte mass 

numbers of stem cells, abnormalities in the hematopoietic 
microenvironment or abnormal humoral or cellular control of 
hematopoiesis. These factors are interrelated, and the specific 
defect in a given disorder is usually unknown.

Drug-induced causes of aplastic anemia or generalized 
marrow hypoplasia in animals include estrogen toxicity in 
dogs,440 phenylbutazone toxicity in dogs (and possibly 
horses),521 trimethoprim-sulfadiazine administration in 
dogs,144 bracken fern poisoning in cattle and sheep,496 
trichloroethylene-extracted soybean meal in cattle,180 alben-
dazole toxicity in dogs, cats, and alpacas,188,455 griseofulvin 
toxicity in cats,402 methimazole toxicity in cats,515 various 
cancer chemotherapeutic agents, immunosuppressive drugs, 
such as azathioprine, and radiation.150,180,359,366,510 Thiacetars-
amide, meclofenamic acid, and quinidine have also been 
incriminated as potential causes of aplastic anemia in dogs.521

In addition to exogenous estrogen injections, aplastic 
anemia can occur in dogs because of high levels of endogenous 
estrogens produced by Sertoli cell, interstitial cell, and granu-
losa cell tumors.440 Functional cystic ovaries also have the 
potential of inducing myelotoxicity in dogs.69 Ferrets have 
induced ovulations and may remain in estrus for long periods 
of time when they are not bred. This prolonged exposure to a 
high endogenous estrogen concentration can result in aplastic 
anemia.258

Acute parvovirus infections may cause transient marrow 
hypoplasia, but not true aplastic anemia. Parvovirus infections 
can cause erythroid hypoplasia, as well as myeloid hypoplasia 
in canine pups,375,399 but generally only myeloid hypoplasia in 
adult dogs and cats.68,272,273 Either affected animals die acutely 
or the bone marrow returns to normal within a week. If 
present, anemia is usually mild, unless GI hemorrhage is 
severe, because of the long erythrocyte life span. Thrombocy-
topenia, if present, is generally mild unless DIC occurs as part 
of the disease process.184,520

Although some degree of marrow hypoplasia and/or dys-
plasia often occurs in cats with FeLV infections,103 true aplas-
tic anemia is not a well-documented sequela,400 but it may 
rarely occur.515 Hypocellular bone marrow has been reported 
in experimental cats coinfected with FeLV and feline 
parvovirus.289

Dogs with acute Ehrlichia canis infections may spontane-
ously recover or develop chronic disease that generally exhibits 
some degree of marrow hypoplasia. Although rare, aplastic 
anemia may develop in association with severe chronic 
ehrlichiosis in dogs.75,333,337 Natural cases of East Coast fever 
(Theileria parva infection) have been described in cattle with 
generalized marrow hypoplasia and pancytopenia.305

Aplastic anemia has been reported in five cats with chronic 
renal failure. These cats also exhibited prolonged anorexia and/
or emaciation, and it was suggested that starvation played a 
role in the development of marrow aplasia in these cases.515

Idiopathic aplastic anemia has been reported in dogs,497,520 
cats,515 and horses.275,317 One case of erythroid and myeloid 
aplasia with normal megakaryocyte numbers has been reported 
in a horse; the etiology was unknown.501 In humans, most *References 4, 22, 135, 154, 220, 279, 299, 420, 514, 519, 520.
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ERY T H RO C Y T O S I S 
( P O LYC Y T H EM I A )

Erythrocytosis refers to an increase in HCT, hemoglobin, and 
RBC count above the normal reference interval. The reference 
interval can sometimes vary by breed as well as by species. The 
HCTs of hot-blooded horses (e.g., thoroughbreds, quarter 
horses, and Arabians) are usually higher than those of draft 
horses because of the larger spleens, relative to body weight, 
in the hot-blooded group.254 Some sighthound breeds (grey-
hounds, whippets, Afghan hounds, and salukis) have higher 
HCTs than other breeds.238,481 The reference interval for the 
HCT in adult greyhound dogs is reported to be 48% to 
64%.423 A reference interval of 50% to 69% was reported using 
blood from healthy adult whippets, Afghan hounds, and 
salukis.219 In addition, slightly increased HCTs are sometimes 
measured in individuals from some non-sighthound breeds 
(i.e., poodle, German shepherd, boxer, beagle, dachshund,  
and Chihuahua).238 These somewhat higher values may result 
from splenic contraction in animals with a high normal eryth-
rocyte mass.

Relative Erythrocytosis
Erythrocytosis is either relative (spurious) or absolute (Box 
4-6). A relative erythrocytosis is one in which the HCT is 
high but the total erythrocyte mass in the body is normal.  
It is caused by splenic contraction or dehydration. Splenic 
contraction results from sympathetic stimulation as occurs 
with excitement, fear, pain, or exercise. The HCT measured in 
blood from peripheral veins increases because the HCT in the 
spleen is considerably higher than that in the general circula-
tion.110,449 Splenic contraction results in higher (30% to 50%) 

FIGURE  4-102 
Blood hemoglobin values in prenatal and postnatal cats. 

Data from Windle WF, Sweet M, Whitehead WH. Some aspects of prenatal 
and postnatal development of the blood of cats. Anat Rec. 1940;78:321.
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FIGURE  4-103 
Age-related changes in total plasma protein (PP) concentration, mean 
cell volume (MCV), reticulocyte (Retic) count, and packed cell volume 
(PCV) in blood from a basenji dog. 
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immediately after birth, a rapid increase in PaO2 associated 
with breathing air, and a decrease in hemoglobin O2 affinity 
due to an increase in erythrocyte 2,3DPG content after birth. 
Although not involved in the early, rapid decrease in HCT, 
iron availability may limit the response to anemia in some 
rapidly growing animals.204

Relative Erythrocytosis
1. Splenic contraction: Excitement, exercise, pain (primarily in 

horses, dogs, and cats)
2. Dehydration: Water loss, water deprivation, shock with fluid 

shift into tissues

Absolute Erythrocytosis
1. Primary erythrocytosis: A myeloproliferative neoplasm in 

adult dogs and cats
2. Familial erythrocytosis in young Jersey cattle: Etiology 

unknown
3. Hypoxemia with compensatory increased erythropoietin 

production: Chronic lung disease, heart disease with 
right-to-left shunting of blood, chronic methemoglobinemia 
(rare in dogs and cats)

4. Inappropriate erythropoietin production: Renal lesions 
(primarily tumors), nonrenal erythropoietin secreting  
tumors (rare)

Box 4-6 
Erythrocytosis in Domestic 
Animals
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increases in HCT in dogs, cats, and hot-blooded horses than 
in ruminants, pigs, or draft horses because the former group 
have large, contractile spleens.449,485

Dehydration results from increased water loss (diarrhea, 
vomiting, excessive diuresis, or sweating) or from water depri-
vation. The plasma protein concentration is also usually 
increased. The HCT may also be high when increased vascular 
permeability results in water loss from the circulation into the 
tissues, as occurs in endotoxic shock.5,111,251

Absolute Erythrocytosis
An absolute erythrocytosis is one in which the HCT is high 
because the total erythrocyte mass in the body is increased. 
Absolute erythrocytosis may occur secondary to increased 
EPO production (secondary erythrocytosis) or in disorders 
where increased erythrocyte proliferation occurs in the pres-
ence of normal or low blood EPO values (primary erythrocy-
tosis). Causes of secondary erythrocytosis include chronic 
hypoxemia (heart defects with right-to-left shunting of 
blood,102,323,418 diffuse lung disease,42,367 persistent methemo-
globinemia203), renal disorders causing local tissue hypoxia 
(renal tumors74,253 and localized inflammation248), and 
tumors that secrete EPO, EPO-like proteins, or other hor-
mones such as androgens that might enhance the effects of 
EPO.104,177,256,408,546

Primary erythrocytosis (polycythemia vera) is considered 
to be a myeloproliferative neoplasm that results from an 
autonomous (erythropoietin-independent) proliferation of 
erythroid precursor cells, resulting in high numbers of mature 
erythrocytes in blood.358,503 In contrast to humans with poly-
cythemia vera, blood granulocyte and platelet numbers are 
generally not increased in animals; consequently, in veterinary 
medicine, the term primary erythrocytosis is more appropriate 
than polycythemia vera. A diagnosis of primary erythrocytosis 
is ultimately made by ruling out causes of the secondary 
erythrocytosis.

Familial erythrocytosis (HCTs of 60% to 80%) has been 
described in calves from a highly inbred Jersey herd.475 The 
cause of this defect was not determined. Affected calves had 
normal hemoglobin types and arterial blood gas values and 
lacked measurable EPO in plasma. The majority of the affected 
calves died by 6 months of age. HCTs of surviving animals 
returned slowly to normal by maturity. Erythrocytosis of 
unknown etiology has also been diagnosed in an 8-month-old 
Japanese black heifer.468 A variety of familial and congenital 
erythrocytosis syndromes have been described in humans. 
They include altered hypoxia sensing, mutations in the  
EPO receptor gene, high-affinity hemoglobins, and 2,3DPG 
deficiency.205

Differential Diagnosis of Erythrocytosis
Splenic contraction is considered a likely cause of erythrocy-
tosis when the HCT is slightly to moderately increased in the 
absence of evidence of dehydration. A slight to moderate 
increase in HCT with increased plasma protein concentration 
suggests that dehydration is present. This interpretation is 

confirmed by finding evidence of dehydration on physical 
examination.

The persistence of a moderate or marked increase in HCT 
suggests that an absolute erythrocytosis is present. Tests that 
may help determine the cause of the absolute erythrocytosis 
include arterial blood gas measurements, diagnostic imaging, 
a methemoglobin screening test, and a validated EPO test. 
The cytologic examination of bone marrow is not useful. 
When present, methemoglobinemia is easily recognized using 
a simple spot test (see “Methemoglobin Determination,” 
above). The presence of low PaO2 suggests that either a heart 
defect (with right-to-left shunting of blood) or chronic lung 
disease is present. Diagnostic imaging procedures are used to 
differentiate heart and lung disease and search for renal lesions 
and tumors. Plasma EPO values should be increased when 
hypoxemia, renal lesions, or EPO-secreting tumors cause  
the erythrocytosis, but are low when primary erythrocytosis  
is present. Unfortunately, there is considerable overlap among 
patients with primary and secondary erythrocytosis, limiting 
the diagnostic value of the EPO assay.96 A diagnosis of 
primary erythrocytosis is reached after ruling out other poten-
tial causes of persistent erythrocytosis.
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LE U KO C Y T E  T Y P E S  A N D 
N U M B ER S  I N  B L O O D

Mammalian leukocytes or white blood cells have been classi-
fied as either polymorphonuclear leukocytes (PMNs) or 
mononuclear leukocytes. The PMNs have condensed, seg-
mented nuclei. They are commonly referred to as granulocytes 
because they contain large numbers of cytoplasmic granules 
(Fig. 5-1). The term granulocyte is preferred in veterinary med-
icine because nuclear segmentation does not occur in the 
granulocytes of most reptiles and it is not as prominent in 
birds as it is in mammals. The granules in these cells are lyso-
somes containing hydrolytic enzymes, antibacterial agents, 
and other compounds. Primary granules are synthesized in the 
cytoplasm of late myeloblasts or early promyelocytes. They 
appear reddish purple when stained with routine blood stains 
such as Wright-Giemsa (see Chapter 8). Secondary (specific) 
granules appear at the myelocyte stage of development in the 
bone marrow. Three types of granulocytes (neutrophils, eosin-
ophils, basophils) are identified by the staining characteristics 
of their secondary granules (Fig. 5-2).

Mononuclear leukocytes in blood are classified as either 
lymphocytes or monocytes (Fig. 5-3). These cells are not 
devoid of granules but rather have lower numbers of cytoplas-
mic granules than do granulocytes. Lymphocytes have high 
nuclear-to-cytoplasmic (N : C) ratios. Their nuclei have 
coarsely clumped chromatin and are usually round, but they 
may be oval or slightly indented. A low percentage of lym-
phocytes in blood have focal accumulations of red- or purple-
staining granules within the cytoplasm (Fig. 5-4). These 
granular lymphocytes may be cytotoxic T lymphocytes or 
natural killer (NK) cells. Monocytes are usually larger than 
lymphocytes, have nuclei with finer chromatin clumping that 
are more variable in shape (round-, kidney-, or band-shaped), 
and have N : C ratios of 1 or less. They often exhibit cytoplas-
mic vacuoles in films prepared from blood collected with an 
anticoagulant.

The total number of leukocytes varies considerably by 
species. Among common domestic animals, the mean total 
leukocyte count is highest in pigs (16,000/µL) and lowest in 

cattle and sheep (8000/µL).226 Neutrophils and lymphocytes 
are the most numerous leukocyte types present in the blood 
of healthy domestic mammals. Dogs, cats, and horses usually 
have more neutrophils in blood than lymphocytes. In contrast, 
lymphocytes are usually more numerous in pigs, cattle, sheep, 
goats, and rodents.226 Numbers of neutrophils and lympho-
cytes change with age after birth. The neutrophil-to- 
lymphocyte ratio tends to be higher at birth than in later life, 
in part because of the increased blood cortisol concentration 
at birth.84,249,312,331,460 Cortisol causes circulating neutrophil 
numbers to increase and circulating lymphocyte numbers to 
decrease. Calves have neutrophil-to-lymphocyte ratios well 
above 1.0 at birth owing to neutrophil numbers above and 
lymphocyte numbers below those of adults. Within a week, 
neutrophil numbers decrease and lymphocyte numbers 
increase to counts that are approximately equal, with lympho-
cyte counts above neutrophil counts by 3 weeks of age.249,331 
Low numbers of monocytes, eosinophils, and basophils are 
present in normal mammals. Basophil numbers are especially 
low in dogs and cats, with none being seen in blood from 
many healthy animals.

LE U KO C Y T E  K I N E T I C S

In contrast to erythrocytes, leukocytes do not exhibit a life 
span in blood but rather leave blood at random times in 
response to chemoattractant stimuli. Except for lymphocytes 
that recirculate, it was thought that leukocytes did not reenter 
the circulation after migration into the tissues. However, there 
is evidence that some tissue eosinophils return to the circula-
tion via lymphatics478 and that, in the absence of inflamma-
tion, some monocytes may shuttle back to the bone marrow.506

Neutrophils
Following release from the bone marrow, neutrophils are nor-
mally present in blood for a short time (half-life about 5 to 
10 hours) before they egress into the tissues.75,116,383,433 Neu-
trophils appear to survive no more than a few days in tissues.433 
Neutrophils that remain in blood spontaneously undergo 
apoptosis and are removed by macrophages in the spleen,  
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circulating neutrophil pool (CNP) is assessed by routine blood 
sample collection. The marginating neutrophil pool (MNP) 
consists of neutrophils that are transiently retained in capil-
laries and veins. The lung has long been considered the  
predominant organ contributing to the MNP121,309; however, 
recent studies suggest that the liver, spleen, and bone marrow 
may contribute substantially to the MNP.445 The retention of 
neutrophils in the vasculature does not appear to involve neu-
trophil adhesion to endothelial cells.260 The size of the MNP 
in an organ is related to its blood flow and the neutrophil 
intravascular transit time through the organ.445 Neutrophil 
margination is increased in lungs when blood flow is reduced 
and decreased when blood flow is increased.455 The absolute 
neutrophil count measured in blood samples can be affected 

FIGURE  5-1 
Transmission electron photomicrograph of a cat neutrophil containing 
many characteristically small cytoplasmic granules. The thin sectioning 
of the sample creates the appearance of the nucleus as being in three 
parts. 

Courtesy of C. F. Simpson.

FIGURE  5-2 
Blood film from a horse demonstrating the types of granulocytes nor-
mally present in blood. Granulocytes present include a neutrophil (bottom 
left), five eosinophils (middle), and a basophil (top right). Granules in the 
basophil stained poorly, which is a characteristic of the aqueous stain 
used. Diff-Quik stain. 

FIGURE  5-3 
Blood film from a cow demonstrating the types of mononuclear leuko-
cytes normally present in blood. Nucleated cells present include a mono-
cyte (lower left), a large lymphocyte (lower right), and a neutrophil (top). 
Wright-Giemsa stain. 

FIGURE  5-4 
Granular lymphocyte in blood from a dog. Wright-Giemsa stain. 

liver, and bone marrow via a phagocytic process (termed  
efferocytosis) that does not generate an inflammatory 
reaction.162,328,422

Neutrophils occur in circulating and marginating pools in 
blood, with 50% or less of the total blood neutrophil pool 
being present in the circulating pool (Fig. 5-5).226,433 The 
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account for 5% to 10% of blood lymphocytes.458 Some NK 
cells appear as granular lymphocytes, but not all. A subset of 
CD8+ T lymphocytes also appear as granular lymphocytes.33

A majority of blood lymphocytes are naive T and B lym-
phocytes, and most of the remaining blood lymphocytes are 
antigen-primed memory T and B lymphocytes.140 The frac-
tion of memory lymphocytes increases and the fraction of 
naive lymphocytes decreases in the blood of humans as they 
age.293 Most lymphocytes in blood have come from peripheral 
lymphoid organs (primarily lymph nodes). Lymphocytes cir-
culate for a short time in blood (half-life about 30 minutes), 
exit, migrate through lymphoid tissues (and to some degree 
extralymphoid tissues), and return to blood via lymphatics.50 
B and T lymphocytes migrate through lymph nodes with 
average velocities of around 6 and 12 µm/min, respectively. It 
is estimated that it takes about 1 day for a recirculating lym-
phocyte to migrate through a lymph node.40,507 Recirculation 
allows lymphocytes, with their complete repertoire of unique 
antigen receptors, to be available for immune reactions 
throughout the body.

Naive lymphocytes have a propensity to recirculate through 
lymph nodes. They migrate into lymph nodes through high 
endothelial venules (HEVs) because these venules have adhe-
sion molecules and chemokines on their surfaces that recog-
nize complementary adhesion and chemokine receptors 
expressed on naive lymphocyte surfaces.399 Recirculating lym-
phocytes generally exit the lymph nodes via the efferent lym-
phatics; however, they appear to emigrate from lymph nodes 
via paracortical postcapillary venules in pigs.51 Efferent lym-
phatics join together to form large lymphatic vessels, the 
largest of which is the thoracic duct, and drain into the blood 
at the level of the heart (Fig. 5-6).

Dendritic cells are exposed to antigens in tissues and 
migrate to draining lymph nodes. When naive T and B lym-
phocytes are exposed to their cognate antigens presented by 
dendritic cells in lymph nodes, they proliferate and form effec-
tor lymphocytes and long-lived memory lymphocytes. Den-
dritic cells present not only antigens but also environmental 
signals (including vitamin A and D3 metabolites) that program 
migration pathways.428 Memory lymphocytes develop an array 
of adhesion molecules and chemokine receptors that target 
their subsequent migration to specific tissues including skin, 
intestinal mucosa, and lungs.50,399 Tissue lymphocytes are 
picked up by afferent lymphatics and are carried to lymph 
nodes, where they exit by efferent lymphatics, traverse large 
lymphatic vessels, and reenter the blood (see Fig. 5-6). Most 
plasma cells and proliferating lymphocytes, such as those 
present in germinal centers, do not express the adhesion mol-
ecules necessary for migration.458

Lymphocytes generally survive much longer than granulo-
cytes. Naive T lymphocytes are reported to have a half-life of 
about 40 days in mice. CD8+ memory T lymphocytes and 
some CD4+ memory T lymphocytes are long-lived in mice 
(many months), but other CD4+ memory T lymphocytes 
survive only about 2 months. Memory T lymphocytes are 
reported to survive for many years in humans.309 Long-term 

by cell movements between the MNP and CNP. A net move-
ment of neutrophils from the MNP to the CNP increases the 
circulating blood neutrophil count. A net movement in the 
opposite direction results in a decreased circulating blood 
neutrophil count.435

Eosinophils and Basophils
The half-life reported for human eosinophils ranges from 8 
to 18 hours.368 Little information is available concerning 
blood basophil kinetics, but a half-life of 2 to 3 days has been 
reported for humans.440 Basophils appear to survive no more 
than a few days in tissues.164 In contrast, eosinophils may 
remain in tissues for weeks to months unless they migrate into 
airways or the gastrointestinal tract.478

Monocytes
The half-life for monocytes in blood is reported to vary from 
0.5 to 3 days in rabbits, mice, and humans.185,506 Monocytes 
also have a marginating pool within pulmonary capillaries.121 
Monocytes develop into macrophages and dendritic cells in 
the tissues, where they survive for variable time periods.506 
Macrophages may survive up to 3 months in tissues.165 Den-
dritic cells in lymphoid organs are reported to survive 10 to 
14 days.284 In contrast, dendritic cells in skin (Langerhans 
cells) are reported to survive more than a year.322

Lymphocytes
Most lymphocytes reside within lymphoid organs (lymph 
nodes, thymus, spleen, and bone marrow). Only about 2% to 
5% of lymphocytes circulate in blood.50,458 Like neutrophils 
and monocytes, lymphocytes have a MNP within pulmonary 
capillaries.121,455 Depending on the species and individual vari-
ability, about 50% to 75% of blood lymphocytes are T lym-
phocytes and about 10% to 40% are B lymphocytes. NK cells 

FIGURE  5-5 
Neutrophil distribution in blood. Neutrophils occur in the circulating 
neutrophil pool (CNP) and marginating neutrophil pool (MNP), with 
50% or less of the total blood neutrophil pool being present in the CNP. 
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include certain chemokines as well as bacterial products, leu-
kotrienes, and C5a. Marked infiltrates of NK cells are also 
present in the uterus during pregnancy.187

LE U KO C Y T E  F U N C T I O N S
Neutrophil Functions
Neutrophils are essential in the defense against invading 
microorganisms, primarily bacteria. To be effective, they must 
recognize inflammatory signals, leave the blood, migrate 
through tissue to a site where bacteria are present, and then 
neutralize the bacteria. Neutrophils display glycoprotein 
adhesion molecules on their surfaces that are needed for 
various adhesion-dependent functions, including adhesion to 
endothelium and subendothelial structures, spreading, hapto-
taxis, and phagocytosis.106 Unless they are activated, neutro-
phils and endothelial cells exhibit little tendency to adhere  
to each other. Following the stimulation of endothelial cells 
by mediators—such as thrombin, histamine, and oxygen 
radicals—P-selectin is rapidly mobilized from storage gran-
ules and expressed on the surfaces of endothelial cells. Inflam-
matory mediators, including interleukin-1 (IL-1) and tumor 
necrosis factor (TNF), promote the expression of E-selectin 
adhesion molecules on the surface of activated endothelial 
cells within 1 to 2 hours.58 These oligosaccharide-binding 
selectin molecules, acting in concert with the L-selectin adhe-
sion molecule expressed on the surface neutrophils, bind to 
their counterligands, most notably P-selectin glycoprotein 
ligand-1 (PSGL-1), which results in the initial adhesion of 
unstimulated neutrophils to activated endothelial cells (Fig. 
5-7).511 As a result of selectin binding between neutrophils 
and activated endothelial cells, the velocity of neutrophils in 
the circulation is markedly decreased and they are seen to roll 
along the endothelium.510

survival may require cell proliferation; therefore it may be a 
matter of semantics whether long-term survival refers to an 
individual lymphocyte or a population of lymphocytes.

The t1/2 disappearance rate for B lymphocytes from the 
recirculating pool is reported to be 2 to 3 weeks in humans. 
Long-term-memory B lymphocytes appear to be maintained 
as proliferating clones of cells rather than as individual cells 
that survive for a long time.293 Plasma cells survive for variable 
periods of time. Those that develop in sites of inflammation 
disappear when the inflammation is resolved. However, some 
plasma cells may survive for years in humans, especially within 
stromal niches in bone marrow.339

An NK cell’s half-life in the circulation is about 7 to 10 
days in mice and 12 days in humans under normal conditions. 
NK cells leave the circulation by entering tissues during 
steady-state conditions or through cell death. NK cell survival 
is promoted by the cytokine, interleukin-15 (IL-15).513 NK 
cells are located in many organs including spleen, lung, bone 
marrow, lymph nodes, liver, intestine, skin, and thymus (low 
numbers). Some NK cells recirculate through blood and 
lymph.117,187 The spleen and bone marrow appear to provide 
NK cell reserves that can rapidly enter the blood and subse-
quently migrate into tissues in response to inflammation. NK 
cell migration from blood to inflammatory sites occurs by 
mechanisms similar to those described for granulocytes. These 
include initial adhesion to endothelial cells via selectins,  
followed by tighter adhesion to endothelial cells via integrins 
and chemoattractant-directed migration. Chemoattractants 

FIGURE  5-7 
Endothelial cell activation, neutrophil rolling along vessel walls, tight 
adhesion between neutrophils and endothelial cells, diapedesis, and 
haptotaxis. 
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FIGURE  5-6 
Circulation routes for lymphocytes. Solid lines represent blood vessels 
and dashed lines represent lymphatic vessels. Naive lymphocytes circulate 
primarily through lymph nodes and memory lymphocytes circulate 
through tissues. 
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including collagen, laminin, fibronectin, and vitronectin.280 
Movement depends on actomyosin-mediated contractions at 
the leading edge for pseudopod advancement and in the trail-
ing end to break adhesive contacts.441

For phagocytosis to occur, neutrophils must be able to first 
bind invading bacteria to their surfaces (Fig. 5-8). This adher-
ence is greatly potentiated if bacteria have been opsonized 
(have antibodies and complement components bound to their 
surfaces) because neutrophils have immunoglobulin Fc and 
C3b receptors on their surfaces. Following binding, bacteria 
are engulfed by the neutrophils’ cytoplasmic processes, which 
extend around the organisms. The membranes of the neutro-
phils’ cytoplasmic processes fuse to form phagocytic vacuoles 
surrounding the engulfed bacteria.58,106

Bacterial killing involves a multitude of mechanisms that 
are set into motion by two cellular events, initiation of the 
respiratory burst and degranulation. The respiratory burst is 
initiated by the activation of an NADPH oxidase enzyme 
(Fig. 5-9). This enzyme is normally “inactive” in resting or 
unstimulated phagocytes. Enzyme activation depends on the 
assembly of multiple components, some of which are already 
membrane-bound and others that must be translocated from 
the cytoplasm to the membrane. Activated NADPH oxidase 
is located in the plasma membrane and becomes incorporated 
into the phagocytic vacuole. It catalyzes the one-step reduc-
tion of O2 to form superoxide (O2

−).106 The NADPH needed 
to generate superoxide is formed in the pentose phosphate 
pathway. The superoxide thus formed undergoes dismutation 
to form hydrogen peroxide, as shown below:

2 22 2O NADPH O NADP H oxidation+ → + +− + + ( )

2 22 2 2 2O H O H O dismutation− ++ → + ( )

Hydrogen peroxide and superoxide can diffuse from the 
phagocytic vacuole into the cytoplasm of the cell. Activated 

Activated endothelial cells produce factors including 
interleukin-8 (IL-8) and platelet activating factor (PAF, a 
biologically active phospholipid) that result in neutrophil acti-
vation. Other mediators that can activate neutrophils include 
opsonized particles, immune complexes, N-formylated bacte-
rial peptides, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), granulocyte colony-stimulating factor 
(G-CSF), and chemoattractants produced during inflamma-
tion.58 Neutrophil activation results in increased expression 
and enhanced binding affinity of β2 integrin adhesion mole-
cules and shedding of L-selectin molecules. β2 integrins 
(CD11a,b,c/CD18) are heterodimers that bind with variable 
affinity to intercellular adhesion molecules (ICAMs). β2 inte-
grin binding further slows rolling and ultimately results in the 
firm adhesion of neutrophils to endothelial cells. Adherent 
(activated) neutrophils then spread and exhibit pseudopod 
formation. Neutrophil activation also promotes degranulation, 
superoxide generation, and the production of arachidonate 
metabolites, to be discussed later.58

In addition to increased β2 integrin affinity, activated neu-
trophils have increased numbers of surface receptors and/or 
enhanced receptor affinity for chemoattractants.432 These 
receptors are also found in granules, suggesting that they are 
mobilized to the cell surface during neutrophil activation. 
When they are exposed to chemoattractants, neutrophils pen-
etrate the wall of postcapillary venules, primarily by moving 
between endothelial cells.58 Less than 5 minutes is required 
for neutrophils to pass between endothelial cells, but 15 
minutes or more may be required for them to pass through 
the vascular basement membrane.277 Once outside the vessel, 
the active directional migration of neutrophils in tissues occurs 
largely by haptotaxis, which means migration up a gradient  
of immobilized chemoattractants rather than soluble che-
moattractants (chemotaxis). A wide variety of substances  
can function as a chemoattractant, including IL-8 and other 
chemokines, C5a (complement fragment), leukotriene B4 (a 
product of arachidonic acid metabolism via the lipoxygenase 
pathway), PAF (1-0-alkyl-2-acetyl sn-glyceryl phosphoryl-
choline) and bacterial products (e.g., N-formyl-methionyl 
oligopeptides) recognized by Toll-like receptors.58,106

During their movement toward increasing concentrations 
of chemoattractants, neutrophils become elongated, with a 
frontal pseudopod extending in the direction of movement 
and a distal uropod that consists of fine trailing appendages. 
Membrane sheets (lamellipodia) on the leading edge of the 
pseudopod are in continual motion, orienting in the direction 
of chemoattractants.441 Neutrophils crawl (10-12 µm/min) 
toward the source of the chemoattractant by the binding of 
integrin surface molecules to their respective ligands within 
the extracellular matrix at the frontal pseudopod and detach-
ing from these ligands at the distal uropod. Although present 
in only small amounts on the surfaces of circulating blood 
neutrophils, activated neutrophils express increased surface β1 
integrins, which appear to be the most important class of 
integrins for migration. Members of the β1 integrin family 
have high affinity for proteins in the extracellular matrix, 

FIGURE  5-8 
Basic events involved in the phagocytosis, killing, and the discharge of 
killed bacteria and degraded bacterial products. 
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FIGURE  5-9 
Generation of superoxide free radicals by the membrane-associated 
NADPH oxidase enzyme. 
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neutrophils utilize the superoxide dismutase and glutathione 
peroxidase reactions to protect themselves from these oxi-
dants. The latter reaction requires that additional NADPH be 
generated to maintain glutathione in the reduced form. Acti-
vation of the respiratory burst requires neither phagocytosis 
nor degranulation to occur. In addition to opsonized particles, 
chemoattractants, such as C5a, can activate the respiratory 
burst.106

Superoxide, other free radicals (e.g., hydroxyl radical), and 
H2O2 may be involved directly in the killing of bacteria, but 
killing is potentiated by degranulation, which results in the 
fusion and release of the contents of lysosomal granules into 
the phagocytic vacuole (see Fig. 5-8). Myeloperoxidase is an 
iron-containing enzyme located in the primary granules of 
neutrophils. The myeloperoxidase reaction greatly enhances 
the bactericidal potency of H2O2. This reaction catalyzes the 
oxidation of chloride to hypochlorous acid, resulting in  
halogenation of bacterial cell walls (see below) and loss of 
integrity.106

Cl H O H HOCl H O− ++ + → +2 2 2

R-NH HOCl R-NHCl H O2 2+ → +

Other enzymes are also present in primary and secondary 
granules of neutrophils.432 These include collagenase, acid and 
neutral hydrolases, and lysozyme, which hydrolyzes glycosidic 
linkages in the cell walls of certain bacteria. These enzymes 
are probably more important in digestion than in killing. 
Nonenzymatic agents are also involved in neutrophil  
defense. A number of cationic proteins and peptides in neu-
trophil granules have antimicrobial properties.432 Of these 
molecules, defensins appear to be the most common. With 
the lowest molecular weight, defensins are small (4 kD) anti-
microbial peptides within primary granules that act against 

bacteria and other microorganisms by altering their mem-
brane permeability. They are inserted into the lipid bilayer, 
disrupting interaction between lipid molecules. In addition, 
lactoferrin occurs within secondary granules and chelates iron 
required for microbial growth.432

The growth factors G-CSF and GM-CSF are important, 
not only in the production of neutrophils but also in promot-
ing neutrophil survival and function. G-CSF and GM-CSF 
are produced by macrophages, neutrophils, and other cell 
types at inflammatory sites.137 They prime neutrophils in ways 
that enhance their functions and inhibit apoptosis of neutro-
phils at sites of inflammation.106,360 Neutrophils become more 
adhesive and responsive to other stimuli, including chemoat-
tractants, and their respiratory burst is enhanced after they 
bind these growth factors.106,137,304,499

Following the killing and digestion of bacteria, the phago-
cytic vacuole fuses with the plasma membrane and discharges 
the killed bacteria, products of degraded bacteria, and contents 
of granules to the outside of the cell in a process called exo-
cytosis (see Fig. 5-8). Discharge of granules can also occur 
following activation of neutrophils in the absence of phago-
cytosis. Considerable tissue injury occurs in areas where neu-
trophils are activated because of the oxidants they produce and 
the granule contents they release.

Neutrophils can trap and kill bacteria and fungi without 
phagocytosis by releasing neutrophil extracellular traps 
(NETs). These NETs consist of fibers (composed of DNA, 
histones, and proteins from granules) that can kill microbes.158 
Initial reports indicated that these NETs were generated by 
neutrophils undergoing cell death158; however, more recent 
reports indicate that NET formation can occur without  
neutrophil death.365,509 NET production is an active process, 
not the result of leakage during cellular disintegration. The 
NETs formed by living neutrophils contain mitochondrial 
DNA but no nuclear DNA.509 In addition to mammalian 
neutrophils,192,477 neutrophils from fish and heterophils 
from birds produce NETs when they are appropriately 
stimulated.85,365

Several pathogens have co-opted phagocytic and killing 
processes to survive within phagocytes. These include Listeria, 
Yersinia, and Mycobacterium species.106

Eosinophil Functions
Most tissue eosinophils reside in the gastrointestinal mucosa.335 
Eosinophils have less phagocytic ability than neutrophils and 
provide poor host defense against bacterial or viral agents.207 
However, eosinophils are an important component of the type 
2 cytokine-induced inflammatory response that is critical in 
the host defense against helminth infections and is respon-
sible for the pathogenesis of type 1 hypersensitivity allergic 
reactions. CD4+, type 2 helper T (TH2) lymphocytes secrete 
a group of cytokines that result in the recruitment and/or 
activation of effector cells including B lymphocytes producing 
IgE, mast cells, basophils, and eosinophils.346

Rather than simply responding to an otherwise innocuous 
environmental antigen by producing IgG or IgA antibodies, 
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peroxidase released from granules interacts with hydrogen 
peroxide generated from the respiratory burst and halide ions. 
This complex—along with other oxygen metabolites, major 
basic protein, eosinophil cationic protein, and eosinophil  
neurotoxin released from secondary granules—is primarily 
involved in the killing of helminths.458,478

The eosinophil has been perceived as a terminal effector 
cell in the TH2 inflammatory response. However, recent work 
indicates that eosinophils have the ability to modulate  
T lymphocyte responses. Eosinophils can present antigens to 
T lymphocytes and produce cytokines (primarily IL-4 and 
IL-13) that induce TH2-cell development and recruit addi-
tional TH2 cells to sites of inflammation.438

Basophil Functions
Basophils generally occur in low numbers in the circulation. 
They contain most of the histamine measured in blood. His-
tamine in granules is bound to proteoglycans (such as chon-
droitin sulfate and heparin), which are responsible for the 
metachromatic staining (purple color with blue dyes) of the 
granules. Basophils have biochemical characteristics similar to 
those of mast cells and share a common progenitor cell with 
mast cells in bone marrow, but they are clearly different cell 
types.164 Basophils have segmented nuclei and mast cells have 
round nuclei. Mast cells usually have more cytoplasmic gran-
ules than basophils. In cats, both primary and secondary gran-
ules in basophils are morphologically different from mast cell 
granules.

Basophils have functions similar to those of mast cells, 
including being important in the protective immunity against 
helminths.361 In contrast to mast cells, which develop and 
reside in tissues, basophils are recruited from blood into sites 
of inflammation after exposure to allergens, helminths, and 
ectoparasites.476 Among chemoattractants, chemokines that 
bind to C-C chemokine receptor type 3 (CCR3) are the most 
potent basophil chemoattractants. These chemokines include 
the eotaxins (CCL11, CCL24, and CCL26) and CCL5, 
CCL7, and CCL13.470 IL-33 has recently been identified as 
an interleukin that targets basophils. It enhances histamine 
release by IgE-dependent stimuli as well as the secretion of 
IL-4, IL-8, and IL-13 by blood basophils. IL-33 may also 
help regulate basophil binding to endothelium and migration 
into the tissues.470

Following the binding of an antigen to a specific, surface-
bound IgE antibody, basophils are activated and release his-
tamine and other mediators that contribute to the inflammation 
present in immediate hypersensitivity reactions. In addition to 
IgE-mediated antigenic activation, other substances including 
C5a, various bacterial peptides, and chemokines can also acti-
vate basophils.470 Recent studies reveal that basophils perform 
essential nonredundant functions in TH2 cytokine-dependent 
immunity. In particular, basophils migrate to lymph nodes and 
function as antigen-presenting cells, which appears to be criti-
cal for the induction of TH2-cell differentiation.411,431 In 
concert with IL-3, stem cell factor (SCF) prolongs basophil 
survival by delaying apoptosis.208

some animals respond to environmental antigens with an 
exaggerated TH2 response that produces excessive amounts of 
IgE. IL-4 and IL-13 from TH2 lymphocytes and the presence 
of activated mast cells, basophils, and eosinophils stimulate B 
lymphocytes to switch to IgE production.381,431 This excess 
IgE binds to receptors (FcεRI) on mast cells in the tissues and 
primes the mast cells to bind the environmental antigen (aller-
gen) that stimulated the IgE response. When the primed mast 
cell encounters the allergen and it cross-links two of the 
bound IgE molecules, the mast cell will degranulate and 
release a mixture of inflammatory mediators and potent che-
moattractants for eosinophils into the surrounding tissues.458 
These chemoattractants include histamine and small C-C 
chemokine proteins, including eotaxins (CCL11, CCL24, and 
CCL26) and CCL5, which appear to be particularly impor-
tant in the selective recruitment of eosinophils. Other factors 
such as PAF and leukotriene B4 also function as chemoat-
tractants, but these factors are not specific for eosinophils. TH2 
lymphocytes and activated mast cells produce factors (IL-5, 
IL-3, and GM-CSF) that not only stimulate the production 
and release of eosinophils but also activate eosinophils and 
promote their survival.458

Helminths stimulate both humoral and cellular immunity, 
but they are resistant to killing by conventional immune 
mechanisms. B lymphocytes produce IgG antibodies that may 
bind to the parasites, but their extracellular cuticles cannot be 
penetrated by the complement membrane attack complex  
or T lymphocyte perforins. As previously discussed for aller-
gens, specific IgE antibodies against parasite antigens are  
also produced, and these IgE molecules bind to mast cells.  
The binding of parasite antigens to these IgE antibodies 
results in mast cell activation and degranulation and release 
of inflammatory mediators and potent chemoattractants for 
eosinophils.458

Like molecules associated with neutrophil adhesive pro-
cesses, selectins and β2 integrins are involved in eosinophil 
adhesion to activated endothelial cells. In addition, endothelial 
cells activated by IL-4 and IL-13 express vascular cell adhe-
sion molecule-1 (VCAM-1), which binds to very late 
antigen-4 (VLA-4) on the surfaces of eosinophils. This inte-
grin is not expressed on neutrophils and presumably helps to 
provide specificity for eosinophil localization.478

Eosinophils migrate into the tissues in response to che-
moattractants generated in response to helminths. Initially, 
migration is stimulated primarily by mast cell- and/or parasite-
derived attractants, including chitin (N-acetyl-beta-D- 
glucosamine), a widespread polymer that provides structural 
rigidity to helminths, insects, crustaceans, and fungi.393 A 
second wave of migration is supported by IL-5 and other 
cytokines produced by TH2 lymphocytes.458

Eosinophils bind to the opsonized parasites via their 
surface receptors to IgG and complement. The parasites are 
much too large for eosinophils to ingest, but when activated, 
eosinophils exhibit dramatic NADPH oxidase activity, which 
generates extracellular oxidants. They also exocytose their 
granules in the area of the invading parasite. Eosinophil 
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response, they express an array of microbial pattern-recognition 
receptors, including Toll-like receptors, which allow them to 
recognize a variety of bacterial molecules such as LPS from 
Gram-negative bacilli. Macrophages also have Fc receptors for 
antibodies and complement receptors, which promote their 
phagocytosis of opsonized microorganisms.160

The antimicrobial properties of macrophages are less well 
understood than those of neutrophils. NADPH oxidase and 
myeloperoxidase activities are present, although the activity of 
myeloperoxidase is considerably less than it is in neutrophils. 
Lysozyme is present, but few organisms are sensitive to it in 
their native states. Nitric oxide, a free radical generated from 
L-arginine, generally appears to be important in microbial 
killing by macrophages, especially after nitric oxide interacts 
with superoxide to generate toxic derivatives, including 
peroxynitrite.108,160,341

Macrophage scavenger receptors recognize not only micro-
organisms but also lipids and dying or dead cells.27 Macro-
phages demonstrate necrotaxis and necrophagocytosis 
(phagocytosis of devitalized tissue). Opsonization of necrotic 
tissue is not required for necrophagocytosis to occur. Conse-
quently macrophages serve an important function in cleaning 
up necrotic tissue and other debris within the body.160

Macrophages have important functions in the modulation 
of immunity, including antigen processing; killing of tumor 
cells after sensitization by T lymphocytes; and synthesis of 
CSFs, interleukins, complement components, IFN, and TNF-
α. Macrophages also remove aged or damaged erythrocytes. 
Most of the iron released from these phagocytized erythro-
cytes is rapidly returned back into the circulation, but some 
of it is stored in macrophages in the form of ferritin and 
hemosiderin. Macrophages are also necessary for normal 
wound healing.160 Macrophages in the liver and spleen are 
most important in clearing blood-borne pathogens of dogs, 
rodents, rabbits, monkeys, and humans, but intravenous pul-
monary macrophages are most important in defending against 
blood-borne pathogens in cats, ruminants, pigs, and horses.62,430

Dendritic-Cell Functions
Classic dendritic cells are antigen-presenting cells that are 
present in nearly all tissues. They are essential in the initiation 
and control of acquired immunity as well as in maintaining 
immunologic tolerance. They continually present antigenic 
peptides, processed from self and foreign proteins within the 
body, to a spectrum of T lymphocytes. This communication 
with T lymphocytes requires that antigenic peptides be pre-
sented in the context of major histocompatibility complex 
class I (MHC-I) and major histocompatibility complex class 
II (MHC-II) molecules on the surfaces of dendritic cells.

Dendritic cells develop from immature dendritic cells that 
leave the bone marrow, enter blood, and migrate into the 
tissues. Immature dendritic cells are estimated to account  
for about 5% of the monocyte-like cells in the blood  
of humans.27,506 Immature dendritic cells are capable of 
recognizing invading pathogens because they have pattern-
recognition receptors (PRRs), including Toll-like receptors 

Monocyte/Macrophage/Dendritic-Cell Functions
Monocyte Functions
Monocytes are present in mammals, birds, amphibians, and 
fish.27 Several subsets of monocytes are reported to occur in 
mice and humans.27 One subset of monocytes appears to crawl 
along the luminal endothelium of blood vessels during the 
steady state, patrolling the endothelium independent of the 
direction of blood flow.27 Monocytes and their progeny have 
at least three major functions in mammals: phagocytosis, 
antigen presentation to T lymphocytes, and immunomodula-
tion associated with the production of an array of cytokines 
involved in the regulation of inflammation and hematopoiesis. 
Monocytes may circulate in blood and return to the bone 
marrow under steady-state conditions or they may migrate 
into tissues, where they can differentiate into macrophages 
and dendritic cells. They are rapidly mobilized from the bone 
marrow in response to inflammatory conditions.506 Chemo-
kines, including CCL2 and CCL7, promote this egress from 
bone marrow.27 Monocytes migrate in tissues in response to 
a similar array of chemoattractants to which neutrophils 
respond, including various chemokines, C5a, leukotriene B4, 
PAF, and bacterial products.106,160

Macrophage Functions
Macrophage colony-stimulating factor (M-CSF) stimulates 
not only monocyte production but also the transformation of 
monocytes into macrophages.122 M1 macrophages are acti-
vated by lipopolysaccharides (LPS) and interferon-γ (IFN-γ). 
They have potent antimicrobial properties, promote inflam-
mation, and secrete IL-12, which stimulates T-helper 1 (TH1) 
responses. M2 macrophages appear to be more important in 
wound repair, tissue remodeling, and immunomodulation by 
stimulating TH2 responses.27,170

The development of monocytes into macrophages is associ-
ated with a marked increase in size, an increase in granules 
(lysosomes), an increase in the size and number of mitochon-
dria, and an increase in phagocytic capacity. Macrophage 
function is augmented by various cytokines, the most potent 
of which is reported to be IFN-γ. M-CSF and GM-CSF also 
enhance macrophage function. The mononuclear phagocyte 
system consists of various macrophage subsets, including 
Kupffer cells in the liver, littoral cells in spleen, nurse cells in 
marrow, peritoneal and pleural macrophages, alveolar macro-
phages, and multinucleated giant cells that may form during 
chronic inflammatory conditions from a fusion of mononu-
clear phagocytes.160

Macrophages move more slowly and are generally less 
potent in killing bacteria, but they are notably more active 
against viral, fungal, protozoal, and helminth infections than 
are neutrophils. Macrophages can synthesize new membrane 
material and replace expended lysosomes. Therefore they have 
more staying power in combating infections than do neutro-
phils, which have limited synthetic abilities.106,160

Macrophages play important roles in linking the innate 
and adaptive immune responses. As part of the innate immune 
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CD4 + T Lymphocyte Functions
Naive CD4+ T lymphocytes develop into subsets of T-helper 
(TH1, TH2, and TH17) lymphocytes through maturational 
processes induced by binding of processed antigens (bound to 
MHC-II on the surface of antigen-presenting cells) to com-
plementary TCRs on the surface of the lymphocytes. Differ-
ent sets of cytokines promote lineage differentiation.514 The 
binding of an antigen to its complementary TCR sends a 
signal through CD3 proteins that triggers a clonal prolifera-
tion of cells and the production of short-lived effector cells 
and long-lived memory cells. When these antigen-specific 
memory cells recognize the same antigen at a later date, they 
undergo a secondary heightened proliferative response. Den-
dritic cells are particularly important as antigen-presenting 
cells and appear to be required to activate naive T lympho-
cytes. Macrophages and B lymphocytes can also function as 
antigen-presenting cells with MHC-II on their surfaces.458

TH lymphocytes exert their control in defending against 
pathogens and neoplasia by recruiting and activating other 
immune cells, including B lymphocytes, CD8+ T lymphocytes, 
macrophages, mast cells, neutrophils, eosinophils, and baso-
phils.514 TH1 lymphocytes produce IFN-γ, TNF-β, IL-2, and 
IL-3; support cellular immunity; and are particularly impor-
tant in the defense against intracellular pathogens. TH2 lym-
phocytes produce IL-4, IL-5, IL-6, IL-10, IL-13, and IL-25; 
they also support humoral immunity and are essential in the 
defense against helminths and other extracellular pathogens. 
TH17 lymphocytes secrete IL-17, IL-21, and IL-22; generate 
strong proinflammatory effects; and are involved in fighting 
gram-negative bacteria, fungi, and some protozoa.144 Consid-
erable heterogeneity and variable plasticity exist between TH 
lymphocytes.514

CD4+ T lymphocytes can also differentiate into regulatory 
T (Treg) lymphocytes. These Treg lymphocytes synthesize 
IL-10 and appear to suppress potentially deleterious effects of 
TH cytokine production. CD8+ Treg lymphocytes have also 
been identified but are less well studied. Altered T lymphocyte 
function may result in the development of autoimmune and 
allergic inflammation; Treg lymphocytes may help prevent the 
development of these disorders.96,172,231

CD8 + T Lymphocyte Functions
CD8+ cytotoxic T lymphocytes are antigen-dependent cells 
that can destroy target cells (e.g., virus-infected cells and  
neoplastic cells) by a contact-dependent MHC-I-dependent 
nonphagocytic process. With the exception of erythrocytes, 
neurons, gametes, and trophoblasts, MHC-I molecules are 
generally expressed in all tissue cells. When tissue cells syn-
thesize proteins, samples are processed to form small peptides 
that are transported to the surface bound to MHC-I mole-
cules. Abnormal cells, such as neoplastic cells or virus-infected 
cells, express abnormal antigens as well as normal self antigens 
bound to MHC-I on their surfaces. Self antigens are not 
recognized by TCRs on CD8+ lymphocytes; however, the 
recognition and binding of abnormal antigens by TCRs trig-
gers lymphocytes to respond.

and nucleotide-binding oligomerization domain (NOD) 
receptors, on their surfaces, which bind to pathogen-associated 
molecular patterns (PAMPs), such as lipopolysaccharides and 
microbial nucleic acids. Once immature dendritic cells bind 
and phagocytize an exogenous antigen, they rapidly mature 
and develop enhanced antigen-processing abilities. Engulfed 
antigens are partially digested when phagosomes containing 
antigens fuse with lysosomes. Resultant endosomes contain-
ing peptide fragments fuse with other endosomes containing 
newly formed MHC-II molecules. The MHC-II molecules 
combine with peptide antigens to form MHC-peptide com-
plexes, which are presented on the cell surface for binding to 
CD4+ T lymphocytes with complementary T cell receptors 
(TCRs).

A subset of dendritic cells can process endogenous antigen 
and express both MHC-I and MHC-II on their surfaces. The 
antigen bound to MHC-I may be acquired if the dendritic 
cells are infected with a pathogen, or they may acquire the 
antigen from dying cells. Dendritic cells with foreign antigen 
bound to MHC-I and MHC-II molecules on their surfaces 
migrate to lymph nodes and present antigen to naive CD8+ 
and CD4+ lymphocytes, respectively.458

Plasmacytoid dendritic cells are produced in the bone 
marrow and migrate to the tissues. Although they can also 
process antigens and control T lymphocyte responses, they are 
specialized cells that respond to viral infections with a massive 
production of IFN-α.170

Monocytes can develop into inflammatory dendritic cells 
or TNF-α- and iNOS-producing (TiP) dendritic cells under 
inflammatory conditions. The main function of monocyte-
derived inflammatory dendritic cells may be to kill organisms 
rather than to process antigens and regulate T lymphocyte 
function.27

Lymphocyte and NK Cell Functions
Lymphocytes are divided into T lymphocytes, B lymphocytes, 
and NK cells. A thorough discussion of the functions of  
these cells is beyond the scope of this text; the reader is there-
fore referred to immunology textbooks such as the one by 
Tizard458 for more detailed information.

T lymphocytes are largely responsible for cellular immu-
nity. They are involved in immune regulation, cytotoxicity, 
delayed-type hypersensitivity, and graft-versus-host reactions. 
T lymphocytes are also actively involved in the control of 
hematopoiesis. To produce these effects, different subpopula-
tions produce a large number of cytokines with diverse bio-
logical activities. Most T lymphocytes express TCRs composed 
of α and β chains. These TCRs recognize peptide antigens 
bound to MHC-I or MHC-II molecules. Peptides bound to 
MHC-I molecules are synthesized intracellularly by most cell 
types in the body, while peptides bound to MHC-II mole-
cules are formed from extracellular antigens that have been 
endocytosed and processed by professional antigen-presenting 
cells, with dendritic cells being most important. Surface pro-
teins CD8 and CD4 are coreceptors that bind to MHC-I and 
MHC-II, respectively.458
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may occur by diffusion; but dendritic cells, macrophages, or  
B lymphocytes appear to be required to carry large antigens 
(particulates, immune complexes, viruses, and bacteria) to the 
follicles. Resident follicular dendritic cells mediate the reten-
tion of antigens and function as potent accessory cells during 
B lymphocyte activation.40

Although B lymphocytes can interact with antigens in 
various forms, it appears that membrane-bound antigens are 
the predominant forms that initiate B lymphocyte activation. 
In contrast to the need to process protein antigens to small 
peptides for binding to TCRs on T lymphocytes, intact anti-
gens are recognized and bound by B cell receptors (BCRs) on 
B lymphocytes. It is unclear whether antigens are internalized 
into nondegradative intracellular compartments and then 
recycled to the surfaces of macrophages, dendritic cells, and B 
lymphocytes or simply retained as antigen on the surface of 
these antigen-presenting cells. Macrophages and dendritic 
cells may bind antigens to a variety of surface receptors, 
including Fc receptors, complement receptors, pattern-
recognition receptors, and/or lectin receptors that could 
present unprocessed antigen to B lymphocytes, and B lym-
phocytes are reported to bind antigen to complement recep-
tors, thereby transporting antigen independently of their 
BCRs.40

B lymphocyte activation is initiated following the binding 
of antigens to their cognate BCRs. Not only does antigen 
binding initiate their activation, but B lymphocytes can 
process the bound antigen and present it along with MHC-II 
to specific CD4+ TH lymphocytes, which secrete cytokines 
that stimulate B lymphocyte proliferation and differentiation. 
IL-21, produced by TH lymphocytes (especially TFH lympho-
cytes), is a potent cytokine for the activation and proliferation 
of human B lymphocytes, for differentiation of these cells into 
plasma cells, and for stimulating antibody production by 
plasma cells. This interaction between B and T lymphocytes 
results in the simultaneous stimulation of humoral and cellular 
immunity.40,282,410 B cell activating factor (BAFF) also induces 
B lymphocyte proliferation and differentiation into plasma 
cells. This glycoprotein member of the TNF family is secreted 
by activated innate immune cells and appears to be an impor-
tant factor in B lymphocyte homeostasis.102

Following activation, B lymphocytes are transformed into 
immunoglobulin-producing immunoblasts and subsequently 
plasma cells. IgM is initially produced by these cells, but with 
continued antigenic stimulation, IgG becomes the predomi-
nant antibody type produced. Clonal amplification of these 
cells results in the production of greater amounts of antibody 
against the foreign antigen. In addition to immunoglobulins, 
B lymphocytes produce cytokines that may influence the pro-
liferation and/or function of other blood cell types.40,458

B lymphocytes provide a link between innate and adaptive 
immunity because B lymphocytes express Toll-like receptors 
in addition to antigen-specific BCRs. Antigen binding to 
Toll-like receptors on memory B lymphocytes may result in 
their activation and differentiation into immunoglobulin-
secreting plasma cells independent of T lymphocytes.102

Dendritic cells with foreign antigen bound to MHC-I 
migrate to lymph nodes and present the antigen to naive 
CD8+ lymphocytes. The activation of naive CD8+ lympho-
cytes also requires IL-12 from activated dendritic cells and 
IL-2 and IFN-γ from TH1 lymphocytes that recognize the 
same antigen. Stimulated naive and memory CD8+ lympho-
cytes proliferate and develop into short-lived cytotoxic  
T lymphocytes and long-lived memory cells. When these 
antigen-specific memory cells recognize the same antigen at 
a later date, they undergo a secondary heightened proliferative 
response.458

Immunologic synapses form when TCR-CD8 complexes 
on the surface of cytotoxic T lymphocytes bind to target cells 
expressing complementary peptide antigens bound to MHC-I 
molecules on the surfaces of target cells. Following adhesion, 
cytotoxic proteins (including perforin, granzymes, and granu-
lysin) within secretory lysosomes of cytotoxic T lymphocytes 
are exocytosed. Released perforin creates transmembrane 
channels that facilitate the entry of granzymes and granulysin 
into the cytoplasm of target cells, and these molecules induce 
apoptosis. Cytotoxic T lymphocytes also mediate apoptosis of 
target cells by binding between CD95L (Fas-ligand) expressed 
on their surfaces to CD95 (Fas) on the surface of target cells. 
This death receptor pathway is important as a mechanism for 
removing excess or self-reactive T lymphocytes.458

B Lymphocyte Functions
B lymphocytes are primarily responsible for humoral immu-
nity; however, immunoglobulin production also requires the 
participation of T lymphocytes, dendritic cells, and macro-
phages. Soluble antigens can enter lymph nodes and spleen 
by afferent lymph and blood, respectively. Immature dendritic 
cells beneath the skin and mucosal epithelium also carry anti-
gens to regional lymph nodes.

Naive B lymphocytes are exposed to antigens in lymph 
nodes and spleen. These recirculating cells enter lymph nodes 
through HEVs in the paracortex, a region that contains resi-
dent dendritic cells, recently migrated dendritic cells that have 
collected antigen from peripheral tissues, and CD4+ TH lym-
phocytes needed for the maximal activation of B lymphocytes 
to produce antibody and to undergo class switching and affin-
ity maturation. A separate TH lineage termed follicular helper 
T lymphocytes (TFH) has been reported to promote B lym-
phocyte activation,282 but some authors have suggested that 
TFH cells may be a different state of one or more of the other 
TH lineages.514 These activated B lymphocytes may develop 
into extrafollicular plasma cells which mount early antibody 
responses to antigen, or they may migrate to follicles and 
promote the formation of germinal centers, which generate 
plasma cells that can secrete high-affinity antibody and 
memory B lymphocytes, which provide long-lasting protec-
tion against a repeated challenge with the same antigen.40

Most B lymphocytes in lymph nodes are located in folli-
cles; consequently antigens in afferent lymph that enters the 
subcapsular sinus must gain access to follicular B lymphocytes. 
For small antigens, such as low-molecular-weight toxins, this 
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5-10, E).226 This round basophilic body is attached to a ter-
minal lobe of the nucleus by a thin chromatin strand. It 
contains the inactivated X chromosome.239 The background 
cytoplasm of neutrophils generally appears colorless but may 
appear pale pink or faintly basophilic. In most mammalian 
species, neutrophil granules either do not stain or appear light 
pink with routine blood stains (see Fig. 5-10, B).

In birds, reptiles, fish, and some mammalian species (e.g., 
rabbits, guinea pigs, and manatees), the granules of these cells 
stain red and the cells are called heterophils (Fig. 5-11, A). 
They must be differentiated from eosinophils, which also have 
red-staining granules. The granular shape can often help to 
differentiate these cells. Heterophils usually have rod-shaped 
or oval granules and eosinophils usually have round granules 
(Fig. 5-11, B). In addition, the cytoplasm tends to be more 
basophilic in eosinophils than in heterophils.203

NK Cell Functions
NK cells appear as granular lymphocytes in most species. They 
do not have antigen receptors on their surfaces, like T and B 
lymphocytes. NK cells have receptors for MCH-I molecules 
that are present on the surfaces of normal cells, and they  
have a NKG2D receptor that recognizes several proteins, 
including MHC-I chain-related A and B (MICA and MICB), 
which are expressed on stressed cells but not on normal  
cells. Target cell destruction by NK cells is triggered if target 
cells express MICA or MICB, but destruction is inhibited  
if target cells express appropriate MHC-I molecules.  
Tumor cells and virus-infected cells are destroyed by NK cells 
because these cells have upregulated proteins like MICA  
and MICB and decreased amounts of normal MCH-I mol-
ecules on their surfaces. NK cells also have Fc receptors and 
can bind to and kill cells with antibodies on their surfaces 
through a process called antibody-dependent cellular 
cytotoxicity.458,461

After activation, CD8+ lymphocytes typically proliferate 
and exhibit clonal expansion before acquiring cytotoxic poten-
tial. In contrast, NK cells become cytotoxic rapidly following 
activation by IFN-γ and a number of cytokines without going 
through a phase of proliferation and expansion.513 Activated 
NK cells bind to target cells and induce apoptosis using mech-
anisms like those described previously for cytotoxic T lym-
phocytes.461 Activated NK cells also secrete an array of 
cytokines (including TNF and IFN-γ) and chemokines that 
recruit and activate other hematopoietic cells into sites of 
inflammation.117

N E U T RO P H I L S
Normal Neutrophil Morphology
Normal neutrophil morphology is similar in common domes-
tic mammalian species. The chromatin of the nucleus is  
condensed (dark-staining clumped areas separated by lighter-
staining areas) and segmented (lobulated) and stains purple 
to blue (Fig. 5-10, A,B). Nuclear lobes may be joined by fine 
filaments, but generally there is simply a narrowing  
of the nucleus between lobes without true filament  
formation. When an area of the nucleus has a diameter less 
than two-thirds the diameter of any other area of the nucleus, 
the neutrophil is classified as mature, even if only two lobes 
are present (Fig. 5-10, C). The nuclear outline is more scal-
loped ( jagged) in horses than in other species (Fig. 5-10, D).

Most invertebrates and most reptiles, including turtles and 
snakes, have oval or round nuclei in mature granulocytes.49 
Neutrophils in amphibians are lobulated and exceptionally 
large, like their erythrocytes (see Fig. 4-8). Some species of 
lizards, including the green iguana, have lobed nuclei.74 Avian 
granulocytes generally have less nuclear segmentation than 
mammalian neutrophils. Granulocytes have lobulated nuclei 
in some species of fish, but many have round or oval nuclei.74 
Some neutrophil nuclei are ring-shaped in mice.49

A Barr body (sex chromatin lobe or drumstick) is present 
in a low percentage of neutrophils from female mammals (Fig. 

FIGURE  5-10 
Normal neutrophil morphology. A, Neutrophil in blood from a dog with 
nearly colorless granules. Wright-Giemsa stain. B, Neutrophil in blood 
from a dog with pink-staining granules. Wright stain. C, Bilobed neu-
trophil in blood from a cow. Wright-Giemsa stain. D, Two neutrophils 
in blood from a horse. Wright-Giemsa stain. E, Neutrophil in blood 
from a female dog exhibiting a sex chromatin lobe or Barr body. Wright-
Giemsa stain. 
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Metamyelocytes
Nuclei with slight indentations are still classified as myelo-
cytes, but once the nuclear indentation extends more than 
25% into the nucleus, the cell is called a metamyelocyte (Fig. 
5-12, D). Nuclear condensation becomes readily apparent at 
this stage of maturation.

Band Neutrophils
Various criteria have been used to differentiate bands from 
mature neutrophils in humans. The National Committee for 
Clinical Laboratory Standards and the College of American 
Pathologists differentiate a band from a segmented neutrophil 
by requiring a segmented neutrophil to have a complete sepa-
ration of the lobes, with a clearly visible strand that appears 

Morphology of Left Shifts
Mature segmented neutrophils and sometimes low numbers 
of band neutrophils are released from bone marrow into blood 
in normal animals. When increased numbers of nonseg-
mented neutrophilic cells are present in blood, their presence 
is referred to as a left shift.

Band neutrophils are commonly seen in blood, with meta-
myelocytes and myelocytes present less often and promyelo-
cytes and myeloblasts rarely encountered. Morphologic 
changes that occur as cells of the granulocytic series undergo 
maturation from myeloblasts to mature granulocytes in the 
bone marrow include a slight diminution in size, a decrease 
in nucleus : cytoplasm (N : C) ratio, progressive nuclear con-
densation, changes in nuclear shape, and the appearance of 
cytoplasmic granules. In the absence of toxicity, the back-
ground (i.e., nongranular) cytoplasm color changes from gray-
blue in myeloblasts to nearly colorless in mature neutrophils. 
However, cytoplasmic toxicity is often present in animals with 
pronounced left shifts in their blood.

Myeloblasts
The morphology of myeloblasts is described under  
“Blast Cells or Poorly Differentiated Cells,” below. Their  
presence indicates the likelihood of a myeloid neoplasm  
(Fig. 5-12, A).

Promyelocytes
Promyelocytes or progranulocytes have round to oval nuclei 
with lacy to coarse chromatin. Their most identifiable charac-
teristic is the presence of many magenta-staining primary 
granules within light-blue cytoplasm (Fig. 5-12, B).

Myelocytes
Myelocytes have round nuclei (Fig. 5-12, C), but they are 
generally smaller with more nuclear condensation and lighter-
blue cytoplasm than promyelocytes. The primary magenta-
staining granules characteristic of promyelocytes are no longer 
visible in myelocytes. Secondary granules that characterize 
neutrophils are present but are difficult to visualize because of 
their neutral-staining characteristics.

FIGURE  5-11 
Morphology of a rabbit heterophil (A) compared with a rabbit eosinophil 
(B). Wright-Giemsa stain. 

BA

FIGURE  5-12 
Neutrophil precursor cells. A, Myeloblast in blood from a cat with acute 
myeloid leukemia (AML). B, Promyelocyte with purple cytoplasmic 
granules in blood from a dog with acute myelomonocytic leukemia 
(AML-M4). C, Neutrophilic myelocyte in blood from a dog with 
chronic myeloid leukemia. D, Neutrophilic metamyelocyte in blood from 
a dog with chronic myeloid leukemia. E, Band neutrophil in blood from 
a dog with immune-mediated hemolytic anemia. F, S-shaped band neu-
trophil in blood from a dog with immune-mediated hemolytic anemia. 
Wright-Giemsa stain. 
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FIGURE  5-13 
Toxic left shift in blood from a dog with a septic peritonitis. Two band 
neutrophils with toxic cytoplasm are present. 

FIGURE  5-14 
Toxic left shift in the blood of a cat with diabetes mellitus and fungal 
pneumonia. A band neutrophil and a neutrophilic cell with a donut-shaped 
nucleus are present. Pale inclusions in erythrocytes are Heinz bodies. 
Wright-Giemsa stain. 

as a solid thread-like dark line, containing no visible chroma-
tin between the margins.95 This criterion is not appropriate for 
most animal species, because neutrophils do not have the 
degree of segmentation seen in humans. Generally speaking, 
band neutrophils have rod-shaped nuclei with parallel sides 
(Fig. 5-12, E). Because few cells will have perfectly parallel 
sides, it is recommended that no area of the nucleus should 
have a diameter less than two-thirds the diameter of any other 
area of the nucleus; otherwise the cell is classified as a mature 
neutrophil. Band neutrophil nuclei twist to conform to the 
space within the cytoplasm, and U-shaped or S-shaped nuclei 
(Fig. 5-12, F) are common. Chromatin condensation is promi-
nent, and the cytoplasm’s appearance is essentially the same 
as that seen in mature neutrophils. Once nuclear segments 
form, the cell is called a mature neutrophil even if only two 
lobes are present (see Fig. 5-10, C).

Disorders with Left Shifts
Left shifts are usually associated with inflammatory condi-
tions.99,412,452,493 These conditions are often infectious but they 
may be noninfectious, as in immune-mediated disorders and 
infiltrative marrow disease.213,317 Left shifts are also present in 
animals with chronic myeloid leukemia and Pelger-Huët 
anomaly.270,471

Inflammation
The presence of a significant left shift in animals with an 
inflammatory disorder indicates that the stimulus for release 
of neutrophils from bone marrow is greater than can be 
accommodated by release from mature neutrophil stores alone. 
The magnitude of a left shift in response to inflammation can 
vary from slightly increased numbers of bands to severe left 
shifts with metamyelocytes, myelocytes, and, rarely, even pro-
myelocytes present in blood. The total neutrophil count may 
be low, normal, or high depending on the number of these 
cells released from the bone marrow versus the number uti-
lized in the inflammatory process. Toxic cytoplasm is often 
present in animals with left shifts in response to inflammatory 
disorders (Fig. 5-13). Other abnormalities that may be present 
include donut-shaped nuclei and giant neutrophils (Figs. 
5-14, 5-15).

Chronic Myeloid Leukemia
Chronic myeloid leukemia (CML) presents with a high total 
leukocyte count (usually greater than 50,000/µL) with a 
marked neutrophilic left shift in blood (Fig. 5-16).195,273,450 In 
domestic animals, CML is primarily seen in dogs. Increased 
numbers of monocytes, eosinophils, and/or basophils may also 
be present. Myeloblasts are either absent or present in low 
numbers in blood. CML is suspected when no inflammatory 
disorder can be found to explain the extreme left shift. The 
left shift present in CML is usually less orderly than that seen 
in leukemoid reactions. The presence of dysplastic abnormali-
ties in other blood cell types also supports a diagnosis of 
CML. On the other hand, the presence of moderate to marked 
cytoplasmic toxicity, increased inflammatory plasma proteins, 

and physical evidence of inflammation suggests that a leuke-
moid reaction is present rather than CML.

Pelger-Huët Anomaly (Hyposegmentation)
The term hyposegmentation refers to a left shift with condensed 
nuclear chromatin and few or no nuclear constrictions (Figs. 
5-17, 5-18, 5-19). Nuclei may be round, oval, kidney-shaped, 
band-shaped, peanut-shaped, or bilobed. Hyposegmentation 
occurs as an inherited Pelger-Huët anomaly in dogs, cats, 
horses, rabbits, and humans.175,196,268 Eosinophils and baso-
phils may also be affected. This abnormality in humans is 
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hyposegmented in disorders exhibiting pseudo-Pelger-Huët 
cells. 105,414,427

Hypersegmentation
Hypersegmentation (right shift) has generally been defined as 
the presence of five or more distinct nuclear lobes within 
neutrophils of domestic animals (Fig. 5-20). However, nuclei 
of horse neutrophils have large clumps of dense chromatin 
projecting from their surfaces, making them appear more seg-
mented than the neutrophils of other common domestic 
animals. Normal horse neutrophils average about five lobes, 
where a lobe is defined as a rounded part of the nucleus that 

caused by a defect in the lamin B receptor (LBR) gene. LBR 
is an integral membrane protein in the nuclear envelope.218

No clinical signs are associated with animals that are het-
erozygous for this disorder. Homozygous affected animals 
exhibit skeletal deformities and die in utero or shortly after 
birth.218 The Pelger-Huët anomaly is common in Australian 
shepherd dogs, where it appears to be transmitted as an  
autosomal dominant trait with incomplete or decreased pen-
etrance.270 A pseudo-Pelger-Huët anomaly may occur in 
myeloid neoplasms, transiently with infections, or rarely with 
the administration of certain drugs. In contrast to hereditary 
Pelger-Huët anomaly, a minority of neutrophils are generally 

FIGURE  5-15 
Giant neutrophil (bottom) in the blood of a cat with a leukemoid reaction 
secondary to a bacterial infection that resulted in the formation of mul-
tiple draining abscesses. Wright-Giemsa stain. 

FIGURE  5-16 
Left shift in the blood of a dog with chronic myeloid leukemia. Band 
neutrophils, neutrophilic metamyelocytes, and a neutrophilic myelocyte 
are present. Wright-Giemsa stain. 

FIGURE  5-17 
Band neutrophil (left) and neutrophilic myelocyte (right) in the blood of 
a dog with Pelger-Huët anomaly. Wright-Giemsa stain. 

FIGURE  5-18 
Band neutrophil (left), bilobed neutrophil (center), and eosinophilic 
myelocyte (right) in the blood of a cat with Pelger-Huët anomaly. 
Wright-Giemsa stain. 
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is focal and distinct. Consequently it has been suggested that 
seven or more lobes are required before a horse neutrophil is 
considered to be hypersegmented.465 Hypersegmentation in 
rats has been defined as six or more lobes.44

Hypersegmentation occurs as a normal aging process and 
may reflect prolonged transit time in blood, as can occur with 
resolving chronic inflammation, glucocorticoid administra-
tion, or hyperadrenocorticism.131 Hypersegmentation may 
also be present in myeloid neoplasms.387,492 Idiopathic (pre-
sumably inherited) hypersegmentation has been reported in 
quarter horses (Fig. 5-21).382,386,465 The presence of hyperseg-
mentation in these horses does not appear to be associated 
with clinical disease. Neutrophilic hypersegmentation has 
been described in dogs with an inherited defect in cobalamin 
absorption and in a cat with folate deficiency (see Fig. 5-20, 
C).163,344 Finally, neutrophilic hypersegmentation has been 
described in association with oxazolidinone and amphetamine 
toxicity291,496 and with long-term phenytoin administration in 
dogs.70

Toxic Cytoplasm
When the cytoplasm of a neutrophilic cell has increased baso-
philia, foamy vacuolation, and/or contains Döhle bodies, it is 
said to be toxic. Criteria for classifying the degree of toxicity 
are given in Table 2-1. These morphologic abnormalities 
develop in neutrophilic cells within the bone marrow prior to 
their release into the circulation.182,183 Toxic cytoplasm is 
primarily seen in association with strong inflammatory  
conditions. Nuclear abnormalities—including karyolysis, 

FIGURE  5-19 
Neutrophilic myelocytes in the blood of a horse with Pelger-Huët 
anomaly. 

From Grondin TM, Dewitt SF, Keeton KS. Pelger-Huët anomaly in an 
Arabian horse. Vet Clin Pathol. 2007;36:306-310.

FIGURE  5-20 
Hypersegmented neutrophils. A, Hypersegmented neutrophil in blood 
from a dog with systemic mastocytosis treated with vincristine and pred-
nisone. B, Hypersegmented neutrophil in blood from a dog with 
AML-M4. C, Hypersegmented neutrophil in blood from a cat with 
folate deficiency. Wright-Giemsa stain. 

C, Courtesy of S. Myers.

A B

C

FIGURE  5-21 
Persistent (presumably inherited) hypersegmentation in blood from a 
quarter horse. Echinocytosis with intravascular hemolysis was also 
present; it was attributed to transient liver disease. 

From Ramaiah SK, Harvey JW, Giguère S, et al. Intravascular hemolysis 
associated with liver disease in a horse with marked neutrophil hypersegmen-
tation. J Vet Intern Med. 2003;17:360-363.
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granules tended to be maintained in each foal through 30 days 
of age ( J. W. Harvey, unpublished data). It is assumed that 
like toxic granules, these are primary granules that have 
retained the staining intensity normally observed in promy-
elocytes in the bone marrow.

Lipemia in a Horse
Purple granules were present in neutrophils from a Paso Fino 
mare with hyperlipidemia and hepatic lipidosis (Fig. 5-23, B). 
As in the normal foals described above, no other cytoplasmic 
evidence of toxicity was present. Consequently caution must 
be exercised in using the term toxic granulation with regard to 
horses.

Lysosomal Storage Diseases
The lysosomal system is the principal site of intracellular deg-
radation. Lysosomes are membrane-bound organelles that 
contain more than 40 acid hydrolases capable of degrading 
most biologically important macromolecules. An inherited 
deficiency in one of these enzymes can result in the accumula-
tion of undegraded substances (e.g., glycosaminoglycans, 
complex oligosaccharides, cerebrosides, etc.) within lysosomes; 
hence the name lysosomal storage disease.204 Blue- to magenta-
staining granulation occurs in the cytoplasm of neutrophils 
from animals with certain lysosomal storage disorders, includ-
ing mucopolysaccharidosis type VI (Fig. 5-23, C,D),11,98,349 
mucopolysaccharidosis type VII (Fig. 5-23, E,F),177,205,429 and 
GM2-gangliosidosis (Fig. 5-23, G).230,256

Birman Cats
Small reddish granules have been reported as an inherited 
anomaly in Birman cats without evidence of illness.217 These 
granules were of normal size when examined by transmission 
electron microscopy. They did not stain with alcian blue or 
toluidine blue, indicating that the animals did not have an 
inherited mucopolysaccharidosis.

Reddish Granulation in Cats
We have observed persistent reddish granulation in neutro-
phils of five cats (Fig. 5-23, H) that appeared similar to that 
reported in Birman cats. Affected animals have included 
several Siamese and Himalayan cats. The granules were nega-
tive when they were stained with toluidine blue. No clinical 
signs could be associated with the presence of the granules, 
which were found even when animals were healthy.

Chédiak-Higashi Syndrome
The Chédiak-Higashi syndrome is an inherited disorder char-
acterized by partial oculocutaneous albinism, increased sus-
ceptibility to infections, hemorrhagic tendencies, and the 
presence of enlarged membrane-bound granules in many cell 
types including blood leukocytes. It has been described in 
Persian cats, several species of cattle, Aleutian mink, foxes, 
beige rats, and a killer whale.325 Neutrophils from affected 
cattle30,358 and Persian cats272 contain large pink-to-purple 
granules (Fig. 5-23, I,J ). The giant granules may arise from 

karyorrhexis, hyposegmentation, ring formation and 
binucleation—may also be present in neutrophils with toxic 
cytoplasm. Giant neutrophils with nuclear abnormalities are 
most often seen in cats.226 Animals with toxic neutrophils 
generally exhibit severe signs of illness, require longer hospi-
talizations, and have higher mortality (at least among dogs) 
than animals without toxic neutrophils.22,415 Although toxic 
neutrophils are most often associated with bacterial infections 
(e.g., pneumonia, peritonitis, septicemia, pyometra),22,285,338,415 
they may also be observed in viral infections (e.g., parvovirus 
in dogs and cats, upper respiratory viruses in cats),415 immune-
mediated hemolytic anemia in dogs,317 and some severe meta-
bolic disorders (e.g., acute renal failure, ketoacidotic diabetes, 
hepatic lipidosis in cats).22,415

Foamy Basophilia
Foamy basophilia often occurs with severe bacterial infections 
but can occur with other causes of toxemia (Fig. 5-22, A-H). 
When viewed by electron microscopy, foamy vacuolation 
appears as irregular, electron-lucent areas that are not mem-
brane bound. Cytoplasmic basophilia results from the persis-
tence of large amounts of rough endoplasmic reticulum and 
polyribosomes.182

Döhle Bodies
Döhle bodies are bluish angular cytoplasmic inclusions of 
neutrophils and their precursors (Fig. 5-22, D-I). They are 
composed of retained aggregates of rough endoplasmic retic-
ula.47 By themselves, these inclusions represent evidence of 
mild toxicity and are sometimes seen in neutrophils of cats 
that do not exhibit signs of illness (Fig. 5-22, I ). Döhle bodies 
must be differentiated from iron-positive granules, distemper 
inclusions in dogs, and granules present in neutrophils from 
cats with inherited Chédiak-Higashi syndrome.

Toxic Granulation
Toxic granulation refers to the presence of magenta-staining 
cytoplasmic granules (Fig. 5-22, J-L).47 These granules are 
primary granules that have retained the staining intensity 
normally observed in promyelocytes in the bone marrow. The 
presence of toxic granulation and cytoplasmic basophilia sug-
gests severe toxemia. Toxic granulation is most often seen in 
horses and rarely in dogs and cats.226 It should not be confused 
with the pink staining of secondary granules, which is not a 
sign of toxicity. Toxic granulation must be differentiated from 
the granules present in some Birman cats, granules in animals 
with certain lysosomal storage disorders, and miscellaneous 
granules and inclusions to be discussed subsequently.

Granules and Inclusions
Normal Foals
Purple granules are often seen in neutrophils from foals 
without other evidence of cytoplasmic toxicity (Fig. 5-23, A). 
The percentage of neutrophils with purple granules varied 
from 0% to 70% (mean 13%) in 38 healthy newborn thor-
oughbred foals, and the percentage of neutrophils with 
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FIGURE  5-22  Toxic cytoplasm in neutrophils 

A B C D

A, Neutrophil with foamy basophilia (toxicity) of the cytoplasm in blood from a cat with septic peritonitis. 
B, Neutrophil with donut-shaped nucleus and foamy basophilia (toxicity) of the cytoplasm in blood from a 
horse with a Babesia equi infection. C, Toxic metamyelocyte with foamy basophilia of the cytoplasm in blood 
from a cat with septic peritonitis. D, Toxic neutrophil with foamy basophilia and Döhle bodies (angular blue 
inclusions) in the cytoplasm in blood from a cat with septic peritonitis. 

E F G H

E, Toxic neutrophil with foamy basophilia and Döhle bodies in the cytoplasm in blood from a cat with a 
marked left shift (leukemoid reaction) secondary to a bacterial infection that resulted in the formation of 
multiple draining abscesses. F, Band neutrophil with lightly basophilic cytoplasm containing Döhle bodies in 
blood from a horse. G, Toxic band neutrophil with foamy basophilia and Döhle bodies in the cytoplasm in 
blood from a cat with septic peritonitis. H, Toxic neutrophilic metamyelocyte with foamy basophilia and 
faintly staining Döhle bodies in the cytoplasm in blood from a cat with a leukemoid reaction secondary to a 
bacterial infection that resulted in the formation of multiple draining abscesses. 

I J K L

I, Döhle bodies in the cytoplasm of a neutrophil in blood from a cat without other cytoplasmic evidence of 
toxicity. J, Band neutrophil with toxic granulation in blood from a horse with acute salmonellosis. K, Band 
neutrophil with basophilic cytoplasm and toxic granulation in blood from a Holstein cow with a bacterial 
infection. L, Neutrophilic metamyelocyte with toxic granulation in blood from a Holstein cow with a bacterial 
infection. Wright-Giemsa stain. 
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FIGURE  5-23  Granules and siderotic inclusions in neutrophils

A, Neutrophil with basophilic cytoplasmic granules in the blood of a normal foal. Wright-Giemsa stain. 
B, Neutrophil with cytoplasmic granules in the blood of a hyperlipemic 7-year-old Paso Fino mare with 
hepatic lipidosis. Wright stain.  C, Neutrophil with cytoplasmic granules in the blood of a 7-month-old 
miniature schnauzer dog with mucopolysaccharidosis type VI. Wright-Giemsa stain.  D, Neutrophil with 
cytoplasmic granules in the blood of a 1-year-old domestic shorthair cat with inherited mucopolysaccharidosis 
type VI. Wright stain. 

E F G H

E, Neutrophil with cytoplasmic granules in the blood of an 8-month-old domestic shorthair cat with inherited 
mucopolysaccharidosis type VII. Wright stain.  F, Neutrophil with cytoplasmic granules in the blood of a 
3-month-old German shepherd dog with inherited mucopolysaccharidosis type VII. Wright stain.  G, Neu-
trophil with cytoplasmic granules in the blood of a korat cat with inherited GM2-gangliosidosis. Wright-
Giemsa stain. H, Neutrophil with reddish cytoplasmic granulation in blood from a Siamese cat without 
clinical signs attributable to a lysosomal storage disease. Wright-Giemsa stain. 

I J K L

I, Neutrophil with large cytoplasmic granules in blood from a 15-month-old Hereford female with Chédiak-
Higashi syndrome. Wright stain. J, Neutrophil with large cytoplasmic granules in blood from a Persian cat 
with Chédiak-Higashi syndrome. Wright stain.  K, Neutrophil with siderotic cytoplasmic inclusions in blood 
from a horse with equine infectious anemia. Wright-Giemsa stain. L, Neutrophil with siderotic cytoplasmic 
inclusions in blood from a horse with equine infectious anemia (same blood sample as shown in K). K, Blue-
staining inclusions indicate the presence of iron. Prussian blue stain. 

B, Photograph of a stained blood film from a 1983 ASVCP slide review case submitted by J. R. Duncan and E. A. 
Mahaffey. C, Photograph of a stained blood film from a 1995 ASVCP slide review case submitted by P. R. Avery, D. 
E. Brown, M. A. Thrall, and D. A. Wenger. D, Photograph of a stained blood film from a 1995 ASVCP slide review 
case submitted by D. A. Andrews, D. B. DeNicola, S. Jakovljevic, J. Turek, and U. Giger. E, Photograph of a stained 
blood film from a 1996 ASVCP slide review case submitted by M. A. Thrall, L. Vap, S. Gardner, and D. Wenger. 
F, Photograph of a stained blood film from a 1997 ASVCP slide review case submitted by D. I. Bounous, D. C. Silver-
stein, K. S. Latimer, and K. P. Carmichael. I, Photograph of a stained blood film from a 1987 ASVCP slide review case 
submitted by M. Menard and K. J. Wardrop. J, Photograph taken from a stained slide provided by J. W. Kramer.
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unregulated fusion of primary lysosomes during cell 
development.

May-Hegglin Anomaly
The May-Hegglin anomaly is characterized by a triad of  
leukocyte inclusions, thrombocytopenia, and macroplatelets 
(macrothrombocytes). It results from a mutation in the MYH9 
gene that encodes for the heavy chain of nonmuscle myosin 
IIA. It is an inherited autosomal dominant disorder in humans, 
where only heterozygous mutations have been identified. This 
genetic defect has recently been reported in a pug dog.146 Neu-
trophils typically had one to four large blue fusiform inclusions 
in their cytoplasm (Fig. 5-24). The inclusions resembled Döhle 
bodies but were larger (up to 2 × 4 µm) and more distinct than 
Döhle bodies. When they were examined by transmission 
electron microscopy, the inclusions appeared as non-
membrane-bound areas devoid of granules containing thin 
filaments oriented parallel to the longitudinal axis of the inclu-
sions. Neutrophil function appeared to be normal, and there 
was no evidence of an increased bleeding tendency in this dog.

Siderotic Inclusions
Iron-positive inclusions (hemosiderin) may be seen in neutro-
phils and monocytes from animals with hemolytic anemia.169 
Prior to the development of definitive serologic tests, the pres-
ence of these inclusions in equine leukocytes (sideroleuko-
cytes) was used to support a diagnosis of equine infectious 
anemia (Fig. 5-23, K,L).212,403 These inclusions can be differen-
tiated from Döhle bodies using the Prussian blue staining 
procedure because Döhle bodies do not stain positively  
for iron.

Infectious Agents
Distemper Inclusions
Distemper viral inclusions are formed in bone marrow precur-
sor cells and may be present in blood cells during the acute 
viremic stage of the disease.81,184,314,480 These viral inclusions 
can be difficult to visualize in the cytoplasm of neutrophils in 
Wright- or Giemsa-stained blood films but can easily be seen 
as homogeneous round, oval, or irregularly shaped 1- to 4-µm 
red inclusions when they are stained with Diff-Quik (Fig. 
5-25, A).200

Rickettsial Species
Rickettsial species infecting granulocytes include Ehrlichia 
ewingii and Anaplasma phagocytophilum. Morulae of Ehrlichia 
and Anaplasma species appear as tightly packed basophilic 
clusters of organisms within phagosomes in the cytoplasm 
(Fig. 5-25, B-F; Figs. 5-26, 5-27). Morulae are regularly found 
in neutrophils and infrequently in eosinophils during the 
acute stage of infection.188,189

In 2001, based on genetic findings obtained using PCR 
and sequencing of the 16S rRNA gene, Ehrlichia equi, Ehrlichia 
phagocytophila, and the human granulocytic Ehrlichia (HGE) 
organism were reorganized into a single species named  
Anaplasma phagocytophilum.124 However, different variants or 
strains of A. phagocytophilum vary in their pathogenicity and 
host specificity. For example, a variant of A. phagocytophilum 
in Europe causes severe disease in cattle, but a California 
variant of A. phagocytophilum failed to induce such disease.148 
Similarly, the variant of A. phagocytophilum previously classi-
fied as HGE causes disease in dogs, but the variant previously 
classified as Ehrlichia equi does not.130,276

E. ewingii (see Fig. 5-25, B) and the HGE variant of A. 
phagocytophilum (see Fig. 5-25, C) cause similar, nonspecific 
signs of illness in dogs, including fever, lethargy, depression, 
and sometimes reluctance to move associated with inflamma-
tory arthritis. In addition to blood neutrophils, morulae may 
be found in a low percentage of neutrophils within the joint 
fluid of E. ewingii-infected and A. phagocytophilum-infected 
dogs with polyarthritis.5,79,173,189 Thrombocytopenia is the 
most common hematologic finding, followed by mild to mod-
erate nonregenerative anemia. Lymphopenia is also reported 
to be a common finding in A. phagocytophilum-infected 
dogs.5,188,189

Infection with the equine variant (formerly E. equi) and 
the HGE variant of A. phagocytophilum cause high fever, 
depression, inappetence, ataxia, petechial hemorrhages, and 
edema, resulting from an associated vasculitis,274 of the distal 
limbs in horses.66,153,303 Hematologic findings include a tran-
sient leukopenia (neutropenia and lymphopenia), thrombocy-
topenia, and mild anemia. Morulae are present in neutrophils 
(see Fig. 5-25, D,E; Fig. 5-26) for about a week after clinical 
signs are apparent.153 The disease is usually self-limiting and 
rarely fatal.154

A variant of A. phagocytophilum (formerly E. phagocytophila) 
causes tick-borne fever in sheep, goats, and cattle in Europe 

FIGURE  5-24 
May-Hegglin anomaly in a dog. A neutrophil with two large blue fusi-
form cytoplasmic inclusions (left) and a macroplatelet (macrothrombo-
cyte) are present. Wright stain. 

Photograph of a stained blood film from a 2010 ASVCP slide review case 
submitted by B. Flatland, M. M. Fry, S. J. Baek, J. H. Bahn, C. J. LeBlanc, 
J. R. Dunlap, D. J. Kosiba, D. J. Millsaps, and S. E. Schleis.
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A B C D

FIGURE  5-25  Infectious agents in neutrophils

A, Three reddish distemper inclusions in the cytoplasm of a neutrophil in blood from a dog with canine 
distemper. Diff-Quik stain. B, Ehrlichia ewingii morula in the cytoplasm of a neutrophil in blood from a dog. 
Wright-Giemsa stain. C, Anaplasma phagocytophilum (formerly human granulocytic Ehrlichia) morulae in the 
cytoplasm of a neutrophil in blood from a dog from Minnesota. Wright-Giemsa stain.  D, Anaplasma phago-
cytophilum (formerly Ehrlichia equi) morula in the cytoplasm of a neutrophil in blood from a horse. Wright-
Giemsa stain. 

E F G H

E, Anaplasma phagocytophilum (formerly Ehrlichia equi) morula in the cytoplasm of a neutrophil in blood from 
a horse stained using the new methylene blue wet mount procedure. F, Two Anaplasma phagocytophilum 
(formerly Ehrlichia phagocytophila) morulae in the cytoplasm of a neutrophil in blood from a goat. Wright-
Giemsa stain. G, Bacterial rods phagocytized by a neutrophil in a buffy coat smear prepared from blood from 
a cat with a leukopenia and septicemia. Wright-Giemsa stain. H, Bacterial cocci phagocytized by a neutrophil 
in blood from a dog with urolithiasis, pyelonephritis, and septicemia. Staphylococcus intermedius was cultured 
from blood and urine. Wright-Giemsa stain. 

I J K L

I, Toxic and degenerative neutrophil with multiple intracellular Francisella philomiragia organisms in a dog 
with septicemia and disseminated intravascular coagulation (DIC). Wright-Giemsa stain. J, Mycobacterium 
organisms in the cytoplasm of a neutrophil in blood from a dog. These organisms do not stain; they appear 
as linear clear areas. Wright-Giemsa stain. K, Histoplasma capsulatum organisms in the cytoplasm of a dog 
neutrophil. Modified Wright stain.  L, Neutrophil containing a Leishmania infantum amastigote within its 
cytoplasm. Diff-Quik stain. 

C, Image provided by H. L. Wamsley. I, Photograph of a stained blood film from a 2009 ASVCP slide review case 
submitted by M. Cora, J. Neel, and J. Tarigo. K, From Gingerich K, Gumptill L. Canine and feline histoplasmosis: 
a review of a widespread fungus. Vet Med. 2008;103:248-264. Image provided by C. A. Thompson. L, Image 
provided by M. Santos.

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


142	 VeterINarY	heMatOLOGY

FIGURE  5-26 
Transmission electron photomicrograph of a horse neutrophil containing 
two Anaplasma phagocytophilum (formerly Ehrlichia equi) morulae. Each 
morula consists of a membrane-lined vesicle containing multiple 
organisms. 

From Brewer BD, Harvey JW, Mayhew IG, et al. Ehrlichiosis in a Florida 
horse. J Am Vet Med Assoc. 1984;184:446-447.

FIGURE  5-27 
An Anaplasma phagocytophilum morula within a neutrophil and many 
small Mycoplasma haemolamae organisms between and attached to eryth-
rocytes in blood from an alpaca. Wright stain. 

From Lascola K, Vandis M, Bain P, et al. Concurrent infection with Ana-
plasma phagocytophilum and Mycoplasma haemolamae in a young alpaca.  
J Vet Intern Med. 2009;23:379-382.

and pyogranulomatous inflammation occur in skeletal and 
cardiac muscle. A marked neutrophilic leukocytosis is often 
present. However, H. americanum gamonts are rarely seen 
in the cytoplasm of circulating neutrophils (Fig. 5-28) and 
monocytes. On routine blood staining, the gamonts appear as 
large oblong structures with a poorly staining nucleus.

(see Fig. 5-25, F ).501 The disease is severe in sheep, causing 
abortion in adults, and high fever, lameness, and sometimes 
death in lambs. In addition to fever and respiratory signs, a 
drop in milk production is reported in infected dairy cattle. 
Hematologic findings in sheep include a prominent leukope-
nia (neutropenia and lymphopenia), thrombocytopenia, and 
generalized immunosuppression resulting in secondary bacte-
rial infections. During the peak bacteremia, as many as 90% 
of granulocytes (neutrophils and eosinophils) may contain 
morulae.501 A. phagocytophilum infection has also been reported 
in a llama and an alpaca (see Fig. 5-27).36,267

Hepatozoon Species
Hepatozoon is a protozoal parasite in the Apicomplexa phylum. 
Approximately 50 Hepatozoon species are recognized to infect 
mammals, but only two species (H. canis and H. americanum) 
are currently documented to infect dogs.283,380 H. canis infec-
tions generally cause mild or inapparent disease in dogs in 
temperate and tropical regions of the world, but severe illness 
may occur.405 Gamonts of H. canis are often seen in the cyto-
plasm of circulating neutrophils. This organism was not 
reported to occur within the United States before 2008.6

In contrast, H. americanum has been documented to occur 
only in the United States, with most infections reported in 
dogs living in southeastern and south central states.283,380 It 
causes a severe, debilitating illness in dogs that is characterized 
by fever, lethargy, musculoskeletal pain, lameness, and muco-
purulent ocular discharge. Periosteal proliferation of the long 
bones may be observed on diagnostic imaging. Cysts, meronts, 

FIGURE  5-28 
Hepatozoon americanum gamont in the cytoplasm of a neutrophil (bottom 
right) in blood from a dog. Modified Wright stain. 

Photograph of a stained blood film from a 2002 ASVCP slide review case 
submitted by C. J. LeBlanc, K. A. Ryan, and S. D. Gaunt.
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A B C D

FIGURE  5-29  Miscellaneous neutrophil abnormalities 

A, Giant neutrophil in blood from a cat with septic peritonitis. B, Giant hypersegmented neutrophil in blood 
from a dog with lymphoma. C, Giant hypersegmented neutrophil in blood from a dog with lymphoma that 
is being treated with chemotherapy. D, Giant toxic neutrophil in blood from a cat with diabetes mellitus and 
fungal pneumonia. 

H. canis has been identified in cats using PCR and sequenc-
ing of the 18S rRNA gene,103 but additional Hepatozoon 
species may also infect cats.104 A wide variety of clinical signs 
have been reported in domestic cats with Hepatozoon infec-
tions, some of which may be the result of concomitant 
diseases.34,35

Miscellaneous Bacteria, Fungi, and Protozoa
Although bacteremia is common in animals, microorganisms 
are seldom numerous enough to be found in stained blood 
films. Because blood stains are easily contaminated with bac-
teria (especially when they are also used to stain exfoliative 
cytology), it is important that the bacteria be found phagocy-
tized within cells before a diagnosis of a bacteremia is made 
(see Fig. 5-25, G-I ). Mycobacterium organisms appear as 
unstained rods within the cytoplasm (see Fig. 5-25, J ).232,271 
In addition to mononuclear phagocytes, neutrophils may  
also rarely contain phagocytized organisms in animals with 
systemic histoplasmosis (see Fig. 5-25, K)53,90,176 and dogs and 
cats with leishmaniasis (see Fig. 5-25, L).308,407

Miscellaneous Neutrophil Morphologic 
Abnormalities
Giant Neutrophils
Large neutrophils may occur in animals (especially cats) with 
inflammatory diseases and/or dysgranulopoiesis.226 They may 
exhibit normal nuclear morphology (Fig. 5-29, A) or appear 
hypersegmented (Fig. 5-29, B-C). Cytoplasmic toxicity may 
be prominent in inflammatory conditions (Fig. 5-29, D). Dys-
granulopoiesis is seen in acute myeloid leukemias (AMLs), 
myelodysplastic syndromes, feline leukemia virus (FeLV) 
infections, and feline immunodeficiency virus (FIV) infec-
tions.425,490 Giant neutrophils have also been reported in blood 
secondary to other disorders including lymphoma, immune-
mediated thrombocytopenia (IMT), immune-mediated 
hemolytic anemia (IMHA), and pyometra in dogs.490 Giant 
neutrophils have been reported in humans following admin-
istration of recombinant G-CSF.73 They may occur transiently 
in animals recovering from granulocytic hypoplasia, such as 
panleukopenia in cats.

E F G H

E, Toxic degenerate neutrophil exhibiting karyolysis (nuclear lysis) in blood from an FIV-positive leukopenic 
cat. F, Pyknosis and karyorrhexis in a neutrophil in blood from a dog with acute lymphoblastic leukemia 
(ALL). G,H, Phagocytized eosinophil granules in horse neutrophils. Wright-Giemsa stain. 
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Karyolysis
The dissolution of the nucleus resulting in nuclear swelling 
and loss of affinity for basic dyes is referred to as karyolysis 
(Fig. 5-29, E). This degenerative change occurs outside the 
bone marrow. It is frequently observed in neutrophils present 
in septic exudates and may sometimes be observed in the 
mammalian blood.

Pyknosis and Karyorrhexis
Neutrophils that undergo programmed cell death (apoptosis) 
exhibit pyknosis and karyorrhexis.359 Pyknosis involves the 
shrinkage or condensation of a cell with increased nuclear 
compactness or density; karyorrhexis refers to subsequent 
nuclear fragmentation (Fig. 5-29, F ). Pyknosis and karyor-
rhexis are degenerative changes that are often observed in 
nonseptic exudates. They may be seen in blood neutrophils 
that have had prolonged time in the circulation. Pyknotic 
neutrophils are reported in increased numbers in inflamma-
tory and neoplastic disorders in humans.423 Neutrophil hyper-
segmentation and pyknosis were reported in a dog with 
amphetamine toxicity attributed to high body temperature 
and accelerated apoptosis.496

Cytoplasmic Vacuoles
Foamy vacuolation occurs in toxic neutrophils, but clear, dis-
crete vacuoles in the absence of cytoplasmic basophilia usually 
represent an in vitro artifact. In addition to discrete vacuola-
tion, uneven distribution of granules, irregular cell membranes, 
and pyknosis may occur in neutrophils in blood samples that 
have been collected in EDTA and kept at room temperature 
for several hours.181 These artifacts are avoided by preparing 
blood films quickly after blood collection.

Phagocytized Eosinophil Granules
Intact granules can be extruded from eosinophils.351 They may 
be phagocytized by neutrophils, as is shown in Figure 5-29, 
G,H. The significance of this finding is unclear.

Stain Precipitation
An inexperienced observer may confuse neutrophils with pre-
cipitated stain with basophils (Fig. 5-30, A). When this arti-
fact is unevenly distributed, other areas of the blood film can 
be found that stain normally (Fig. 5-30, B).

Neutrophilia
Neutrophilia may develop as a result of increased neutrophil 
production and/or release from the bone marrow, decreased 
movement of neutrophils from blood into the tissues, or net 
movement of neutrophils from the MNP to the CNP, as 
shown in Figure 5-31. Neutrophilia develops rapidly in blood 
following catecholamine (norepinephrine and epinephrine) 
release, as occurs in early exercise, fear, or excitement.  
This results from a shift of neutrophils from the MNP to  
the CNP.43 The cell count usually does not increase above 
twice normal and no left shift occurs (Table 5-1). Sustained 
exercise, especially in a hot environment, also results in cortisol 

FIGURE  5-30 
Stain precipitation artifact. A, Stain precipitation associated with a neu-
trophil in blood from a dog. B, Normal-appearing neutrophil, in blood 
from a dog, three oil immersion fields away from the neutrophil as shown 
in (A). Wright-Giemsa stain. 

BA

Type Lymphocyte Count Left Shift
Physiologic 

(epinephrine)
Normal or 

increased
None

Stress 
(glucocorticoids)

Usually decreased None or slight

Inflammation Often decreased Often present

Table 5-1 
Expected Findings in Different Types  
of Neutrophilia

release, which can enhance the neutrophilia, as discussed sub-
sequently.65 Some animals may exhibit an accompanying lym-
phocytosis. Leukogram effects should return to normal within 
30 minutes of removal of the stimulus.226

The increased endogenous release or exogenous adminis-
tration of glucocorticoid steroids has profound effects on cir-
culating blood cell numbers within a few hours after release 
or administration. Potential causes of increased endogenous 
release of glucocorticoids include pain, trauma, prolonged 
emotional stress, intense sustained exercise, high body tem-
perature, and hyperadrenocorticism.65,111 The duration of 
effects depends on the nature of the exogenous glucocorticoid 
administered (long- or short-acting). Neutrophilia occurs 
because glucocorticoids cause increased release of mature neu-
trophils from bone marrow stores and decreased egress of 
neutrophils from blood into tissues.77,111,226 The glucocorticoid-
induced release of neutrophils from bone marrow is reduced 
in elderly humans.83 A higher proportion of neutrophils is also 
present in the CNP compared with the MNP, but the size of 
the MNP may not actually be decreased because the total 
blood neutrophil pool is increased. The absolute number of 
neutrophils seldom increases above twice normal and little or 
no left shift is present. Glucocorticoids also cause lymphope-
nia and eosinopenia in all domestic animals (see Table 5-1). 
Monocytosis is commonly observed in dogs and occasionally 
in cats.226 The magnitude of the neutrophilia decreases with 
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Neutrophilia is less common and neutropenia is more common 
in response to acute bacterial infections in ruminants com-
pared with other species. Total leukocyte counts of 20 to 30 
× 103/µL are considered to be markedly elevated in ruminants. 
Detection of increased concentrations of acute-phase proteins, 
such as haptoglobin and fibrinogen, can provide evidence  
of chronic inflammation that may not be seen in the 
leukogram.452

Prominent left shifts are often associated with inflamma-
tory conditions. These may be infectious (especially bacte-
rial)251,311 or noninfectious (tissue injury, immune-mediated) 
disorders.17,215,247,317 The presence of a significant left shift 
indicates that the stimulus for release of neutrophils from 
bone marrow is greater than can be accommodated by release 
from mature neutrophil stores alone. Regenerative left shifts 
are generally viewed as an adequate marrow response at that 
moment. However, the presence of significant cytoplasmic 
toxicity requires a guarded prognosis. A marked leukocytosis 
(total leukocyte count of greater than 50,000/µL) with a 
neutrophilia and marked left shift back to at least myelocytes 
associated with an inflammatory condition is called a “leuke-
moid reaction” because it resembles the blood pattern seen  

time, but the lymphopenia and eosinopenia persist as long  
as plasma glucocorticoid concentrations are increased. For 
example, most dogs with pituitary gland-dependent hyperad-
renocorticism have lymphopenia and eosinopenia with normal 
neutrophil counts.281,334

Neutrophilia without a significant left shift may also be 
present in association with hemorrhage, hemolysis, necrosis, 
chemical and drug toxicities, malignancy, mild inflammation, 
and some chronic inflammatory conditions. The mechanism 
causing neutrophilia in these disorders is not always clear. 
Various conditions, including hyperthermia, can result in 
increased concentrations of hematopoietic growth factors 
(especially G-CSF) in the circulation that result in increased 
neutrophil production and release.132,340,468 The inflammatory 
cytokines IL-1 and TNF-α induce neutrophilia by stimulat-
ing the production of growth factors such as G-CSF and 
GM-CSF.421 In mild inflammatory conditions and some 
chronic inflammatory conditions, the increased peripheral 
demand for neutrophils is met by increased production and 
release of mature neutrophils from the marrow.

The neutrophil response to inflammatory stimuli is more 
muted in ruminants than in other domestic animals. 

FIGURE  5-31 
Mechanisms responsible for the production of a neutrophilia. 
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in CML. Left shifts associated with leukemoid reactions are 
usually orderly, with mature segmented neutrophils being the 
most numerous neutrophilic cells present, bands being the 
next most numerous, metamyelocytes being less numerous, 
and myelocytes being present in the lowest numbers. A local-
ized purulent inflammatory condition, such as pyometra, is 
suspected when a leukemoid response is present.226

Disorders that may stimulate extreme neutrophilic  
leukocytosis in dogs and cats (leukocyte counts above 
50,000/µL with neutrophils greater than 25,000/µL) 
include infections (such as pyothorax, pyelonephritis, septic 
peritonitis, pyometra, abscess, pneumonia, and hepatitis), 
immune-mediated disorders (such as immune-mediated 
hemolytic anemia, glomerulonephritis, polyarthritis, and vas-
culitis), neoplasia (such as lymphoma, acute and chronic 
myeloid leukemia, and mast cell tumors), and tissue necrosis 
(caused by diseases such as trauma, pancreatitis, thrombosis, 
and bile peritonitis).289,290 A neutrophilic leukocytosis as high 
as 200,000/µL has been reported in dogs with H. americanum 
infection, which causes pyogranulomatous myositis.296 
Extreme leukocytosis also occurs during the first 3 weeks after 
the injection of a toxic dose of estrogen in dogs. This neutro-
philic hyperplastic phase in the marrow is followed by gener-
alized hypoplasia or aplasia and death or slow recovery.485 
Neutrophilia in animals with a wide variety of tumors may 
result from inflammation or necrosis within the tumor; but 
neutrophilia may also occur as a paraneoplastic phenomenon 
secondary to the production of growth factors, such as G-CSF 
and GM-CSF, by the tumor.301,418,456

Animals with CML have persistent marked neutrophilia 
with a pronounced left shift that may extend to myeloblasts. 

This diagnosis is usually reached by ruling out inflammatory 
causes and documenting the concomitant occurrence of  
additional proliferative abnormalities in blood and bone 
marrow.273,450

Neutrophilia with or without a modest left shift is present 
in some animals with inherited neutrophil dysfunctions. Pro-
found neutrophilia occurs in dogs and cattle with β2 integrin 
adhesion molecule deficiency.174,394 Both increased production 
of neutrophils and decreased egress of neutrophils from blood 
into the tissues contribute to the high number of neutrophils 
in blood of animals with this inherited defect.18 A prominent 
neutrophilia with no or minimal left shift also occurred in a 
German shepherd dog with Kindlin-3 deficiency that failed 
to activate β2 integrin normally, resulting in leukocyte and 
platelet function defects.60 Inherited neutrophil dysfunctions 
should be included in the differential diagnosis when unex-
plained recurrent bacterial infections occur in a young animal.

Neutropenia
Neutropenia can develop from decreased release of neutro-
phils from bone marrow, increased egress of neutrophils from 
blood, destruction of neutrophils within the blood, or a shift 
of neutrophils from the CNP to the MNP (Fig. 5-32). Healthy 
Belgian Tervuren dogs living in North America are reported 
to frequently have physiologic leukopenia, with total leuko-
cyte counts, absolute neutrophil counts, and absolute lympho-
cyte counts below reference intervals established for dogs.186 
However, leukopenia appears to be rare in this breed in 
Belgium, possibly due to genetic differences.179

Decreased release of neutrophils from bone marrow  
can result from decreased progenitor cells or from abnormal 

FIGURE  5-32 
Mechanisms responsible for the production of a neutropenia. 
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precursor cell maturation called “dysgranulopoiesis.” Condi-
tions in which neutrophil precursors are present in normal or 
increased numbers in bone marrow but the release of mature 
neutrophils into blood is decreased include some AMLs, some 
myelodysplastic syndromes, secondary myelodysplasia, FeLV 
infections, and FIV infections.55,159,420,488,489 Leukopenia has 
been reported in young dogs with inherited cobalamin defi-
ciency and dysgranulopoiesis in the marrow.163

Decreased numbers of neutrophil precursors can occur in 
bone marrow when generalized marrow hypoplasia or selec-
tive neutrophil hypoplasia is present.318 Hypoplastic condi-
tions associated with decreased numbers of neutrophil 
precursor cells in the marrow include idiosyncratic drug reac-
tions (e.g., phenylbutazone, trimethoprim/sulfadiazine, gris-
eofulvin, cephalosporins, fenbendazole),151,167,210,479,485 estrogen 
toxicity (exogenous or endogenous) in dogs and ferrets,45,437 
cytotoxic chemotherapy drugs,* viral diseases (e.g., parvovirus 
in dogs and cats and equine herpesvirus-1 in foals),67,265,266,372 
rickettsial diseases (Ehrlichia canis infection in dogs and 
E. risticii infection in horses),345,515 and inherited disorders 
(cyclic hematopoiesis in gray collie dogs and some cats with 
Chédiak-Higashi syndrome).18,220,384

Phenobarbital toxicity is reported to cause neutropenia and 
thrombocytopenia in dogs, but its effects on the bone marrow 
need further study.69,223,244 Marrow necrosis has been sug-
gested in dogs, but bone marrow in neutropenic humans  
has appeared normal.355,487 Lithium carbonate stimulates 
neutrophil production in dogs and humans, but it causes a 
bone marrow neutrophilic maturational arrest and neutrope-
nia in cats.119,402

Familial neutropenia and thrombocytopenia have been 
reported in eight horses with severe neutrophilic hypoplasia/
aplasia and megakaryocytic hypoplasia in bone marrow.255 
Chronic (possibly congenital) neutropenia has been described 
in a young Rottweiler dog with G-CSF deficiency. Bone 
marrow aspiration biopsy revealed a maturational arrest at the 
promyelocyte-myelocyte stage.264 A hereditary defect has 
been suggested as a cause of chronic neutropenia with recur-
rent bacterial infections in border collie dogs, but myeloid 
hyperplasia is also reported in this disorder.3

Decreased numbers of neutrophil precursors can also occur 
in bone marrow when myelophthisis is present. Myelophthisic 
disorders are characterized by the replacement of normal 
hematopoietic cells with abnormal ones. Examples of myelo-
phthisic disorders—where decreased numbers of neutrophil 
precursors may occur in marrow—include lymphoid leuke-
mias, multiple myeloma, some myeloid leukemias, some 
myelodysplastic syndromes, myelofibrosis (often associated 
with anemia but less often with leukopenia or thrombocyto-
penia), and possibly metastases of lymphomas, carcinomas, 
and mast cell tumors.2,69,369,390,451 Myelophthisic disorders 
do not simply “crowd out” normal cells but also alter the 
marrow microenvironment so that normal hematopoiesis is 
compromised.

Primary immune-mediated neutropenia is difficult to diag-
nose in the absence of readily available and reliable diagnostic 
tests.481 Neutrophilic precursors may be decreased or increased 
in the bone marrow, depending on the neutrophilic stage 
involved in the destruction.297,318,373,473,491 Animals may be 
asymptomatic or may be ill because of secondary bacterial 
infections. The pathogenesis of some drug-induced neutrope-
nias and some neutropenias associated with infectious agents 
probably also have an immune-mediated component. The 
neutropenia sometimes associated with Anaplasma phagocyto-
philum infections appears to be associated with increased neu-
trophil destruction following the appearance of organisms 
within neutrophils.500

The long-term use of a recombinant G-CSF from one 
species in a second species can result in a persistent neutro-
penia in the second species when antibodies made against the 
recombinant G-CSF also neutralize the endogenous G-CSF 
of the species receiving treatment.199,391

Neutropenia can develop in acute inflammatory conditions 
when the demand for neutrophils depletes the bone marrow 
storage pool and insufficient time has elapsed for increased 
granulopoiesis to occur. Neutropenia is common in over-
whelming septic conditions (e.g., septicemia) and secondary 
to endotoxemia.* Degenerative left shifts are often present in 
these disorders. A common example of this type of presenta-
tion is acute salmonellosis in horses and calves.343,408 Finally, 
neutropenia can occur following the net movement of neu-
trophils from the CNP to the MNP, as occurs during 
shock.155,248,455

Inherited Neutrophil Defects
Chédiak-Higashi Syndrome
The Chédiak-Higashi syndrome has been reported in cattle, 
Persian cats, Aleutian mink, the beige mouse, blue and silver 
foxes, and a killer whale, as well as in humans.325 This disorder 
is characterized by partial oculocutaneous albinism, increased 
susceptibility to infections, hemorrhagic tendencies, and the 
presence of enlarged membrane-bound granules in many cell 
types, including melanocytes and blood leukocytes. The giant 
granules may arise from abnormal fusion or fission of lyso-
somes or lysosome-related organelles during cell develop-
ment.222 Neutrophils from affected animals exhibit reduced 
mobility and defective phagocytic and/or bactericidal 
responses, explaining these animals’ increased susceptibility to 
bacterial infections.325 A defect in the Chédiak-Higashi syn-
drome 1 (CHS1) gene (beige gene in deficient mice) has been 
identified in humans and mice. The protein produced by this 
gene appears to be involved in regulating vesicular size and 
trafficking.237 Neutropenia has been reported in some humans 
with Chédiak-Higashi syndrome,56 and neutropenia is a 
common finding in cats with this disorder.384 An increased 
bleeding tendency is also present because platelets lack  
normal dense granules, resulting in a platelet storage pool 
deficiency.101,406

*References 41, 157, 180, 370, 377, 486. *References 22, 128, 306, 385, 415, 464.
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blood with the same periodicity, but they cycle out of phase 
with neutrophils and from normal to above-normal values in 
blood. Affected pups are susceptible to bacterial and fungal 
infections, especially during the neutropenic episodes. A 
defect in neutrophil bactericidal function also contributes to 
the recurrent infections that occur in these animals.86 Affected 
pups usually die by 6 months of age. Animals that reach adult-
hood often die of systemic amyloidosis, which is believed to 
be the result of the repeated activation of the acute-phase 
response by inflammatory cytokines during periods of 
monocytosis.354

This defect in dogs results from a mutation in the AP3B1 
gene, which produces a subunit of the adaptor-related protein 
complex 3 (AP3) and is involved in trafficking of vesicular 
cargo proteins, including neutrophil elastase (NE), from the 
Golgi to lysosomes. Affected dogs have reduced amounts of 
mature NE (i.e., NE activity) in their primary granules but 
increased amounts of the inactive NE precursor protein bound 
to membranes, most likely in the trans-Golgi network.321 It is 
noteworthy that some defects in ELA2, the gene that encodes 
NE, result in cyclic neutropenia in humans. NE appears to 
provide feedback inhibition in normal neutropoiesis, and it is 
postulated that a disruption in this feedback loop results in 
the cycling phenomenon.220

E O S I N O P H I L S
Eosinophil Morphology
Eosinophils are so named because their granules have an 
affinity for eosin, the red dye in routine blood stains. The size, 
shape, and number of eosinophil granules vary considerably. 
In most animal species, eosinophils have round granules, but 
those from domestic cats have rod-shaped ones (Fig. 5-33, 
A,B). Eosinophils from dogs often exhibit a few cytoplasmic 
vacuoles (Fig. 5-33, C), and the granules can sometimes be 
exceptionally large (Fig. 5-33, D). Eosinophils from grey-
hound dogs and occasionally from individual animals in  
other breeds appear highly vacuolated (Fig. 5-33, E) and 
may be mistaken for vacuolated neutrophils by inexperienced 
observers. Horse eosinophils have especially large granules 
(Fig. 5-33, F). Granules in ruminant and pig eosinophils 
are small (Fig. 5-33, G). The cytoplasm between the granules 
is usually faintly blue in color. Iguanas and psittacine birds 
have “eosinophils” with gray-blue-staining granules (Fig. 
5-34).

Intact granules can be extruded from eosinophils (see Fig. 
5-29, G,H ). These extracellular granules express cytokine 
receptors on their membranes and function as independent 
secretory organelles that release granule constituents in 
response to appropriate cytokines.351

The nucleus of eosinophils is similar to that of neutrophils 
but tends to be less lobulated (often divided into only two 
lobes) and may be partially obscured by granules in some 
species, most notably the horse. Pyknosis and karyorrhexis 
may occur in eosinophils (see Fig. 5-33, H ), as discussed previ-
ously for neutrophils.

β2 Integrin Adhesion Molecule Deficiencies
An autosomal recessive deficiency in leukocyte surface adhe-
sion glycoproteins (β2 integrins), resulting from a defect in the 
CD18 β subunit, has been recognized in Irish setter dogs and 
Holstein cattle.174,245 This leukocyte adhesion deficiency-I 
(LAD-I) defect results in decreased neutrophil adhesion, 
impaired chemotaxis and aggregation, and minimal bacteri-
cidal activity.18 Similar defects also occur in monocytes. As a 
result, animals have recurrent bacterial and fungal infections 
without pus formation. Clinical signs include gingivitis, oral 
ulcers, periodontitis, chronic pneumonia, poor wound healing, 
and stunted growth. Marked neutrophilia with or without a 
modest left shift is usually present. Increased numbers of other 
blood leukocyte types may also occur at times. Mild to moder-
ate nonregenerative anemia and a polyclonal hyperglobulin-
emia may be present.174,463

Kindlin-3 Deficiency
A mutation in the Kindlin-3 gene in a German shepherd dog 
resulted in leukocyte adhesion deficiency III (LAD-III), a 
phenotype characterized by increased susceptibility to infec-
tion and increased risk of bleeding.60 β-integrin proteins are 
important adhesion molecules on the surfaces of leukocytes 
and platelets. These integrin molecules bind poorly to their 
ligands when blood cells are quiescent, but they become adhe-
sive following activation by inside-out signaling through other 
membrane receptors. The Kindlin-3 protein is critical in the 
pathway of β-integrin activation. Consequently a deficiency 
in the Kindlin-3 protein abolishes the activation of β integrins 
and prevents normal leukocyte and platelet adhesion. In the 
case of neutrophils, the lack of Kindlin-3 abolishes β2-integrin 
activation, preventing the firm adhesion of neutrophils to 
activated endothelial cells.60

Unknown Neutrophil Function Defects
A less well-defined defect in neutrophils has been reported in 
Doberman pinscher dogs.64 Neutrophil chemotaxis and 
phagocytosis are normal, but these cells have reduced bacteri-
cidal ability. The bactericidal defect appears to be the result  
of inadequate generation of superoxide radicals following 
stimulation. An inadequate oxidant burst may also occur  
in young Weimaraner dogs that present with recurrent 
infections.97

Cyclic Hematopoiesis
Cyclic hematopoiesis (previously termed cyclic neutropenia) 
is transmitted as an autosomal recessive trait in gray collie 
dogs. The “gray collie syndrome” is associated with several 
distinct abnormalities (abnormal hair pigmentation, bilateral 
scleral ectasia, enteropathy, and gonadal hypoplasia) in addi-
tion to cyclic hematopoiesis. Blood neutrophil counts exhibit 
12- to 14-day cyclic fluctuations. Neutrophils may be com-
pletely absent from the blood during neutropenic episodes, 
which last for 2 to 4 days. Blood neutrophil counts return to 
normal or even increase above normal following neutropenic 
periods. Monocyte, platelet, and reticulocyte counts cycle in 
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FIGURE  5-33  Morphology of eosinophils

A B C D

A, Eosinophil with rod-shaped granules in blood from a cat. B, Eosinophil with rod-shaped granules in blood 
from a cat. C, Eosinophil with round granules and a small cytoplasmic vacuole in blood from a dog. 
D, Eosinophil with two exceptionally large granules in blood from a dog. 

E F G H

E, Heavily vacuolated eosinophil in blood from a greyhound dog. F, Eosinophil in blood from a horse, exhibit-
ing numerous large granules typical of this species. G, Eosinophil in blood from a cow exhibiting numerous 
small round granules typical of this species. H, Eosinophil in 2-day-old blood from a dog exhibiting pyknosis 
and karyorrhexis. 

I J K L

I, Band eosinophil from a dog with immune-mediated hemolytic anemia. J, Eosinophilic metamyelocyte from 
a dog with immune-mediated hemolytic anemia. K, Eosinophilic metamyelocyte in blood from a dog 
with Pelger-Huët anomaly. L, Eosinophilic metamyelocyte in blood from a cat with Pelger-Huët anomaly. 
Wright-Giemsa stain. 

Band eosinophils are common in some animals (see Fig. 
5-33, I ) and eosinophilic metamyelocytes may sometimes be 
seen (see Fig. 5-33, J ). They are not usually separated from 
segmented eosinophils during differential counts because they 
are generally of little clinical significance and may be difficult 

to identify with certainty when granules obscure the nucleus. 
Eosinophil maturational stages may be differentiated  
when extreme eosinophilia is present in an attempt to help 
separate hyperplastic from neoplastic disorders.337,348,462 As in 
neutrophils, a pronounced left shift is present in eosinophils 
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Although not usually present, eosinophilia may occur in 
animals with mast cell tumors (Fig. 5-36) and T lymphocyte 
lymphomas.* Eosinophilia rarely occurs in animals with 
lymphomatoid granulomatosis (T lymphocyte-rich large  
B lymphocyte lymphoma) and other tumor types.32,143,287,416

Marked eosinophilia with extensive eosinophilic organ 
infiltrates in animals (primarily cats) and humans has been 
classified as either chronic eosinophilic leukemia or hypere-
osinophilic syndrome.24,221,261,449 However, criteria for separat-
ing this collection of heterogeneous disorders into two distinct 
entities have been difficult to define. Using new molecular and 
genetic diagnostic techniques, it appears that most human 
patients diagnosed with hypereosinophilic syndrome have 
neoplastic rather than reactive disorders.31,367,419 This same 
phenomenon will likely occur in veterinary medicine as addi-
tional molecular and genetic techniques become available.171,417 
Eosinophilia may also be present in CML, where neutrophilia 
predominates, and in thrombocythemia.145,329

Marked eosinophilia with eosinophilic infiltration of mul-
tiple organs including liver, spleen, lungs, and lymph nodes 
has been described in Rottweiler dogs.228,348,447 Three dogs 
were classified as having idiopathic hypereosinophilic syn-
drome because mean serum immunoglobulin E concentra-
tions were markedly high and no karyotype abnormalities 
were identified on cytogenetic analysis.447 One dog underwent 
a spontaneous remission.228

Eosinopenia
The absolute eosinophil count may be zero in some normal 
animals, making eosinopenia of limited significance. Endog-
enous and exogenous glucocorticoids rapidly induce eosino-
penia in animals.226,288 The presence of increased numbers of 

in the blood of animals with Pelger-Huët anomaly (see Fig. 
5-33, K,L).196 Increased numbers of hyposegmented (pseudo-
Pelger-Huët) band eosinophils have been reported in a family 
of Samoyed dogs with accompanying ocular and skeletal 
abnormalities.23

Ehrlichia and Anaplasma organisms have rarely been 
reported in eosinophils,302,443 and Histoplasma organisms have 
been identified in blood eosinophils from a dog.89

Eosinophilia
Eosinophilia occurs in disorders that result in increased IL-5 
production.257 The injection of recombinant IL-2 resulted in 
eosinophilia in dogs, which was likely mediated by IL-5 pro-
duction.209,294 Eosinophilia may accompany parasitic diseases, 
especially those caused by nematodes and flukes (Fig. 5-35).* 
Eosinophilia is not typically seen in animals with protozoal 
infections, but marked eosinophilia was reported in a puppy 
with hepatic sarcocystosis.7 Eosinophilia is more likely present 
when intestinal nematodes are migrating within the body 
than when they are located only within the intestine.

Eosinophilia may occur in association with eosinophilic 
inflammatory conditions of organs that normally contain 
numerous mast cells, such as skin, lung, and intestine.† It may 
be present in animals with IgE-mediated allergic hypersensi-
tivity reactions such as flea bite allergies and asthma.94,279,310,392 
Eosinophilia has also been reported with sarcoptic mange and 
nasal mite infestations.278 Eosinophilia occurs in some animals 
with Pythium infections46,127 and in some with idiopathic 
eosinophilic granulomas.269,279 Eosinophilia has been reported 
in some hyperthyroid cats treated with methimazole or its 
prodrug carbimazole.156,376

FIGURE  5-34 
An “eosinophil” with gray-blue staining round granules (left) and a het-
erophil with red, primarily elongated, granules (right) in blood from an 
African gray parrot. Wright-Giemsa stain. 

FIGURE  5-35 
Eosinophilia in blood from a cat with dirofilariasis. Wright-Giemsa 
stain. 

*References 20, 38, 59, 100, 123, 262, 307, 396, 448.†References 42, 87, 278, 279, 292, 508.
*References 25, 61, 78, 82, 197, 259, 389, 453, 498.
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dark purple in a cat with mucopolysaccharidosis type VI98 and 
in two cats with reddish granulation of neutrophils of unknown 
etiology (Fig. 5-37, H).

Granules are often so numerous in ruminant and pig baso-
phils that the nuclear shape is obscured (Fig. 5-37, I). In some 
instances, discrete granules are not seen but the cytoplasm 
stains purple (Fig. 5-37, J). Variable numbers of purple gran-
ules are present in horse basophils (Fig. 5-37, K). Basophils 
can be difficult to recognize in blood films stained with 
aqueous stains, such as Diff-Quik (Dade Behring Inc., 
Newark, DE), Hema 3 (Fisher Scientific, Pittsburgh, PA), and 
the Wright-type stain used in the automated stainer Aero-
spray 7120 (Westcore, Inc., Logan, UT), because granules do 
not stain as well with these stains (see Fig. 2-16, B).10 Rick-
ettsial morulae have been recognized in basophils from a dog 
(Fig. 5-37, L).

Band basophils are not usually separated from segmented 
basophils during differential counts because they are generally 
of little clinical significance and, except in dogs, may be diffi-
cult to identify with certainty when granules obscure the 
nucleus. Basophilic cell stages may be differentiated when 
extreme basophilia is present in an attempt to help separate 
hyperplastic from neoplastic disorders. A more pronounced 
left shift is expected in an animal with chronic basophilic leu-
kemia than in one with an inflammatory basophilia.295,305,320

Basophilia
Basophilia is generally associated with IgE-mediated disor-
ders. When it is present, basophilia usually accompanies 
eosinophilia.* Basophilia may occur in some animals with 
mast cell tumors, primarily noncutaneous types (Fig. 
5-38),4,59,110,134,356 and in dogs diagnosed with thrombocythe-
mia.125,141,219,329 It has been reported in dogs with pulmonary 
lymphomatoid granulomatosis.32,378 Basophilia has rarely 
been reported in association with basophilic leukemia in 
animals.295,305,320 Basophilic leukemia must be differentiated 
from mast cell neoplasia with mastocytemia (sometimes called 
mast cell leukemia). Mast cells have round nuclei and baso-
phils have segmented nuclei.20,110,216,448

M A S T  C ELL S

Mast cells are not normally found in blood.57,166 They 
develop in tissues from precursor cells produced in the bone 
marrow. Mast cells have biochemical characteristics similar to 
those of basophils and share a common progenitor cell with 
basophils in bone marrow, but they are clearly different cell 
types.164

Mast Cell Morphology
Basophils have segmented nuclei and mast cells have round 
nuclei (Fig. 5-39, A,B). Mast cells usually have more 

eosinophilic cells in bone marrow together with eosinopenia 
in blood and reduced numbers of tissue eosinophils suggests 
decreased marrow release of eosinophils,133 and glucorticoids 
are reported to inhibit eosinophil release from the bone 
marrow.76 This might be the result of upregulation of α4 
integrin adhesion molecules on the surfaces of immature 
eosinophils by glucocorticoids.168 Glucorticoids also potenti-
ate apoptosis of eosinophils.236,478 Long-term glucocorticoid 
therapy may decrease eosinophil production by decreasing the 
production of growth factors from T lymphocytes. Eosinope-
nia is often present in acute inflammatory conditions, and 
endogenous glucorticoid production contributes to this 
decrease in eosinophil numbers.508

B A S O P H I L S
Basophil Morphology
The cytoplasm of basophils is generally pale blue in color, and 
basophil nuclei are often less segmented than neutrophil 
nuclei. Basophil granules are acidic and consequently have an 
affinity for the basic (blue) dyes in routine blood stains. The 
number, size, and staining characteristics of the granules vary 
considerably by species. Granules in dog basophils generally 
appear purple and are not numerous enough to fill the cyto-
plasm (Fig. 5-37, A-C). Degranulated basophils may have 
purple-staining cytoplasm in the absence of granules (Fig. 
5-37, D).

The basophils of domestic cats are distinctive. Most of their 
granules are round or oval and stain light lavender or mauve 
in color (Fig. 5-37, E,F). Some basophils have large purple 
granules in addition to the light lavender ones (Fig. 5-37, G), 
as is seen in basophil precursors in the bone marrow. The 
granules typically fill the cytoplasm, giving the cat basophil 
nucleus a moth-eaten appearance. All of the granules stained 

FIGURE  5-36 
Eosinophilia in blood from a horse with an abdominal mast cell tumor. 
Wright-Giemsa stain. 

*References 26, 72, 120, 259, 389, 469.
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A B C D

FIGURE  5-37  Morphology of basophils

A, Basophil in blood from a dog. B, Basophil in blood from a dog. The nucleus is ribbonlike in shape and 
few granules are present. C, Band basophil in the blood of a dog with a basophilia. D, Degranulated basophil 
in blood from a dog with a basophilia. Wright-Giemsa stain. 

E F G H

E, Basophil in blood from a cat with light-lavender granules filling the cytoplasm and giving the nucleus a 
moth-eaten appearance. F, Basophil in blood from a cat with light-lavender granules filling the cytoplasm 
and giving the nucleus a moth-eaten appearance. G, Basophil in blood from a cat with a mixture of light-
lavender and purple granules filling the cytoplasm. H, Basophil with reddish purple granules filling the 
cytoplasm in blood from the same Siamese cat as described in Figure 5-23, H. 

I J K L

I, Basophil in blood from a cow. The granules are so numerous that they prevent evaluation of nuclear shape. 
J, Basophil in the blood of a goat. Few granules are visible, but the cytoplasm stains purple. K, Band basophil 
in the blood of a horse. L, Basophil with a rickettsial morula of unknown species in blood from a dog. 
The dog had a basophilia and organisms were found in several basophils. Wright-Giemsa stain. 

cytoplasmic granules than do basophils. In cats, both primary 
and secondary granules in basophils are morphologically dif-
ferent from mast cell granules. Like basophils, granules in 
mast cells stain poorly if at all with Diff-Quik and other 
aqueous blood stains.10

Mastocytemia
Mastocytemia occurs in association with noncutaneous  
and metastatic cutaneous mast cell tumors.20,110,448 Rarely, 
mast cells have been seen to phagocytize erythrocytes  
(Fig. 5-39, C).20,298,300 Low numbers of mast cells may also 
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FIGURE  5-38 
Marked basophilia (13 × 103/µL in a cat with splenic mastocytosis. 
Wright-Giemsa stain. 

FIGURE  5-39 
Morphology of mast cells. A, Mast cell in blood from a cat with splenic 
mastocytosis. B, Large mast cell with cytoplasmic vacuoles in addition 
to granules in blood from a dog with a noncutaneous mast cell neoplasm. 
C, Large mast cell exhibiting erythrophagocytosis in blood from a cat 
with a noncutaneous mast cell neoplasm. Wright-Giemsa stain. 

A B

C

M O N O C Y T E S
Monocyte Morphology
Mononuclear leukocytes in blood are classified as either lym-
phocytes or monocytes. These cells are not devoid of granules 
but rather have lower numbers of cytoplasmic granules than 
do granulocytes. Monocytes are usually larger than lympho-
cytes and have nuclei that are more variable in shape and have 
N : C ratios of 1.0 or less.

The monocyte nucleus may be round, kidney-shaped, 
band-shaped, or convoluted (ameboid) with chromatin that is 
diffuse or mildly clumped (Fig. 5-40, A-H). The cytoplasm is 
typically blue-gray and often contains variably sized vacuoles. 
Less often, dust-like pinkish or reddish purple granules may 
be visible in the cytoplasm (Fig. 5-40, G,H). Monocytes 
develop into macrophages after they leave the blood and enter 
tissue. In some disorders, mononuclear phagocytes in blood 
become activated and enlarged, resembling macrophages (Fig. 
5-40, I, J).

Monocytes in dogs often have band-shaped nuclei (Fig. 
5-40, B,C); consequently they may be confused with band 
neutrophils (Fig. 5-41). The cytoplasmic staining of the mature 
neutrophils should be examined. If no toxicity is present, the 
cells with band-shaped nuclei and blue-gray cytoplasm are 
identified as monocytes. Other potentially helpful criteria 
include the following: the ends of the band-like nucleus of 
the monocyte are often enlarged and knob-like and the 
nuclear chromatin of the monocyte is not clumped in the 
dark-light pattern to the degree commonly seen in band  
neutrophils. If marked toxicity is present in the cytoplasm  
of neutrophilic cells, differentiation becomes much more 
difficult.

Differentiation of monocytes with round nuclei from large 
lymphocytes can be difficult, especially in ruminants (Fig. 
5-42). The N : C ratio is typically greater than 1.0 for large 
lymphocytes. Monocytes must also be differentiated from 
large reactive lymphocytes with convoluted nuclei. The cyto-
plasm of reactive lymphocytes is more basophilic (navy blue 
in color) than the cytoplasm of monocytes (Fig. 5-43). Finally, 
monocytes may sometimes be confused with basophils  
(Fig. 5-44).

Erythrophagocytosis may be present in monocytes in 
primary or secondary immune-mediated hemolytic anemia 
(Fig. 5-45, A)202 and in neoplastic cells in dogs with hemo-
phagocytic histiocytic sarcoma.48 Like neutrophils, monocytes 
may phagocytize extruded eosinophil granules (Fig. 5-45, B). 
Monocytes may also contain hemosiderin, which stains gray-
to-black with routine blood stains (Fig. 5-45, C) and blue with 
the Prussian blue stain (Fig. 5-45, D). Iron-positive inclusions 
may be seen in association with hemolytic anemia and/or 
marked inflammatory responses.169 Mononuclear phagocytes 
containing melanin granules (melanophages) may rarely occur 
with malignant melanoma (Fig. 5-45, E).

Rickettsial organisms that infect mononuclear phagocytes 
include Ehrlichia canis, E. chaffeensis, and Neorickettsia risticii. 
In contrast to granulocytic rickettsial species, morulae of 

be present in the blood of dogs with inflammatory  
diseases, necrosis, tissue injury, and severe regenerative 
anemia.80,315,442 In contrast to findings in dogs, mast cells are 
rarely seen in the blood of cats in the absence of mast cell 
neoplasms.166
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FIGURE  5-40  Morphology of monocytes

A B C D

A, Monocyte in blood from a dog with band-shaped nucleus and prominent cytoplasmic vacuolation. 
B, Monocyte in blood from a dog with a band-shaped nucleus, basophilic cytoplasm and two vacuoles. 
C, Monocyte in blood from a dog with a band-shaped nucleus and basophilic cytoplasm D, Monocyte in 
blood of a dog with kidney-shaped nucleus. 

E F G H

I J

E, Monocyte in blood from a horse with a pleomorphic nucleus and basophilic cytoplasm containing vacuoles. 
F, Monocyte in blood from a cow with a pleomorphic nucleus and basophilic cytoplasm. G, Monocyte in 
blood from a dog with band-shaped nucleus and basophilic cytoplasm containing magenta-staining granules. 
H, Monocyte in blood from a horse with a kidney-shaped nucleus and basophilic cytoplasm containing 
magenta-staining granules. 

I, Large activated monocyte or macrophage with prominent vacuolation in blood from a horse with Babesia 
equi infection. J, Macrophage in blood from a cat with Mycoplasma haemofelis infection. Lower magnification 
than other images in this figure. Wright-Giemsa stain. 

monocytic rickettsial species are rarely found in blood leuko-
cytes. When present, these morulae appear as tightly packed 
basophilic clusters of organisms within the cytoplasm (Fig. 
5-45, F,G; Fig. 5-46).

E. canis causes mild-to-severe disease in dogs. Clinical 
signs include fever, anorexia, weight loss, hemorrhagic diathe-
sis (especially epistaxis), lymphadenopathy, and neurologic 

signs. Laboratory findings generally include marked throm-
bocytopenia, mild nonregenerative anemia, variably mild  
leukopenia, and hyperglobulinemia. Marked pancytopenia 
secondary to bone marrow aplasia is rarely seen in the United 
States.

E. chaffeensis (human monocytic ehrlichiosis) infects dogs. 
Clinical signs have not been reported following experimental 
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infantum,404 and remarkably large schizonts of Cytauxzoon felis 
(Fig. 5-47).9,484

Monocytosis
Monocytosis may occur in conditions that also cause neutro-
philia (discussed earlier in this chapter). It may be present  
in both acute and chronic inflammation.* The injection 
of recombinant growth factors—including IL-3, GM-CSF, 
G-CSF, and M-CSF—results in a monocytosis.347,357,421,466,482 
Endogenous and exogenous glucocorticoid steroids can  
induce monocytosis in animals, especially in dogs.16,226,241,363 

infections,113,512 but anterior uveitis, vomiting, epistaxis, and 
lymphadenopathy have been reported in clinical cases.189 
Thrombocytopenia has been reported in animals without evi-
dence of illness.189

N. risticii is primarily pathogenic to horses (Potomac horse 
fever), where it causes fever, depression, anorexia, diarrhea, and 
variable leukopenia and thrombocytopenia.126,515 N. risticii also 
infects other mammals including dogs and cats.112,398,504 Clini-
cal signs in dogs have varied from none to fever, lethargy, 
bleeding diathesis, and polyarthritis. Thrombocytopenia is 
often present even in asymptomatic dogs.233,398

Other infectious agents that may rarely be seen in blood 
mononuclear phagocytes include Histoplasma capsulatum 
(Fig. 5-45, H),88,89 Mycobacterium species,271 Leishmania 

FIGURE  5-41 
Monocyte (left) and band neutrophil (right) in blood from a dog with 
immune-mediated hemolytic anemia. Wright-Giemsa stain. 

FIGURE  5-42 
Monocyte (left) and large lymphocyte (right) in blood from a cow. 
Wright-Giemsa stain. 

FIGURE  5-43 
Monocyte (left) and a reactive lymphocyte with intensely basophilic cyto-
plasm (right) in blood from a dog after vaccination. Wright-Giemsa stain. 

FIGURE  5-44 
Monocyte (left) and basophil (right) in blood from a dog with a severe 
flea infestation. Wright-Giemsa stain. 

*References 139, 190, 229, 246, 247, 364, 469.
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A B C D

A, Monocyte with erythrophagocytosis in blood from a dog with immune-mediated hemolytic anemia. 
Wright-Giemsa stain. B, Monocyte that has phagocytized eosinophil granules in blood from a horse. Wright-
Giemsa stain. C, Monocyte containing hemosiderin (dark inclusions in the cytoplasm) in blood from a dog 
with a hemolytic anemia. Wright-Giemsa stain. D, Monocyte containing hemosiderin (dark blue inclusions 
in the cytoplasm) in blood from a dog with a hemolytic anemia. Prussian blue stain. 

E F G H

E, Mononuclear cell containing melanin granules (presumably a melanophage) in blood from an aged gray 
Arabian gelding with disseminated malignant melanoma. Wright stain. F, Macrophage with an Ehrlichia canis 
morula in the cytoplasm in a buffy coat smear from a dog. Wright-Giemsa stain. G, Ehrlichia canis morula 
in the cytoplasm of a dog monocyte. Wright-Giemsa stain. H, Histoplasma capsulatum in the cytoplasm of a 
monocyte in blood from a dog. Modified Wright stain. 

E, Photograph of a stained blood film from a 1999 ASVCP slide review case submitted by J. Tarrant, T. Stokol, J. 
Bartol, and J. Wakshlag. H, Image provided by C. A. Thompson.

FIGURE  5-45  Monocyte inclusions and infectious agents 

Monocytosis occurs in animals with acute monocytic or acute 
myelomonocytic leukemias.194,323,401,426 Monocytosis some-
times accompanies histiocytic sarcoma in dogs.252 Normal 
domestic animals may have few or no monocytes in blood; 
consequently the term monocytopenia is not usually used.

LY M P H O C Y T E S

Most lymphocytes reside within lymphoid organs (lymph 
nodes, thymus, spleen, and bone marrow), with only a small 
percentage circulating in blood. Depending on the species and 
individual variability, about 50% to 75% of blood lymphocytes 
are T lymphocytes and about 10% to 40% are B lymphocytes. 
NK cells account for 5% to 10% of blood lymphocytes. T 
lymphocytes and B lymphocytes cannot be differentiated 

from one another based on morphology in stained blood 
films.458

Lymphocyte Morphology
Normal Lymphocyte Morphology
Most lymphocytes have microvilli on their surfaces (Fig. 5-48, 
A).47 They have high N : C ratios and vary considerably in size, 
with the highest N : C ratios in the smaller cells (Fig. 5-49, 
A-F). The cytoplasm of resting (unstimulated) blood lympho-
cytes is usually pale blue in color. Unstimulated lymphocytes 
have a few mitochondria and numerous ribosomes but little 
or no rough endoplasmic reticulum. Granules are generally 
absent or low in number unless the cell is a granular lympho-
cyte. Their nuclei are usually round but may be oval or slightly 
indented (Fig. 5-48, B).224 Nuclear chromatin varies from 
condensed and densely staining to a pattern of light and dark 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C h a p t er 	5	 n	 evaluation	of	Leukocytic	Disorders	 157

low numbers of lymphoblasts in blood. Most lymphocytes in 
the blood of domestic animals are small to medium in size, 
but some large lymphocytes may be present. Lymphocytes in 
ruminants are often larger, with more cytoplasm than is seen 
in other species, sometimes making these cells difficult to 
differentiate from monocytes (see Fig. 5-42).198 If it is unclear 
whether a cell is a lymphocyte or a monocyte, it is classified 
as a lymphocyte because cells of this type are usually much 
more numerous in blood than are monocytes.

A low percentage of lymphocytes in blood have red- or 
purple-staining (generally focal) granules within their cyto-
plasm (see Figs. 5-4, 5-49, G,H). These cells are generally 
medium to large in size and usually have more cytoplasm and 
lower N : C ratios than small lymphocytes. Granular lympho-
cytes appear to be either NK cells or a subset of cytotoxic T 
lymphocytes.33 The granules in granular lymphocytes do not 
stain as well with aqueous blood stains (such as Diff-Quik) 
as they do with methanolic blood stains.10

Reactive Lymphocytes
Lymphocytes proliferate in response to antigenic stimulation. 
They increase in size and exhibit increased cytoplasmic baso-
philia (Fig. 5-50, A-C). Most of these antigenically stimulated 
cells remain in peripheral lymphoid tissues but some may 
enter the circulation, although usually in low numbers. Various 
terms including reactive lymphocytes, transformed lymphocytes, 
and immunocytes have been used to describe them. Some reac-
tive lymphocytes are large, with convoluted nuclei (see Figs. 
5-43, 5-50, B,C). They resemble monocytes except that their 
cytoplasm is more basophilic (navy blue in color) than cyto-
plasm seen in monocytes (see Fig. 5-43). These cells can also 
be difficult to differentiate from some neoplastic lymphocytes. 

staining areas and to lighter-staining nuclei with a smooth 
chromatin pattern. Lymphocytes in healthy ruminants may 
have ring-like clumped chromatin patterns in their nuclei that 
may be confused with nucleoli (Fig. 5-49, F). Consequently 
caution should be taken in making a diagnosis of lymphoid 
neoplasia in cattle based on a finding of what appear to be 

FIGURE  5-46 
Transmission electron photomicrograph of an Ehrlichia canis morula in 
a monocyte from a dog. The morula consists of a membrane-lined vesicle 
containing multiple organisms. 

Courtesy of C. F. Simpson.

FIGURE  5-47 
Cytauxzoon felis schizont development in a large macrophage in blood 
from a cat. Note the small size of the erythrocytes compared to the 
macrophage in this low-magnification image. Wright-Giemsa stain. 

FIGURE  5-48 
Electron microscopy of lymphocytes. A, Scanning electron photomicro-
graph of a small lymphocyte with numerous short microvilli on its 
surface in blood from a dog with chronic lymphocytic leukemia (CLL). 
B, Transmission electron photomicrograph of a small lymphocyte in 
blood from a dog with CLL. Abundant heterochromatin and single deep 
cleft are present in the nucleus. Many ribosomes, a few mitochondria, 
and one osmiophilic dense inclusion are present in the cytoplasm. 

From Harvey JW, Terrell TG, Hyde DM, et al. Well-differentiated lympho-
cytic leukemia in a dog: long-term survival without therapy. Vet Pathol. 
1981;18:37-47.
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A B C D

FIGURE  5-49  Normal lymphocyte morphology 

A, Small lymphocyte in blood from a dog. B, Small lymphocyte in blood from a cow. C, Medium-sized 
lymphocyte in blood from a horse. D, Medium to large lymphocyte in blood from a cow. 

E F G H

E, Large lymphocyte in blood from a cow. F, Medium to large lymphocyte in blood from a cow. The ringlike 
clumped chromatin patterns in the nucleus may be confused with nucleoli. G, Granular lymphocyte in blood 
from a cow. H, Granular lymphocyte in blood from a cat. Wright-Giemsa stain. 

When it is not possible to decide whether a basophilic lym-
phocyte is reactive or neoplastic, the term atypical lymphocyte 
is sometimes used. Basophilic erythroid precursors may be 
confused with reactive lymphocytes. Some reactive lympho-
cytes are plasmacytoid (plasma-cell-like) in appearance (Fig. 
5-50, D,E) and may rarely contain pinkish or bluish globules 
(Russell bodies) within their cytoplasm (Fig. 5-50, F). These 
inclusions are composed of dilated endoplasmic reticula  
containing immunoglobulins.47 Lymphoid cells containing 
Russell bodies have been called Mott cells. Plasma cells are 
present in lymphoid organs except the thymus, but they are 
rarely observed in blood even when plasma cell neoplasia (e.g., 
multiple myeloma) is present.

Cytoplasmic Granules, Vacuoles, and Inclusions
A low percentage of lymphocytes in blood from normal 
animals contains cytoplasmic granules (see previous discus-
sion of granular lymphocytes). Basophilic granules may be 
seen in the lymphocytes from animals with certain lysosomal 
storage diseases (Figs. 5-51, A; 5-52), including mucopolysac-
charidosis type VI11,349 and type VII205,206 in dogs and cats and 
GM2-gangliosidosis in pigs.256

Cytoplasmic vacuoles may be seen in lymphocytes from a 
variety of neoplastic and nonneoplastic disorders (Fig. 5-51, 

B). Discrete vacuoles may occur in the cytoplasm of lympho-
cytes from animals with inherited lysosomal storage diseases 
(Fig. 5-51, C-E), including mucopolysaccharidosis type VII 
in cats,177 GM2-gangliosidosis in cats,230,350 GM1-gangliosidosis 
in cats and dogs,12,118,342 α-mannosidosis in cats,11 β-
mannosidosis in goats,371 Niemann-Pick type C in cats,68 and 
α-L-fucosidase in dogs.243 Basophilic granules and vacuoles 
may not become apparent in some lysosomal disorders until 
the affected animal reaches adulthood.

Lymphocytes may also contain distemper inclusions as in 
other blood cell types.314 Finally, Sarcocystis neurona organisms 
have been recognized in blood monocytes and lymphocytes 
(Fig. 5-51, F) from an immunosuppressed dog (R. Di Terlizzi, 
personal communication).

Neoplastic Large Granular Lymphocytes, Plasma Cells,  
and Mott Cells
Neoplasms involving lymphoid cells with large cytoplasmic 
magenta granules in cats have been called large granular lym-
phomas, globule leukocyte tumors, and granulated round cell 
tumors.107,152,238,494 Most of these large granular lymphomas 
appear to originate as intestinal tumors composed of cytotoxic 
T lymphocytes. As with other lymphomas, neoplastic cells 
may sometimes be present in blood (Figs. 5-53, A; 5-54) and 
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A B

C D

E F

FIGURE  5-50 
Morphology of reactive lymphocytes. A, Reactive lymphocyte with 
intensely basophilic cytoplasm in blood from a cow infected with bovine 
leukemia virus. B, Reactive lymphocyte with a convoluted nucleus and 
intensely basophilic cytoplasm in blood from a cat with a bacterial infec-
tion. C, Reactive lymphocyte with a convoluted nucleus and intensely 
basophilic cytoplasm in blood from a dog with a mild cough. D, Plas-
macytoid lymphocyte with intensely basophilic cytoplasm in blood from 
a dog with babesiosis. E, Plasmacytoid lymphocyte with intensely baso-
philic cytoplasm in blood from a horse with Anaplasma phagocytophilum 
infection. F, Lymphocyte containing Russell bodies in the cytoplasm in 
blood from a horse. Wright-Giemsa stain. 

A B

C D

FIGURE  5-51 
Cytoplasmic granules, vacuoles, and inclusions in lymphocytes. A, Lym-
phocyte containing basophilic granules in the blood of a 3-month-old 
German shepherd dog with inherited mucopolysaccharidosis type VII. 
Wright stain. B, One of many lymphocytes containing cytoplasmic vacu-
oles in blood from an 8-week-old foal with Corynebacterium equi pneu-
monia. Lymphocytes appeared normal after treatment and recovery. 
Wright-Giemsa stain. C, Lymphocytes with cytoplasmic vacuoles in the 
blood of a Korat cat with inherited GM2-gangliosidosis. D, Lympho-
cytes with cytoplasmic vacuoles in the blood of a goat with presumptive 
diagnosis of inherited β-mannosidosis. Wright stain. E, Lymphocytes 
with cytoplasmic vacuoles in the blood of a domestic shorthair cat with 
inherited Niemann-Pick disease type C. Wright-Giemsa stain. F, Lym-
phocyte containing a Sarcocystic neurona organism in a lymphocyte. 
Wright stain. 

A, Photograph of a stained blood film from a 1997 ASVCP slide review case 
submitted by D. I. Bounous, D. C. Silverstein, K. S. Latimer, and K. P. Car-
michael. D, Photograph of a stained blood film from a 1990 ASVCP slide 
review case submitted by W. Vernau. E, Photograph of a stained blood film 
from a 1993 ASVCP slide review case submitted by D. E. Brown and M. A. 
Thrall. F, Photograph from a 2007 ASVCP review case submitted by R. Di 
Terlizzi, H. Bender, K. Gibson-Corley, A. Ginman, J. Haynes, M. Lappin.

E F

bone marrow.107,152 Similarly large granules have been 
described in blood lymphocytes from a horse with large gran-
ular lymphocyte leukemia.258

Plasma cells are present in lymphoid organs (except the 
thymus but they are rarely observed in blood even when 
plasma cell neoplasia (e.g., multiple myeloma) is present (Fig. 
5-53, B).129,369 Plasma cells have lower N : C ratios and greater 
cytoplasmic basophilia than resting lymphocytes. The pres-
ence of prominent Golgi may create a pale perinuclear area in 
the cytoplasm. Plasma cells typically have eccentrically located 
nuclei with coarse chromatin clumping in a mosaic pattern. 
In addition to reactive Mott cells, neoplastic Mott cells may 
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FIGURE  5-52 
Blood from a bulldog with an inherited mucopolysaccharidosis with 
purple granules in a lymphocyte and a neutrophil. The general disorder 
was diagnosed using screening tests, but the specific type was not deter-
mined. Wright-Giemsa stain. 

be seen in low numbers in blood from dogs with B lymphocyte 
lymphoma with Mott cell differentiation (Fig. 5-53, C,D). In 
these neoplasms, Mott cells appeared to develop from lym-
phoblasts without first becoming plasma cells.250,439

Lymphocytosis
Lymphocyte numbers in blood vary with age. Absolute lym-
phocyte counts are lower in young animals than in adults of 
some species (e.g., horses) and higher in young animals than 
in adults of other species (e.g., cats).201,326 Lymphocytosis is 
much less common than neutrophilia. Transient lymphocyto-
sis sometimes occurs with excitement or exercise in animals 
(especially horses and cats).400,436 Marginating lymphocyte 
pools are reported to occur in lungs and spleen, and lympho-
cytosis may occur secondary to increased blood flow and 
splenic contraction, respectively.43,121,353 The increased lym-
phocytosis in humans associated with exercise, acute psycho-
logical stress, or the activation of β-adrenergic receptors (by 
infused isoproterenol) results from increased numbers of cir-
culating NK cells and, to a lesser degree, increased numbers 
of γδ T lymphocytes and CD8+ T lymphocytes.15 Lymphocy-
tosis has been reported in rats and humans after 
splenectomy.242,495

Although increased proliferation of lymphocytes is 
common in lymph nodes during response to foreign antigens, 
evidence of this reaction is often not present in blood. In  
some cases, reactive lymphocytes account for a substantial 
proportion of the total lymphocytes present in blood, but an 
absolute lymphocytosis is uncommon.

Lymphocytosis is sometimes present in animals with low-
grade or chronic inflammatory conditions. In contrast,  
lymphopenia is more often present in acute and/or severe 
inflammatory conditions. The injection of recombinant growth 

FIGURE  5-53 
Neoplastic large granular lymphocytes, plasma cells, and Mott cells.  
A, Neoplastic large granular lymphocyte in blood from a cat with large 
granular lymphoma. Note the large size of the granules compared to the 
normal granular lymphocyte as shown in Figure 5-49, H. Wright-Giemsa 
stain. B, Plasma cell with eccentric nucleus in blood from a dog with 
multiple myeloma. Wright-Giemsa stain. C, Mott cell in the blood of a 
dog with lymphoma and Mott cell differentiation. Wright-Giemsa stain. 
D, Transmission electron photomicrograph of a Mott cell from a dog 
with lymphoma and Mott cell differentiation. Disorganized and dilated 
endoplasmic reticula containing immunoglobulin. 

C,D, From Stacy NI, Nabity MB, Hackendahl N, et al. B-cell lymphoma 
with Mott cell differentiation in two young adult dogs. Vet Clin Pathol. 
2009;38:113-120.

A B

C D

factors—including IL-2, SCF, GM-CSF, and G-CSF—has 
resulted in lymphocytosis in animals.19,161,209,347

Parasitic diseases that may result in a lymphocytosis in a 
small percentage of cases include trypanosomiasis in several 
species,37,138,240 Spirocerca lupi infection in dogs,29 Coenurus 
cerebralis infection in sheep,364 Leishmania infection in dogs,29 
experimental Toxoplasma gondii infection in cats, and Babesia 
infection in dogs.397,516

Bacterial diseases that may sometimes have an associated 
lymphocytosis include bartonellosis in cats and subclinical 
ehrlichiosis in dogs.63,92,444 Lymphocytosis in dogs with sub-
clinical E. canis infection results from an increase in CD8+ 
lymphocytes, which may appear as granular lymphocytes in 
stained blood films.214,286,483

Viral diseases that may sometimes have an associated lym-
phocytosis include FeLV infection in cats,178caprine arthritis-
encephalitis virus infections in goats,319 and bovine leukemia 
virus (BLV) infection in cattle and sheep.114 Although acute 
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reactive lymphocytosis in animals, but evidence for this phe-
nomenon has not been substantiated in published studies.29

Persistent lymphocytosis has been described in association 
with an indolent lymphoproliferative disease in ferrets. This 
disorder appears to be caused by a virus other than FeLV or 
Aleutian disease virus.135,136

Lymphocytosis is reported in about 40% of cats with 
primary immune-mediated hemolytic anemia, but lymphocy-
tosis is rarely recognized in dogs with autoimmune disease.29,254 
Lymphocytosis is common in Abyssinian and Somali cats 
with a disorder characterized by increased osmotic fragility of 
erythrocytes.253

Lymphocytosis has been reported to occur in a low per-
centage of dogs and cats with hypoadrenocorticism.29 Lym-
phocytosis has also been reported in a low percentage of cats 
with hyperthyroidism in one study.454 However, treatment of 
hyperthyroid cats with methimazole has also been reported to 
cause a lymphocytosis in some, raising the concern whether 
untreated hyperthyroidism causes lymphocytosis.375,376

Lymphocytosis has been reported in a low percentage of 
dogs, cats, and humans with thymoma.29 Lymphocytosis in 
humans has been associated with invasive, lymphocyte-rich 
thymomas.39,434 The lymphocytosis is attributable to non-
neoplastic T lymphocytes whose proliferation is probably 
increased secondary to factors produced by neoplastic thymic 
epithelial cells. B lymphopenia is much more common than 
T lymphocytosis in humans with thymoma.332

Marked lymphocytosis, involving normal-appearing small 
to medium-sized lymphocytes, is present in the blood of 
animals with chronic lymphocytic leukemia (CLL) (Figs. 
5-56, 5-57).2,109,503 Although normal in appearance, these cells 
have abnormal function. CLL is uncommon and is reported 
most often in older dogs.474,503 About three-fourths of dogs 
with CLL exhibit T lymphocytosis, and about three-fourths 
of these cases of T lymphocyte CLL appear as CD8+ granular 

parvovirus infection in dogs causes lymphopenia, lymphocy-
tosis may occur during recovery from the infection.379

BLV is a B-lymphotrophic retrovirus that can produce a 
persistent lymphocytosis in cattle and sheep. Some reactive 
lymphocytes, as well as normal-appearing lymphocytes, may 
be seen in cattle with persistent lymphocytosis (Fig. 5-55).142

This persistent lymphocytosis is due to an increase in cir-
culating B lymphocytes.413 The lymphocytosis appears to 
develop because lymphocytes, in which the virus is transcrip-
tionally silenced, survive and accumulate.147 BLV infection can 
also produce lymphomas in cattle and sheep, which can have 
secondary lymphocytosis comprised of neoplastic lympho-
cytes.142,362 A vaccine reaction has been considered a cause of 

FIGURE  5-54 
Three large granular lymphocytes in blood from a cat with an abdominal 
large granular lymphoma. Wright-Giemsa stain. 

FIGURE  5-55 
Nonneoplastic lymphocytosis in blood from a cow infected with bovine 
leukemia virus. Lymphocytes are medium to large in size with increased 
cytoplasmic basophilia. Wright-Giemsa stain. 

FIGURE  5-56 
Chronic lymphocytic leukemia (CLL) in blood from a cat with normal-
appearing lymphocytes. Wright-Giemsa stain. 
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single phenotype along with peripheral cytopenias. A lym-
phocytosis is occasionally present in animals with lymphomas. 
The morphology of the neoplastic lymphocytes in blood is 
generally reflective of the morphology of the lymphocytes in 
the solid tumors.29

Lymphopenia
Lymphopenia occurs in response to endogenous or exogenous 
glucocorticoids in animals.1,93,235,424,505 This appears to result in 
part from the sequestration of lymphocytes in lymphoid organs, 
including bone marrow.54,459 Glucocorticoids also potentiate 
apoptosis of sensitive lymphocytes.14  The release of endoge-
nous glucocorticoids in response to severe systemic disorders 
may play a major role in the production of the lymphopenia 
that often accompanies these disorders.191 Lymphopenia occurs 
following the experimental injection of IL-1 and TNF and 
often accompanies severe systemic bacterial infections.421,467,472 
Lymphopenia also accompanies many viral infections in 
animals.21,52,115,263,366 It appears to be induced primarily by type 
1 IFNs (especially IFN-α) produced in response to viral infec-
tions and immune stimulation.28,211,352,395 Transient lymphope-
nia that develops in response to type 1 IFNs may result from 
lymphocyte activation and binding to endothelium234; however, 
high concentrations of type 1 IFNs can result in lymphocyte 
apoptosis and lymphoid depletion.395 Lymphopenia also occurs 
following the use of immunosuppressive drugs and irradiation, 
which result in lymphocyte destruction.458

Lymphocytes are present in afferent lymph from gastroin-
testinal and bronchial lymphoid tissues and efferent lymph 
from lymph nodes. The loss of lymphocyte-rich afferent 
lymph (e.g., lymphangiectasia) or efferent lymph (e.g., tho-
racic duct rupture) results in lymphopenia because most blood 

lymphocytes (Fig. 5-58).474 CLL is much less common in cats 
than in dogs. Like dogs, most cats with CLL exhibit T lym-
phocytosis, but in contrast to dogs, the CD4+ helper cells are 
the predominant type involved.503

Most cases of granular lymphocyte leukemia in dogs 
consist of mature-appearing lymphocytes and behave as a 
form of CLL, being indolent and slowly progressive. However, 
lymphocytes in some cases appear less well differentiated, with 
fine nuclear chromatin, and the disorder behaves more like 
acute lymphoblastic leukemia (ALL), being fulminant and 
rapidly fatal (Fig. 5-59).474,494 A granular lymphocyte leukemia 
has also been reported in a horse.258

A lymphocytosis often occurs in animals with ALL. Most 
cases have increased numbers of circulating lymphoblasts of a 

FIGURE  5-57 
Chronic lymphocytic leukemia (CLL) involving normal-appearing small 
lymphocytes with scant cytoplasm in blood from a dog. Wright-Giemsa 
stain. 

FIGURE  5-58 
Chronic lymphocytic leukemia (CLL) involving granular lymphocytes 
with abundant cytoplasm in blood from a dog. Wright-Giemsa stain. 

FIGURE  5-59 
Acute lymphoblastic leukemia (ALL) involving granular lymphocytes in 
blood from a dog. Lymphoblasts with fine nuclear chromatin and nucle-
oli are present. Some of these cells contain cytoplasmic granules. Wright 
stain. 

Photograph of a stained blood film from a 1989 ASVCP slide review case 
submitted by M. Wellman and G. Kociba.
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lymphocytes recirculate through lymphoid tissues. Lympho-
penia can also occur when lymph node architecture is  
disrupted (e.g., multicentric lymphoma or generalized granu-
lomatous inflammation), preventing the normal recirculation 
of lymphocytes.226

Lymphopenia occurs with inherited severe combined 
immunodeficiency (SCID) in horses and dogs.374 Details con-
cerning these disorders are given in Chapter 6.

B L A S T  C ELL S  O R  P O O R LY 
D I F F ER EN T I AT ED  C ELL S

Blast cells in blood generally have single round nuclei with 
finely stippled or smooth chromatin containing one or more 
distinct or indistinct nucleoli. The N : C ratio is generally high, 
and the cytoplasm varies from lightly to darkly basophilic. 
Similarities in the appearance of different types of blast cells 
can make a specific diagnosis difficult or impossible based on 
routinely stained blood and bone marrow smears. Despite this 
problem, the morphologic appearance of the blast cells can be 
helpful in reaching a presumptive diagnosis. Blast cells may 
also be tentatively identified by the company they keep. Con-
sequently the types of easily identifiable cells that are increased 
in blood may be helpful in reaching a diagnosis (e.g., increased 
monocytes in acute monocytic or acute myelomonocytic leu-
kemias and increased nucleated erythrocytes in erythroleuke-
mia). Specific diagnosis often requires special histochemical 
stains, immunophenotyping, and/or assays for clonal rear-
rangements of lymphocyte antigen receptor genes.71,193,451,475,497

Lymphoblasts
Lymphoblasts are larger than the normal small lymphocytes 
present in blood. The nucleus is generally round but may be 
indented or convoluted. The chromatin is usually finely stip-
pled but may be coarsely granular. One or more nucleoli are 
present in the nucleus, but they are often difficult to see in 
routinely stained blood films (Fig. 5-60, A). The cytoplasm is 
more basophilic than is seen in most blood lymphocytes and 
sometimes contains vacuoles. Rare lymphoblasts may be 
observed in disorders with increased antigenic stimulation; 
but when several of these cells are found during a differential 
count, lymphoid neoplasia is suspected.

ALL originates from the bone marrow, and lymphoblasts 
are generally although not invariably present in blood from 
animals with ALL (Fig. 5-60, A,B; Fig. 5-61).29,275,330,471 Lym-
phoblasts are also released into blood in some animals with 
lymphoma (Fig. 5-60, C,D; Figs. 5-62, 5-63).91,226,324,388 When 
present in blood, this pattern is sometimes called leukemic 
lymphoma or lymphosarcoma cell leukemia. The morphology 
of the neoplastic lymphoid cells in blood from animals with 
lymphoma is quite variable. One or more morphologic fea-
tures that may be present include exceptionally large size, 
abundant cytoplasm, monocytoid appearance (see Fig. 5-62), 
and heavily vacuolated cytoplasm, as shown from a dog  
diagnosed with intravascular lymphoma (Fig. 5-60, E). Cells 
present in leukemic lymphoma in cattle often appear  

A B

FIGURE  5-60 
Lymphoblasts in blood. A, Lymphoblast in blood from a dog with acute 
lymphoblastic leukemia (ALL). Wright-Giemsa stain. B, Lymphoblast 
in blood from a cat with ALL. Wright-Giemsa stain. C, Large lympho-
blast in blood from a dog with lymphoma. Wright-Giemsa stain.  
D, Large lymphoblast in blood from a cow with lymphoma. Wright-
Giemsa stain. E, Large heavily vacuolated neoplastic cell in blood from 
a dog with intravascular lymphoma. The cell type is uncertain; however, 
it was considered most likely to be of NK cell origin. Aqueous 
Romanowsky stain. 

E, Photograph of a stained blood film from a 2009 ASVCP slide review case 
submitted by L. V. Devai, R. W. Allison, T. R. Rizzi, A. W. Stern, T. A. Snider, 
and W. Vernau.

C D

E

monocytoid (Fig. 5-64).91,471 Nuclei may be especially convo-
luted (cerebriform) in the blood of dogs and cats with T 
lymphocyte epitheliotropic cutaneous lymphoma.299 When 
these neoplastic cells with convoluted nuclei are present in 
blood, they have been referred to as Sézary cells, and this rare 
variant of epitheliotropic cutaneous lymphoma with leukemia 
has been referred to as the Sézary syndrome.* Lymphoblasts 
may lyse during blood film preparation, making it difficult to 
characterize them morphologically (Fig. 5-65, A,B).

*References 149, 150, 333, 336, 409, 457, 502.
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FIGURE  5-61 
Lymphoblasts in blood from a dog with acute lymphoblastic leukemia 
(ALL). Wright-Giemsa stain. 

FIGURE  5-62 
Pleomorphic lymphoblasts in blood from a dog with a T lymphocyte 
lymphoma. Wright-Giemsa stain. 

FIGURE  5-63 
Lymphoblasts in blood from a goat with metastatic lymphoma. Wright-
Giemsa stain. 

FIGURE  5-64 
A small normal-appearing lymphocyte and three large monocytoid neo-
plastic lymphocytes in blood from a cow with metastatic lymphoma. 
Wright-Giemsa stain. 

FIGURE  5-65 
Plasmacytoid lymphoma in a dog. A, Blast cells in the blood tended to 
lyse, making morphologic identification difficult. B, Lymph node aspi-
rate smear demonstrating the plasmacytoid appearance of the neoplastic 
cells. Wright-Giemsa stain. 
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A B C D

FIGURE  5-66  Nonlymphoid blast cells in blood

A, Myeloblast in blood from a cat with erythroleukemia (AML-M6). This neoplastic cell has a round nucleus 
and gray-blue cytoplasm. Two nucleoli are visible in the right side of the nucleus. Wright-Giemsa stain.  
B, Myeloblast in blood from a dog with myeloblastic leukemia (AML-M2). This cell may be classified as a 
type II myeloblast because it contains a few small magenta-staining granules in the gray-blue cytoplasm near 
the top of the cell. Wright-Giemsa stain. C, Monoblast in blood from a dog with acute myelomonocytic 
leukemia (AML-M4). The nucleus is more irregular than typically seen in myeloblasts. Wright-Giemsa stain. 
D, Rubriblast in blood from a cat with erythroleukemia (AML-M6Er). This neoplastic cell has a remarkably 
round nucleus with intensely basophilic cytoplasm. Wright-Giemsa stain. 

E F G H

E, Megakaryoblast in blood from a dog with megakaryoblastic leukemia (AML-M7). The neoplastic cell has 
a remarkably round nucleus with cytoplasm that contains almost imperceptible pink granules and vacuoles. 
Wright-Giemsa stain. F, Megakaryoblast in blood from a dog with AML-M7. The neoplastic cell has a 
remarkably round nucleus with pinkish cytoplasm that contains vacuoles and has surface projections. Wright-
Giemsa stain. G, Neoplastic dendritic cell in blood from a dog with dendritic cell leukemia. Wright stain. 
H, Giant nonhematopoietic neoplastic cell in blood from a dog with widespread metastasis. Although this 
tumor was highly anaplastic, a pancreatic carcinoma was considered the likely tumor type based on necropsy 
findings. Wright-Giemsa stain. 

G, From Allison RW, Brunker JD, Breshears MA, et al. Dendritic cell leukemia in a golden retriever. Vet Clin Pathol. 
2008;37:190-197.

Myeloblasts
Type I myeloblasts appear as large round cells with round to 
oval nuclei that are generally centrally located in the cell. The 
N : C ratio is high (more than 1.5), and the nuclear outline is 
usually regular and smooth (Fig. 5-66, A). Nuclear chromatin 
is finely stippled, containing one or more nucleoli or nucleolar 
rings. The cytoplasm is generally moderately basophilic but 
not as dark as rubriblasts. Some myeloblasts may contain a 
few (less than 15) small magenta-staining granules in the 
cytoplasm and may be classified as type II myeloblasts (Fig. 
5-66, B).1 Myeloblasts with numerous magenta-staining 
granules are classified as type III myeloblasts.194,227,471 Myelo-
blasts may be present in blood in low numbers in CML  

(Fig. 5-67). They are more often present in blood with various 
forms of AML, including myeloblastic leukemia (AML-M1 
and AML-M2) (Fig. 5-68), acute myelomonocytic leukemia 
(AML-M4), and erythroleukemia (AML-M6) (Fig. 
5-69).194,227,316,471 Myeloblasts, promyelocytes, and myelocytes 
in blood all have round nuclei and resemble lymphoid cells, 
but cytochemical stains and/or recognition of surface markers 
can help differentiate these cell types in leukemic animals.2,193

Monoblasts
Monoblasts resemble myeloblasts except that their nuclear 
shape is irregularly round or convoluted in appearance (Fig. 
5-66, C). A clear area in the cytoplasm, representing the Golgi 
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FIGURE  5-67 
Blood from a cat with a presumptive diagnosis of chronic myeloid leu-
kemia (CML) exhibiting marked neutrophilia with a prominent left 
shift. A bone marrow biopsy was not done to confirm the diagnosis. Rare 
myeloblasts (top left) were seen in the blood film. Wright-Giemsa stain. 

FIGURE  5-68 
Type II myeloblast (left) and a hypersegmented neutrophil (right) in 
blood from a dog with myeloblastic leukemia (AML-M2). Wright-
Giemsa stain. 

FIGURE  5-69 
Blood from a cat with erythroleukemia (AML-M6). The two largest cells 
with pale-blue cytoplasm are myeloblasts. The smaller round cells are all 
erythroid precursors. Wright-Giemsa stain. 

FIGURE  5-70 
Blood from a dog with acute myelomonocytic leukemia (AML-M4). A 
mixture of neutrophils, monocytes, and precursors of both cell types are 
present. Wright-Giemsa stain. 

zone, is often observed, especially near the site of nuclear 
indentation. The N : C ratio is high but may be somewhat 
lower than that in myeloblasts.227 Monoblasts may be present 
in blood in animals with acute myelomonocytic leukemia 
(AML-M4) (Fig. 5-70) and acute monocytic leukemia 
(AML-M5) (Fig. 5-71).194,225,316Although rare, most horses 
reported with AML have had either AML-M4 or 
AML-M5.313

Rubriblasts
Rubriblasts have more basophilic cytoplasm than myeloblasts, 
monoblasts, and most lymphoblasts (Fig. 5-66, D). Although 
the other blasts mentioned have nuclei that are generally 
round in shape, the nucleus of a rubriblast is usually nearly 

perfectly round. The chromatin is generally finely granular, 
with one or more nucleoli. Rubriblasts are not usually seen in 
the blood of animals with regenerative anemia. They may be 
present in variable numbers in the blood of animals with 
erythroleukemia (AML-M6 or AML-M6Er) (Figs. 5-69, 
5-72).194,316,471

Megakaryoblasts
Megakaryoblasts occur in the blood of animals with mega-
karyoblastic leukemia (AML-M7). Nuclei of megakaryoblasts 
are nearly as round as rubriblast nuclei, but their cytoplasm is 
typically less basophilic and may contain magenta-staining 
granules (see Fig. 5-66, E,F). Unique features present in some 
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Unclassified Blast Cells
Primitive cells that cannot be classified with certainty are 
listed as unclassified during differential cell counts. When 
unclassified cells predominate in bone marrow (and some-
times blood), a diagnosis of acute unclassified leukemia (AUL) 
is made (Fig. 5-74).227

Metastatic Blast Cells
Although metastasis of tumors from nonhematopoietic organs 
is common, these neoplastic cells are rarely recognized in 
blood (except for malignant mast cells). When present, these 

of these cells include multiple discrete vacuoles (Fig. 5-73) 
and cytoplasmic projections (see Fig. 5-66, F).13,327,446,471

Neoplastic Dendritic Cells
Dendritic cell leukemia has been described in a dog (see Fig. 
5-66, G).8 The neoplastic dendritic cells in this case were larger 
than neutrophils; they had round to oval nuclei with coarsely 
stippled to granular chromatin. Indistinct nucleoli were visible 
in some cells. The cytoplasm was blue, moderately abundant, 
and sometimes contained vacuoles. Cytoplasmic borders were 
often ruffled and indistinct.8

FIGURE  5-71 
Blood from a dog with acute monocytic leukemia (AML-M5). All cells 
present, except a neutrophil (bottom left) are monocyte precursors or 
mature monocytes. Wright-Giemsa stain. 

FIGURE  5-72 
Blood from a cat with erythroleukemia (AML-M6Er). A neutrophil and 
two rubriblasts with basophilic cytoplasm are present. Wright-Giemsa 
stain. 

FIGURE  5-73 
Blood from a dog with megakaryoblastic leukemia (AML-M7). Four 
neoplastic megakaryoblasts with prominent cytoplasmic vacuoles are 
present. Wright-Giemsa stain. 

FIGURE  5-74 
Blood from a cat with acute unclassified leukemia (AUL). Two unclas-
sified neoplastic cells are present. Wright-Giemsa stain. 
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I M M U N E  S Y S T EM

The immune system is an integrated network composed of 
various cell types, numerous cytokines, and certain plasma 
proteins that work in synergy to eliminate infectious agents, 
parasites, and noxious antigens. Consequently defects in the 
immune response result in increased susceptibility to these 
foreign invaders. However, inappropriate or exaggerated 
immune responses can result in immune-mediated tissue 
injury. Because a thorough review of immunology is beyond 
the scope of this text, the reader is referred to current immu-
nology textbooks for more detailed information.140

Innate Immunity
The innate immune system responds immediately once an 
invading organism is detected, but it lacks any form of memory 
and responds in a similar manner and time frame to a repeated 
challenge by an invading organism. Innate immunity (non-
specific immunity) is possible because chemical compositions 
of invading microorganisms differ from those of normal body 
components. Innate immunity involves neutrophils, eosino-
phils, basophils, macrophages, mast cells, and natural killer 
(NK) cells, along with the complement system, enzymes such 
as lysozyme, and carbohydrate-binding proteins that can 
promote microbial destruction. These cells express microbial 
pattern-recognition receptors that recognize pathogen-
associated molecular patterns (PAMP) on invading microor-
ganisms. Following activation, the cells release components 
that can result in microbial destruction. Activated cells also 
produce various cytokines that result in inflammation and the 
recruitment of additional cells that can attack and destroy 
invaders. The production and function of these various cell 
types are discussed in Chapters 3 and 5, respectively.140

Acquired Immunity
Acquired immunity, also known as specific immunity or adap-
tive immunity, is a more recent evolutionary development 
than innate immunity. It is distinguished by its specificity for 
an invading organism and for its ability to remember an 
encounter with an invader so that a more rapid and intense 

response can occur the second time the same invader is 
encountered. Lymphocytes are immunocompetent cells that 
respond to specific foreign antigens. The production and func-
tion of lymphocyte types are discussed in Chapters 3 and 5, 
respectively. B lymphocytes are primarily responsible for 
immunoglobulin (antibody) production. In contrast to B lym-
phocytes, which produce immunoglobulins carried in the 
blood (humoral immunity) to the site of a foreign antigen,  
T lymphocytes migrate to the site of a foreign antigen  
(cellular immunity). T lymphocytes are involved in immune 
regulation, cytotoxicity, delayed-type hypersensitivity, and 
graft-versus-host reactions. Helper T (CD4+, CD8-) lympho-
cytes secrete cytokines that influence immune responses, and 
cytotoxic T (CD4-, CD8+) lymphocytes play pivotal roles in 
cell-mediated immunity directed at fungi, protozoan organ-
isms, and neoplastic cells. Regulatory T lymphocytes function 
to maintain a balance between activation of the immune 
system and prevention of autoimmunity.30,81,140

T E S T S  F O R  I M M U N E - M ED I AT ED 
D I S O R D ER S
Tests for Antierythrocyte Antibodies
Tests for antierythrocyte antibodies are done when autoag-
glutination is absent but immune-mediated hemolytic anemia 
is still suspected.

Direct Antiglobulin Test or Coombs’ Test
The direct antiglobulin test (DAT) utilizes washed erythro-
cytes from the patient and species-specific antisera against 
IgG, IgM, and the third component of complement (C3) to 
detect the presence of one or more of these factors on the 
surface of erythrocytes (Fig. 6-1). Blood should be collected 
in EDTA to avoid in vitro uptake of complement by erythro-
cytes.146 The DAT may be done in either tubes or microtiter 
plates.106 Unless clinical evidence of cold-agglutinin disease is 
present, this test is usually conducted only at 37oC, because a 
substantial number of healthy animals exhibit positive test 
results when the test is run at cold temperatures. In addition 
to primary immune-mediated hemolytic anemia (IMHA), 
neonatal isoerythrolysis, and blood transfusion reactions, the 
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lower specificity than the DAT assay when used to evaluate 
IMHA in dogs.121,146,155 The specificity is improved by setting 
a cutoff limit of greater than 5% positive cells before a test is 
considered positive. This should largely exclude low-level 
binding of immunoglobulin to normal (presumably aged) 
erythrocytes.104

Direct Enzyme-Linked Antiglobulin Test
The direct enzyme-linked antiglobulin test (DELAT) is an 
enzyme-linked immunosorbent assay (ELISA) that has been 
developed and evaluated for use in dogs. Regardless of the 
cause of the anemia, a majority of anemic dogs have increased 
erythrocyte-bound immunoglobulin and/or complement 
when the DELAT is used. This test has high sensitivity but 
low specificity for the diagnosis of primary IMHA. It is also 
time consuming and is typically used as a research tool and 
not in a clinical setting.7,146

Blood Typing
Large numbers of protein and complex carbohydrate antigens 
occur on the external surface of erythrocytes. Some antigens 
are present on erythrocytes from all members of a species and 
others (including blood group antigens) segregate genetically, 
appearing in some but not all members of a species. When an 
antigen is present in some members of the same species but 
is not common to all members of that species, it is called an 
alloantigen (also an isoantigen). If an alloantigen is presented 
to a member of the same species that does not have the allo-
antigen, it will be recognized as foreign and antibodies called 
alloantibodies (isoantibodies) will be produced against it.71

Blood group alloantigens are detected serologically on the 
surface of erythrocytes using agglutination and/or hemolysis 
tests. Blood groups have individual chromosomal loci and 
each locus has from two to many allelic genes. Most blood 
groups derive their antigenicity from the carbohydrate com-
position of membrane-associated glycolipids and glycopro-
teins. Most alloantigens are produced by erythroid cells, but 
some—such as the J group in cattle, the DEA-7 (Tr) group 
in dogs, the R group in sheep, and the A and O groups in 
pigs—are produced by other tissues and adsorbed from 
plasma.1,110

Blood groups in domestic animals have been reviewed.1,13,110 
They have been most extensively characterized in horses and 
cattle, in which blood typing was routinely used for animal 
identification and parentage testing. Blood typing for these 
purposes is being phased out in favor of assays based on DNA 
sequences. Blood group alloantigens of clinical significance 
are discussed subsequently under “Transfusion Reactions” and 
“Neonatal Isoerythrolysis,” below.

Ideally, blood typing of donor and recipient animals for 
clinically significant erythrocyte alloantigens should be per-
formed prior to all blood transfusions, as occurs in human 
medicine. Point-of-care card and gel typing tests are available 
for DEA 1.1 in dogs and types A and B in cats.141 In addition, 
blood samples from potential donors can be sent to a limited 
number of commercial laboratories for blood typing, and 

DAT may be positive in association with various infectious, 
parasitic, neoplastic, inflammatory, and other secondary 
immune-mediated diseases. If a drug-induced immune-
mediated disorder is suspected, the offending drug should be 
included in the assay system.146

A negative DAT does not rule out an IMHA. A false-
negative test may occur if there are insufficient quantities of 
antibody or complement on erythrocytes, the ratio of anti-
globulin in the reagent to antibody or complement on eryth-
rocytes is not appropriate, the test is performed with an 
incorrect species-specific reagent or at an improper tempera-
ture, the antibodies and/or complement elute from erythro-
cytes because the assay is delayed, the washing of erythrocytes 
is not adequate, the pH of the washing solution is too low, the 
centrifugation of the sample is not sufficient or there is exces-
sive agitation in reading the tube test, or the drug was not 
added to the test for an animal with a drug-induced immune-
mediated hemolytic anemia.146

False-positive tests may occur if clots are present (resulting 
in complement activation), blood is collected through infusion 
lines used to administer dextrose containing solutions, 
cryptantigens are exposed by the actions of bacterial enzymes 
on erythrocytes in septicemic patients, naturally occurring 
cold autoantibodies result in complement binding to erythro-
cytes, hypergammaglobulinemia is present, glassware or saline 
is contaminated, or if excessive centrifugation of tubes or 
misreading of results occurs.146

Direct Immunofluorescence Flow Cytometry Assay
Fluorescein isothiocyanate (FITC)-labeled antibodies against 
immunoglobulins of the species being evaluated are used to 
label erythrocyte-bound immunoglobulins, which are subse-
quently detected using flow cytometry. The direct immuno-
fluorescence flow assay has greater sensitivity but somewhat 

FIGURE 6-1 
Direct antiglobulin test (Coombs’ test). The addition of anti-dog IgG 
antibody results in the agglutination of erythrocytes coated with dog 
IgG. 
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result in phagocytosis and removal of these erythrocytes 
within a few days.141 Additionally there can be reactions to 
transfused leukocyte or plasma protein antigens, with adverse 
reactions varying from urticaria to anaphylactic shock.77,157

Tests for Antinuclear Antibodies
The presence of circulating antinuclear antibodies (ANAs) is 
associated with various autoimmune diseases in humans and 
animals. ANAs are most often measured in dogs suspected of 
having systemic lupus erythematosus (SLE). Studies indicate 
that ANAs in dogs are primarily of the IgG type. Canine 
ANAs are heterogeneous and may be directed against various 
histone and nonhistone extractable antigen components of the 
nucleus but not against native double-stranded DNA.37

ANA Test
An indirect immunofluorescent antibody (IFA) technique is 
most widely used for ANA testing (Fig. 6-2). Typically a dilu-
tion of a patient’s serum is placed on a glass slide with tissue 
cells fixed to the surface. After allowing time for the ANAs 
present in the patient’s serum to become bound to the nuclei, 
the slides are rinsed and fluorescein-labeled antibodies directed 
against immunoglobulins of the same species as the patient’s 
are added. The slides are again rinsed and the absence or pres-
ence of nuclear fluorescence (which occurs when ANAs are 
present) is determined using a fluorescent microscope. Alter-
natively, an immunoperoxidase method may be used in place 
of the immunofluorescent one described. Frozen rodent liver 
sections have been used most frequently as the substrate in 
veterinary medicine, but a human epithelial cell line (HEp-2) 
appears to be a superior ANA substrate because of its low 
reactivity with normal serum and the ease of reading the fluo-
rescence pattern. Titers above 1/25 and 1/100 are considered 

blood donors can be selected that are negative for clinically 
significant erythrocyte alloantigens, including DEA 1.1 in 
dogs and Aa and Qa in horses. The use of blood from these 
donors, coupled with cross-matching of donor and recipient 
samples, will minimize the likelihood of severe transfusion 
reactions.71

Blood typing of animals may be done prior to mating to 
identify animals with the same blood types and to minimize 
the possibility of subsequent hemolytic reactions (neonatal 
isoerythrolysis) in newborn animals. This is most frequently 
done in mares that have previously given birth to foals that 
developed neonatal isoerythrolysis. It may also be considered 
in certain breeds of cats where type B blood is common (Table 
6-1).1,57,59,64

Blood Cross-Match Tests
Blood cross-match tests are used to detect the presence of 
hemagglutinating and hemolyzing antibodies in the serum of 
donor and recipient animals. Suspensions of washed erythro-
cytes are incubated with serum samples, centrifuged, and 
examined for the presence of hemolysis and gross and micro-
scopic agglutination. The major cross-match is used to detect 
antibodies in the recipient’s serum that are directed against 
the donor’s erythrocytes. The minor cross-match is used to 
detect antibodies in the donor’s serum that are directed against 
the recipient’s erythrocytes. Autoagglutination or severe 
hemolysis in the patient’s blood sample precludes the accurate 
performance of cross-match tests.141

The absence of agglutination or hemolysis in cross-match 
tests does not indicate that animals have similar blood types. 
It indicates only that preexisting antibodies were not detected 
and that an acute hemolytic transfusion reaction is highly 
unlikely. A delayed transfusion reaction can still occur if 
important alloantigen differences are present. The benefit of 
the transfusion is short-lived in delayed transfusion reactions 
because antibodies made against the donor’s erythrocytes 

FIGURE 6-2 
Antinuclear antibodies (ANA) test. Sections of liver are incubated with 
test serum and, following washing, the presence of ANA is demonstrated 
using fluorescein isothiocyanate (FITC)-labeled antibodies against 
immunoglobulins of the species being tested. 

FITC
Anti-dog lgGNucleus

Dog
ANA

Hepatocyte

Type B Frequency Breeds
25%-50% Exotic shorthair, British shorthair, Cornish 

Rex, Devon Rex
5%-25% Abyssinian, Birman, Persian, Himalayan, 

Somali, Sphynx, Scottish fold, Japanese 
bobtail

Less than 5% Main Coon cat, Norwegian forest cat, 
domestic shorthair, domestic longhair

None Siamese, Burmese, Tonkinese, Russian 
Blue, Oriental shorthair, American 
shorthair, Ocicat

aType A frequency is determined by subtracting type B frequency from 100% 
because type AB is extremely rare. The table is modified from Andrews1 and 
based on data published by Urs Giger and coworkers.57,59,64

Table 6-1 
Frequency of Blood Type B in Purebred Cats in the 
United Statesa

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


180	 VETERINARY	HEMATOLOGY

form in vitro in stored anticoagulated blood, bone marrow, 
and joint fluids. The LE cell test is performed by promoting 
the formation of LE cells by rupturing leukocytes to expose 
their nuclear material either by forcing clotted blood through 
a sieve or by mixing anticoagulated blood vigorously with glass 
beads. After the leukocytes have been ruptured, the samples 
are incubated to allow time for LE cell formation. Buffy-coat 
smears are made, stained, and examined for the presence of 
LE cells. The finding of a single LE cell is considered a posi-
tive test result. With the ready availability of the ANA test, 
which is more sensitive and less labor-intensive to perform 
than the LE cell test, the latter test is now seldom done in 
veterinary laboratories. The advantage of the LE cell test is 
that it does not require species-specific reagents.37

Tests for Antiplatelet Antibodies
A number of tests have been developed to detect antiplatelet 
antibodies. These include a direct immunofluorescence test 
using labeled antibodies bound to megakaryocytes and various 
ways of detecting immunoglobulin bound to platelet surfaces. 
The microscopic detection of immunofluorescence of mega-
karyocytes is a subjective test requiring that a bone marrow 
aspirate be done to obtain megakaryocytes.90

Increased platelet-bound immunoglobulins can be detected 
by flow cytometry,84,100,156 immunoradiometric,132 ELISA,92 
and microscopic platelet immunofluorescence asssays.87 Most 
antiplatelet antibody in blood is bound to platelets; conse-
quently direct assays of the patient’s platelets are more sensi-
tive than indirect assays using the patient’s serum and platelets 
from a healthy control animal.92 Unfortunately direct assays 
of platelets should be done within 24 hours after blood sample 
collection. Platelets naturally have some immunoglobulin 
adsorbed to their surfaces. The amount of platelet-bound 
immunoglobulin can increase with time after sample collec-
tion; consequently false-positive tests can be a significant 
problem with these assays.156 Positive test results may also 
occur when immune complexes are adsorbed to platelets. 
False-negative tests may occur if antibodies have eluted from 
platelets during processing. Since these assays are generally 
designed to identify IgG on platelets, a false-negative test may 
result if IgM rather than IgG antibodies are bound to plate-
lets.132 False-negative tests may occur if assays are done after 
immunosuppressive therapy is initiated.120 At this time 
none of the tests for antiplatelet antibodies are as readily avail-
able and as cost-effective as the DAT for antierythrocyte 
antibodies.

P R I M A RY  I M M U N E - M ED I AT ED 
D I S O R D ER S

Some degree of immune-mediated cellular destruction occurs 
in many infectious, parasitic, neoplastic, inflammatory, and 
drug-induced diseases.104 Disorders presented in this section 
do not appear to be secondary to other diseases but represent 
primary immune-mediated disorders.

positive in dogs when HEp-2 and rat liver substrates, respec-
tively, are used.67

Systemic autoimmune diseases are characterized by high 
serum ANA titers. This heterogeneous group of disorders may 
be subclassified as SLE or SLE-related diseases (called mixed 
connective tissue disease in humans). Two different nuclear 
staining patterns are recognized using HEp-2 cells as sub-
strate in dogs. Dogs with homogeneous nuclear staining and 
positive chromosomal staining in mitotic cells are more likely 
to have SLE, and dogs with speckled nuclear staining and lack 
of chromosomal staining in mitotic cells are more likely to 
have SLE-related diseases.69

Propylthiouracil (PTU) treatment in cats can produce  
an immune-mediated disease syndrome characterized by 
anorexia, lymphadenopathy, weight loss, Coombs’-positive 
hemolytic anemia, thrombocytopenia, and a positive ANA 
serum test.3,115 Chronic experimental hydralazine treatment 
induced ANA formation in the serum of some Beagle dogs.4 
The serum ANA test is positive in about one-third of Gordon 
setters with symmetrical lupoid onychodystrophy and black-
hair follicular dysplasia, suggesting these may be immune-
mediated disorders with a common genetic predisposition.107 
ANAs may also be present in serum from animals with 
chronic inflammatory, infectious, and neoplastic diseases; 
however, titers are usually low. In addition, some healthy cats 
and dogs are weakly ANA-positive.12,37,60,108,136

Lupus Erythematosus Cell Test
A lupus erythematosus (LE) cell is a leukocyte (usually a 
neutrophil) with a single large reddish-purple amorphous 
inclusion that nearly fills the cytoplasm of the cell (Fig. 6-3). 
This inclusion represents the nucleus of a damaged leukocyte 
that has been opsonized by ANA and complement and 
phagocytized by an intact leukocyte. LE cells occasionally 

FIGURE 6-3 
Lupus erythematosus (LE) cell. Buffy coat smear of an LE cell test 
demonstrating a LE cell that is a neutrophil containing phagocytized 
homogeneous nuclear material. 
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Neonatal Isoerythrolysis
Animals with neonatal isoerythrolysis (NI) are healthy at 
birth but develop hemolytic anemia within a few hours to a 
few days after they ingest colostrum. Historically, Aa and Qa 
have been the most common antigens associated with neona-
tal isoerythrolysis in foals. Mares negative for one of these 
antigens develop antibodies against them and transfer these 
antibodies to their foals through colostrum. Hemolysis occurs 
when the foal inherits the respective antigen from the sire.13 
The dams become sensitized to these foreign erythrocyte anti-
gens from leakage of fetal erythrocytes through the placenta 
during pregnancy or from exposure to fetal erythrocytes of the 
same blood type during a previous parturition. Generally  
the first foal born is unaffected, but subsequent foals carrying 
the same foreign antigen(s) will likely develop hemolytic 
anemia. Other alloantigens associated with neonatal isoeryth-
rolysis in foals include Db, Dg, Pa, Qb, Qc, and a combination 
of Qa, Qb, and Qc.14,96 Neonatal isoerythrolysis has been 
reported in mule foals because of an erythrocyte antigen not 
found in horses but present in some donkeys and mules.14,143

NI can occur in type A kittens born to primiparous type 
B queens because all adult type B cats naturally have high 
anti-A antibody titers. NI appears to be an important cause 
of neonatal death (“fading kitten syndrome”) in purebred cats 
from breeds with high frequencies of type B blood (see Table 
6-1).18,58 Clinical signs that may be present include hemoglo-
binuria, pale mucous membranes, icterus, lethargy, weakness, 
tachypnea, tachycardia, collapse, and death. Tail-tip necrosis 
may occur in surviving kittens as a result of cold-acting IgM 
antibodies or localized thrombus formation.15

NI has been recognized in pigs, with antibodies usually 
directed against alloantigens of the E blood group.140 Natu-
rally occurring neonatal isoerythrolysis has not been reported 
in cattle, but it occurs in some calves born to cows previously 
vaccinated for anaplasmosis or other vaccines of bovine origin 
containing erythrocyte membranes.95

Blood typing of prospective breeding animals can be done 
to minimize the possibility of NI in offspring. The possibility 
of offspring developing NI can be evaluated by cross-matching 
the sire’s erythrocytes with the dam’s serum during pregnancy. 
If the potential for NI is identified prior to parturition, colos-
trum can be withheld from the offspring until a cross-match 
can be done between the erythrocytes of the offspring and the 
serum of the mother. If an incompatibility is present, the 
neonatal animal can be foster-fed for 2 days, allowing it to 
nurse from the mother after antibodies can no longer be 
absorbed as a result of gut closure.6

Primary Immune-Mediated Hemolytic Anemia
The binding of antibodies and/or complement to erythrocyte 
surfaces can result in phagocytosis by macrophages and in 
some case, complement activation and intravascular hemoly-
sis. IMHA may be primary (also called autoimmune hemo-
lytic anemia) or it may occur secondarily to rickettsial, 
bacterial, protozoal, viral, or hemoplasma infections; neoplasia 

Transfusion Reactions
Alloantigens vary in their potential to cause hemolytic trans-
fusion reactions when mismatched blood is given. Many allo-
antigens are weak (do not induce antibodies of high titer) or 
induce antibodies that do not act at normal body temperature. 
Fortunately only a few alloantigens appear to be important in 
producing hemolytic disease in animals.

DEA 1.1 antibody-antigen interactions result in most of 
the acute hemolytic transfusion reactions in dogs,1 but trans-
fusion reactions have been reported against DEA 1.2,65 DEA 
4,103 and an unclassified common antigen23 on dog erythro-
cytes. A blood type termed Dal has been reported to be 
lacking in some Dalmatian dogs but is present in a high per-
centage of dogs other than Dalmatians. Dalmatians lacking 
the Dal antigen are likely at risk of delayed, and possibly acute 
hemolytic transfusion reactions if transfused with Dal antigen-
positive blood.150

Incompatibilities in the AB blood group of cats has been 
recognized to cause transfusion reactions.55,56,76 The A and B 
alloantigens (blood types) result from the expression of two 
different alleles at the same gene locus, with A being domi-
nant over B.1 Cats rarely express both type A and type B 
antigens (type AB) on erythrocytes. The frequency of blood 
types varies with location and breed of cat. From 0.3% (North-
east) to 4.7% (West Coast) of domestic short- and long-hair 
cats in the United States are type B, but up to 50% of purebred 
cats of certain breeds in the United States are type B.1 A blood 
group antigen termed Mik has been reported in domestic 
shorthair cats that is capable of inducing a hemolytic transfu-
sion reaction when Mik-positive RBCs are transfused into a 
Mik-negative recipient cat that has naturally occurring anti-
Mik alloantibodies in its plasma.150

Aa and Qa are the most immunogenic alloantigens in 
horses and presumably the most likely to cause a hemolytic 
transfusion reaction.133 A-negative pigs exhibit intravascular 
hemolysis when transfused with A-positive blood.110

For most blood groups in animals, antibody formation 
occurs only following prior exposure to different erythrocyte 
alloantigens via transfusion, pregnancy, or vaccination with 
products containing blood group antigens.71 Consequently 
adverse transfusion reactions to unmatched erythrocytes gen-
erally do not occur at the time of the first blood transfusion. 
However, the AB and Mik groups in cats and the A group in 
pigs are characterized by “naturally occurring” antibodies (i.e., 
antibodies that occur in plasma in the absence of prior expo-
sure to blood from another individual).140 In these cases, 
hemolytic transfusion reactions can occur at the time of the 
first blood transfusion. This is especially true in the case of 
B-positive cats, which have naturally occurring anti-A anti-
bodies of high hemolytic titer. In contrast, cats with type A 
blood have weak anti-B antibodies in their blood. Type B 
blood transfusions given to type A cats do not result in severe 
intravascular hemolysis, but the transfusion is not efficacious 
because the transfused erythrocytes are phagocytized and 
removed within a few days.19
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but a monocytosis may also be present. Moderate to marked 
leukocytosis with a left shift indicates probable ischemic 
necrosis within tissues—including liver, kidney, heart, lung, 
and spleen—attributable to thromboembolic disease or 
anemic hypoxia.101

Thrombocytopenia is present in about 60% of dogs with 
this disorder, but only about one-fourth have platelet counts 
below 50 × 103/µL. The thrombocytopenia generally appears 
to result from increased platelet utilization. The prothrombin 
time (PT) is prolonged in about one-third of cases, and the 
activated partial thromboplastin time (APTT) is prolonged 
in about half of the cases. In addition, fibrin degradation 
products are often increased in plasma. It appears that many 
dogs with primary IMHA are in a hypercoagulable state at 
the time of diagnosis, with disseminated intravascular coagu-
lation (DIC) and multiorgan venous thrombosis (especially 
pulmonary thrombosis) being common sequelae, which may 
result in death.

In some instances the concurrent thrombocytopenia also 
appears to be autoimmune in origin (Evans syndrome).78 
Primary IMHA may also be part of SLE, a multisystemic 
autoimmune disease.53,140

Primary IMHA is much less common in cats than in dogs. 
Kohn et al.85 have reported findings from 19 cats with primary 
IMHA. Affected cats were typically young (median age 2 
years). The anemia was generally severe (median hematocrit 
12%) and often macrocytic (median MCV 56 fL). An abso-
lute reticulocytosis was reported in less than half of the cases. 
In contrast to dogs, a leukocytosis was present in only 10% of 
cats, and about 30% of cats exhibited a lymphocytosis. Throm-
bocytopenia occurred in about 40% of the cats with primary 
IMHA, and PT and/or APTT times were prolonged in 30% 
of the cats evaluated. Hyperbilirubinemia occurred in nearly 
70% of cats, with hyperglobulinemia reported in about half of 
the cats with primary IMHA.

Primary Immune-Mediated Thrombocytopenia
Immune-mediated thrombocytopenia (IMT) occurs when 
immunoglobulin (primarily IgG) is bound to the surface of 
platelets, resulting in the premature removal of platelets by 
macrophages. The presence of IMT is detected by measuring 
immunoglobulin bound to the patient’s platelets (direct 
assays) or by measuring immunoglobulin in a patient’s serum 
that is capable of binding to platelets collected from a healthy 
animal of the same species (indirect assay). Direct assays are 
more sensitive than indirect assays for detecting IMT (see 
“Tests for Antiplatelet Antibodies,” above).

IMT may be primary (autoimmune), or it may occur sec-
ondarily to bacterial, viral, protozoal, or helminth infections; 
neoplasia; or drug administration.* In primary IMT, autoan-
tibodies react to normal platelet antigens. Glycoprotein (GP) 
IIb and/or IIIa have been recognized as target antigens in 
some dogs.91 The GP IIb/IIIa complex is the fibrinogen 

(especially lymphomas); and toxin or drug exposure.78,98,104 
Vaccination with combination vaccines has been incriminated 
as a trigger of IMHA in dogs,43 but subsequent studies were 
not able to verify this association.22,24 In an autoimmune 
response, antibodies are directed against self antigens on 
erythrocytes. In secondary immune-mediated disorders,  
the immune response is directed against foreign antigens or 
altered self antigens, with inadvertent erythrocyte injury.

A diagnosis of IMHA is made if autoagglutination (per-
sisting after saline washing of erythrocytes) is present, a posi-
tive DAT test is measured, or flow cytometry for erythrocyte 
surface immunoglobulin is positive.104 A diagnosis of primary 
IMHA is reached by ruling out other disorders known to have 
concomitant IMHA.

About two-thirds of dogs with IMHA appear to have 
primary IMHA.5,125 In contrast, IMHA in noncanine species 
is usually a secondary, rather than a primary, disorder.98 Feline 
leukemia virus (FeLV) and Mycoplasma haemofelis are most 
commonly associated with IMHA in cats.42,85

Results from multiple studies of many dogs with primary 
IMHA have been summarized.* Primary IMHA is typically 
seen in middle-aged dogs (average age 6 years), with intact 
and neutered female dogs, neutered male dogs, and cocker 
spaniel dogs being overrepresented. Autoagglutination is 
reported to occur in about 60% and the DAT is positive in 
about 70% of dogs with primary IMHA. Spherocytosis is also 
present in about 75% of dogs with primary IMHA. Although 
the presence of spherocytosis strongly suggests that an 
immune-mediated process is present, other causes of 
spherocytosis—including exposure to venoms, zinc toxicity, 
transfusion of stored blood, and hereditary disorders—must 
be ruled out. Spherocytes are accurately recognized only in 
dogs because the degree of central pallor is naturally less in 
other domestic animals.

Anemia in IMHA is often severe, with a mean hematocrit 
value of about 15%. About two-thirds of dogs with primary 
IMHA have an absolute reticulocytosis. However, a regenera-
tive response to this hemolytic anemia may be lacking if the 
onset of anemia is acute or if antibodies and/or complement 
are directed against reticulocytes or bone marrow precursor 
cells.98 Hyperbilirubinemia is present in about 75% of cases 
and bilirubinuria is present in nearly all cases. Intravascular 
hemolysis, as evidenced by hemoglobinemia with hemoglo-
binuria, generally occurs in less than 20% of cases. In most 
cases of primary IMHA in dogs, increased IgG antibodies are 
bound to the erythrocytes, but in some cases IgM and/or 
complement are also bound to the erythrocytes. IgM antibod-
ies and/or complement are most likely involved if autoag-
glutination or intravascular hemolysis is present.98

A leukocytosis (mean total leukocyte count about 32 × 
103/µL) is present in more than 80% of dogs with primary 
IMHA. This increase in total leukocyte count is primarily  
the result of neutrophilia (often with a left shift), 

*References 22, 24, 78, 83, 97, 116, 125, 149. *References 10, 26, 29, 35, 40, 63, 72, 88, 92, 123.
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and ecchymotic hemorrhages, epistaxis, hematuria, and 
hemoptysis. Lethargy is common. Thrombocytopenia is  
generally marked, and moderate to severe anemia is also  
generally present.9,158

Megakaryocyte numbers are usually increased in the  
bone marrow in response to the thrombocytopenia,9 but 
rare cases of amegakaryocytic thrombocytopenia have  
been reported in dogs and cats that were believed to be 
immune-mediated.52,89,159

Primary Immune-Mediated Neutropenia
Primary (also termed idiopathic) immune-mediated neutro-
penia (IMN) appears to be uncommon in dogs and rare in 
cats.16,17,31,47,113 This diagnosis is usually made by excluding 
other causes of neutropenia. Animals may present with fever 
and lethargy or may be asymptomatic. In these latter cases, 
neutropenia may be identified during a routine hematologic 
evaluation as part of an annual physical examination or prior 
to anesthesia. Some animals may also exhibit other evidence 
of immune-mediated disease including nonseptic meningitis, 
nonerosive polyarthritis, vascultitis, and thrombocytope-
nia.31,145 Neutropenia is often severe (less than 500 neutrophils 
per microliter) without toxic cytoplasm in asymptomatic 
dogs.16 A lymphocytosis may be present in cats with IMN.31 
Granulocytic hyperplasia with few mature neutrophils is most 
likely to be present in the bone marrow, but granulocytic 
hypoplasia or aplasia may occur when antigens on early neu-
trophil precursors are targeted.31,152

A number of diagnostic tests (including flow cytometry, 
immunofluorescence, leukoagglutination, and radioimmuno-
asssay) have been developed to detect increased antineutrophil 
antibodies.151 Unfortunately these tests are not readily avail-
able and need further study to demonstrate their clinical use-
fulness. Consequently a diagnosis of IMN is generally made 
by excluding other causes of neutropenia. A substantial 
increase in neutrophil numbers in blood within 1 to 3 days 
after beginning immunosuppressive treatments with cortico-
steroids provides retrospective evidence for an IMN.

Systemic Lupus Erythematosus
Systemic autoimmune diseases are characterized by high 
serum ANA titers. This heterogeneous group of disorders may 
be subclassified as SLE or SLE-related diseases (called mixed 
connective tissue disease in humans). This latter category is 
largely characterized by musculoskeletal disorders, lethargy, 
and/or fever. Dogs with SLE also often exhibit polyarthritis 
but are more likely to have glomerulonephritis and hemato-
logic disorders than are dogs with SLE-related diseases.69 
ANA-positive musculoskeletal disorders described in German 
shepherd and Nova Scotia duck-tolling retriever dogs may be 
considered SLE-related diseases.68,69 Criteria for these sub-
classifications are not clearly established in animals. Proposed 
criteria for a diagnosis of SLE are given in Box 6-1.135,138

SLE is a chronic autoimmune disease characterized by the 
production of a variety of autoantibodies (especially antinu-
clear antibodies) that result in immune-mediated injury of 

receptor essential for normal platelet aggregation. This may 
help explain the platelet dysfunction that has been measured 
in dogs with primary IMT.86 Secondary IMT can occur if 
immune complexes are absorbed by platelets, if antibodies are 
produced against a foreign antigen bound to platelets, or if 
antibodies are reacting to platelet antigens altered in the 
course of the disease.120

Neonatal alloimmune thrombocytopenia has been reported 
in newborn horses,20 mules,122 and pigs.50 In this disorder, 
thrombocytopenia develops in the neonate following the 
ingestion of colostrum containing antibodies against the new-
born’s platelets. A syndrome of ulcerative dermatitis, throm-
bocytopenia, and neutropenia has been described in neonatal 
foals under 4 days of age. Although the etiology was not 
determined, the authors suggested a possible relationship 
between colostral antibodies or some other factor in the colos-
trum and the abnormalities present.112

A diagnosis of primary IMT is made after ruling out other 
potential causes of IMT. In the absence of an antiplatelet 
antibody test, a presumptive diagnosis of primary IMT is 
often confirmed by a positive response to glucocorticoid 
therapy alone or in combination with immunosuppressant 
drugs (including vincristine, azathioprine, cyclophosphamide) 
or following splenectomy.45,75,90 Primary IMT may occur in 
association with primary IMHA in what has been termed 
Evans syndrome in the human literature.62,78,94,120 However, it 
is important to recognize that animals with IMHA may have 
accompanying thrombosis or DIC, which may account for the 
concomitant thrombocytopenia.24 Primary IMT may also be 
a component of SLE, to be discussed subsequently.88

Although uncommon in animals, primary IMT is diag-
nosed most often in dogs, in which it occurs about twice as 
often in females as in males. It can occur at any age but is seen 
most commonly in middle-aged dogs, with an increased inci-
dence reported most often in cocker spaniels, miniature and 
toy poodles, Old English sheep dogs, golden retrievers, and 
German shepherds.90 Many dogs present with bleeding prob-
lems in the absence of other signs of illness, but some animals 
present with lethargy and weakness attributable to anemia. 
Gingival bleeding, cutaneous and mucosal petechial and 
ecchymotic hemorrhages, hematochezia or melena, epistaxis, 
hematuria, and ocular hemorrhages are common types of 
hemorrhage observed. Fever occurs in a low percentage of 
cases, and lymphadenopathy is uncommon, but splenomegaly 
may be recognized in about half of the cases.120 Platelet counts 
in primary IMT (less than 30 × 103/µL in 80% of cases) are 
generally lower than counts measured in secondary IMT.120 
Thrombocytopenia may be the only abnormal finding in the 
complete blood count (CBC), but about half of the dogs with 
primary IMT have an anemia (median HCT 31%) and 40% 
of cases have a leukocytosis (median total leukocytes 19 × 
103/µL), with a neutrophilia (sometimes with a left shift) and 
monocytosis. PT and APTT tests are normal.120

Primary IMT is less often recognized in cats than in dogs. 
Cats have generally presented with evidence of hemorrhage 
including gingival bleeding, cutaneous and mucosal petechial 
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chemoattractants. The ability to phagocytize microbes can  
be determined microscopically. Microbial phagocytosis and 
killing can be assayed by bacterial culture after bacteria, serum, 
and neutrophils are incubated together. Lysosomal enzymes 
can be assayed following neutrophil lysis. The nitroblue tetra-
zolium (NBT) reduction test and the chemiluminescence test 
detect the presence of the oxidant burst needed for normal 
bacterial killing.

In addition to the classic assays discussed above, many 
assays using flow cytometry have been developed. These assays 
include measurement of increased F-actin as evidence of neu-
trophil activation, measurement of surface adhesion molecules 
using adhesion molecule-specific monoclonal antibodies, 
phagocytosis of fluorescently conjugated particles, and mea-
surement of reactive oxygen molecules such as the dichloro-
fluorescein (DCF) assay.27 The tests discussed are screening 
tests. More specialized tests are required to demonstrate spe-
cific molecular defects.

Lymphocyte Assays
A majority of circulating lymphocytes are T lymphocytes. 
Consequently the presence of a normal absolute blood  
lymphocyte count tends to rule out a generalized defect in  
T lymphocyte production. Lymphocyte blastogenic assays are 
used to determine the responsiveness of lymphocytes to 
various mitogens, which variably stimulate different lympho-
cyte subsets. T lymphocyte function may also be assessed in 
vitro using leukocyte migration inhibition assays, cytokine 
release assays, and cytotoxicity assays. Subpopulations of  
lymphocytes can be quantified using fluorescence labeling  
of surface molecules and flow cytometry.140 For example, using 
flow cytometry, cats with feline immunodeficiency virus (FIV) 
infection have been shown to have reduced populations of 
CD4+ T lymphocytes.38

Serum Immunoglobulin Assays
A variety of methods may be used to determine whether 
immunoglobulin deficiencies are present. Routine serum 
protein electrophoresis may be used as a screening test because 
immunoglobulins account for all of the protein that migrates 
in the γ region and some of the protein that migrates in the 
β region of electrophoretic gels (Fig. 6-4). A low γ-globulin 
concentration points to an immunoglobulin (usually IgG) 
deficiency. Various immunoelectrophoretic techniques can be 
used to make qualitative and quantitative serum immuno-
globulin measurements. Specific immunoglobulin classes may 
be quantified using various methods, including immunofixa-
tion electrophoresis, radial immunodiffusion, ELISA, and 
turbidometric assays.2,54,140 Reference intervals are generally 
established using adult animals. Consequently it is important 
not to overemphasize seemingly low serum immunoglobulin 
values in young animals. In dogs, for example, serum IgM 
concentrations may not reach adult reference intervals until 
several months after birth; serum IgG and IgA values may 
not reach adult reference values until such animals are 1 year 
of age or older (in the case of IgA).46 Several semiquantitative 

multiple organs. Abnormal T lymphocyte activation appears 
to prompt B lymphocytes to produce excessive amounts of 
autoantibodies. However, the exact mechanisms for the devel-
opment of SLE remain unclear because the pathogenesis is a 
complex multifactorial event, with many abnormalities mea-
sured in the immune system of humans.33

SLE is fairly common in dogs but rare in cats and horses.37 
Possible manifestations of SLE are persistent or recurring 
fever, nonerosive polyarthritis, renal disorders, facial or muco-
cutaneous dermatitis, lymphadenopathy and/or splenomegaly, 
leukopenia, anemia (often DAT-positive), thrombocytopenia, 
polymyositis, and pleuropericarditis.37 A diagnosis of SLE 
should be considered when several of these inflammatory 
processes are recognized in a patient that has a high serum 
ANA titer (see “Tests for Antinuclear Antibodies,” above).

T E S T S  F O R  I M M U N E  D EF I C I EN C Y 
D I S O R D ER S
Neutrophil Function Tests
Numerous steps are required for neutrophil adhesion, chemo-
taxis, phagocytosis, and killing of bacteria; consequently a 
variety of tests are needed to fully assess neutrophil func-
tion.27,153 These tests are not available in most commercial 
laboratories but are done in a limited number of research 
laboratories. Adhesion assays measure the ability of neutro-
phils to adhere to inorganic materials, including polysaccha-
rides or nylon fibers, or biological structures, such as cultured 
endothelial cells. Chemotaxis assays measure the ability  
of neutrophils to migrate in the direction of various  

aSLE is diagnosed if two major signs are present with a high ANA titer (e.g., 
equal to or greater than 160) or one major sign and two minor signs are 
present with a high ANA titer. SLE is considered possible if one major sign 
and a high ANA titer is present or if two major signs are present but the ANA 
titer is low (<160).135,138

Major signs
Polyarthritis
Glomerulonephritis
Skin lesions
Polymyositis
Thrombocytopenia
Hemolytic anemia
Leukopenia

Minor signs
Fever of unknown origin
Central nervous system signs, seizures
Oral ulcerations
Lymphadenopathy
Pericarditis
Pleuritis

Box 6-1 
Diagnostic Criteria for Systemic 
Lupus Erythematosus (SLE)a
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Severe Combined Immunodeficiency
The production of T and B lymphocytes is deficient in severe 
combined immunodeficiency (SCID) syndromes.

Severe Combined Immunodeficiency Syndrome  
in Arabian Foals
SCID is transmitted as an autosomal recessive trait in Arabian 
foals. Affected foals have few or no circulating lymphocytes, 
hypoplasia of the primary and secondary lymphoid organs, 
and an inability to produce antibodies due to the absence of 
mature T and B lymphocytes. Failure to produce mature lym-
phocytes results from a mutation in the gene that encodes for 
the catalytic subunit of DNA-dependent protein kinase 
(DNA-PKCS). This enzyme is required for the gene rear-
rangement process that produces the antigen receptors on T 
and B lymphocytes. NK cell function is normal. The serum of 
foals collected prior to suckling normally contains some IgM, 
but this is not the case in SCID foals.118 If affected foals suckle 
successfully shortly after birth, they acquire immunoglobulins 
from the mare and generally appear healthy. Once maternal 
immunoglobulins are catabolized, SCID foals become suscep-
tible to a variety of overwhelming infections by pathogens, 
including equine adenovirus, Rhodococcus equi, Pneumocystis 
carinii, and Cryptosporidium parvum. They generally die by 2 
to 5 months of age.114,139,154

Severe Combined Immunodeficiency Syndrome in Jack 
Russell Terriers
Like Arabian foals, affected Jack Russell pups also have a 
defect in the DNA-PKCS gene that appears to be transmitted 
as an autosomal recessive trait. Affected pups have profound 
lymphopenia, decreased serum immunoglobulins, and hypo-
plasia of all lymphoid organs. These SCID dogs generally die 
between 8 and 14 weeks of age.8,102

X-linked Severe Combined Immunodeficiency  
Syndrome in Dogs
An X-linked SCID syndrome has been recognized in Basset 
Hound and Cardigan Welsh Corgi dogs.79,119Affected male 
dogs fail to thrive; exhibit increased susceptibilities to bacte-
rial, viral, and protozoal pathogens; lack palpable peripheral 
lymph nodes; and generally die by 5 to 6 months of age unless 
they are housed in a germ-free environment.139 Absolute 
blood lymphocyte counts are generally decreased or in the 
low-normal range because T lymphocyte numbers are low. 
NK cell production is also reduced, but B lymphocyte counts 
may be increased in blood. B lymphocytes are unresponsive  
to T lymphocyte-dependent mitogens but respond to T 
lymphocyte-independent mitogens. B lymphocytes exhibit 
normal IgM production, but isotype class switching does not 
occur; consequently IgG and IgA concentrations are markedly 
reduced in blood.70 Mutations of the common γ-chain gene 
that encodes for essential components of interleukin (IL)-2, 
IL-4, IL-7, IL-9, and IL-15 receptors have been shown to 
cause X-linked SCID syndrome in dogs.73,139

tests—including zinc sulfate turbidity, glutaraldehyde coagu-
lation, sodium sulfite precipitation, and immunoassays—have 
been used to screen for the failure of the passive transfer of 
immunity via colostrum in neonatal animals.34,148

I M M U N O D EF I C I EN C Y 
D I S O R D ER S
Clinical Signs
Animals with immunodeficiencies generally suffer from recur-
rent and chronic infections. Common conditions that may be 
present include respiratory infections, diarrhea, dermatitis, 
pyoderma, otitis, and growth retardation. Infections with 
opportunistic organisms, such as Pneumocystis and Cryptospo-
ridium species, also suggest the presence of an immunodefi-
ciency. Animals with B lymphocyte defects generally have 
increased susceptibility to bacterial infections, and animals 
with T lymphocyte defects typically have increased suscepti-
bility to viral, fungal, and protozoal infections. Animals with 
neutrophil defects generally have cutaneous and systemic 
infections with pyogenic bacteria.46

Inherited Neutrophil Defects
A number of inherited defects of neutrophils have been 
described. These include the Chédiak-Higashi syndrome in 
several animal species, β2-integrin adhesion molecule defi-
ciencies in dogs and cattle, bactericidal defects in dogs, and 
cyclic hematopoiesis in gray collie dogs. These disorders are 
discussed in Chapter 5.

FIGURE 6-4 
Serum protein electrophoretograms for a foal before and after suckling. 
The serum IgG concentration was less than 200 mg/dL before suckling 
and greater than 800 mg/dL after suckling. 

Presuckling
birth

Postsuckling
13 hours

Albumin

Albumin

�

�1

�2

� �

�1
�2

� �

�

�

�

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


186	 VETERINARY	HEMATOLOGY

Selective Immunoglobulin Deficiencies
A number of selective immunoglobulin deficiencies have been 
described in domestic animals. These include IgM deficiency 
in horses and dogs,46,117 IgA deficiency in dogs,36,46 IgG defi-
ciency in a foal,21 and IgG2 deficiency in cattle.51

Immunodeficiency in Cavalier King Charles Spaniels
Adult Cavalier King Charles spaniels with Pneumocystis pneu-
monia have been described with low (about 40% of normal) 
serum IgG concentration, normal serum IgA concentrations, 
and increased serum IgM concentrations. The authors specu-
late that a defect might exist in the ability of antigen-activated 
B lymphocytes to switch immunoglobulin class from IgM  
to IgG.147

X-linked Agammaglobulinemia in Foals
A possible X-linked agammaglobulinemia has been described 
in thoroughbred and standard-bred foals that have no identi-
fiable B lymphocytes in blood. IgG, IgM, and IgA are low or 
absent, but T lymphocyte function appears to be normal.46

Immunodeficiency in Weimaraner Dogs
A poorly defined immunodeficiency disorder has been 
described in young (median age 4 months) Weimaraner dogs 
that is characterized by chronic, recurrent inflammation in 
various tissues, including bowel, skin, and the central nervous 
system. Metaphyseal osteopathy is also often present. Low 
concentrations of immunoglobulin (primarily IgG and less 
often IgM and/or IgA) are present, and some studies suggest 
a concomitant neutrophil function defect.32,49,66

Transient Hypogammaglobulinemia in Neonates
Transient hypogammaglobulinemia may occur in young 
animals if the onset of IgG and IgA production by the neonate 
is delayed following the disappearance of maternal antibodies 
at about 2 months of age. Deficient animals are susceptible to 
bacterial infections until their immune systems become fully 
functional at about 6 months of age.46

T Lymphocyte Immunodeficiency
T Lymphocyte Immunodeficiency in Growth Hormone-
Deficient Dogs
An inbred family of Weimaraner dogs has been described 
with a fatal wasting syndrome, retarded growth, persistent 
infections, and anemia beginning at about 6 weeks of age. 
These pups had abnormalities in growth hormone metabolism 
and in thymus-dependent immune function. The thymus was 
small and depleted of T lymphocytes. B lymphocyte function 
appeared to be normal, with serum immunoglobulin concen-
trations within reference intervals.128,129

Hypotrichosis with Thymic Aplasia in Cats
This autosomal recessive disease results in lack of hair growth 
(nude kittens), lack of thymic development, and profound 
immunodeficiency in Birman kittens. Kittens fail to thrive, 
succumb to infections, and die within a few weeks.25

Serum Immunoglobulin Deficiencies
A heterogeneous group of disorders can result in reduced 
serum immunoglobulins in humans and animals. The specific 
defect that produces these abnormalities in animals is gener-
ally unknown.

Common Variable Immunodeficiency
Common variable immunodeficiency (CVID) in humans is 
characterized by reduced immunoglobulin (IgG, IgA, and/or 
IgM) concentrations in serum and increased susceptibility  
to infection. Several genetic defects have been reported  
to result in this phenotype in humans. Each defect  
disrupts B lymphocyte differentiation, maturation, and/or 
function.28 Symptoms generally do not develop until young 
adulthood, but they may develop in children as young as 5 
years old.61

CVID has been reported in adult horses (mean age about 
11 years) with fever, persistent, multifocal bacterial infections 
(including pneumonia, meningitis, and septicemia), markedly 
decreased concentrations of IgM, moderately to markedly 
decreased concentrations of IgG, and variably decreased con-
centrations of IgA in serum resulting from markedly reduced 
numbers of B lymphocytes in lymphoid organs and blood.48,109 
Hematology findings included variable or persistent lympho-
penia and frequent neutrophilia and hyperfibrinogenemia 
associated with infections. Lymphocyte proliferation assays 
generally revealed decreased responses to both B and T 
lymphocyte mitogens. The etiology of equine CVID is 
unknown.

A late-onset immunodeficiency has been reported in Shar-
pei dogs that is similar to CVID in humans. Increased sus-
ceptibility to infection beginning at about 3 years of age is 
reported. Serum IgA and IgM concentrations are low in most 
dogs, and serum IgG concentration is low in some. Abnor-
malities in T as well as B lymphocyte function are demon-
strated in some dogs.126

CVID has been reported in seven young (less than 1 year 
old) miniature dachshund dogs with Pneumocystis carinii 
pneumonia. Abnormal findings included a lack of B lympho-
cytes in lymph nodes, decreased serum concentrations of all 
immunoglobulins measured, and abnormal responses of blood 
lymphocytes to mitogens.93

Fell Pony Syndrome
A primary immunodeficiency syndrome has been described 
in Fell ponies. Affected foals typically become ill at 2 to 4 
weeks of age. They lose body mass and develop chronic infec-
tions with multiple systemic signs, including fever, diarrhea, 
mucopurulent ocular and/or nasal discharges, and broncho-
pneumonia. Lymphopenia and severe normocytic normochro-
mic anemia with marrow erythroid hypoplasia are typically 
present.131 Serum IgA and IgM concentrations are consis-
tently low and serum IgG concentration is sometimes low.  
B lymphocyte numbers are markedly reduced in blood, lymph 
nodes, spleen, and bone marrow.
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to provide the necessary protection against bacterial infections 
(especially septicemia).44,127,140 The reader may refer to “Serum 
Immunoglobulin Assays,” above, for tests used to detect the 
failure of passive transfer. Reference values for plasma IgG  
in neonatal animals vary depending on the species being  
analyzed and the method used. In general, serum IgG con-
centrations below 400 mg/dL are considered inadequate, con-
centrations from 400 to 800 mg/dL are considered marginal, 
and concentrations above 800 mg/dL are considered sufficient 
when measured in foals 1 to 2 days after birth. Serum IgG 
concentration is considered adequate in calves if serum IgG 
concentrations exceed 1000 mg/dL.140
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Hemostasis depends on vascular integrity, platelet numbers 
and function, and coagulation. Vascular integrity is deter-
mined in large measure by the health of endothelial cells and 
their extracellular matrix. Damage to vessel walls can result in 
hemorrhage and/or activation of platelets and coagulation. 
When arteries are severed, there is a transient reflex vasocon-
striction that slows the loss of blood and allows some time for 
the platelet plug to begin forming and coagulation to com-
mence, which eventually result in the formation of a stable 
thrombus.

B L O O D  P L AT ELE T S 
( T H RO M B O C Y T E S )
Normal Morphology
Blood platelets (thrombocytes) in mammals are small round-
to-oval anucleated cell fragments (thin discs when unstimu-
lated) that form from proplatelet cylinders of megakaryocyte 
cytoplasm (see Chapter 3). Platelet cytoplasm appears light 
blue, with many small reddish-purple granules when visualized 
using routine blood stains (Fig. 7-1, A,B). Equine platelets 
often stain poorly with Wright-Giemsa stain (Fig. 7-1, C), but 
they generally stain better with Diff-Quik (Fig. 7-1, D).

Domestic cats (and other members of the Felidae family) 
normally exhibit greater variation in platelet size (2 to 6 µm 
or larger) than seen in other domestic animals or humans  
(2 to 4 µm). This size variability in cats may be related to 
an altered M-loop region in β1-tubulin compared with 
other mammals.49 The presence of these larger platelets 
(Fig. 7-1, E) results in higher mean platelet volumes (MPVs) 
in healthy cats than in other domestic animals. Feline platelets  
appear especially sensitive to activation during blood sample 
collection and handling, resulting in degranulated platelet 
aggregates, which may be overlooked by an inexperienced 
observer (Fig. 7-2, A). Some of the precipitated cryoglobulin 
recognized in blood from a cat with a monoclonal cryoglobu-
linemia has also been found to resemble aggregates of  

degranulated platelets (Fig. 7-2, B).237 Platelets typically 
stain uniformly purple with the new methylene blue wet 
preparation (Fig. 7-3).

Newly formed platelets have higher RNA content and 
have been termed reticulated platelets. They cannot be quanti-
fied by morphology but can be counted using flow cytometry 
following labeling of RNA with a fluorescent dye.400,442,542

Thrombocytes in nonmammalian species have nuclei and 
are much larger than those of mammals. They have a high 
nuclear-to-cytoplasmic (N : C) ratio and are often oval or 
elongated with light blue or nearly colorless cytoplasm in 
stained blood films (Figs 7-4, A, 7-5). Cytoplasmic vacuoles 
may be present at one or both ends of a cell. Granules are 
usually not apparent. When thrombocytes are more round in 
shape, they can be difficult to differentiate from lymphocytes. 
Like mammalian platelets, thrombocytes appear clumped on 
blood films when they are activated (Fig. 7-4, B).

Platelet Life Span and Counts in Blood
Mean platelet life spans of 4 to 6 days have been reported in 
dogs, cats, horses, and cattle.121,231,257,470 The platelet life span 
increased from a mean of 5.5 days to a mean of 8 days after 
splenectomy in dogs, suggesting that the spleen is especially 
adept at recognizing and removing aged platelets in dogs.124,319 
Platelet senescence is associated with changes that have char-
acteristics of apoptosis, including increased surface phospha-
tidylserine (PS), which may promote their removal from 
circulation by macrophages.409

Normal platelet counts vary depending on the species, with 
minimal reference values as low as 100 × 103/µL in horses and 
maximal reference values as high as 800 × 103/µL in several 
domestic animal species.260 The numbers normally present in 
blood greatly exceed those needed for adequate hemostasis. 
Thrombocyte counts are much lower in nonmammalian 
species than they are in mammals. In most avian species, 
thrombocyte counts range between 20 × 103/µL and 30 × 
103/µL.221
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FIGURE  7-1 
Normal platelet morphology in stained blood films from domestic 
animals. A, Aggregate of platelets in blood from a dog. Wright-Giemsa 
stain. B, Aggregate of platelets in blood from a cow. Wright-Giemsa 
stain. C, Three pale-staining platelets in blood from a horse. Wright-
Giemsa stain. D, Five platelets in blood from a horse. Diff-Quik stain. 
E, Aggregate of platelets in blood from a cat demonstrating the presence 
of large platelets and the variation in platelet size that is characteristic 
of this species. Wright-Giemsa stain. 

A B

C D

E

FIGURE  7-2 
Degranulated platelet aggregate versus cryoglobulin globules in stained 
blood films. A, Aggregate of activated and degranulated platelets in 
blood from a cat. Only a single platelet in the upper left of the aggregate 
still contains visible granules. Wright-Giemsa stain. B, Blue-staining 
homogeneous globules of cryoglobulin in blood from an American 
domestic shorthaired cat with multiple myeloma and an IgG monoclonal 
cryoglobulinemia. The precipitated globules sometimes mimic the 
appearance of an aggregate of degranulated platelets. A single platelet is 
present at the bottom between two erythrocytes. Wright stain. 

B, Photograph of a stained blood film from a 1999 ASVCP slide review case 
submitted by T. Stokol, J. Blue, F. Hickford, Y. von Gessel, and J. Billings.

A B

FIGURE  7-3 
Mild thrombocytosis following splenectomy in blood from a dog. Plate-
lets appear as small purple cells and erythrocytes appear as unstained 
ghosts. Single small Heinz bodies in many erythrocytes appear as baso-
philic “dots.” Reticulocytes are present at top right and bottom right. An 
Anaplasma platys morula is present in a platelet in the bottom left part 
of the image. New methylene blue wet mount stain. 

Platelet Metabolism
As in other blood cells, glucose is the major energy source for 
platelets. In contrast to anucleated erythrocytes, platelets have 
mitochondria and consequently utilize the Krebs cycle and 
oxidative phosphorylation. Little of the pyruvate produced by 
glycolysis is metabolized through the Krebs cycle in resting 
platelets, but oxidative metabolism, as well as glycolytic 
metabolism, is markedly increased when platelets are activated 
to meet increased needs for adenosine triphosphate (ATP) 
production. Biochemically, platelets have often been com-
pared with white skeletal muscle. They have active anaerobic 
glycolysis and synthesize and utilize large amounts of glyco-
gen.402 Platelets have a dense tubular system analogous to the 
calcium ion (Ca2+) sequestering sarcoplasmic reticulum 
present in skeletal muscle (Fig. 7-6). Except for ruminants and 

horses, domestic mammals have a well-developed canalicular 
system that is continuous with the surface membrane (Fig. 
7-7).46 Microtubules and microfilaments are present and com-
posed of a variety of contractile proteins including actin, 
myosin, and related proteins. Microtubular coils help to main-
tain the discoid shape of resting platelets.46 Changes in actin 
filament conformation and the organization of associated pro-
teins are required for platelet shape change, spreading, aggre-
gation, secretion, and clot retraction.46
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ADP/ATP ratio is about 1.5 in dense granules. In addition 
to adenine nucleotides, these dense bodies contain consider-
able amounts of serotonin, Ca2+, inorganic polyphosphates, 
and smaller amounts of other molecules, which are all secreted 
outside the platelets during the release reaction (degranula-
tion).427 The contents of α-granules and some of the contents 
of lysosomes are also secreted when platelets are activated. 
Some of the contents of α-granules are synthesized by 

Adenine nucleotides are present in metabolic and storage 
pools within platelets. As in other cells, ATP accounts for 
most of the adenine nucleotide in the metabolic pool. The 
ATP in this pool provides energy for cell functions. In addi-
tion to energy needed for normal homeostatic processes, 
platelets expend large amounts of energy during the release 
reaction and aggregation, to be discussed later. The storage 
pool of adenine nucleotides is contained within dense gran-
ules (also called dense bodies or δ-granules), which contain 
about two-thirds of the total adenine nucleotides in the cell. 
In contrast to the cytoplasm, where ATP predominates, the 

FIGURE  7-4 
Morphology of thrombocytes in bird blood films. A, Lymphocyte (top left) and thrombocyte (bottom right) 
in blood from an Amazon parrot. B, Aggregate of thrombocytes in blood from a macaw. Wright-Giemsa 
stain. 

A B

FIGURE  7-5 
Three thrombocytes (top left) and a polychromatophilic erythrocyte 
(bottom right) in blood from an Amazon parrot. Wright-Giemsa stain. 

FIGURE  7-6 
Platelet ultrastructure. DB, dense bodies; M, mitochondria; MT, micro-
tubules; DTS, dense tubular system; G, granules; CS, canalicular system. 
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megakaryocytes and others are taken up from the plasma. 
Although α-granule content varies by species, a partial list 
might include adhesive proteins (von Willebrand factor 
[vWF], fibrinogen, fibronectin, thrombospondin), coagulation 
factors (factors V, VII, XI and XIII), protease inhibitors (plas-
minogen activator inhibitor, tissue factor pathway inhibitor, 
α2-antiplasmin), CXC chemokines (platelet factor 4 [PF4] 
and β-thromboglobulin), P-selectin (CD62P), glycoprotein 
(GP) receptors GPIb/IX/V (CD42) and GPIIb/IIIa (CD41/
CD61), and other components, including chemotactic, mito-
genic, and vascular permeability factors. Platelets also contain 
lysozyme granules, which contain hydrolytic enzymes.46,57,427

Platelets express various glycoprotein molecules on their 
surfaces that are needed for normal adhesion (platelet to 
extracellular matrix) and aggregation (platelet-to-platelet 
binding). The glycoprotein complex GPIb/IX/V is especially 
important for the adhesion of platelets to vWF that is bound 
to the subendothelial matrix. The GPIIb/IIIa complex (αIIbβ3 
integrin) is essential for normal platelet aggregation, which is 
mediated largely by fibrinogen.271

Platelets have several functions in hemostasis. The first is 
the formation of a platelet plug at the site of vessel injury. 
Formation of a platelet plug alone is sufficient to stop bleeding 
from an injury to a small vessel. Second, platelet activation 
results in the translocation of negatively charged phospholip-
ids (primarily PS) from the inner surfaces to the outer surfaces 
of platelets. These aminophospholipids bind certain coagula-
tion factors in close proximity on platelet surfaces, thereby 
accelerating coagulation.271 Third, activated platelets secrete 
PF4 (CXCL4) from their α-granules, which binds to heparin-
like molecules on endothelial surfaces near the activated  
platelets. This binding displaces antithrombin (also called 
antithrombin III), which also binds to these heparin-like  

FIGURE  7-7 
Transmission electron photomicrograph of a small and a large platelet 
from the blood of a healthy cat collected into EDTA. Granules and an 
extensive canalicular system are visible. 

Courtesy of Charles F. Simpson.

molecules, thereby inhibiting local antithrombin activity and 
promoting coagulation.7

Finally, the presence of platelets helps maintain normal 
vascular integrity in some manner. Vascular endothelium is 
thin, fragile, and leaky in animals with low platelet counts 
(thrombocytopenia).284 Platelets help protect vessels from 
bleeding during inflammation in a way that is not dependent 
on the formation of a platelet plug.194 The relationship between 
platelets and endothelial cells is complex and poorly under-
stood, but platelet granules have a variety of vasoactive mol-
ecules that might promote the integrity of the endothelial 
barrier. Sphingosine-1 phosphate, a phospholipid product of 
platelets, is one substance that appears to be an important 
mediator protecting the vascular barrier.451

P R I M A RY  H EM O S TA S I S

Vascular Phase
Primary hemostasis consists of a vascular phase and a platelet 
phase. Following the severing of vessels, a reflex vasoconstric-
tion temporarily retards blood flow, allowing time for forma-
tion of the platelet plug to begin and coagulation to commence. 
The damage or removal of endothelial cells exposes the subcel-
lular matrix, resulting in platelet adhesion. Following vessel 
injury, tissue factor (TF) on subendothelial adventitial cells 
activates coagulation.468 Although platelet plug formation and 
coagulation are discussed below in separate sections, it is 
important to realize that these processes are interrelated. 
Thrombin generated during coagulation is one of the agonists 
that activates platelets, and coagulation occurs on the surface 
of activated platelets in vivo, which greatly accelerates the 
coagulation process.271

Platelet Phase
In response to vessel wall injury or exposure to foreign sur-
faces, platelets rapidly undergo the processes of adhesion, 
shape change, secretion, and aggregation through a complex 
series of coordinated processes that culminate in the forma-
tion of a precisely located platelet plug. Because of the rapidity 
of intracellular responses and synergy between secondary 
messenger systems, it is not possible to organize the various 
effector systems into a clearly defined temporal sequence. 
Reciprocal activation of effector systems also makes it difficult 
to define a clear sequence of events.271

Platelet Adhesion
Optimal platelet adhesion requires the binding of the platelet 
surface glycoprotein GPIb/IX/V complex to vWF molecules 
on the surface of the subendothelium. The GPIb/IX/V 
complex does not bind circulating vWF; it binds only vWF 
molecules that have been immobilized within the extracellular 
matrix, where vWF is bound primarily to collagen. It appears 
that the conformation of vWF changes upon binding to the 
extracellular matrix, so that it readily binds to the GPIb 
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prolongs the circulation time of FVIII.513 These two factors 
are controlled by different genes and are synthesized indepen-
dently. vWF, previously referred to as factor VIII : R (related 
antigen), is encoded by an autosomal gene and synthesized by 
endothelial cells and megakaryocytes (in some species). FVIII, 
also referred to as antihemophilic factor, is an X-linked gene 
product that is synthesized primarily in the liver (probably by 
hepatocytes).309 The binding of vWF to the extracellular 
matrix is associated with decreased binding of FVIII.513

Although vWF appears to be the most important factor  
in the extravascular matrix for platelet adhesion under flow 
conditions, other factors can promote platelet adhesion. 
Thrombospondin-1 is an alternate substrate to vWF for 
binding to platelet GPIb under high shear conditions. Under 
static conditions with low shear, platelets adhere directly to 
collagen in the subendothelium using GPVI and α2β1 (GPIa-
IIa) receptors.271

Platelet Activation
The adhesion of platelets to the extracellular matrix under 
shear conditions and their binding to collagen and other 
strong agonists, including thrombin generated during  
coagulation, result in the activation of phospholipase C  
(PLC) in the platelet membrane (Fig. 7-10). PLC cleaves 
a unique membrane phospholipid, phosphatidylinositol, 
4,5-bisphosphate (PIP2), into inositol triphosphate (IP3) and 
1,2-diacylglycerol (DAG). IP3 diffuses through the cytoplasm 
and binds to a calcium channel receptor in the dense tubular 
system, which stimulates the release of calcium ions.271 The 
rise in the cytosolic concentration of calcium results in a 
cascade of intracellular changes and activity. Calcium ions and 
DAG bind to and activates calcium diacylglycerol guanine 
nucleotide exchange factor I (CalDAG-GEFI), which acti-
vates the Rap1b GTPase through the exchange of bound 

FIGURE  7-8 
von Willebrand factor (vWF) is needed for optimal adhesion of platelets 
to the subendothelial matrix under flow conditions. vWF binds to a 
glycoprotein complex GPIb/IX/V receptor on the platelet surface. 
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subunit of the GPIb/IX/V complex on platelets, especially 
when shear force is applied, as occurs when flowing blood is 
exposed to the subendothelial surface (Fig. 7-8).271

vWF is a component of the factor VIII : vWF macromo-
lecular complex (Fig. 7-9). It circulates as a series of disulfide-
bonded polymers with a molecular weight of up to 20 × 
103 kDa in blood. vWF polymers bind to factor VIII (FVIII), 
a smaller protein (molecular weight 285 kDa) that functions 
as a procoagulant.79 In humans, about 1 molecule of FVIII 
binds per 50 monomers of vWF. Binding of FVIII to vWF 

FIGURE  7-9 
Factor VIII (FVIII) and vWF are produced by different genes and cir-
culate bound together as a high-molecular-weight complex. vWF mono-
mers are produced by endothelial cells and megakaryocytes and assemble 
into polymers, which bind about 1 FVIII molecule per 50 vWF 
monomers. 
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FIGURE  7-10 
Overview of the activation of phospholipase C and the resultant platelet 
effects. PIP2, phospholipid phosphatidylinositol 4,5-bisphosphate; 
IP3, inositol triphosphate; DAG, 1,2-diacylglycerol; Ca2+, calcium ions. 
(See text for more details.) 
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(see Fig. 7-11).234,406 This antagonist has an antiaggregatory 
effect by stimulating cyclic adenosine monophosphate (cAMP) 
synthesis in platelets. Agonists tend to counteract this effect 
by lowering platelet cAMP concentrations.264,271 Activated 
endothelial cells also suppress platelet reactivity by increasing 
the rate of nitric oxide (NO) synthesis. NO inhibits platelet 
activation by activating intracellular guanylate cyclase,  
which leads to the formation of cyclic guanosine monophos-
phate (cGMP).271 NO and PGI2 also function as potent 
vasodilators.264,356

Change in Platelet Shape
The discoid shape of resting platelets is maintained by circum-
ferential bundles of microtubules beneath the platelet mem-
brane and an extensive network of short actin filaments, 
forming a membrane skeleton. Following binding to vWF and 
collagen, platelets are activated, the microtubular coils reorga-
nize into linear arrays, and actin disassembles and reassembles 
as platelets form filopodia and spread.46,271 Negatively charged 
phospholipids and glycoprotein receptors are also exposed on 
the surface. Platelets have surface receptors for various suben-
dothelial components including collagen, fibronectin, laminin, 
and thrombospondin.31 The collagen receptor (α2β1 integrin) 
functions both in adhesion and as an agonist receptor that 
activates platelets.46

Platelet Secretion
Platelet secretion (release or degranulation) requires energy-
dependent contractile mechanisms. Granules are crushed 
together (fusion and dissolution) by a surrounding web of 
microtubules and microfilaments. The contents of dense 
bodies and granules are discharged into the open canalicular 
system, which is continuous with the platelet surface.427 
Ruminant, equine, and elephant platelets have minimal cana-
licular systems; granules and dense bodies primarily discharge 
their contents by fusing with the external platelet mem-
brane.46,145 Contraction of individual platelets and the platelet 
aggregate facilitates the discharge of material into surround-
ing plasma. ADP, serotonin, and calcium released from dense 
bodies promote platelet aggregation.427

Platelet Aggregation
ADP, TxA2, thrombin, and PAF are important agonists that 
promote platelet aggregation. Serotonin is also an important 
agonist in some species. Optimal platelet aggregation requires 
fibrinogen and Ca2+. The actions of these agonists result in the 
increased exposure and activation of GPIIb/IIIa, a β3-integrin 
platelet surface receptor that binds to fibrinogen (Fig. 7-12). 
Aggregation occurs when symmetric fibrinogen molecules 
bind to exposed receptors on adjacent platelets. vWF also 
promotes platelet aggregation when shear forces are high in 
flowing blood.271,462 The resultant platelet plug may be suffi-
cient to stop bleeding from small vessels. As discussed further 
on, the bleeding-time test, which measures the time needed 
to form the platelet plug, is dependent on platelet numbers 
and function.

GDP for GTP. Activated Rap1b promotes the conforma-
tional change and activation of the GPIIb/IIIa integrin, so 
that it binds fibrinogen. CalDAG-GEFI also appears to link 
increases in intracellular calcium ions to signaling pathways 
that regulate the synthesis of thromboxane A2 (TxA2) and 
release of granules.33 Inherited defects in CalDAG-GEFI lead 
to defects in platelet function and to bleeding in affected dogs 
and cattle.44 Intracellular calcium ions and DAG together 
work to activate protein kinase C isoforms, which phosphory-
late other molecules. Taken together, these reactions and 
others, including phosphatidylinositol-3 kinase (PI3K), stim-
ulate platelets in various ways, resulting in TxA2 synthesis, 
shape change, integrin activation, secretion, aggregation, and 
platelet procoagulant activity.66,191,220

Phospholipase A2 is also activated, which stimulates the 
hydrolysis of phospholipids (especially phosphatidylcholine) 
from the dense tubular system, causing the release of  
arachidonic acid. Arachidonic acid is subsequently metabo-
lized to TxA2 by the cyclooxygenase enzyme pathway (Fig. 
7-11).271 Phospholipase A2 (in conjunction with an acetyl-
transferase) is also involved in generating platelet-activating 
factor (PAF, 1-alkyl-2-acetyl-sn-glycero-3-phosphocholine), 
another agonist that induces platelet aggregation.66,102 PAF 
can be produced not only by activated platelets but also  
by activated endothelial cells and leukocytes.113,298,533 PAF is 
an important proinflammatory mediator that has multiple 
effects beyond platelet activation.218,298,314

Epinephrine does not function as an agonist by itself but 
potentiates platelet activation and secretion induced by other 
agonists. Platelets from some dogs do not respond to TxA2 in 
vitro owing to impaired TxA2-G protein coupling, but this 
defect is normalized by pretreatment with epinephrine.44

Platelet activation is inhibited by prostacyclin (prostaglan-
din I2, or PGI2). When stimulated by agonists including 
thrombin and PAF, endothelial cells produce increased 
amounts of PGI2 as a product of arachidonic acid metabolism 

FIGURE  7-11 
Activation of phospholipase A2 and the generation of thromboxane A2 
(TxA2) in platelets and prostacyclin in endothelial cells. 
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expressing PS, activation-dependent adhesion molecules, and 
possibly TF on their surfaces.279,381 Platelet microparticles 
bind to and activate leukocytes and endothelial cells,  
which may promote thrombosis and inflammation.77,187 Plate-
let activation ultimately results in platelet changes that appear 
to be proinflammatory and broadly consistent with cell 
necrosis.255

PS is also exposed on the surface of platelets undergoing 
apoptosis via a pathway different from that for platelet  
activation. This PS exposure presumably promotes platelet 
clearance under steady-state conditions. Whether this has  
any relevance to thrombin generation in vivo remains to  
be determined.255

Platelet Procoagulant Activity
Phospholipids are asymmetrically located in the plasma  
membrane of resting cells, including platelets, because of the 
presence of the Mg-ATP-dependent enzymes flippase and 
floppase. Negatively charged aminophospholipids are concen-
trated more in the inner leaflet of the platelet membrane 
because of an inward-directed pump for PS and phosphati-
dylethanolamine known as aminophospholipid translocase or 
flippase. Neutral phospholipids, including phosphatidylcho-
line and sphingomyelin, are transported to the outer mem-
brane leaflet of platelets by floppase activity.77

The activation of platelets by agonists results in the calcium-
dependent activation of scramblase (an enzyme that promotes 
unspecific bidirectional redistribution of phospholipids across 
the bilayer) and inhibition of flippase activities. The net result 
is that negatively charged phospholipid (primarily PS) is 
translocated from the internal leaflet to the external leaflet of 
the plasma membrane.173,279 Negatively charged aminophos-
pholipids on the surface of activated platelets have been 
termed “platelet factor 3” or “platelet procoagulant activity.” 
The translocation of PS to the surface of activated platelets 
accelerates coagulation because positively charged Ca2+ binds 
to the negatively charged phospholipids and to the negatively 
charged carboxyl groups of coagulation factors. Binding of 
coagulation factors to platelets not only brings them together 
to enhance interactions but also helps to protect them from 
inhibitors.271

Platelet activation results not only in enhanced reactivity 
toward other platelets—forming platelet aggregates (Fig. 
7-13) and prompting enhanced reactivity toward leukocytes, 
thus forming platelet-leukocyte aggregates—but also in the 
shedding of microparticles (microvesicles) from the platelet 
surface.365,545 These microparticles have procoagulant activity, 

FIGURE  7-12 
Primary factors involved in platelet aggregation. TxA2, thromboxane A2; PAF, platelet activating factor; 
ADP, adenosine diphosphate. 
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FIGURE  7-13 
Scanning electron photomicrograph of a small aggregate of platelets 
exhibiting prominent filopodia formation. 
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implies that coagulation can be induced by either the extrinsic 
or the intrinsic pathway. It does not show the importance of 
the extrinsic pathway in activating the intrinsic pathway or 
that coagulation is a cellular or at least membrane-bound 
event.368

Coagulation factors have been given one or more names 
and also assigned a Roman numeral. Fibrinogen (factor I), 
prothrombin (factor II), TF or tissue thromboplastin (factor 
III), and Ca2+ (factor IV) are usually referred to by their 
names. Other factors are more often referred to by their 
numbers. There is no factor VI. All factors except Ca2+ are 
proteins, most of which are synthesized in the liver. All factors 
except TF are normally present in the circulation.

Vitamin K is required for the synthesis of functional factors 
II, VII, IX, and X, as well as protein C and protein S. Follow-
ing synthesis of the protein molecules in the liver, a vitamin 
K-dependent carboxylation (via γ-glutamyl carboxylase) of 
glutamic acid residues on these molecules is required for them 
to bind Ca2+ and become functional (Fig. 7-15). Cats and 
sheep that have γ-glutamyl carboxylase deficiencies have 
bleeding episodes because of low vitamin K-dependent coag-
ulant factor activities.267,473 Dicumarol-type anticoagulant 
drugs, including warfarin and brodifacoum, inhibit the vitamin 
K epoxide (or oxido) reductase (VKOR) enzyme complex 
needed to recycle vitamin K, resulting in the production of 
inactive coagulation proteins.105,477

Initiation of Coagulation (Activation of the Extrinsic 
Pathway or Tissue Factor Pathway)
A small amount (about 1%) of factor VII (FVII) in blood is 
activated (FVIIa). Coagulation is initiated in vivo when blood 
containing FVIIa comes in contact with TF on the surface of 
cells or cell membranes (i.e., microparticles from cells) (Fig. 
7-16).77 TF is a glycoprotein that depends on its association 

S E CO N DA RY  H EM O S TA S I S
Overview
Secondary hemostasis is composed of coagulation and con-
solidation of the temporary hemostatic platelet plug into a 
definitive hemostatic plug. Coagulation is an enzymatic 
process involving the conversion of proenzymes to active 
enzymes. Some activated coagulation factors are themselves 
enzymes, and others (factors V and VIII) are cofactors that 
combine in complexes to generate specific enzymatic activi-
ties. A series of enzymatic reactions, each producing active 
enzymes, results in an amplification of the original stimulus 
to initiate coagulation. Ca2+ ions are required for multiple 
reactions in coagulation. The final product of coagulation is 
the formation of cross-linked fibrin strands around and, to a 
lesser extent, through the platelet plug, making it stronger and 
decreasing the likelihood that rebleeding will occur.

Coagulation has classically been divided into intrinsic  
and extrinsic coagulation pathways (Fig 7-14), with both 
utilizing a common pathway beginning with factor X (FX). 
This presentation of coagulation events is useful in dividing 
coagulation into components in order to study their relation-
ships and interpret diagnostic test results, but it is not accurate 
from a physiologic point of view. The classic presentation 

FIGURE  7-14 
A diagram of the classical coagulation cascade. HMK, high-molecular-
weight kininogen; PK, prekallikrein; VIII, coagulant component of the 
FVIII complex; Ca2+, calcium ions. Roman numerals refer to coagulation 
factors with these numbers, and an associated “a” indicates that the factor 
is activated. The circled coagulation factors are activated by thrombin. 
Activated platelets express negatively charged phospholipids (primarily 
phosphatidylserine) on their surfaces. 
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Vitamin K cycle resulting in the γ-carboxylation of glutamic acid residues 
in coagulation proteins. Enzymes include vitamin K γ-glutamyl carbox-
ylase (1) and vitamin K epoxide reductase (2) and (3). Dicumarol-type 
anticoagulant drugs, including warfarin and brodifacoum, inhibit the 
vitamin K epoxide reductase, resulting in inactive coagulation proteins. 
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The TF-FVIIa complex on membrane surfaces activates 
additional amounts of FVII to FVIIa, which generates larger 
amounts of the TF-FVIIa complex on membranes. This 
complex activates factor IX (FIX) and FX to FIXa and FXa 
respectively. Although not optimal, FXa can directly activate 
some factor V (FV) to FVa, and the combination of FXa with 
cofactor FVa forms a complex called prothrombinase on the 
surfaces of TF-bearing cells, which converts prothrombin to 
thrombin. The activation of this tissue factor pathway in vivo 
functions to rapidly generate trace amounts of thrombin; 
however, the small amount of thrombin generated results in 
minimal fibrin formation. Coagulation generally begins on 
the surface of TF-bearing perivascular cells, but it is com-
pleted on the surface of activated platelets.467

Amplification of Coagulation
Following vessel injury, platelets bind via vWF to the suben-
dothelial extracellular matrix near the TF-bearing cells that 
activate coagulation. Platelets are activated by this binding 
under shear conditions. Thrombin produced by activation of 
the tissue factor pathway also activates platelets by binding to 
thrombin receptors (see Fig. 7-16), including protease-
activated receptors (PARs) and GPIb/IX/V.44 Following acti-
vation, platelets produce agonists—including TxA2, PAF, and 
ADP—which, together with thrombin, induce platelet aggre-
gation and platelet plug formation. Platelet activation also 
results in the exposure of negative phospholipids (platelet 
procoagulant) on the platelets’ surfaces. Some coagulation 
factors in platelet granules (including FV and FXI, at least in 
some species) are also deposited on platelet surfaces after 
platelet activation and secretion.

The vWF/FVIII complex binds to activated platelets, and 
thrombin cleaves a portion of the FVIII molecule to form 
activated FVIIIa. FVIII activation results in the dissociation 
of this molecule from vWF.375 FVIIIa remains bound to plate-
lets because activated platelets express distinct binding sites 
for FVIIIa (see Fig. 7-16). Thrombin also activates FV to FVa. 
This cofactor not only circulates in blood but may also be 
present in platelet granules and may be deposited on activated 
platelet surfaces following granule secretion.244 Finally, throm-
bin activates FXI to FXIa, which is also bound to the surfaces 
of activated platelets.79,137 At the end of the amplification 
phase of coagulation, activated platelets have negatively 
charged phospholipids, FVa, FVIIIa, and FXIa, present  
on their surfaces, priming them for rapid propagation of  
coagulation (see Fig. 7-16).243

Propagation of Coagulation  
(Activity of the Intrinsic Pathway)
Factor XII Activation of Factor XI
A long-held consensus mechanism for the activation of coag-
ulation in vitro (contact activation) is shown in Figure 
7-17.182,514 In this model, factor XII (FXII) comes in contact 
with an anionic, wettable surface (including blood collection 
tubes made of glass) and undergoes autoactivation, which 
generates a small amount of active FXII (FXIIa). FXIIa may 

with negatively charged phospholipid (most notably PS) to 
bind FVII/FVIIa. TF is not expressed on unstimulated blood 
or endothelial cells but it is constitutively expressed on the 
surface of many other cell types that are not normally in 
contact with the circulation. This includes cell types surround-
ing vessels as well as parenchymal cells in a variety of tissues, 
such as brain, heart, lung, and kidney.405

Following vessel injury, TF on subendothelial adventitial 
cells—such as adventitial fibroblasts, pericytes, and smooth 
muscle cells—activates coagulation. TF expression can also be 
induced in blood monocytes and possibly endothelial cells by 
endotoxin and/or inflammatory cytokines. TF has been 
reported on activated platelets; but, if present, this may come 
from the transfer of microparticles from activated monocytes 
or other cells to platelets.173,397

FIGURE  7-16 
Cell-based model of coagulation. Roman numerals refer to coagulation 
factors with these numbers, and an associated “a” indicates that the factor 
is activated. (1) Initiation of coagulation begins on tissue factor (TF)-
bearing cells such as subendothelial fibroblasts exposed by vessel injury. 
Reactions shown on the surface of this TF-bearing cell generate small 
amounts of thrombin (IIa) and activated factor IX (IXa) that diffuse away 
from the cell. (2) Amplification of coagulation results from thrombin’s 
activation of platelets and coagulation factors. Thrombin activates plate-
lets near TF-bearing cells by binding to thrombin receptors (TR) on the 
surface of platelets. Platelets can also be activated by binding to collagen 
and von Willebrand factor (vWF) in the extracellular matrix in the area 
of the TF-bearing cells (not shown). Factors V and XI from plasma, or 
possibly from platelet granules (shown with “?” in the figure), bind to the 
surface of activated platelets and are activated to Va and XIa by thrombin. 
The action of thrombin also results in dissociation of factor VIII from 
vWF and activation of factor VIII to VIIIa. (3) Propagation of coagula-
tion occurs when activated factors generated in the initiation and ampli-
fication phases of coagulation assemble in complexes on the surfaces of 
activated platelets, which have phosphatidylserine expressed on their 
surfaces. The activation of factor XII may also contribute to the activation 
of factor XI on the surface of activated platelets (not shown). Factor XIa 
activates factor IX to IXa, and some IXa may also diffuse to activated 
platelets from TF-bearing cells. Factor IXa combines with factor VIIIa 
to activate factor X, and Xa combines with Va to form a complex that 
cleaves prothrombin (II) to generate a burst of thrombin that converts 
fibrinogen to fibrin (not shown). 
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following binding to polyphosphates on the surfaces of plate-
lets. This FXII activation promotes both coagulation and the 
generation of bradykinin.265 Secreted polyphosphates may 
have additional effects on coagulation. Polyphosphates are 
reported to enhance thrombin-mediated FV activation, and 
their incorporation into fibrin fibers is reported to make them 
more resistant to lysis.80

Thrombin Activation of FXI
FXI binds to activated platelets via HMK and is believed to 
primarily be activated in vivo by thrombin initially generated 
by the activation of the tissue factor pathway. However, some 
FXI activation may also occur as a result of FXIIa on activated 
platelets, and FXI may be autoactivated by FXIa.80,154 Because 
FXI deficiency results in only mild bleeding in animals and 
humans (compared with the severe bleeding that occurs with 
FIX and FVIII deficiencies185) FXI does not appear to have 
a major role in early fibrin generation. FXIa is postulated to 
be part of a positive feedback loop that sustains thrombin 
generation through FIX activation to subsequently generate 
large amounts of fibrin.154 In addition, some FIXa generated 
on TF-bearing cells can detach and bind to nearby activated 
platelets and promote coagulation on platelet surfaces (see Fig. 
7-16).271 Thus FIX is activated by both FXIa and the TF-FVIIa 
complex. In contrast, little of the FXa generated by TF-bearing 
cells becomes bound to activated platelets, because FXa that 
dissociates from the TF-binding cells is rapidly inactivated by 
the antithrombin and tissue factor pathway inhibitor (TFPI) 
present in blood. FIXa is not inactivated by TFPI and only 
slowly inactivated by antithrombin.467

FIXa combines with cofactor FVIIIa on activated platelet 
surfaces to form a complex sometimes called tenase that acti-
vates FX (Figs. 7-16, 7-18).185 FVa that is bound to platelet 
surfaces functions as a cofactor for FXa and forms a complex 
called prothrombinase on the surfaces of activated platelets. 
This complex converts large amounts of prothrombin to 
thrombin. The thrombin thus formed is released from platelets 
and converts fibrinogen to fibrin monomers; these polymerize 
spontaneously by hydrogen bonding to form unstable non-
cross-linked fibrin polymers around the platelet plug (see Fig. 
7-18).

Stabilization of the Thrombus
The last step in fibrin polymerization involves the formation 
of covalent cross-links between fibrin monomers. Factor XIII 
(FXIII, fibrin stabilizing factor) is activated by thrombin. The 
FXIIIa formed is a Ca2+-dependent transglutaminase that 
catalyzes the formation of covalent bonds between lysine and 
glutamine residues of different monomers. Cross-linked fibrin 
is an insoluble protein polymer that stabilizes the platelet 
plug.185 Thrombin also activates a thrombin-activatable fibri-
nolysis inhibitor (TAFI) that makes the fibrin formed more 
resistant to lysis (see “Fibrinolysis,” below).328 Finally, the 
incorporation of polyphosphates from the dense granules 
secreted by platelets into fibrin fibers is reported also to make 
fibrin more resistant to lysis.80

autohydrolyze FXII to produce more FXIIa. In addition, 
FXIIa interacts with prekallikrein, which is bound to high-
molecular-weight kininogen (HMK). Reciprocal interactions 
between FXIIa and prekallikrein generate an active fragment 
of FXIIa (FXIIf ) and kallikrein respectively. FXIIa activates 
factor XI (FXI), which is also bound to HMK, which propa-
gates the intrinsic pathway of coagulation.182 Some aspects of 
this model of contact activation (especially the interactions  
of these proteins with foreign surfaces) have been 
challenged.514

Because people, cats, and dogs with FXII deficiency exhibit 
no hemorrhagic tendencies and some marine mammals, birds, 
and reptiles naturally lack this factor, it has generally been 
accepted that FXII activation is of little importance to normal 
hemostasis in vivo.185 However, FXII is acknowledged to be 
important in the plasma kallikrein-kinin system. FXIIf-
generated kallikrein converts HMK to bradykinin, which 
causes vasodilation, increased vascular permeability, and 
prompts an inflammatory response.265 Bradykinin also stimu-
lates the release of tissue plasminogen activator (tPA) from 
endothelial cells, which promotes fibrinolysis, as discussed 
further on.182 FXIIf activates complement (C1r) in addition 
to generating kallikrein.275

Although FXII is apparently not essential for normal 
hemostasis, it may play a role in the growth of thrombi  
under pathologic conditions.100,428 The activation of human 
platelets results in the secretion of dense granule contents, 
which include polyphosphates. FXII appears to be activated 

FIGURE  7-17 
Contact activation of coagulation occurs in vitro when factor XII (FXII) 
comes in contact with foreign surfaces (such as the glass of blood col-
lection tubes). FXII autoactivates to active FXII (FXIIa), and FXIIa may 
autohydrolyze additional FXII to FXIIa. FXIIa also interacts with 
prekallikrein (PK), which is bound to high-molecular-weight kininogen 
(HMK). Reciprocal interactions with FXIIa and prekallikrein generate 
a FXIIa fragment and kallikrein (K) respectively. FXIIa also activates 
factor XI (FXI), which is bound to HMK. Factor XIa then activates 
Factor IX (not shown), which propagates the intrinsic pathway of coagu-
lation. Kallikrein generates bradykinin (BK) from HMK and BK stimu-
lates the release of tissue plasminogen activator (tPA) from endothelial 
cells, which activates fibrinolysis. Contact activation is also believed to 
occur on activated platelets that have secreted negatively charged poly-
phosphates on their surfaces. 
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activity. This 1 : 1 thrombin : thrombomodulin complex acti-
vates both protein C and TAFI, discussed under “Fibrinoly-
sis,” below. Protein C is a vitamin K-dependent plasma protein 
that circulates in an inactive form. It binds to an endothelial 
protein C receptor (EPCR), which enhances its activation by 
the thrombin : thrombomodulin complex. Activated protein C 
dissociates from EPCR and interacts with protein S (a vitamin 
K-dependent cofactor) to inhibit coagulation by proteolyti-
cally degrading FVa and FVIIIa on the surfaces of activated 
platelets. Although the physiologic significance of its effect  
is unclear, activated protein C can also promote fibrinolysis  
by inactivating the plasminogen activator inhibitor 1 
(PAI-1).156,157

Tissue Factor Pathway Inhibitor
TFPI is synthesized by endothelial cells, and most TFPI is 
associated with the endothelium. FXa and the TF-VIIa 
complex are inhibited by the bivalent TFPI formerly called 
the lipoprotein-associated coagulation inhibitor.137 Protein S 
is a cofactor for the TFPI system, in addition to the protein 
C anticoagulant pathway.92

Platelet-Secreted Inhibitors
In addition to their potent roles in promoting coagulation, 
platelets secrete coagulation inhibitors, including protease 
nexin-1 (inhibits thrombin), protease nexin-2 (inhibits FXIa), 
and TFPI from α-granules. These factors may help to prevent 
the propagation of thrombosis beyond a site of injury.516

Additional Coagulation Inhibitors
α1-Protease inhibitor (α1-antitrypsin), C1-esterase inhibitor, 
and α2-macroglobulin are less important inhibitors of throm-
bus formation.

Inhibitors of Thrombus Formation
Once a thrombus composed of platelets and fibrin is formed 
over an area of vascular injury, the coagulation process must 
be terminated to prevent thrombotic occlusion of normal 
areas of the vasculature adjacent to the injury. Endothelial cells 
are especially important in limiting, by various mechanisms, 
thrombus formation to the site of injury. Unstimulated  
platelets do not adhere to the surface of healthy vascular 
endothelial cells because these endothelial cells possess throm-
boresistant properties.

Inhibition of Platelet Aggregation
Endothelial cells synthesize and release PGI2 and NO, power-
ful vasodilators that inhibit platelet aggregation. Endothelial 
cells also inhibit platelet function by virtue of an ectoenzyme 
(Ecto-ADPase/CD39/NTPDase) that has adenosine diphos-
phatase (ADPase) activity and can degrade ADP released 
from activated platelets.264

Antithrombin
Endothelial cells synthesize heparan sulfate proteoglycans, 
which are tightly associated with the endothelium and accel-
erate the inactivation of coagulation factors by antithrombin, 
the major thrombin inhibitor.461 In addition to thrombin,  
antithrombin inhibits other proteases, including factors IXa, 
Xa, XIa, and XIIa.185

Protein C Anticoagulant Pathway
Endothelial cells express the membrane protein thrombo-
modulin on their surfaces (Fig. 7-19). Thrombin binds 
to thrombomodulin, which inhibits thrombin’s procoagulant 

FIGURE  7-18 
Assembly of coagulation factors on an activated platelet surface, primarily 
binding to phosphatidylserine, the negatively charged phospholipid. 
Roman numerals refer to coagulation factors with these numbers, and an 
associated “a” indicates that the factor is activated. The fibrin that is 
formed is deposited on the activated platelet. 
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A N T I COAG U L A N T S

Coagulation is prevented in blood samples by using either 
Ca2+ chelators (ethylenediaminetetraacetate [EDTA] and 
citrate) or heparin in blood collection tubes. EDTA is the 
preferred anticoagulant for complete blood count (CBC) 
determinations in most species. Minimal sample dilution 
occurs following mixing with EDTA, and blood films pre-
pared by using this anticoagulant exhibit optimal staining 
with routine blood stains. Blood from nonmammals has  
often been collected for hematology studies using heparin 
(rather than EDTA) as an anticoagulant because the blood of 
some birds (ratites) and some reptiles (chelonians) has been 
reported to hemolyze when collected with EDTA. This is 
clearly not a universal problem in birds and reptiles.222 The 
disadvantage of heparin is that leukocytes do not stain as  
well and platelets (thrombocytes) usually clump more than in 
blood collected with EDTA.

Sodium citrate has generally been the preferred anticoagu-
lant for collecting plasma for coagulation tests and for collect-
ing platelets for platelet function tests.84,363 However, hirudin 
(a leech-derived direct thrombin inhibitor) performed better 
than citrate as an anticoagulant in a whole-blood impedance 
aggregometer.25 Samples collected in citrate solution are 
diluted by 10%. If platelet counts are done, they must be cor-
rected for this dilution. However, platelet aggregates form 
more readily in dog blood collected in citrate, resulting  
in lower automated platelet counts than in blood collected in 
EDTA.485 Citrate is also the anticoagulant typically used in 
solutions for blood collection and storage for transfusions.371

The binding of heparin to antithrombin greatly accelerates 
the inhibition of thrombin by antithrombin, thereby inhibit-
ing coagulation. FIXa, FXa, and the VIIa-TF complex also 
appear to be inhibited by the antithrombin-heparin complex. 

FIGURE  7-20 
Actions of tissue plasminogen activator (tPA) and plasmin. 
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F I B R I N O LY S I S

Fibrinolysis is activated by the release of tPA from damaged 
endothelium. The amount of tPA available to stimulate fibri-
nolysis may be increased by activated protein C inactivating 
PAI-1.156 Plasminogen coprecipitates with fibrin as a throm-
bus forms. Conversion of plasminogen to plasmin by tPA is 
accelerated in the presence of fibrin (Fig. 7-20).377 Plasmin is 
not a highly specific enzyme, but its affinity for fibrin helps 
to limit its action. Plasmin-catalyzed hydrolysis of fibrin 
results in the formation of fibrin degradation products (fibrin 
split products), which have antihemostatic properties.185

Inhibitors of fibrinolysis also occur in plasma. Endothelial 
cells produce PAI-1, which inhibits tPA. TAFI is activated by 
the thrombin-thrombospondin complex. It removes carboxy-
terminal lysine groups from fibrin, resulting in decreased 
binding of plasminogen and tPA to fibrin and consequently 
decreased generation of plasmin. This slows but does not 
eliminate fibrinolysis.328,553 Thrombin’s central role in coagula-
tion and fibrinolysis is summarized in Figure 7-21.

α2-Antiplasmin inhibits free plasmin, but plasmin bound 
to fibrin is protected. α2-Macroglobulin inhibits activated 
protein C and may inhibit plasmin to some extent. It also 
inhibits some activated coagulation factors.

Fibrinolysis occurs more readily in capillaries than in the 
systemic circulation. A much higher density of endothelial 
cells is found in capillaries. Consequently thrombomodulin-
mediated protein C activation and thrombin clearance are 
greater in capillaries than in large vessels.444 In addition, tPA 
release is greater in capillaries, and there may be less antiplas-
min available to inhibit fibrinolysis. Rapid fibrinolysis of 
thrombi in large vessels could be life-threatening, but fibrino-
lysis is likely important in maintaining the integrity of capil-
lary beds.
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difficult to determine with certainty because there is a high 
incidence of an asymptomatic inherited thrombocytopenia 
with macrothrombocytes in this breed. Although overlap 
occurs, platelet counts below 100 × 103/µL suggest the homo-
zygous state, with intermediate counts (about 200 × 103/µL) 
expected in the heterozygous state and platelet counts above 
250 × 103/µL generally present in unaffected dogs.127 Platelet 
counts determined using impedance counters are erroneously 
low in Cavalier King Charles spaniels with macrothrombo-
cytes because these counters cannot differentiate large plate-
lets from small erythrocytes.394

Mean Platelet Volume
The mean platelet volume (MPV) is the average volume of a 
single platelet recorded in femtoliters (fL). Within the normal 
ranges of platelet counts and MPVs, there is an inverse cor-
relation between platelet count and MPV and a direct correla-
tion between MPV and megakaryocyte ploidy (i.e., larger 
megakaryocytes) in healthy humans.34,35 An inverse correla-
tion between platelet counts and MPVs has also been reported 
in cats and dogs but not in horses, cattle, or goats.48

MPV determinations vary considerably with the instru-
ment and anticoagulant used for the assay.424 Impedance cell 
counters can accurately determine the MPV in whole blood 
from dogs and horses but not in whole blood from cats. Cell 
counters that count and size platelets using laser flow cytom-
etry may be able to accurately measure the MPV in whole 
blood of cats, but platelet aggregates often form during  
blood collection in cats, resulting in spuriously high MPV 
values.551 Of domestic animal species, cats had the highest 
MPVs (mean 11 fL), followed by dogs (mean 7.2 fL), horses 
(mean 5.0 fL), cattle (mean 4.8 fL), and goats (mean 4.2 fL) 
when blood was collected with sodium citrate and assayed 
using the same automated analyzer (Series 810, Baker Instru-
ments Corp., Allentown, PA).48 These values would be some-
what different if EDTA were used as the anticoagulant or if 
a different analyzer were used for the assays.

Results from studies on the effects of anticoagulants and 
storage conditions on MPV are contradictory. The MPV was 
reported to be higher when dog blood was collected with 
EDTA versus citrate as the anticoagulant in an early study,217 
but the MPV was reported to be lower when dog blood  
was collected with EDTA versus citrate as the anticoagulant 
in a more recent study.485 No change in MPV was found 
in EDTA-anticoagulated dog blood stored for a day in  
one study,520 but increases in MPV have been reported 
with storage of EDTA-anticoagulated dog blood in other 
studies.179,217 Discrepancies in the effect of temperature on 
MPV during storage have also been reported.179 These differ-
ences may be explained by the variable effects of anticoagu-
lants on platelet activation and shape and by the various ways 
in which automated analyzers size platelets.424,551

A high MPV value suggests the presence of increased 
thrombopoiesis.112,311 Interestingly, the MPV increased in 
mice within 8 hours after the production of thrombocyto-
penia, but 40 hours were required before increased 

Heparin is used as an anticoagulant for CBCs in species 
where EDTA results in hemolysis. Lithium heparin is utilized 
as an anticoagulant when plasma (rather than serum) is used 
for clinical chemistry profiles. Heparin is often added to iso-
tonic salt solutions used to flush intravenous lines and may be 
injected to inhibit blood coagulation in vivo. Heparin is not 
recommended for platelet counts because platelets tend to 
clump when blood is collected in heparin.281

S C R EEN I N G  T E S T S  F O R 
H EM O S TAT I C  D I S O R D ER S

No single diagnostic test evaluates all hemostatic components. 
Consequently several hemostatic tests are usually done to 
determine the nature of a hemostatic disorder.

Platelet Count
Platelet counts are usually performed using blood collected 
with EDTA as the anticoagulant. The presence of platelet 
clumps can result in erroneously low platelet counts. Stained 
blood films should be examined each time platelet counts are 
done to verify that low platelet counts, determined manually 
or by machine, are valid. Factors used to estimate platelet 
numbers vary depending on the microscope used, method of 
blood film preparation, and area of the film examined; however, 
the formula given below generally provides a reasonable  
platelet estimate.

Platelets per microliter
number of platelets per oil fi= ×100 eeld × 20 000,

Cat platelets are larger than those of the other domestic 
animals; consequently it is not possible for impedance  
counters (such as the Coulter Counter S+4 and the Abbott 
Cell-Dyne 3500) to accurately separate cat platelets from 
erythrocytes by size.383 Cell counters that count platelets using 
laser flow cytometry (such as the Siemens Advia 120) are able 
to count cat platelets more accurately in whole blood. Unfor-
tunately platelet aggregates form readily during blood collec-
tion in cats; as a result, spuriously low automated platelet 
counts will often be present. Platelet aggregate formation is 
decreased in cat blood collected in citrate, theophylline, ade-
nosine, and dipyridamole (CTAD) vacuum tubes (BD Diag-
nostics, Franklin Lakes, NJ) containing platelet inhibitors.382

Platelet counts in healthy greyhounds, Polish Ogar dogs, 
and Cavalier King Charles spaniels are generally lower than 
those measured in other dog breeds. The mean platelet count 
in Polish Ogar dogs was 167 × 103/µL, compared with 344 × 
103/µL for dogs of other breeds in Poland.345 Using an imped-
ance counter (Abbott Cell-Dyne 3500), the reference interval 
(mean ± 2 standard deviations) determined for platelet counts 
in Greyhounds was 90,000 to 290,000/µL, compared with a 
reference interval of 140,000 to 380,000/µL for dogs of 
other breeds.448 The lower limit of the reference interval for 
platelet counts in Cavalier King Charles spaniels has been 
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done in close proximity to the animal being evaluated. The 
ACT requires a special collection tube containing siliceous 
earth and a method to maintain collection tubes at 37oC. 
Blood is collected into prewarmed tubes and maintained at 
37oC until clotting has occurred. With the use of an auto-
mated coagulation timer, the ACT is usually less than 200 
seconds in horses, less than 180 seconds in cattle,430 less than 
165 seconds in cats,27 and less than 95 seconds in dogs.188,504 
Investigators using MAX-ACT tubes (Helena Laboratories, 
Beaumont, TX) indicate that the ACT in normal cats and 
dogs should be less than 85 seconds.453 A positive correlation 
has been reported between ACT and C-reactive protein in 
dogs; consequently the investigators suggested that the ACT 
might be used as a screening test to access underlying inflam-
mation as well as to determine hemostasis in the dog.101

Activated Partial Thromboplastin Time
The activated partial thromboplastin time (APTT) test is also 
used to evaluate the intrinsic and common pathways (see Fig. 
7-22). It is usually measured using plasma prepared from 
blood collected with 3.2% sodium citrate as the anticoagulant 
in a 9 : 1 blood to citrate mixture. Assays should generally be 
done within an hour of sample collection, although the 
samples are stable for at least 6 hours when kept refriger-
ated.91,96 However, some reports suggest that even longer 
storage times are possible.178 Point-of-care analyzers are avail-
able that measure APTT using nonanticoagulated whole 
blood or citrate-anticoagulated whole blood.504 Reference 
intervals vary with the methods used.24,183 The APTT from a 
healthy animal of the same species can be measured at the 

megakaryocyte ploidy was observed. The MPV has been 
reported to be increased in some dogs with nonimmune-
mediated regenerative thrombocytopenia143 as well as in 
inflammatory conditions that result in enhanced platelet 
utilization/destruction.366,548 However, the MPV can also be 
high in animals with myeloid neoplasms and, in cats, with 
feline leukemia virus (FeLV)-induced thrombocytopenia.54,147 
Cavalier King Charles spaniel dogs with inherited macro-
thrombocytopenia have higher MPV values because of the 
occurrence of a population of macrothrombocytes.127 A 
macrothrombocytopenia has also been reported in a pug dog 
with the May-Hegglin anomaly (see Fig. 5-24), as discussed 
in Chapter 5.164

Although the MPV is expected to be increased in response 
to thrombocytopenia, normal or even decreased MPVs have 
been associated with dogs and humans with immune-mediated 
thrombocytopenia (IMT), presumably because of the pres-
ence of platelet fragments (as opposed to the formation of 
small platelets).143,280,385 Consequently a normal MPV does 
not rule out enhanced thrombopoiesis, especially in primary 
IMT in dogs.143 In fact, most dogs with an increased reticu-
lated platelet count do not have an increased MPV.400

MPVs have been reported to be slightly higher in hyper-
thyroid cats and slightly lower in hypothyroid dogs than in 
euthyroid animals.490 Dogs with phosphofructokinase defi-
ciency of erythrocytes and skeletal muscle have mildly 
increased MPVs with normal platelet counts.

Bleeding Time
The buccal mucosal bleeding time test consists of penetration 
of the buccal mucosa with a sharp blade, which results in a 
free flow of blood and measurement of the time required for 
the bleeding to stop.223,327 The incision is standardized by 
using a disposable spring-loaded lancet. The buccal mucosal 
bleeding time is done to evaluate platelet function in animals 
with normal or near-normal platelet counts. Since this test is 
expected to be prolonged in animals with low platelet counts, 
it provides no additional information in animals already 
known to have severe thrombocytopenia.263 Platelet function 
abnormalities include inherited and acquired abnormalities of 
the platelets themselves, as well as deficiencies in the proteins 
required for normal platelet adherence (vWF) and aggrega-
tion (fibrinogen).67,540 Bleeding times are normal when coagu-
lation defects are present as long as platelet numbers and 
function are normal.67 If left undisturbed, bleeding will usually 
stop in less than 4 minutes in healthy dogs and less than 3 
minutes in healthy cats.223,403,449 The test is imprecise, with 
repeat bleeding times varying by as much as 2 minutes.449 
Bleeding times may be longer in animals with prominent 
anemia, resulting in low blood viscosity.39,58 The template 
bleeding time in horses has poor reproducibility and may be 
as long as 14 minutes in healthy horses.454

Activated Clotting Time
The activated clotting time (ACT) test evaluates the intrinsic 
and common coagulation pathways (Fig. 7-22). It must be 

FIGURE  7-22 
Components of the classical coagulation cascade as evaluated using acti-
vated clotting time (ACT), activated partial thromboplastin time 
(APTT), prothrombin time (PT), and thrombin clotting time (TCT) 
tests. Roman numerals refer to coagulation factors with these numbers. 
HMK, high-molecular-weight kininogen; PK, prekallikrein; Ca2+, 
calcium ions; APLT, activated platelets. 
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increase seems to be most consistent in ruminants and 
horses.43,149,258,494,500 Fibrinogen is increased with hyperadreno-
corticism,259 pregnancy,507,510 and nephrotic syndrome in dogs.1

Fibrinogen concentrations may be low, normal, or high  
in animals with disseminated intravascular coagulation 
(DIC).23,144,482 Although fibrinogen is consumed in forming 
thrombi, conditions that cause DIC may also stimulate 
increased fibrinogen synthesis.252,349 Hypofibrinogenemia has 
been reported in some horses and dogs with hemangiosar-
coma.219,266 It is unclear whether this is related to localized 
coagulation or DIC.

Fibrinogen is synthesized in the liver; consequently plasma 
fibrinogen may be low in some animals with liver failure. The 
venoms of pit vipers, including rattlesnakes, have thrombin-
like activities that cleave fibrinogen and produce a defibrino-
genation syndrome where blood collected for analysis in the 
laboratory does not clot. 250,283 More information is given 
under “Snake Venoms,” below. Afibrinogenemia has been 
described in a Bichon Frise dog. This condition was believed 
to have been acquired as a result of an antifibrinogen antibody 
that may have been acquired via multiple blood transfu-
sions.540 Inherited fibrinogen deficiencies have been reported 
in dogs, cats, goats, and a lamb.68,162

The heat precipitation test is a practical test for the estima-
tion of fibrinogen (see Chapter 2), but it is not sensitive 
enough to differentiate low-normal from low fibrinogen 
values when determinations are made by subtraction of total 
protein values measured with a refractometer. More accurate 
values can be obtained by ocular micrometry (Millar’s tech-
nique), but somewhat more time is required and a microscope 
with a calibrated ocular micrometer is needed.37 The Millar 
technique has been automated in a hematology analyzer 
(QBC Vet Autoreader IDEXX) and results compare favorably 
to a thrombin-initiated clotting time assay in horses.494

Fibrinogen is most accurately measured using coagulation-
based assays, the most common of which is a thrombin-
initiated clotting rate assay (Clauss clotting method).24,320,486 
This method involves measuring the rate of fibrinogen-to-
fibrin conversion in diluted samples in the presence of excess 
thrombin. Under these conditions, the fibrinogen content in 
plasma is rate-limiting, and the fibrinogen concentration is 
inversely proportional to the clotting time. Consequently the 
clotting time is used to measure fibrinogen concentration by 
comparing the patient’s clotting time with a standard curve 
of clotting time versus fibrinogen concentration. Hemolysis 
and lipemia result in falsely decreased fibrinogen concentra-
tions,24 as do high concentrations of fibrin degradation prod-
ucts (as occurs in DIC).353

Fibrin(ogen) Degradation Products  
and D-Dimer Assays
FDP Assays
The fibrin(ogen) degradation products (FDP) tests provide 
evidence of fibrinolysis in vivo. FDPs produced by fibrinolysis 
have antihemostatic properties that promote hemorrhage,201,355 
which may occur as a sequela to DIC, especially in dogs.480 

same time as that of a control. The APTT is likely to be 
prolonged if the patient’s time is 30% longer than the  
control’s time.

The presence of an antiphospholipid antibody (lupus anti-
coagulant) can cause prolonged APTTs. This appears to 
account for the longer APTTs reported in healthy Bernese 
Mountain dogs compared with other breeds.376,378 Antiphos-
pholipid antibodies are discussed under “Acquired Coagula-
tion Disorders,” below.

The APTT is artifactually prolonged if the plasma-to-
anticoagulant ratio is inappropriately low, as occurs if insuf-
ficient blood is collected into a vacuum tube containing 
premeasured citrate solution or if erythrocytosis (e.g., severe 
dehydration) is present. The APTT may be shortened some-
what in inflammatory conditions with a high fibrinogen con-
centration because the addition of fibrinogen to citrated 
plasma in dogs resulted in a slight but significant shortening 
of the APTT.301

Prothrombin Time
The prothrombin time (PT) test is used to evaluate the extrin-
sic and common pathways (see Fig. 7-22). It is usually mea-
sured using plasma prepared from blood collected with 3.2% 
sodium citrate as the anticoagulant in a 9 : 1 blood to citrate 
mixture. Assays should generally be done within an hour of 
sample collection, but they are stable for at least 6 hours when 
kept refrigerated.91,96 However, some reports suggest that 
longer storage times are possible.178 Point-of-care analyzers 
are available that measure PT using nonanticoagulated whole 
blood or citrate-anticoagulated whole blood.504 Reference 
intervals vary with the methods used.24,183 The PT from a 
healthy animal of the same species can be measured at the 
same time as that of a control. The PT is likely to be prolonged 
if the patient’s time is 30% longer than the control’s time. The 
PT may be shortened somewhat in inflammatory conditions 
with a high fibrinogen concentration because the addition of 
fibrinogen to citrated plasma in dogs resulted in a slight but 
significant shortening of the PT.301

Thrombin Clotting Time
The thrombin clotting time (TCT) test is initiated by adding 
thrombin. It is used as an assay for quantitative and/or qualita-
tive fibrinogen disorders. The TCT utilizes citrated plasma, 
like the PT and APTT tests, and sample handling is similar 
to that for those tests. As expected, the addition of fibrinogen 
to citrated plasma in dogs and rats resulted in a substantial 
shortening of the TCT.301 The TCT reference interval will 
depend on the method used.24

Fibrinogen
Fibrinogen is needed for normal platelet-to-platelet binding 
during platelet aggregation, and it is the precursor of fibrin in 
blood coagulation. Fibrin deposited in tissues provides scaf-
folding for inflammatory cells, fibroblasts, and endothelial 
cells. Plasma fibrinogen is an acute-phase protein, which 
increases with inflammatory diseases in all species148; but this 
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Healthy horses are reported to have D-dimer values of 551 
to 875 µg/L of plasma when measured by enzyme-linked 
immunosorbent assay (ELISA). In contrast, dogs and humans 
generally have values below 250 µg/L. Consequently higher 
cutoff concentrations (e.g., greater than 1000 µg/L) are 
required in horses before a positive test result is reported.486 
Although the sensitivity of the D-dimer test was only about 
50% for horses with colic-associated DIC, it was better than 
sensitivities determined for FDP assays.486 The D-dimer test 
was positively associated with a diagnosis of sepsis in foals but 
was not considered a good predictor of DIC in these animals.8 
The D-dimer test was also positively associated with enteritis 
or peritonitis in adult horses with colic, and nonsurvivors had 
significantly higher D-dimer values than did survivors.97

The D-dimer test has not been adequately evaluated in 
cats.29,480 An immunoturbidimetric assay did not appear to 
accurately measure D-dimers in cat plasma.59 When D-dimer 
concentrations were measured in plasma using a semiquanti-
tative latex agglutination test (Accuclot D-Dimer, Sigma 
Diagnostics), 8 of 12 cats with DIC and 16 of 36 sick cats 
without DIC were positive. Based on these findings, this 
D-dimer test was considered to be of limited value for the 
diagnosis of DIC in cats.497

Thromboelastography
Thromboelastography (TEG) utilizes special analyzers to 
detect and continuously display changes in viscoelastic prop-
erties of citrated whole blood as it clots (Fig. 7-23).292,320 
Instruments measure the initiation time (R, or clot time) in 
minutes for the amplitude of the tracings to go from 0 to 
2 mm, clot kinetics (K, or clot formation time) in minutes for 
the tracing to go from 2 to 20 mm amplitude, the slope (α 
angle) between 2 and 20 mm amplitude in the tracings, 

Antibody-based kits for the measurement of FDPs in human 
serum and plasma have been developed.42 Fortunately several 
assays have sufficient cross-reactivity to be used for domestic 
animals, but test results can vary depending on the kit  
used. Positive FDP tests occur in animals with fibrinolysis 
secondary to thromboembolism (localized thrombosis)  
and DIC and in those with fibrinogenolysis (e.g., Eastern 
diamondback rattlesnake envenomation).30,206 Increased 
plasma FDP values have also been reported in dogs with 
naturally occurring internal hemorrhage,206,457 but increased 
FDP concentrations could not be reproduced by experimental 
injection of blood in dogs.333 The half-life of FDPs in the 
circulation in humans is about 5 hours; consequently a  
positive FDP test indicates recent or ongoing fibrinolysis or 
fibrinogenolysis.65

In addition to DIC and thromboembolism, a plasma FDP 
test was sometimes positive in dogs with a variety of condi-
tions, including neoplasia, immune-mediated hemolytic 
anemia, pancreatitis, gastric dilatation-volvulus, heat stroke, 
severe trauma, sepsis, protein-losing nephropathy, liver disease, 
hyperadrenocorticism, and chronic heart failure.42 Somewhat 
increased FDP values have been associated with intense exer-
cise and pregnancy in humans.286,491 False-positive results may 
be due to improper collection and handling of samples. This 
has especially been a problem with serum assays. Neither 
plasma nor serum FDP assays appear to be sensitive enough 
to be used as diagnostic tests for DIC in horses.486

D-Dimer Assays
When plasmin cleaves soluble fibrin (or fibrinogen), FDP 
fragments X, Y, D, and E are produced. When plasmin cleaves 
cross-linked fibrin, different degradation products are pro-
duced. These cross-linked oligomers (X-oligomers) vary in 
molecular weight. They contain a D-dimer epitope, which is 
produced by FXIIIa–mediated cross-linking of fibrin and 
exposed by plasmin cleavage.479 The D-dimer tests utilize 
monoclonal antibodies against a human D-dimer epitope. 
Traditional FDP assays cannot distinguish between fibrinoly-
sis and fibrinogenolysis. A positive D-dimer test indicates the 
presence of fibrinolysis. This test is not affected by hemolysis 
and is stable for at least 2 days at room temperature and at 
least 1 month with frozen samples.52

Compared to FDP assays, the latex agglutination D-dimer 
assay is reported to have similar or slightly better sensitivity 
and specificity for the diagnosis of DIC and thromboembo-
lism in dogs.206,479,484 In addition to thromboembolism and 
DIC, plasma D-dimer values are increased with a variety of 
disorders in dogs, including neoplasia, immune-mediated 
disease, inflammation, liver disease, renal failure, postoperative 
states, and internal hemorrhage.131,140,206,374 Positive tests in 
animals with internal hemorrhage presumably result from 
fibrinolysis of clots that form after bleeding has occurred. 
Although DIC or thromboembolism may have also been 
present in some of these disorders, it is important to recognize 
that the D-dimer test is specific for fibrinolysis. It is not spe-
cific for DIC or localized thromboembolism.

FIGURE  7-23 
Thromboelastograph tracings using canine kaolin-activated blood and a 
Haemoscope TEG instrument. Tracings of normocoagulable, hypoco-
agulable, hypercoagulable, and secondary fibrinolytic states are shown. 

Redrawn from Kol A, Borjesson DL. Application of thromboelastography/
thromboelastometry to veterinary medicine. Vet Clin Pathol. 2010;
39:405-416.
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immunoturbidometric methods.76,320 Results are reported as 
percent of control mean. Dogs with vWF antigen less than 
50% are generally considered positive and dogs with vWF 
antigen greater than 70% are generally considered negative, 
with intermediate values being unclassified; however, these 
values can differ based on the tests used.76 There is substantial 
temporal variation in individual dogs, making identification 
of carrier animals difficult.369 Consequently repeated tests of 
the same animal may be necessary to obtain a reliable estimate 
of vWF concentration. High-molecular-weight vWF poly-
mers are required for normal platelet adhesion. Polymeric 
distribution of vWF is determined by protein immunoelec-
trophoresis and labeling with anti-vWF probes.69

Antithrombin
Plasma antithrombin can be measured using chromogen 
assays.320 It may be decreased in hypercoagulable states 
(e.g., equine colic and hyperadrenocortism in dogs),146,259 
DIC,23,357,532 protein-losing nephropathies and enteropa-
thies,203 chronic hepatitis with cirrhosis,416 and sepsis.22,132 
Antithrombin is increased in cats with various disease condi-
tions, suggesting that it behaves as an acute-phase protein in 
this species.59

PIVKA (Proteins Induced by Vitamin K Absence  
or Antagonism)
The PIVKA test (Thrombotest, Accurate Chemical and Sci-
entific Corp., Westbury, NY) is a simple, sensitive coagulation 
test that was developed to monitor humans treated with war-
farin; it has been recommended for use in the diagnosis of 
anticoagulant toxicity in dogs.370 It is essentially a modified 
PT test that utilizes a particular tissue thromboplastin and 
diluted plasma to result in longer clotting times than the 
standard PT test. The PIVKA test is not specific for vitamin 
K deficiency. It may be prolonged with various defects in the 
extrinsic and/or common pathways.95,440 The PIVKA test does 
not offer any advantage over the PT test in the diagnosis of 
rodenticide toxicities, because PT tests are consistently mark-
edly prolonged in these disorders.190 However, the PIVKA 
test might be helpful in identifying subtle coagulation abnor-
malities of the extrinsic or common pathways, because PT 
tests designed for humans may lack sensitivity for the detec-
tion of coagulopathies in certain animal species.95

Reticulated Platelet Count
Reticulated platelets are newly formed platelets (less than 1 
day old in dogs) that contain increased amounts of ribonucleic 
acid (RNA).123 Reticulated platelets have enhanced responses 
to agonists, which may promote the maintenance of hemosta-
sis in regenerative thrombocytopenias.407,432 Humans with 
thrombocytosis and high reticulated platelet counts were more 
likely to develop thrombosis than were individuals with 
thrombocytosis and normal reticulated platelet counts.431 It is 
not clear whether the high reticulated platelet count enhances 
the likelihood of thrombus formation or simply reflects 
enhanced platelet turnover in these patients.

maximal amplitude (MA) in mm, and clot lysis (%) at 30 and 
60 minutes. TEG studies the combined effects of soluble and 
cellular components of coagulation, which provides a more 
global evaluation of hemostasis than occurs when components 
of coagulation are studied independently. In light of the com-
plexity of this system, it is not surprising that a number of 
factors can influence test results. Preanalytic variables include 
venipuncture technique, storage time, storage temperature, 
and in vitro hemolysis. Platelet counts, fibrinogen concentra-
tion, and HCT can produce changes in TEG tracings.292,301 
High HCTs result in TEG tracings indicating that a hypo-
coagulable state is present, as has been reported for grey-
hounds.512 Conversely, low HCTs result in TEG tracings 
indicating that a hypercoagulable state is present. It is unclear 
whether these are simply in vitro artifacts or truly reflect an 
effect of erythrocyte numbers or blood viscosity on hemostasis 
in vivo.292

With standardized methods, care to minimize preanalytic 
variables and knowledge of the factors that can influence 
results, TEG may be a sensitive procedure that can supple-
ment information gained from other hemostatic tests. Its 
greatest potential appears to be in recognizing hypercoagu-
lable and hypocoagulable states, which may result in more 
timely and effective treatments.292,537,538 TEG can also provide 
evidence of hyperfibrinolysis, but so far D-dimer concentra-
tions have correlated poorly with TEG clot lysis results in 
veterinary medicine.292

S P E C I A LI Z ED  T E S T S  F O R 
H EM O S TAT I C  D I S O R D ER S
von Willebrand Factor
von Willebrand Factor (vWF) is a glycoprotein composed of 
polymers of various molecular weights. This factor is required 
for normal platelet adhesion; consequently it is assayed when 
a defect in platelet function is suspected. Inherited vWF  
deficiency (von Willebrand disease) is especially common in 
certain dog breeds (e.g., Doberman pinschers). Thus this 
factor may be measured prior to surgery or in the reproduction 
of dogs from breeds in which the disease is prevalent.69 Some 
investigators have indicated that hypothyroidism may result 
in decreased vWF concentrations in the plasma of dogs,14 but 
others have been unable to confirm this relationship.399 
In addition, thyroid treatment did not increase plasma vWF 
in euthyroid dogs with von Willebrand disease.236 vWF is 
increased by interleukin-6 (IL-6) injection in dogs and may 
increase in plasma as an acute-phase protein during inflam-
mation.78 Increased concentrations have been reported in dogs 
with pregnancy,320 endotoxemia,386 sepsis,437 and after exercise 
and epinephrine infusion.344 IL-11 also promotes vWF syn-
thesis in dogs.393 Desmopressin (1-deamino-8-D-arginine 
vasopressin [DDAVP]) treatment transiently increases vWF 
concentration in plasma by stimulating the release of vWF 
stored in endothelial Weibel-Palade bodies.344

vWF antigen concentration in plasma is generally quanti-
fied using ELISAs, but this may also be done using 
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toward other platelets.298 In addition, the measurement of a 
decrease in mean platelet component (MPC) concentration 
using automated hematology analyzers suggests platelet 
activation.366,455,551

Platelet Function Analyzer
A platelet function analyzer (PFA-100) has been validated for 
use in animals. It is essentially an in vitro modified bleeding 
time test that uses citrated plasma and depends on platelet 
adhesion, secretion, and aggregation. Blood is drawn at a high 
shear rate through an aperture coated with agonists. The 
closure time is recorded as the time required for the aperture 
to be occluded with platelet aggregates and for the blood flow 
to stop.495 The closure time is prolonged in dogs with throm-
bocytopenia, with longer times occurring in animals with 
lower platelet counts. The closure time is also prolonged in 
dogs with von Willebrand disease and inherited platelet func-
tion defects.83 It is prolonged in dogs treated with aspirin but 
not in those with coagulopathies (coumarin toxicity and 
FVIII deficiency).351 Like the buccal mucosal bleeding 
time,39,58 the closure time is longer in dogs with lower HCTs. 
A decrease of HCT from 40% to 30% resulted in a significant 
prolongation of the closure time, which was prolonged even 
more with further decreases in HCT. This effect of HCT 
limits the clinical applicability of the PFA-100 in anemic 
animals.351

Platelet Aggregation
Platelet aggregation is evaluated in aggregometers following 
the addition of various agonists (e.g., ADP, thrombin, and 
collagen). Optical platelet aggregation or light-transmission 
aggregation is measured in platelet-rich plasma using a spec-
trophotometer. As platelets aggregate, the sample becomes 
less opaque and increased light transmission is graphed using 
a recorder attached to the spectrophotometer. Whole-blood 
platelet aggregation is measured using electrical impedance. 
As activated platelets aggregate to two electrodes, the imped-
ance increases.495

Platelet Secretion
Platelet secretion is examined by measuring the release of 
contents from dense granules after agonist stimulation.342 The 
Whole Blood Lumi-Aggregometer (Chrono-Log Corpora-
tion, Havertown, PA) has been validated for use in dogs.273 It 
measures the platelet aggregation and secretion of ATP simul-
taneously. Assays are time-sensitive. Whole-blood samples 
must stand 60 minutes at room temperature after blood col-
lection for platelets to become responsive, and assays should 
be completed within 3 hours of blood collection.273

Antiplatelet Antibody
Increased platelet-bound immunoglobulins are most often 
detected in animals using flow cytometry.290,337,541 Most anti-
platelet antibody in blood is bound to platelets; consequently 
direct assays of the patient’s platelets are more sensitive than 
indirect assays using serum from the patient and platelets 

Reticulated platelets have been quantified by detecting 
fluorescence in thiazole orange-stained platelets using a flow 
cytometer. Unfortunately this assay is not usually available in 
clinical settings. Reference intervals vary considerably depend-
ing on the methods and equipment used for the assays.329,400 
Reticulated platelets have been measured in dogs using the 
PLT-O channel of a Sysmex XT2000iV hematology analyzer 
(Sysmex, Kobe, Japan).400 A negative proportional bias was 
found with this instrument compared with flow cytometry 
using a FACS scan cytometer (BD Biosciences). Reticulated 
platelet counts determined with both methods were increased 
in a population of thrombocytopenic dogs that did not have 
increased MPVs, indicating that reticulated platelet counts are 
more sensitive in identifying increased thrombopoiesis than 
are MPVs.

Analogous to the use of reticulocyte counts in determining 
the cause of an anemia, an increased percentage of reticulated 
platelets in a thrombocytopenic animal suggests that the 
thrombocytopenia results from increased platelet destruction 
or consumption and not from decreased platelet produc-
tion.329,442 The percentage of reticulated platelets is generally 
within the reference interval in animals with thrombocytope-
nia resulting from decreased platelet production.529

In contrast to regenerative anemias, in which increases in 
absolute reticulocyte counts are expected, absolute reticulated 
platelet counts (reticulated platelets per microliter) are not 
typically increased in regenerative thrombocytopenias, espe-
cially when platelet counts are below 50 × 103/µL.329,529,542 This 
lack of an increase in the absolute reticulated platelet count 
in blood may be explained if reticulated platelets are destroyed 
or consumed at the same rate as nonreticulated platelets. 
Absolute reticulated platelet counts may be increased in reac-
tive thrombocytosis, as has been demonstrated in dogs given 
IL-6 experimentally.408

Samples should be assayed on the same day they are col-
lected. Surprisingly, the percentage of reticulated platelets 
increases after 24 hours of storage in the refrigerator or at 
room temperature.400,466

Platelet Function
The bleeding time test, discussed earlier in this chapter, is an 
in vivo platelet function test. Specialized platelet function tests 
are typically done in specialized diagnostic hemostasis labo-
ratories or research laboratories.

Flow Cytometry
Platelet activation can be measured using flow cytometry. 
Annexin V has specific binding affinity for aminophospholip-
ids (primarily PS) on activated platelets; consequently, 
increased annexin V binding on platelets indicates platelet 
activation. An increase of P-selectin (CD62P) or fibrinogen 
on the surface of platelets as well as the presence of platelet-
leukocyte aggregates and platelet microparticles have also 
been used to identify platelet activation.271,282,388,527,545 The 
formation of platelet-leukocyte aggregates correlates with 
enhanced reactivity of platelets toward neutrophils as well as 
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Spontaneous hematomas and hemorrhage into body cavi-
ties, including hemarthrosis, are more likely to result from 
coagulation defects than from vascular defects or platelet 
abnormalities.72 Acute hemothorax, hemoabdomen, or both 
have been reported in aged (more than 15 years old) horses 
treated with phenylephrine for nephrosplenic entrapment of 
the large colon. Vessel rupture may have occurred because  
of drug-induced hypertension combined with reduced  
vessel compliance or elasticity in the aged horse.168 Acute 
hemoabdomen and acute hemorrhage in other tumor sites 
may occur in dogs with hemangiosarcomas that rupture 
spontaneously.

Some greyhounds bleed excessively after surgery, but the 
cause has not been identified. Defects in primary and second-
ary hemostasis have not been identified, but alterations in 
fibrinolysis may be present.305

P L AT ELE T  D I S O R D ER S
Abnormal Platelet Morphology
Macrothrombocytes
Platelets that are as large as erythrocytes or larger in diameter 
are called macrothrombocytes or macroplatelets (Fig. 7-24, 
A-E). Cats have large, variably sized platelets, with some in 
normal cats as large as erythrocytes (see Fig. 7-1, E).49 The 
presence of frequent macrothrombocytes in a thrombocyto-
penic animal suggests that enhanced thrombopoiesis is present 
(Fig. 7-24, A-C), but macrothrombocytes may also be present 
in thrombocytopenic animals with myeloid neoplasms (Fig. 
7-24, D-E).225 Macrothrombocytes develop in cats with FeLV 
infections.54 Macrothrombocytes may be present in non-
thrombocytopenic animals that have recently recovered from 
thrombocytopenia (Fig. 7-25, A,B).

Macrothrombocytes are present in Cavalier King Charles 
spaniel dogs with inherited macrothrombocytopenia (Fig. 
7-26), discussed later in this chapter.74,127 A second inherited 
disorder with macrothrombocytes (see Fig. 5-24) and throm-
bocytopenia has also been described in a pug dog with the 
May-Hegglin anomaly (see Chapter 5 and later in this chapter 
for more information).164

Activated Platelets
Partially activated platelets are no longer discs (Fig. 7-27, A) 
but have thin cytoplasmic processes extending from a spheri-
cal cell body (Fig. 7-27, B). When platelets are more fully 
activated, their granules are crushed together by a surrounding 
web of microtubules and microfilaments (Fig. 7-27, C). This 
central aggregate of platelet granules may be mistaken for a 
nucleus (Fig. 7-24, C; Fig. 7-27, C). Platelet aggregates often 
form following platelet activation in vitro. If degranulation 
occurs, aggregates may be difficult to recognize as platelets, 
appearing as light-blue material on stained blood films  
(Fig. 7-2, A; Fig. 7-28). The presence of platelet aggregates 
should be recorded because the platelet count may be errone-
ously decreased.

from a healthy control animal.313 Unfortunately, direct 
assays of platelets should be done within 24 hours after blood 
sample collection. Platelets naturally have some immuno-
globulin adsorbed to their surfaces. The amount of platelet-
bound immunoglobulin can increase with time after sample 
collection; consequently false-positive tests can be a signifi-
cant problem with these assays.541 Positive test results may 
occur when immune complexes are adsorbed to platelets as 
well as when antiplatelet antibodies are present. Refer to 
Chapter 6 for more information concerning antiplatelet 
antibodies.

Specific Coagulation Factors
The measurement of fibrinogen is discussed earlier in this 
chapter. Assays for other specific coagulation factors are done 
in a few specialized diagnostic and hemostasis research  
laboratories including the Comparative Coagulation Labo-
ratory, Animal Health Diagnostic Center, College of Veteri-
nary Medicine, Cornell University, Ithaca, New York. Plasma 
samples from humans or animals with known coagulation 
factor deficiencies are used in modified PT and APTT 
assays.348,350 The degree of correction of the long clotting 
times of factor-deficient plasma by the plasma being tested is 
proportional to the activity of the specific factor being ana-
lyzed for in the test sample. Chromogenic assays are also 
available for some coagulation factors.320

C LI N I C A L  S I G N S  O F 
H EM O S TAT I C  D I S O R D ER S

If bleeding is excessive or unexplained, a defect in one or more 
of the components of hemostasis may be present. The type of 
hemorrhage observed may give some clue about the nature of 
the defect or defects present. Diffuse cutaneous or mucosal 
discoloration, resulting from hemorrhage and edema, suggests 
the presence of a vascular defect, as may occur with vasculi-
tis.418 Petechial and ecchymotic cutaneous and/or mucosal 
hemorrhages and epistaxis are suggestive of thrombocytope-
nia. Spontaneous bleeding due to uncomplicated thrombocy-
topenia occurs less often in cats than in dogs. Unless there is 
a concomitant platelet function abnormality, coagulopathy, or 
vasculopathy, spontaneous bleeding seldom occurs in cats with 
platelet counts above 30 × 103/µL, and it may not occur in 
cats with counts as low as 15 × 103/µL.270,290 Bleeding is more 
likely to occur in thrombocytopenic animals if trauma or 
inflammation is present.194 The presence of an inherited plate-
let defect is suspected in a young animal with epistaxis, 
mucosal bleeding, unexplained petechial and ecchymotic 
hemorrhages, or when excessive bleeding occurs when teeth 
are shed.44 Mucosal hemorrhage, cutaneous bruising, and pro-
longed bleeding from surgical or traumatic wounds are typi-
cally seen in dogs with vWD, but petechiae do not appear to 
be a sign of vWD in dogs. Sites of mucosal bleeding include 
gingival hemorrhage, gastrointestinal hemorrhage, hematuria, 
prolonged estral bleeding, and epistaxis.69
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FIGURE  7-24 
Macrothrombocytes in stained blood films. A, Macrothrombocytes in 
blood from a dog with a regenerative immune-mediated thrombocyto-
penia. The intense basophilia suggests that these may be reticulated 
platelets. B, Macrothrombocyte in blood from a dog with a thrombocy-
tosis associated with chronic iron-deficiency anemia. C, Macrothrombo-
cyte with aggregated granules, which may be mistaken for a nucleus in 
blood, from a cat with an abdominal abscess and toxic left shift in the 
blood. D, Macrothrombocyte with centrally located granules in blood 
from a cat with myelodysplastic syndrome. E, Macrothrombocyte (left) 
and metamyeloctye (right) in blood from a dog with chronic myeloid 
leukemia. Wright-Giemsa stain. 

A B

C D
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FIGURE  7-25 
Rebound thrombocytosis after therapy in a dog with immune-mediated 
thrombocytopenia. A, Thrombocytopenia (platelets = 20 × 103/µL) and 
regenerative anemia prior to therapy. Polychromatophilic erythrocytes, a 
metarubricyte (bottom), and two neutrophils are present. B, Thrombocy-
tosis (platelets = 950 × 103/µL) with several macrothrombocytes in blood 
a week after beginning prednisone therapy. Wright-Giemsa stain. 

A

B

Hypogranular Platelets
Hypogranular platelets may result from platelet activation and 
secretion, but they have also been seen in animals with myeloid 
neoplasms (Fig. 7-29, A-C).81,225 Hypogranular platelets must 
be differentiated from cytoplasmic fragments from other cells, 
as may occur with leukemic lymphomas (Fig. 7-30).523

Anaplasma platys Infection
Anaplasma platys (previously Ehrlichia platys) is a rickettsial 
parasite that specifically infects platelets and causes infectious 
cyclic thrombocytopenia in dogs.227 This agent is unique in 

that it is the only intracellular infectious agent described in 
humans or animals to specifically infect platelets. A. platys 
organisms appear as blue inclusions in platelets when blood 
films are stained with Wright-Giemsa or new methylene blue 
(Fig. 7-31, A-D). Similar-appearing inclusions have been seen 
in platelets from a cat.447

Ultrastructurally, organisms range from 350 to 1250 nm in 
diameter; are round, oval, or bean-shaped; and are surrounded 
by a double membrane. Infected platelets may contain one to 
three single membrane-lined vacuoles with 1 to 15 organisms 
per vacuole (Fig. 7-32, A-B).12,229 Organisms appear to enter 
platelets by adhering to the platelet surface followed by endo-
cytosis. Therefore the vacuolar membrane is probably derived 
from the external platelet membrane. Repeated binary fission 
of organisms within the vacuole results in the formation of a 
morula.229
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FIGURE  7-26 
Macrothrombocyte (left) and a neutrophil (right) in a blood film from a 
Cavalier King Charles spaniel with inherited macrothrombocytopenia. 
Wright-Giemsa stain. 

FIGURE  7-27 
Resting versus activated platelet morphology in stained blood films. A, Unstimulated platelet morphology in 
blood from a dog. Platelets appear as round to oval discs without filopodia formation or centralized granules. 
B, Activated platelet in blood from a dog with prominent filopodia formation. C, Activated platelet in blood 
from a cat with centralized granules and filopodia formation. 

A B C

The prepatent period is 1 to 2 weeks following experimen-
tal injection with infected blood. Cyclic parasitemia and con-
comitant thrombocytopenia occur at 1 to 2 week intervals 
(Fig. 7-33). Parasitized platelets are easily found during the 
initial parasitemia, but subsequent parasitemias have decreas-
ing percentages of parasitized platelets, making the recogni-
tion of morulae within platelets difficult. Platelet counts 
usually remain below 20,000/µL for only 1 or 2 days, before 
rapidly increasing.227 Mild normocytic normochromic anemia 
may also be present. Based on serum iron and bone marrow 
studies, decreases in the hematocrit may be attributed to the 
anemia of inflammatory disease. Slight to moderate increases 

in acute-phase proteins and immunoglobulins and slightly 
decreased albumin may be present in serum samples.16

Infected dogs in the United States usually do not exhibit 
evidence of illness. Mild fever may occur at the time of the 
initial parasitemia. Minimal or no evidence of hemorrhage is 
present in most cases, but epistaxis, petechiae, and ecchymosis 
of the mucous membranes have been reported. Prominent 
uveitis has also been reported in one case. Although infection 
with U.S. isolates of A. platys seldom results in serious disease, 
significant clinical signs have been reported in infected dogs 
outside the United States.227

Diagnosis of infection with this agent can be made by 
observing organisms within platelets, but this is difficult unless 
daily samples are taken, and even then, less than 1% of plate-
lets may be infected. An IFA test for antibodies against A. 
platys has been developed, but it probably cross-reacts to some 
degree with other rickettsial (especially Anaplasma species) 
organisms. The Snap 4Dx (IDEXX Laboratories, Inc., MA) 
has a component to identify dogs previously exposed to A. 
phagocytophilum, which cross-reacts with A. platys. These Ana-
plasma species can be differentiated using PCR and 16S rRNA 
gene sequencing.227

Thrombocytopenia
Thrombocytopenia denotes decreased numbers of blood plate-
lets. Primary causes of thrombocytopenia include decreased 
production, increased platelet utilization in thrombus forma-
tion, and increased destruction. The distinction between these 
causes is not always clear and the pathogenesis of thrombo-
cytopenia associated with infectious agents (viral, rickettsial, 
bacterial, and protozoal) appears to be multifactorial. Less 
likely causes of thrombocytopenia include sequestration and 
acute massive external hemorrhage. Bone marrow examina-
tion can be helpful in the differential diagnosis of 
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FIGURE  7-28 
Thrombocytosis in blood from a cat with large aggregates of degranulated 
platelets, which resulted in a spuriously high total leukocyte count when 
assayed using an impedance hematology analyzer. Wright-Giemsa stain. 

FIGURE  7-29 
Hypogranular platelets in stained blood films. A, Platelet with granules 
(top left) and a hypogranular platelet (right) in blood from a dog with 
chronic myeloid leukemia. B, Hypogranular platelet in blood from a dog 
with erythroleukemia (AML-M6Er). C, Hypogranular macrothrombo-
cyte in blood from a dog with chronic myeloid leukemia. Wright-Giemsa 
stain. 

A B

C

FIGURE  7-30 
Basophilic cytoplasmic fragment (far right) and macrothrombocyte ( far 
left) in blood from a dog with acute lymphoblastic leukemia. The frag-
ment might be confused with a hypogranular platelet. Wright-Giemsa 
stain. 

FIGURE  7-31 
Anaplasma platys morulae in platelets from dogs. A-C, Platelets each 
containing an A. platys morula, which stain dark-blue, in contrast to the 
normal magenta-staining granules. Wright-Giemsa stain. D, Platelet 
containing an A. platys morula, with multiple subunits visible. New 
methylene blue wet mount preparation. 
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FIGURE  7-33 
Parasitemic and thrombocytopenic episodes in three young dogs infected 
intravenously with Anaplasma platys organisms at time 0. 
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thrombocytopenia, especially in the absence of accompanying 
coagulation abnormalities.

Decreased Platelet Production
Thrombocytopenia is a consistent finding with hypoplastic 
and aplastic bone marrow. It is also often present in myelo-
phthisic disorders characterized by the replacement of normal 
hematopoietic cells with abnormal ones. Examples include 
myeloid neoplasms, lymphoid neoplasms, and multiple 
myeloma. Thrombocytopenia may also sometimes be present 
secondary to the extensive metastasis of lymphomas, carcino-
mas, and mast cell tumors (see Chapters 4 and 9 for more 
details concerning these disorders).

Thrombocytopenia is often recognized in cats infected 
with FeLV and less often in those infected with feline immu-
nodeficiency virus (FIV).54,177,193,270 Examination of bone 
marrow generally reveals the presence of a myelodysplastic 
syndrome or less often leukemia.177,524

The replication of viruses in megakaryocytes may contrib-
ute to the development of thrombocytopenia in some viral 
infections.15,26,152,177 Platelet production is also decreased in 
horses infected with equine infectious anemia virus, but the 
mechanism has not been determined.121

Most IMTs result from increased platelet destruction in 
the circulation, but rare cases of amegakaryocytic thrombocy-
topenia that were believed to be immune-mediated have been 
reported in dogs and cats.181,303,552 The long-term use of a 
recombinant human thrombopoietin (TPO) can result in a 
persistent thrombocytopenia in animals when antibodies 
made against the recombinant TPO also neutralize the 
endogenous TPO of the species receiving treatment. The sub-
sequent lack of endogenous TPO results in decreased platelet 
production.122

Platelet counts cycle in gray collie dogs with inherited 
cyclic hematopoiesis because of intermittently decreased 
platelet production. However, thrombocytopenia is minimal, 
if present at all, because the decreased production is short 
relative to platelet life spans.216

Increased Platelet Utilization
Increased platelet utilization (consumption) occurs in associa-
tion with DIC and thromboembolism (discussed later), with 
hemangiosarcoma in dogs with or without DIC,215 and with 

FIGURE  7-32 
Transmission electron photomicrographs of dog platelets each contain-
ing an A. platys morula. Platelet granules and canalicular system are also 
visible. A, Platelet with a membrane-lined vacuole containing seven 
visible organisms. B, Platelet with a membrane-lined vacuole containing 
four visible organisms. 

From Harvey JW, Simpson CF, Gaskin JM. Cyclic thrombocytopenia induced 
by a Rickettsia-like agent in dogs.  J Infect Dis. 1978;137:182-188.
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The administration of granulocyte-monocyte colony- 
stimulating factor (GM-CSF) and macrophage colony- 
stimulating factor (M-CSF) to dogs results in a shortened 
platelet life span and thrombocytopenia, apparently by acti-
vating the monocyte/macrophage system.2,19,167,372,396 Mono-
cyte and/or macrophage activation may be a mechanism of 
increased platelet destruction observed in a variety of inflam-
matory diseases in which these endogenous cytokine concen-
trations in plasma are increased.

In addition to increased erythrocyte phagocytosis, increased 
phagocytosis of platelets may occur with the hemophagocytic 
syndrome (macrophage activation syndrome), which is char-
acterized by greater than 2% hemophagocytic macrophages in 
bone marrow.302,517 This syndrome develops secondary to some 
infectious, neoplastic, and immune-mediated conditions, but 
an underlying disease may not always be identified.517,525 
Thrombocytopenia is often present in dogs and cats with 
hemophagocytic histiocytic sarcoma, where phagocytosis of 
platelets may occur along with erythrocytes.*

Sequestration of Platelets
Sequestration of platelets in an enlarged spleen may result in 
thrombocytopenia. Platelet counts decreased in dogs when 
intravenous PGI2 was used to cause splenic enlargement.379 
Causes of splenomegaly include hereditary hemolytic anemias, 
immune-mediated diseases, infections, inflammation, splenic 
congestion (including use of anesthetics or tranquilizers), 
splenic torsion, and infiltrative diseases.304,476 Increased plate-
let utilization or destruction also contributes to the develop-
ment of thrombocytopenia in some of these disorders. When 
splenomegaly results in increased removal of platelets and/or 
other blood cells by the spleen, the term hypersplenism may be 
used.297,458,526 Blood platelet counts decrease in dogs during 
hypothermia, and this decrease has been attributed to seques-
tration of platelets in the liver.414

Massive External Hemorrhage
Because of platelet storage in the spleen and/or lungs, acute 
hemorrhage usually causes minimal decreases in blood platelet 
counts. Platelet counts seldom decrease below 100 × 103/µL 
because of acute hemorrhage alone, although counts have 
decreased to as low as 30 × 103/µL in dogs with massive 
hemorrhage secondary to anticoagulant rodenticide toxic-
ity.312,457 It may be that these platelets aggregated at sites of 
hemorrhage. If so, platelet utilization could have contributed 
to the development of thrombocytopenia in addition to plate-
let loss in blood. Thrombocytopenia may be accentuated in 
animals with hemorrhage if a large transfusion of packed 
erythrocytes or stored blood is given.272 These platelet-poor 
transfusions can have a dilution effect on platelet numbers in 
blood. Platelet counts may be increased in animals with 
chronic hemorrhage, especially when it results in iron-
deficiency anemia.226

vascular lesions including vasculitis.103,118,325,358 In addition to 
vascular injury associated with certain inflammatory condi-
tions, some inflammatory cytokines, most notably PAF, 
promote platelet aggregation.380,505

Thrombocytopenia may be present following envenom-
ation by poisonous snakes, especially vipers.9,142,317,543 Compo-
nents of venom may directly induce platelet activation and 
aggregation. Platelet activation and aggregation may also 
occur in response to vessel injury induced by components of 
venom.438 The hematologic effects are discussed under “Snake 
Venoms,” later in this chapter.

Increased Platelet Destruction
The presence of increased immunoglobulin on the surfaces of 
platelets can result in increased phagocytosis of platelets and 
subsequent thrombocytopenia. IMT can be either primary  
or secondary. Autoantibodies are directed against  
platelet-specific epitopes in primary IMT, which has also  
been called autoimmune thrombocytopenia or idiopathic 
thrombocytopenia purpura (ITP). Primary IMT is uncom-
mon in dogs and rare in other species (see Chapter 6 for more 
information about primary IMT).

Neonatal alloimmune thrombocytopenia has rarely been 
reported in newborn horses,75 mules,422 and pigs.166 Analogous 
to neonatal isoerythrolysis, this disorder occurs when  
maternal antibodies against paternal epitopes on the surface 
of neonatal platelets are passively transferred to the neonate 
in colostrum.

Secondary IMT results from the exposure of hidden or 
altered antigens on platelet surfaces, the binding of external 
antigens to platelets (e.g., drugs), or the adsorption of antigen-
antibody complexes to the platelet surface.89,419 Secondary 
IMT may occur in association with various drugs,40,129 infec-
tious agents,* neoplasia,143,232,295,426 and other immune-
mediated disorders, such as systemic lupus erythematosus 
(SLE).143,295

The intravenous infusion of unfractionated heparin induces 
a mild thrombocytopenia in some horses.359,361 In contrast, 
platelet counts did not decrease following the intravenous 
administration of low-molecular-weight heparin.359 The 
mechanism has not been determined in horses, but heparin-
induced thrombocytopenia (HIT) appears to be immune-
mediated in humans. In humans, platelet activation results in 
the release of PF4/CXCL4, which binds to endothelial cells, 
displacing antithrombin bound to heparan sulfate. The admin-
istration of heparin results in the displacement of PF4 into 
the circulation, where it forms large multimolecular complexes 
with heparin. These PF4/heparin complexes elicit antibody 
formation in a small percentage of patients receiving ongoing 
heparin therapy. The antibody-PF4-heparin complex binds to 
Fc receptors on the platelet surface and induces platelet activa-
tion, aggregation, and the release of procoagulant micro-
particles, which may lead to thrombosis in humans.7

*References 106, 116, 143, 202, 209, 313. *References 117, 170, 174, 251, 289, 362.
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decreased platelet production with some viral infections, 
including parvovirus in dogs and cats,503,549 FIV,177,193 and 
FeLV.193,459

Evidence of decreased marrow production plus evidence of 
increased platelet utilization or destruction has been provided 
for canine distemper virus,15 equine infectious anemia (EIA) 
virus,106,121,443 classic swine fever (hog cholera),197,387,446 African 
swine fever virus,26,151 and bovine viral diarrhea (BVD) 
virus.475,518 Transient thrombocytopenia has been reported 
within 2 days of dogs being vaccinated with vaccines contain-
ing a modified distemper virus.332,415

Bluetongue virus causes thrombocytopenia in sheep, but 
the mechanism has not been described.334 The thrombocyto-
penia in equine viral arteritis may be in response to endothelial 
cell damage.135,136 The African horse sickness virus,465 feline 
infectious peritonitis virus,531 and infectious canine hepatitis 
virus535 appear to produce thrombocytopenia in association 
with DIC.

Thrombocytopenia is common in association with bacterial 
infections, especially when bacteria and/or endotoxin are 
present in blood.* Thrombocytopenia is common in dogs with 
infective endocarditis,493 and thrombocytopenia may occur 
in dogs and cats with Bartonella species bacteremia.61,198 
Thrombocytopenia has been reported with hepatic  
abscesses in dogs,160 leptospirosis in dogs,196 tularemia in 
cats,546 and spirochetemia in dogs infected with relapsing 
fever spirochetes.62,478,534 These Borrelia organisms may react 
directly with platelets and contribute to the production of 
thrombocytopenia.6

Thrombocytopenia may also occur secondary to dissemi-
nated fungal infections, especially with histoplasmosis.107,108,463

Drug- and Chemical-Induced Thrombocytopenia
Most drug- and chemical-induced thrombocytopenias result 
from either toxic effects on the bone marrow or the ability of 
the compounds to function as haptens, inducing secondary 
immune-mediated destruction of platelets. Drugs and chemi-
cals that have been reported to cause thrombocytopenia—and 
often also leukopenia and/or anemia—include cancer chemo-
therapeutic agents (carboplatin, cisplatin, cyclophosphamide, 
lomustine, fluorouracil, deoxycoformycin, doxorubicin),† anti-
microbials (cephalosporins, sulfonamides, dapsone, griseo-
fulvin),40,308,502,526 nonsteroidal anti-inflammatory drugs 
(phenylbutazone, carprofen),339,522 antihelminthics (albenda-
zole, levamisole),13,487 antithyroid drugs (methimazole, propyl-
thiouracil),412,526 immunosuppressive azathioprine,28 exogenous 
or endogenous estrogens (dogs and ferrets),287,471 the psycho-
stimulant dextroamphetamine and amphetamine (Adder-
all),539 phenobarbital,256 the antiviral drug ribavirin,530 the 
antipsoriasis cream calcipotriol,159 the angiotensin-converting 
enzyme inhibitor captopril,247 and various toxins (phenol, 
fluoroacetate, Macrozamia seeds, trichothecenes, and bracken 
fern).109,189,347,401,410

Infections and Thrombocytopenia
Thrombocytopenia often occurs in association with infectious 
agents, especially those present in blood. The pathogenesis of 
thrombocytopenia may be multifactorial and is not always 
understood. Vascular injury and/or adsorption of immune 
complexes to platelet surfaces may be involved with some 
infectious agents.15 Direct effects on platelets have been sug-
gested with some organisms.6,229 Some viruses and chronic 
Ehrlichia canis infections decrease platelet production, 
although immune-mediated platelet destruction also contrib-
utes to the thrombocytopenia in ehrlichiosis.209,519

A variety of cytokines are released in response to infectious 
agents and some of them have effects on circulating  
platelet numbers.93,134,460 IL-6 promotes platelet production 
and enhances platelet responsiveness to thrombin.277,408 In 
contrast, IL-10 and IFN-α inhibit platelet production.472 PAF 
promotes platelet aggregation, which results in thrombocyto-
penia.380,505 M-CSF and GM-CSF appear to produce throm-
bocytopenia by activating macrophages and enhancing their 
phagocytosis of platelets.2,19,167,372,396

Thrombocytopenia is usually present with acute protozoal 
(Babesia, Theileria, Cytauxzoon species) infections of erythro-
cytes, but thrombocytopenia is not generally present with 
hemotrophic Mycoplasma or Anaplasma infections of erythro-
cytes (see Chapter 4 for more information). Thrombocytope-
nia is a common finding in rickettsial (Ehrlichia, Anaplasma, 
and Neorickettsia) infections of leukocytes (see Chapter 5 for 
more information). Rickettsia rickettsii invades and replicates 
within endothelial cells, resulting in vessel damage and vascu-
litis, followed by activation of platelets and coagulation; 
however, overt DIC rarely occurs.205 Increased amounts of 
immunoglobulin bound to platelets suggest an immune-
mediated component of the thrombocytopenia in R. rickettsii 
infections.209 A. platys specifically infects dog platelets and 
causes a cyclic thrombocytopenia (see previous discussion 
above under “Anaplasma platys Infection”). Whereas an initial 
thrombocytopenia may develop primarily as a consequence of 
direct injury to platelets by replicating organisms, immune-
mediated mechanisms of platelet removal may be more 
important during subsequent thrombocytopenic episodes.172

Infections with various African Trypanosoma species con-
sistently cause thrombocytopenia during parasitemias.128,395 
Thrombocytopenia has been associated with Sarcocystis species 
in pigs,21 cattle,171 and a dog.5 Accompanying coagulopathies 
in pigs and cattle indicated the presence of DIC.

Thrombocytopenia is commonly recognized in dogs with 
leishmaniasis. The presence of platelet-bound IgG and  
IgM in thrombocytopenic dogs suggests that a secondary 
IMT is present.116 However, some dogs with leishmaniasis 
have accompanying coagulopathies consistent with DIC.508 
Thrombocytopenia is recognized in about one-third of  
the dogs with Hepatozoon canis infection,20 but platelet 
counts are more often increased in Hepatozoon americanum 
infections.322

Thrombocytopenia occurs in association with various viral 
infections. The thrombocytopenia has been attributed to †References 176, 212, 213, 360, 436, 528.

*References 32, 55, 60, 64, 110, 180, 207, 505, 526.
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to abnormal proplatelet formation.127 The identification of the 
genetic defect allows for a separation of Cavalier King Charles 
dogs clear of the defect (platelet count 336 ± 148 × 103/µL, 
MPV 12 ± 2 fL, mean ± SD) from heterozygous affected 
(platelet count 196 ± 64 × 103/µL, MPV 16 ± 3 fL, mean ± 
SD) dogs and homozygous affected (platelet count 74 ± 36 × 
103/µL, MPV 28 ± 6 fL, mean ± SD) dogs.127

Macrothrombocytopenia has been described in a pug dog 
with the May-Hegglin anomaly, which is characterized by a 
triad of leukocyte inclusions (see Chapter 5 for discussion), 
thrombocytopenia, and macrothrombocytes (see Fig. 5-24). It 
results from a mutation in the MYH9 gene, which encodes for 
the heavy chain of nonmuscle myosin IIA. The presence of 
macrothrombocytes is most likely associated with defective 
fragmentation of proplatelets formed by megakaryocyte cyto-
plasmic projections.164

Pseudothrombocytopenia
It is essential that a blood film estimation of platelet numbers 
be done as a quality control measure for each automated plate-
let count. The presence of platelet aggregates can result in erro-
neously low platelet counts. Platelet aggregates usually form 
when platelets are activated during the collection and handling 
of blood samples. EDTA-dependent pseudothrombocytope-
nia, resulting from platelet aggregation, has been reported in 
dogs, horses, and pigs.240,421,544 When EDTA-dependent 
pseudothrombocytopenia is present, such platelet aggregation 
may be prevented by the collection of blood samples using 
citrate instead of EDTA as the anticoagulant. However, citrate 
should not replace EDTA as the preferred anticoagulant for 
platelet counts, at least in dogs, because platelet aggregates 
form more readily in blood from dogs collected in citrate, 
resulting in lower automated platelet counts than in blood  
collected in EDTA.485 Pseudothrombocytopenias may be 
reported in cats if whole blood platelet counts are performed 
using electronic cell counters because cat platelets are large and 
difficult to separate from erythrocytes based on cell volumes.

Some healthy Cavalier King Charles spaniels and a pug 
dog with the May-Hegglin anomaly have macrothrombocy-
topenia. Platelet counts are low when manual platelet counts 
are done, but they are generally even lower when they are 
determined with electronic cell counters because some of the 
macrothrombocytes are too large to be counted as platelets by 
automated cell counters.164,394

Abnormalities in Platelet Function 
Acquired Defects in Platelet Function
In addition to causing thrombocytopenia, antiplatelet anti-
bodies may reduce platelet function.294 This reduced function 
may be explained by the finding that GPIIb/IIIa (fibrinogen 
receptor) and GPIb-IX (part of vWF receptor complex) are 
the most frequently targeted antigens in IMT in humans.338 
This reduced function could also explain why thrombocyto-
penic cats with platelet-bound antibodies appear more likely 
to bleed at a given platelet count than thrombocytopenic cats 
without platelet-bound antibodies.290

Neoplasia and Thrombocytopenia
The pathogenesis of thrombocytopenia associated with neo-
plasia varies and cannot always be identified.103,208 Thrombo-
cytopenia occurs with a variety of tumor types but is most 
common in lymphomas and hemangiosarcomas in dogs and 
in animals with tumors being treated with chemotherapy.103,208 
There is a lack of production of platelets in primary neoplasia 
of bone marrow, including myelodysplastic syndrome (MDS), 
acute myeloid leukemia (AML), acute lymphoblastic leu-
kemia (ALL), and multiple myeloma.3,241,310,404,528 Thrombocy-
topenia and neutropenia are less common in chronic 
lymphocytic leukemia (CLL) than in ALL, at least in part 
because bone marrow is not typically replaced by neoplastic 
cells in CLL to the extent that occurs in ALL.496 Metastatic 
lymphomas and mast cell tumors can sometimes have sub-
stantial bone marrow infiltrates that might result in decreased 
platelet production.326,341,496 Decreased platelet production 
also occurs with estrogen-secreting tumors in dogs.471

Platelets may be consumed within some tumors, includ-
ing hemangiosarcoma and hemophagocytic histiosar-
coma,174,215,362,474,528 although the latter neoplasm may also 
have significant bone marrow infiltrates, which could result 
in decreased platelet production. Tumors generate prothrom-
botic environments capable of the activation of platelets 
and coagulation by expressing TF, releasing procoagulant 
microparticles, and secreting cytokines that make the endo-
thelium prothrombotic.242 Hyperactive platelets that might 
promote thrombus formation have been described in canine 
lymphoma.498 The sluggish blood flow and contorted vessels 
in tumors may also enhance the thrombogenic environment 
of tumors.242 Not surprisingly, thrombosis and DIC are 
common sequelae to neoplasia in animals.158,163,208,384

Immune-mediated platelet destruction has been reported 
with some tumors, especially lymphomas.* Immune-mediated 
platelet destruction might account for the greater prevalence 
of thrombocytopenia in dogs with leukemic T lymphocyte 
high-grade lymphomas versus those with leukemic B 
lymphocyte high-grade lymphomas. Alternatively, these T 
lymphocyte neoplasms might have more pronounced bone 
marrow infiltrates than B lymphocyte neoplasms.496

Platelets may be lost through tumor-induced hemorrhage. 
However, the platelet count is not generally significantly 
reduced unless there is an acute, severe hemorrhage, as may 
occur when hemangiosarcomas rupture.103

Inherited Thrombocytopenia
Macrothrombocytes are present in Cavalier King Charles 
spaniel dogs with inherited macrothrombocytopenia (see Fig. 
7-26).74 Dogs with this defect do not exhibit increased bleed-
ing tendencies, presumably because the total platelet mass in 
blood is not decreased.506 A mutation in β-1 tubulin has been 
identified in these dogs; it was suggested that this could result 
in unstable α-β-tubulin dimers within protofilaments, leading 

*References 143, 232, 278, 290, 295, 426.
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and life-threatening hemorrhage (see Chapter 5 for more 
information).51 The Kindlin-3 protein is critical in the pathway 
of β-integrin activation in both leukocytes and platelets. A 
deficiency of Kindlin-3 prevents GPIIb/IIIa integrin activa-
tion in platelets, which results in impaired platelet aggregation 
and a prolonged buccal bleeding time.51

Several platelet storage-pool disorders have been reported 
to result in bleeding tendencies in animals. Platelet-dense 
granule defects have been reported in pigs and American 
cocker spaniel dogs.82,420 Platelet-dense granule deficiency also 
occurs in Persian cats, three breeds of cattle, blue foxes, killer 
whales, and Aleutian mink as part of the inherited Chédiak-
Higashi syndrome. Animals with Chédiak-Higashi syndrome 
have partial albinism with defects in the granules of several 
tissues including skin, leukocytes, and platelets (see Chapter 
5 for more information).120 A mutation in the CHS1/LYST 
gene is responsible for Chédiak-Higashi syndrome in Japa-
nese black cattle.300 Platelets from gray collie dogs with cyclic 
hematopoiesis appear to have storage-pool and signal-
transduction defects, but bleeding is not of clinical signifi-
cance in this disorder. Cyclic hematopoiesis in dogs results 
from a mutation in the AP3B1 gene (see Chapter 5 for more 
information).340

Activated platelets normally translocate PS to their sur-
faces (platelet procoagulant), which greatly accelerates coagu-
lation in vivo. A family of German shepherd dogs has been 
recognized with intramuscular hemorrhage, hyphema, epi-
staxis, and prolonged bleeding with cutaneous bruising after 
surgery. Although platelet phospholipid content was normal, 
platelets from these dogs had diminished PS exposure on their 
surfaces and a failure of microvesiculation when stimulated by 
platelet agonists.73 These are the characteristics of Scott syn-
drome in humans; however, the molecular defect or defects 
are unknown.71 Although this is a platelet defect, the nature 
of the bleeding, especially the deep muscle bleeding, is more 
suggestive of a coagulopathy. This clinical presentation can be 
attributed to the inability of the platelets to support coagula-
tion. Platelet function tests (including bleeding time) were 
normal because increased negative phospholipids on the 
surface of platelets is not required for platelet adhesion and 
aggregation. Routine coagulation tests (including PT and 
APTT) were also normal because these tests are performed 
in citrate plasma without platelets.70 The phospholipid needed 
for these coagulation tests is included in the reagents used for 
the assays. Neither the PFA-100 analyzer nor a TEG analyzer 
could identify this defect. These dogs exhibited decreased acti-
vated platelet microparticle release by flow cytometry in fresh 
blood, but this assay cannot be used as a screening test in 
day-old blood because platelet activation artifacts preclude 
overnight storage for next-day analysis.73

von Willebrand Disease
Von Willebrand disease (vWD) is a heterogeneous inherited 
bleeding disorder resulting from quantitative and/or qualita-
tive defects of vWF. It is by far the most common bleeding 
disorder in dogs, having been recognized in more than 50 

FDPs released during fibrinolysis may reduce platelet func-
tion by antagonizing fibrinogen binding to GPIIb/IIIa.201 
Human patients with markedly elevated immunoglobulins 
(paraproteins)—as occurs with multiple myeloma, Walden-
strom’s macroglobulinemia, and benign monoclonal 
gammopathy—have increased tendencies to bleed. Although 
the mechanisms are poorly understood, defects in platelet 
function may contribute to this bleeding diathesis.130,192,200 
Defects resulting in reduced platelet function may occur in 
association with uremia and liver disease.58,354,445 Bile acids 
inhibit platelet aggregation and may contribute to the reduced 
platelet function reported in liver disease.53

Decreased platelet function can also occur following the 
administration of nonsteroidal anti-inflammatory drugs, such 
as aspirin and phenylbutazone, which inhibit TxA2 synthe-
sis.85,254,343,445 New platelet inhibitor drugs continue to be 
developed in humans that may also be used for treating 
thrombotic disorders in animals.56,175,245 In addition, a large 
number of drugs—including antihistamines, calcium channel 
blockers, halothane, isoflurane, some barbiturates, and certain 
antibiotics—may interact with platelets and interfere with 
normal platelet aggregation.38,165,175,390 Platelet function may 
also be reduced in various myeloid neoplasms with abnormal 
platelet formation. Decreased platelet function has been 
reported in association with some infectious agents.175 This 
might be explained if platelets are activated in vivo and become 
hypofunctional when tested in vitro.

Inherited Platelet Function Defects
Several inherited platelet defects (termed thrombopathy or 
thrombopathia) have been reported in animals; these can 
cause excessive mucosal bleeding, epistaxis, petechial and 
ecchymotic hemorrhages, and excessive bleeding following 
minor trauma or when shedding of teeth occurs. Animals with 
these disorders usually have normal platelet counts and normal 
platelet morphology.

Deficiencies in the GPIIb subunit of the GPIIb/IIIa 
fibrinogen receptor on the surface of platelets result in bleed-
ing diatheses in Great Pyrenees and Otterhound dogs and in 
thoroughbred, quarter horse, Peruvian Paso, and Oldenbourg 
horses. These defects appear to be homologous to Glanzmann’s 
thrombasthenia in humans.44 A defect in the ADP receptor 
P2Y12 has recently been reported in a Greater Swiss Moun-
tain dog that had life-threatening hemorrhage following  
elective surgery.45

Not only does a deficiency in the amount of the GPIIb/
IIIa on platelets impair platelet function, but defects in the 
signaling pathway or pathways that activate this integrin mol-
ecule also result in platelet function defects. This includes 
mutations in the gene encoding calcium diacylglycerol guanine 
nucleotide exchange factor I (CalDAG-GEFI), which have 
resulted in thrombopathies in Basset hounds, Spitz dogs, 
Landseer (European-Continental type) dogs, and Simmental 
cattle.47,50

A mutation in the Kindlin-3 gene in a German shepherd 
dog resulted in increased susceptibility to infection 
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breeds. vWD is classified into three general types, based on 
vWF concentration in plasma, the multimeric structure of 
vWF, and clinical severity. Type 1 vWD has a low vWF con-
centration (less than 50% of normal) in plasma, but the mul-
timeric structure of vWF is normal. Type 1 vWD appears to 
be transmitted as an autosomal dominant trait with variable 
penetrance. Mildly affected dogs may exhibit no bleeding 
tendency. Most type 1 dogs that bleed have less than 20% of 
normal vWF concentration in plasma. Type 2A (the only type 
2 subtype described in animals to date) vWD dogs have low 
plasma vWF concentrations, with a disproportionate loss  
of high-molecular-weight polymers. Type 3 vWD dogs  
have virtually no vWF in plasma. In addition, FVIII in  
plasma may be mildly decreased in dogs with type 3 vWD. 
Dogs with types 2 and 3 vWD have severe bleeding tenden-
cies. Types 2 and 3 vWD are transmitted as autosomal reces-
sive traits.69

Type 1 vWD is common in several breeds—including the 
Doberman pinscher, German shepherd, golden retriever, 
poodle, Pembroke Welsh corgi, and Shetland sheepdog—but 
additional breeds are also affected. Type 2A vWD has been 
reported in the German short-haired pointer and German 
wire-haired pointer. Type 3 vWD has been reported in Dutch 
Kooikers, Scottish terriers, and Shetland sheepdogs, with spo-
radic cases in other breeds. vWD has also been found in pigs 
(type 3), a Himalayan cat (type 3), an Arabian horse (type 1), 
a quarter horse (type 2A), thoroughbreds (type 2A), and a 
Simmental calf (type 2A).69 Animals with vWD have pro-
longed bleeding times because vWF is needed for normal 
platelet adhesion to the subendothelium. The ADP/collagen 
closure time is also prolonged when tested with a platelet 
function analyzer (PFA-100, Dade-Behring).352 Decreased 
vWF concentrations may result in decreased FVIII activity 
because the binding of FVIII to vWF prolongs the half-life 
of FVIII in the circulation. However, the decrease in FVIII is 
usually not sufficient to result in a significant prolongation of 
the APTT.69,423

Thrombocytosis
Thrombocytosis refers to the presence of platelet counts above 
the reference interval (Fig. 7-34). When a high platelet count 
results from a clonal proliferation of megakaryocytes, it is 
called essential thrombocythemia (Fig. 7-35).

The spleen stores about one-third of the total platelet mass 
in humans, and splenic contraction results in increased blood 
platelet counts.153,450 Some studies have reported increased 
platelet counts following α-adrenergic stimulation or exercise 
in animals,169,316 and other studies have not.269,364,391 Splenec-
tomy can also result in a thrombocytosis, which can last for 
several months.429,515

Reactive thrombocytosis may occur when TPO concentra-
tions are increased.262 Thrombocytosis is seen in association 
with various inflammatory and neoplastic conditions in 
animals.214,434,456,481 Although a number of cytokines—such as 
IL-1, IL-3, GM-CSF, and IL-11—might be involved, IL-6 

FIGURE  7-34 
Thrombocytosis in blood from a dog with chronic iron-deficiency 
anemia. Smaller hypochromic erythrocytes and several larger polychro-
matophilic erythrocytes are present. A monocyte (bottom) and two neu-
trophils are also present. Wright-Giemsa stain. 

FIGURE  7-35 
Marked thrombocytosis in blood from a dog diagnosed with essential 
thrombocythemia. A basophil (bottom) and neutrophil (top right) are also 
present. Wright stain. 

Photograph of a stained blood film from a 1987 ASVCP slide review case 
submitted by C. P. Mandell, N. C. Jain, and J. G. Zinkl.

appears to be the main mediator of inflammation-induced 
thrombocytosis.4,125,155,262,408 IL-6 appears to stimulate throm-
bopoiesis by increasing TPO synthesis and release into 
plasma.277

Thrombocytosis may also occur in association with acute 
anemia.253 Recombinant erythropoietin induces thrombocy-
tosis in cats, dogs, and humans.119,511 Thrombocytosis as well 
as erythrocytosis was reported in a horse with a hepatoblas-
toma and increased plasma erythropoietin concentration.195 
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also be described as thrombophilia or a prethrombotic state.320 
Platelet hyperreactivity (e.g., increased IL-6 and PAF genera-
tion during inflammatory conditions),90,261,407 increased con-
centrations of coagulation factors (e.g., hyperfibrinogenemia 
in response to inflammation),211 decreased concentrations of 
coagulation inhibitors (e.g., decreased antithrombin second-
ary to nephrotic syndrome),203,433 hypofibrinolysis (e.g., 
increased plasminogen activator inhibitor, as an acute-phase 
response to inflammation),22 or combinations thereof may 
produce a hypercoagulable state. Acquired and inherited 
protein C deficiency appears to enhance coagulation in 
horses.22,150 Although not available as a routine diagnostic test, 
the finding of increased thrombin-antithrombin complexes is 
an indirect measure of thrombin generation and provides evi-
dence of a hypercoagulable state.483,499

Dogs with hyperadrenocorticism tend to be in a hyperco-
agulable state. Levels of coagulation factors II, V, VII, IX, X, 
XII, fibrinogen, and thrombin-antithrombin complexes were 
significantly increased, and antithrombin was significantly 
decreased in plasma from dogs with hyperadrenocorticism 
compared with plasma from control dogs.259 Dogs have been 
classified as hypercoagulable using TEG. This has included 
about 50% of dogs with malignant neoplasia,296 a majority of 
dogs with IMHA,464and dogs with parvovirus enteritis.398

Septic foals are often hypercoagulable with a strong likeli-
hood of developing DIC.8 Horses with colic resulting from 
ischemic or inflammatory gastrointestinal disease may develop 
a hypercoagulable state as evidenced by decreased antithrom-
bin and protein C levels and increased thrombin-antithrombin 
complexes in plasma.499 However, TEG failed to identify a 
similar group of horses with colic as hypercoagulable even 
though conventional coagulation tests supported that classi-
fication.146 Nearly half of the cats with hypertrophic cardio-
myopathy were classified as hypercoagulable based on 
conventional laboratory tests.29,483

Hypercoagulable animals may develop localized thrombo-
sis or DIC. There is overlap in laboratory test results from 
animals with these disorders. Consequently it can be difficult 
to determine, using laboratory tests alone, whether an animal 
is prethrombotic or has already progressed to a thrombotic 
state. Physical findings and diagnostic imaging are especially 
important in diagnosing localized thrombosis.211 Several 
hemostatic test abnormalities are required to make a diagnosis 
of DIC (see subsequent discussion).

Thromboembolism (Localized Thrombosis)
The pathogenesis of thrombosis may involve endothelial acti-
vation or injury; altered blood flow (turbulence or stasis); 
changes in coagulation factors, fibrinolytic factors, or their 
inhibitors; and platelet activation. Large-vessel thrombosis 
may occur in association with immune-mediated, infectious, 
and traumatic vascular injury135; neoplasia (especially heman-
giosarcoma in dogs); sepsis; endotoxemia (primarily horses); 
immune-mediated hemolytic anemia (common in dogs)88; 
protein-losing nephropathy or enteropathy111,141; hyperadre-
nocorticism; glucocorticoid therapy; acute pancreatic necrosis; 

Plasma TPO has been reported to be increased in humans 
with hepatoblastoma,293 but TPO was not measured in the 
equine case. Thrombocytosis has also been reported in two 
cats with erythrocytosis secondary to a unilateral renal adeno-
carcinoma.285 Plasma erythropoietin values were within refer-
ence intervals but considered inappropriately high in view of 
the increased erythrocyte mass. Both the erythrocytosis and 
the thrombocytosis resolved following surgical removal of the 
affected kidney.

Thrombocytosis is often present in animals with chronic 
hemorrhage resulting in iron-deficiency anemia (see Fig. 
7-34).226,228 The platelet increase in iron-deficiency anemia 
may in part be related to stimulation of megakaryopoiesis by 
a high erythropoietin concentration in plasma,318 but the 
mechanism has not been clearly defined.274

A single intravenous injection of vincristine in experimen-
tal dogs induced a transient mild decrease in platelet counts 
followed by a moderate increase in counts, with peak platelet 
counts observed 8 days after drug administration.323 Other 
antineoplastic drugs, including doxorubicin, have been 
reported to cause both thrombocytopenia and thrombocyto-
sis.214,389 It is unclear if these findings reflect differences in 
drug dosage or a rebound thrombocytosis to an earlier throm-
bocytopenia or whether they are attributable to other, unknown 
factors.214,481 Thrombocytosis has been reported in dogs with 
hyperadrenocorticism,214 but the administration of glucocor-
ticoids does not appear to cause a consistent thrombocytosis 
in dogs.481 Thrombocytosis has been reported in hyperthyroid 
cats in one study,434 while no hyperthyroid cats were reported 
to have a thrombocytosis in another study.490

Platelet counts may be spuriously elevated if erythrocyte 
fragments, cytoplasmic fragments of nucleated cells, lipemia, 
bacteria, cryoglobulins, or technical difficulties are present.550 
Thus it is important that stained blood films be examined to 
determine if a true thrombocytosis is present.

Thrombocytosis may be present in animals with myeloid 
neoplasms, including essential thrombocythemia, acute  
megakaryoblastic leukemia, CML, and possibly primary 
erythrocytosis (polycythemia vera) in cats.434,481 Essential 
thrombocythemia has been diagnosed in animals with persis-
tent markedly elevated platelet counts, typically in excess of  
1 × 106/µL (see Fig. 7-35), for which a cause for a reactive 
thrombocytosis could not be identified. Platelet morphology 
is typically normal; however, increased MPVs have been 
reported in two dogs believed to have thrombocythemia.147 
Essential thrombocythemia may be viewed as the platelet 
counterpart of primary erythrocytosis (see Chapter 9 for more 
information).

COAG U L AT I O N  D I S O R D ER S
Acquired Coagulation Disorders
Hypercoagulable State
The increased tendency for coagulation to occur without clini-
cal signs or laboratory evidence of thrombosis is termed a 
hypercoagulable state. An increased risk of thrombosis may 
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DIC when these cells are in contact with blood.480 Thrombin 
generated by the TF pathway also activates platelets, which 
results in the translocation of negative phospholipids to plate-
let surfaces and platelet aggregation. Increased numbers of 
microparticles (microvesicles) released by stimulated platelets, 
monocytes, endothelial cells, tumor cells, and apoptotic cells 
promote widespread thrombosis, because they express proco-
agulant PS and sometimes also TF on their surfaces. Micro-
particles from platelets appear to be especially important in 
promoting coagulation.173

The formation of thrombi in vessels can result in tissue 
hypoxia and organ damage (Fig. 7-36). The consumption of 
coagulation factors and platelets in the formation of these 
thrombi create a tendency for hemorrhage. This propensity to 
bleed is increased by subsequent fibrinolysis, which not only 
breaks down thrombi but also produces FDPs that interfere 
with normal platelet aggregation and fibrin polymeriza-
tion.201,355 Hemorrhage occurs in some dogs with DIC but is 
uncommon in horses and cats.480 DIC can result in shock, and 
shock can potentiate DIC, resulting in a vicious cycle of 
events. DIC often occurs as a life-threatening event causing 
organ failure and/or hemorrhage, but it may also occur in a 
chronic form without severe clinical signs.

There are no uniformly accepted criteria for the diagnosis 
of DIC. Traditional criteria for diagnosing DIC in animals 
include the finding of two or more of the following abnor-
malities: thrombocytopenia, prolonged coagulation time (PT 
or APTT), hypofibrinogenemia, decreased antithrombin 
activity, and increased D-dimer or FDP concentrations.480 
Others have recommended finding at least three abnormal 
hemostatic parameters including thrombocytopenia, pro-
longed PT, prolonged APTT, hypofibrinogenemia, increased 
D-dimers, and erythrocyte fragmentation.536 A multiple 
logistic regression model has been developed to diagnose DIC 
in dogs using results from PT, APTT, D-dimer, and fibrino-
gen assays.536

The APTT is more often prolonged than is the PT in DIC. 
Mild to moderate thrombocytopenia is a consistent finding in 

thrombocytosis246; heart disease (vegetative endocarditis, diro-
filariasis, cardiomyopathy)126,306,493; hyperthyroidism (cats)469; 
liver disease (cats); and indwelling intravenous catheters.*

When thrombus formation is localized, platelet counts, 
coagulation tests, and FDP values may be normal. Several 
studies suggest the D-dimer test is more sensitive than FDP 
tests (especially serum-based tests) for the diagnosis of throm-
boembolism in dogs.374,479 While the D-dimer test does not 
have sufficiently high positive predictive value to rule in 
thromboembolism or DIC in dogs, its high sensitivity results 
in a sufficiently high negative predictive value to help rule out 
thromboembolism and DIC when the test is negative.374

Disseminated Intravascular Coagulation
DIC is a syndrome in which diffuse thrombosis and secondary 
fibrinolysis occur in small vessels. It is not a primary disorder 
but rather a sequela to other diseases. DIC may occur with 
disorders where TF is exposed on cell surfaces, widespread 
vascular injury is present, widespread platelet activation occurs, 
blood flow is reduced, or there is impaired removal of activated 
coagulation factors by the liver. Conditions that may induce 
DIC are shown in Box 7-1.480 Undoubtedly other disorders 
can be added to this list.

DIC is generally initiated by the disseminated presentation 
of TF in blood. This may involve widespread tissue injury, 
especially endothelial injury, that results in the exposure of TF 
on subendothelial cells and parenchymal cells. Proinflamma-
tory cytokines produced in various infectious and noninfec-
tious inflammatory disorders may stimulate the exposure of 
TF on blood monocytes and possibly on endothelial cells. 
Some neoplastic cells also express TF, which can promote 

*References 206, 211, 268, 307, 374, 384, 452.

Septicemia (various Gram-negative and Gram-positive bacteria)
Viremia (infectious canine hepatitis, feline infectious peritonitis, 

African swine fever, hog cholera, African horse sickness)
Protozoal parasites (babesiosis, trypanosomiasis, sarcocystosis, 

leishmaniasis, and cytauxzoonosis)
Metazoal parasites (heartworms and lungworms)
Marked tissue injury (heatstroke, trauma, and surgical 

procedures)
Intravascular hemolysis
Obstetric complications
Malignancy (hemangiosarcoma, disseminated carcinomas, 

leukemia, lymphoma)
Traumatic shock
Liver disease
Pancreatitis
Gastric dilatation-volvulus and abomasal displacement
Toxins (snake and insect venoms, aflatoxin, and insecticides)

Box 7-1
Conditions That May Result in 
Disseminated Intravascular 
Coagulation

FIGURE  7-36 
Pathophysiology of disseminated intravascular coagulation. RBC, red 
blood cell. 
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resulted in watery and slightly hemorrhagic diarrhea, followed 
by death in 5 or 6 days. These pups had necrotic lesions in the 
liver and bacterial emboli in the kidney at necropsy. The 
primary cause of death was microvascular thrombosis caused 
by the bacteria, leading to renal and multiple organ failure. 
Urine output was reported to be decreased and serum urea 
nitrogen was increased prior to death, but unfortunately 
CBCs were not performed.521

The atypical form of HUS in humans occurs secondary to 
various diseases including pneumococcal pneumonia, human 
immunodeficiency virus infection, chemotherapeutic and 
immunosuppressive drugs, malignancy, SLE, and antiphos-
pholipid syndrome. Atypical HUS involves complement 
dysregulation.161

HUS has rarely been reported in animals. Several cases  
in dogs appear similar to the typical HUS reported in 
humans.99,138,248 A similar condition but without gastrointes-
tinal signs has been observed in greyhounds.118 The disorder 
is characterized by thrombocytopenia, anemia, azotemia, and 
a cutaneous vasculopathy in addition to a renal glomerular 
vasculopathy. Skin lesions were characterized by hemorrhages, 
fibrinoid arteritis, and thrombosis. Renal lesions included per-
acute glomerular necrosis particularly involving afferent arte-
rioles, with intravascular coagulation in glomerular capillaries.87 
Ultrastructural examination of glomerular capillaries from 
affected greyhounds revealed endothelial swelling, detach-
ment, and necrosis, with platelet adhesion, platelet aggrega-
tion, and fibrin deposition. No etiologic agents or electron-dense 
deposits typical of immune complexes were observed.235 The 
feeding of raw beef contaminated with E. coli has been sug-
gested as a possible cause.87,118,235 A similar cutaneous and 
renal vasculopathy syndrome has been reported in a Great 
Dane dog.439

HUS—characterized by hemolysis, thrombocytopenia, 
azotemia, oliguria, and thrombotic microangiopathy involving 
glomeruli—was diagnosed in a postpartum mare with endo-
metritis. An E. coli 0103:H2 was isolated from the mare’s 
uterus and gastrointestinal tract. A similar presentation has 
also been diagnosed in a postpartum cow with severe suppura-
tive endometritis.435 A disorder resembling the renal compo-
nent of the HUS was diagnosed in two horses with acute renal 
failure and necrotizing vascuolpathy with marked fibrin depo-
sition in the renal glomeruli.367 Atypical HUS was also con-
sidered a possibility in three cats treated with cyclosporine 
after renal transplants.11

Antiphospholipid Antibody
Healthy Bernese Mountain dogs are reported to have pro-
longed APTTs compared with other breeds. This appears  
to result from a high prevalence of an antiphospholipid anti-
body (lupus anticoagulant) in the plasma of these dogs.376 
The presence of antiphospholipid antibodies (antibodies  
against phospholipids, phospholipid-binding proteins, and 
phospholipid-protein complexes) is associated with an 
increased risk of thrombosis in humans (antiphospholipid 
syndrome). The presence of antiphospholipid antibodies 

dogs but a less consistent finding in cats and horses with 
DIC.480,486 Fibrinogen is an acute-phase protein; consequently, 
the fibrinogen concentration may be normal or increased in 
DIC when underlying inflammation is present. Antithrombin 
is generally low in dogs and horses with DIC.480 Antithrom-
bin may also be low in some cats with DIC, but it is often 
normal or even increased because it appears to be an acute-
phase protein in cats.59 D-dimer concentration is a sensitive 
test for DIC in dogs (75%-100% positive); but it is a less 
sensitive test for DIC in horses (about 50%).480 About two-
thirds of the cats with DIC had positive D-dimer tests in a 
small study.497 The D-dimer test appears to be more sensitive 
than FDP tests in the diagnosis of DIC in dogs and 
horses.479,486 Extensive local intravascular coagulation may 
occur in some dogs with hemangiosarcoma. Laboratory find-
ings in these cases are similar to those seen in DIC, making 
differentiation of DIC from local intravascular coagulation 
difficult.

Schistocytes may be seen with DIC, where they can be 
formed by the impact of erythrocytes with fibrin strands  
in flowing blood (see Fig. 4-53).425 Schistocytes are most 
often seen in dogs but can also be seen in other species  
with DIC.252,497

When animals with DIC are assayed using TEG, they may 
appear hypercoagulable, normocoagulable, or hypocoagulable. 
The hypocoagulable state presumably develops when con-
sumption of platelets and fibrinogen limits additional coagu-
lation. Hypocoagulable dogs with DIC are more likely to die 
than hypercoagulable dogs.537

Hemolytic-Uremic Syndrome
Hemolytic-uremic syndrome (HUS) is a thrombotic micro-
angiopathy consisting of thrombocytopenia, microangiopathic 
hemolytic anemia, and acute renal failure. In humans, HUS is 
classified as either typical (diarrhea-associated) or atypical 
(nondiarrheal) HUS.

The typical form accounts for more than 90% of the human 
cases. It occurs most commonly in children and follows gas-
trointestinal infections with enterohemorrhagic Escherichia 
coli (predominantly serotype O157:H7), which produces 
Shiga toxin. Shiga toxin is also produced by Shigella dysente-
riae type 1. These organisms colonize the intestinal tract and 
release Shiga toxin into the blood; it then disseminates 
throughout the body and binds to receptors on endothelial 
cells. Bacteremia is rarely recognized. Shiga toxin is inter-
nalized by receptor-mediated endocytosis. It activates and 
damages endothelial cells, which then triggers platelet adhe-
sion, thrombus formation, and leukocyte-dependent inflam-
mation. Microthrombi are found most often in renal glomeruli, 
the intestinal tract, the brain, and the pancreas.276 Children 
with E. coli O157:H7 infection appeared to be in a hyperco-
agulable state prior to developing HUS, indicating that accel-
erated thrombogenesis and inhibition of fibrinolysis precede 
renal injury and presumably cause acute renal failure.98 A non-
O157:H7 strain of E. coli, which caused HUS and death in a 
child, was inoculated orally into 40-day-old dogs, where it 
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vernal grass hay.417,441 The discovery of dicumarol toxicity led 
to the development of warfarin and related compounds that 
are now used as rodenticides and as therapeutic anticoagu-
lants. Animals that consume anticoagulant rodenticides 
develop life-threatening bleeding disorders characterized by 
markedly prolonged PT and APTT tests but a normal 
TCT.291,312,335,370,547 The PT test is generally reported to be 
more sensitive than the APTT test in the recognition of early 
anticoagulant rodenticide toxicity because of the short half-
life of FVII in the circulation,72 but the APTT was prolonged 
earlier and was more pronounced than the PT in horses with 
experimental brodifacoum toxicity.41

Vitamin K-deficient animals and humans developed 
further reduction in the vitamin K-dependent coagulation 
factors when treated with vitamin E. Studies suggest that 
vitamin E interferes at the vitamin K-dependent carboxyl-
ation step in active coagulation factor synthesis.114,115 Certain 
β-lactam antibiotics and salicylate may also interfere with 
vitamin K metabolism.238,331

A 4-week-old standardbred colt presented with life-
threatening bleeding and vitamin K-dependent coagulation 
factor deficiencies. The colt responded to vitamin K therapy 
with a return of coagulation tests to normal, but the foal failed 
to thrive and was euthanized at 9 weeks of age.336 It was not 
determined if this was an inherited or a noninherited con-
genital vitamin K deficiency, as occurs in some human 
infants.492

Snake Venoms
Elapid snakes—including coral snakes, cobras, mambas, sea 
snakes, and kraits—have primarily neurotoxic venom.104 In 
contrast, vipers—including rattlesnakes, copperheads, and 
cottonmouths—have primarily hemotoxic venom. However, 
these characterizations of venoms by type of snake are not 
consistent. For example, some elapid snakes have hemotoxins 
as components of their venom.233,249 Hemotoxic venom 
damages the circulatory system and muscle tissue and causes 
swelling, hemorrhage, and necrosis. Viper venoms contain 
various components that can promote or inhibit hemostatic 
mechanisms, including coagulation, fibrinolysis, platelet func-
tion, and vascular integrity.438 The venoms of many species of 
snakes contain one or more components that induce hemor-
rhage (hemorrhagins) through damage to vessel walls.250

Some snakes have venom that can induce DIC, which is 
followed by bleeding.10 Several snakes have venom that acti-
vates prothrombin. Other snakes have venom that activates 
FX and/or FV.250

The venoms of pit vipers (subfamily Crotalidae) have 
thrombin-like activities that can clot fibrinogen in vitro, but 
these enzymes do not exhibit all of the effects of thrombin. 
They generally cleave only fibrinopeptide A from fibrinogen 
(a few, like the water moccasin, cleave only fibrinopeptide B), 
and they do not activate FXIII, so cross-linking of fibrin does 
not occur.250 These friable clots are rapidly dissolved following 
release of tPA from endothelial cells and activation of the 
fibrinolytic system in vivo. This rapid fibrinolysis is associated 

appears to prime platelets and endothelial cells for activation, 
but a triggering event such as an infection, trauma, or  
surgery may be required for thrombosis to occur.413 The 
importance of antiphospholipid antibodies in promoting 
thrombosis in animals requires further study. The presence of 
a lupus-type anticoagulant has been reported in a dog with 
nephrotic syndrome, pulmonary thromboembolism, and 
hemolysis.488

Liver Disease
The liver is the primary site for the synthesis of coagulation 
factors. Consequently, generalized liver disease may result in 
prolonged PT and APTT and an increased bleeding tendency 
due to decreased circulating coagulation factors.* Because of 
these synthetic functions and the vascular nature of the liver, 
coagulation screening tests are generally done prior to per-
forming liver biopsies. Liver disorders may also contribute to 
the development of DIC, as has been reported in infectious 
canine hepatitis and aflatoxin B1 toxicity.204,535 The coagula-
tion defect of aflatoxicosis is primarily due to reduced hepatic 
synthesis of coagulation factors except when hepatic necrosis 
is severe enough to initiate DIC.17,139,204 The presence of endo-
toxemia augments aflatoxin B1 toxicity, with the combined 
substances more likely to initiate DIC than aflatoxin B1 
alone.321

Vitamin K Deficiency
Vitamin K is essential in a carboxylation reaction that results 
in the formation of active coagulation factors II, VII, IX, and 
X as well as protein C and protein S (Fig. 7-15).105 Vitamin 
K deficiency may occur in malabsorptive syndromes, including 
bile duct obstruction, or from sterilization of the intestine by 
prolonged use of antibiotics.72,373 Vitamin K deficiency appears 
to be present in at least some cats with hepatic lipidosis, severe 
inflammatory bowel disease, and severe inflammatory bowel 
disease associated with cholangiohepatitis, because these 
animals had prolonged coagulation tests that shortened fol-
lowing vitamin K therapy.95 Bilirubin cholelithiasis and extra-
hepatic bile duct obstruction have resulted in prolonged 
coagulation times in pyruvate kinase-deficient cats,224,509 at 
least in part related to decreased vitamin K absorption. 
Vitamin K deficiency resulting in hemorrhage and death has 
been reported in cats fed commercial canned diets high in 
salmon or tuna.489

Sweet clover and sweet vernal grasses contain coumarin, 
which is converted to the toxin dicumarol by the action of 
several mold species when the grasses are improperly pro-
cessed under high moisture conditions. Dicumarol in these 
moldy feedstuffs inhibits VKOR, which provides vitamin K 
hydroquinone for the carboxylation of select glutamic  
acid residues of the vitamin K-dependent proteins.477 Conse-
quently dicumarol toxicity can result in hemorrhage in cattle 
and other species consuming moldy sweet clover and sweet 

*References 36, 94, 299, 315, 411, 416, 501.
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at which time major bleeding can occur. Different genetic 
defects have been recognized in Holstein and Japanese black 
cattle.68,185

Factor IX and Factor VIII Deficiencies
Both of these deficiencies result in severe bleeding disorders 
and are transmitted as X chromosome-linked recessive traits; 
consequently, these disorders are usually recognized in male 
animals. FIX deficiency (hemophilia B) has been identified in 
many breeds of dogs and in British short hair, Siamese-cross, 
and domestic shorthaired cats.68,199 FVIII deficiency (hemo-
philia A, classical hemophilia) has been recognized in many 
breeds of dogs, cats, and horses, as well as in Hereford cattle 
and a newborn alpaca.68,185,230,346

Factor VII Deficiency
FVII deficiency has been recognized in multiple breeds of 
dogs but appears most commonly in laboratory beagles, where 
inadvertent propagation of the deficiency has occurred.86,185 
FVII deficiency is usually discovered fortuitously when coagu-
lation screening reveals a prolonged PT. Affected dogs gener-
ally do not have a history of bleeding, but they may experience 
bruising or prolonged bleeding following surgery or post-
partum. This mild bleeding tendency with FVII deficiency 
(one affected dog had only 0.4% normal activity) seems para-
doxical given the importance of the factor in initiating coagu-
lation, but apparently little activity is required to initiate 
coagulation.184

Defects in the Common Coagulation Pathway
FX deficiency results in severe bleeding episodes in dogs. It 
has been reported in American cocker spaniels, a Jack Russell 
terrier, and a domestic shorthaired cat. In American cocker 
spaniels, this deficiency results in stillborn pups or fatal bleed-
ing episodes in the neonatal period.185

Prothrombin (factor II) deficiency has been reported in 
English cocker spaniel and boxer dogs.68,239 Bleeding episodes 
are generally mild.

Fibrinogen (factor I) deficiency causes mild to severe 
bleeding episodes. Inherited deficiencies have been reported 
in dogs, cats, goats, and a lamb.68,162 FV and FXIII deficiencies 
have not been reported in animals.

Vitamin K-Dependent Coagulopathies
Vitamin K-dependent coagulopathies have been recognized 
in Devon Rex cats, Rambouillet sheep, a Labrador retriever 
dog, and a 4-week-old standardbred colt.* Affected cats and 
sheep are deficient in the enzyme γ-glutamyl carboxylase (see 
Fig. 7-15), resulting in reduction in the activities of prothrom-
bin, FVII, FIX, and FX. Some animals exhibit minimal  
bleeding tendencies, but fatal hemorrhagic episodes have 
occurred in some affected cats. Periparturient hemorrhage and 
death generally occur in lambs with this disorder. Although a 

with a massive production of circulating fibrin degradation 
products.133,543 This defibrinogenation syndrome results in 
blood that remains unclottable for as long as 3 days in human 
patients who do not receive antivenom after being bitten by 
eastern diamondback rattlesnakes.283

Thrombocytopenia may also be present after pit viper 
envenomation because some venoms activate platelets and 
because platelets may be activated in response to damage to 
the endothelium.142,210,438,543

Some snakes have components in their venoms that appear 
to have anticoagulant properties by preventing the formation 
of the prothrombinase complex on activated platelet surfaces. 
Several snake venoms (including the southern copperhead) 
activate protein C, which inhibits coagulation and promotes 
fibrinolysis. The venom of some snakes may indirectly stimu-
late fibrinolysis by blocking fibrinolytic inhibitors, such as 
α2-antiplasmin and α2-macroglobulin. Many snake venoms 
have components that can either induce or inhibit platelet 
aggregation, including phospholipases, which are ubiquitous 
in snake venoms.250

Hereditary Coagulation Disorders
An inherited coagulation factor deficiency is considered when 
unexplained hemorrhage occurs or hemorrhage is protracted 
after surgery. Although rare, hereditary coagulation defects  
are recognized much more often in dogs than in other  
domestic animal species. The likelihood that a coagulation 
defect will result in clinically significant hemorrhage varies 
with the nature of the defect.68

Factor XII and Prekallikrein Deficiencies
FXII deficiency occurs most often in cats (domestic short-
haired, domestic long-haired, Siamese, Himalayan) but has 
also been recognized in dogs (miniature poodle, Chinese Shar 
Pei).68 Animals with FXII deficiency have markedly pro-
longed APTT and ACT tests, but they do not have a bleeding 
disorder. Although FXII is not essential for normal hemosta-
sis, it may play a role in the growth of thrombi under patho-
logic conditions.100,428

Like animals with FXII deficiency, dogs (Chinese Shar Pei, 
German shorthaired pointer, Shih Tzu), horses (Belgian 
horses, miniature horses), and cattle with prekallikrein defi-
ciency have prolonged APTTs but generally do not exhibit an 
increased bleeding tendency.68,288,392 Excessive hemorrhage 
was reported after castration of a Belgian horse with prekal-
likrein deficiency.186 However, it is possible that the bleeding 
episode was not caused by this deficiency but simply prompted 
hemostatic testing of an otherwise asymptomatic deficiency 
because two prekallikrein-deficient siblings of this animal did 
not have histories of bleeding.

Factor XI Deficiency
Hemorrhage associated with this deficiency in cattle (Hol-
stein, Japanese black cattle), dogs (Kerry blue terrier, English 
springer spaniel), and cats (domestic shorthaired) is generally 
mild until a deficient animal is subjected to trauma or surgery, *References 18, 267, 324, 330, 336, 473.
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the extrinsic pathway (i.e., FVII deficiency), or early anti-
coagulant rodenticide toxicity in some species.

6. Normal platelet count, APTT, and PT with a negative FDP 
test in the presence of a bleeding diathesis. This profile suggests 
a platelet function defect or vascular injury. A concomitant 
prolonged bleeding time suggests a platelet function abnor-
mality is present. Inherited platelet abnormalities or vWD 
could be present. vWD is diagnosed by measuring vWF in 
plasma by specialized laboratories. Some cases with severe 
vWF deficiency exhibit slightly prolonged APTT test 
results due to decreased FVIII in plasma.
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hereditary defect was suspected in the Labrador dog, a specific 
cause was not determined. Either a deficiency in γ-glutamyl 
carboxylase or a deficiency in the VKOR complex would be 
consistent with the clinical and laboratory findings in this 
dog.63 It is unknown whether the colt had an acquired neo-
natal vitamin K deficiency or a hereditary defect in vitamin K 
recycling.336

I N T ER P R E TAT I O N  O F 
H EM O S TAT I C  T E S T  P RO F I LE S

The utilization of a number of hemostatic tests concomitantly 
helps differentiate causes of hemorrhage, including simple 
thrombocytopenia; DIC; vWD; vasculitis; rodenticide  
toxicity; liver disease; and inherited defects of the intrinsic, 
extrinsic, and common coagulation pathways. Examples of 
hemostatic test profiles and their interpretations are given 
below.
1. Thrombocytopenia with normal APTT, PT, and FDP tests. 

Thrombocytopenias without abnormalities in coagulation 
tests generally result from lack of production or enhanced 
platelet destruction. Bone marrow biopsies are needed to 
determine whether there is an abnormality in platelet pro-
duction by megakaryocytes. Generalized marrow hypopla-
sia and aplasia are more common than pure amegakaryocytic 
thrombocytopenias, which are rare in animals. Myelo-
phthisis resulting from marrow neoplasia can also result  
in thrombocytopenia. Enhanced platelet destruction is  
the most common cause of thrombocytopenia, occurring 
as a result of a primary or secondary immune-mediated 
process.

2. Thrombocytopenia with prolonged APTT and PT test results 
and a positive FDP test. This profile suggests a consumption 
of both platelets and coagulation factors, as occurs in DIC. 
Plasma antithrombin concentration is generally low when 
measured. All four abnormalities listed will not be present 
in every animal with DIC. Of these assays, the PT test is 
most likely to be normal.

3. Normal platelet count, prolonged APTT and PT test results, 
and a negative FDP test. This profile suggests either multi-
ple coagulation defects, as can occur in rodenticide toxicity 
and liver disease, or much less likely, an inherited defect in 
the common pathway. Platelet counts may be decreased in 
animals subsequent to marked blood loss associated with 
rodenticide toxicity. Inexplicably, serum FDP concentra-
tions have been reported to be increased in some dogs with 
anticoagulant rodenticide toxicity. Collection of blood 
from a heparinized IV line should also be considered as a 
factitious cause of this hemostatic profile.

4. Normal platelet count and PT, prolonged APTT, and a nega-
tive FDP test. This profile suggests an inherited defect in 
the intrinsic pathway, an inappropriately low plasma to 
anticoagulant ratio, or hemoconcentration.

5. Normal platelet count and APTT, prolonged PT, and a nega-
tive FDP test. This profile suggests an inherited defect in 
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R E A S O N S  T O  EXA M I N E  
B O N E  M A R ROW

Bone marrow evaluation is indicated when peripheral blood 
abnormalities are detected. The most common indications are 
persistent neutropenia, unexplained thrombocytopenia, poorly 
regenerative anemia, or a combination thereof. Examples of 
proliferative abnormalities in which bone marrow examina-
tion may be indicated include persistent thrombocytosis or 
leukocytosis, abnormal blood cell morphology, or the unex-
plained presence of immature cells in blood (e.g., nucleated 
erythroid cells in the absence of polychromasia or a neutro-
philic left shift in the absence of inflammation).

Bone marrow is sometimes examined to stage neoplastic 
conditions (lymphomas and mast-cell tumors); to estimate the 
adequacy of body iron stores; to evaluate lytic bone lesions; 
and to search for occult disease in animals with fever of 
unknown origin, unexplained weight loss, and unexplained 
malaise. Bone marrow examination can also be useful in deter-
mining the cause of a hyperproteinemia when it occurs sec-
ondarily to multiple myeloma, lymphoma, leishmaniasis, and 
systemic fungal diseases. It may also reveal the cause of a 
hypercalcemia when associated with lymphoid neoplasms, 
multiple myeloma, or metastatic neoplasms to bone.

In veterinary medicine, bone marrow aspirates are done 
more frequently than core biopsies. Aspirates are easier, faster, 
and less expensive to perform than are core biopsies. Bone 
marrow core biopsies require special needles that cut a solid 
core of material, which is then placed in fixative, decalcified, 
embedded, sectioned, stained, and examined microscopically 
by a pathologist. Core biopsy sections provide a more accurate 
way of evaluating marrow cellularity and examining for meta-
static neoplasia than do aspirate smears, but cell morphology 
is more difficult to assess.

There are few contraindications for bone marrow aspirates 
and core biopsies. Restraint, sedation, and anesthesia (when 
used) generally pose more risks for the patient than the biopsy 
procedure itself. Postbiopsy hemorrhage is a potential compli-
cation in patients with hemostatic diatheses, but it rarely 
occurs. Hemorrhage may occur after the biopsy of animals 
with monoclonal hyperglobulinemias, but it is easily 

controlled by placing a suture in the skin incision and applying 
pressure over the biopsy site. Postbiopsy infection is also a 
potential complication, but it is highly unlikely to occur if 
proper techniques are used. The major contraindication to 
bone marrow aspiration and core biopsies is when they are 
unnecessary (e.g., the anemia is regenerative or the cause of 
the neutropenia is recognized to be sepsis).

S I T E S  F O R  B O N E  
M A R ROW  B I O P S Y

Young animals have active (red) marrow throughout most 
skeletal bones. Active marrow recedes from long bones as 
adulthood is reached, because the bone marrow space expands 
faster than the blood volume as the animal grows.53 Once 
animals stop growing, blood cell numbers must be maintained, 
but increased production to accommodate growth is no longer 
required. As hematopoietic cells disappear, the marrow space 
is replaced by fat (yellow marrow) and is in a resting state. 
Hematopoietic cells may expand back into long bones if 
needed, as might occur in response to anemia. Active marrow 
remains in the flat bones (vertebrae, sternum, ribs, and pelvis) 
and proximal ends of the humerus and femur in adults.53

Ilium
The iliac crest is often used as a site to aspirate/biopsy marrow 
in dogs and is sometimes used in cats.29,53 The biopsy needle 
is positioned so that it enters the greatest prominence of the 
iliac crest, parallel to the long axis of the wing of the ilium 
(Fig. 8-1). The wing of the ilium may also be aspirated at its 
central depression, which is caudal and ventral to the iliac 
crest. The tuber coxae has been used as a site for bone marrow 
collection in young horses, but adequate marrow samples 
cannot be obtained from this site in adult horses because of 
a lack of active marrow.58

Proximal Femur
For small cats and toy breeds of dogs, in which the ilium is 
especially thin, the marrow may be aspirated from the head 
of the proximal femur by way of the trochanteric fossa (see 
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Proximal Ribs
The proximal (dorsal) ends of the ribs have been used for  
bone marrow aspirates in large animals, although the bone is 
difficult to penetrate with biopsy needles in adults and  
can severely damage the needles.58,59 There is also a risk of 
pneumothorax or uncontrolled hemorrhage when ribs are 
biopsied.5

Other Sites
Aspirates/biopsies may be taken from other bone marrow sites 
if specific lesions are identified using diagnostic imaging. 
These are done to identify the nature of the lesion, rather than 
to evaluate hematopoiesis.

T E C H N I Q U E  O F  B O N E  
M A R ROW  A S P I R AT I O N

The needle used to aspirate marrow must have a removable 
stylet, which remains in place until the marrow cavity is 
entered to prevent obstruction of the needle’s lumen with 
cortical bone. A 16- or 18-gauge needle (Rosenthal, Illinois 
sternal, or Jamshidi) between 1 and 1.5 inches long is satisfac-
tory (Fig. 8-3).

The usefulness of bone marrow aspirate cytology as a  
diagnostic aid depends on the proper collection of the  
bone marrow sample and preparation of high-quality marrow 

FIGURE  8-1 
Bone marrow biopsy site for the iliac crest and proximal femur. 

From Grindem CB. Bone marrow biopsy and evaluation. Vet Clin N Am 
Small Anim Pract. 1989:19:669-696, as modified from Harvey JW. Bone 
marrow aspiration biopsy. NAVC Clinician’s Brief. 2004;February:
44-47.

FIGURE  8-2 
Bone marrow biopsy site for the proximal humerus. 

From Grindem CB. Bone marrow biopsy and evaluation. Vet Clin N 
Am Small Anim Pract. 1989:19:669-696, as modified from Harvey 
JW. Bone marrow aspiration biopsy. NAVC Clinician’s Brief. 2004;
February:44-47.

Fig. 8-1).29,53 This site is not suitable for obtaining a core 
biopsy.

Proximal Humerus
Aspiration of marrow from the cranial side of the proximal 
end of the humerus is also commonly done in small animals, 
especially in those that are obese.29 This site has also been 
recommended for use in calves.47 The greater tubercle is pal-
pated, and the needle is inserted into the flat area on the 
craniolateral surface of the proximal humerus distal to the 
tubercle (Fig. 8-2).

Sternum
In large dogs, the third, fourth, or fifth sternebra can be 
aspirated/biopsied.53 The collection of marrow from the 
sternum poses the risk of inadvertent penetration of the 
thorax and damage to structures in the thoracic cavity. A short 
biopsy needle (preferably with an adjustable guard) should be 
used, and care should be taken to remain in the center of these 
bones to minimize the risk of pneumothorax, uncontrolled 
hemorrhage, or cardiac laceration. Although there is also some 
risk to the person collecting sternal marrow from standing 
large animals, the sternum (third or fourth sternebra) is the 
preferred site for collecting high-quality aspirates/biopsies 
from adult horses, cattle, sheep, and llamas. Sternebrae are 
identified by palpating ribs to their articulations with the 
sternum.47
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FIGURE  8-3 
Bone marrow aspiration needle. An 18-gauge Illinois bone marrow aspi-
ration needle with stylet in place and adjustable guard to limit the depth 
of penetration. 

smears. In most cases with dogs and large animals, only local 
anesthesia is needed for aspiration biopsies. However, tran-
quilization is often used, especially in patients that resist posi-
tioning by manual restraint. Bone marrow aspirates are often 
done under light anesthesia in cats. Collection sites are pre-
pared by clipping the hair and scrubbing the skin with anti-
septic soap preparations (Fig. 8-4, A). A local anesthetic is 
injected under the skin and down to the periosteum overlying 
the site to be aspirated, and a small skin incision is made with 
a scalpel blade to facilitate passing the needle through the skin  
(Fig. 8-4, B). Sterile needles and gloves are always used, but 
the aspiration site is generally not draped. If general anesthesia 
is required for other procedures, bone marrow aspiration may 
be scheduled at the same time to minimize the stress on the 
animal.

To enter the marrow space, moderate pressure is applied to 
the needle (with the stylet locked in place) as the needle is 
rotated in an alternating clockwise-counterclockwise motion 
(Fig. 8-4, C). Once the needle is firmly embedded into the 
bone, it is usually within the marrow cavity. The stylet is then 
removed (Fig. 8-4, D) and a 10- to 20-mL syringe is attached 
to the needle (Fig. 8-4, E). Vigorous negative pressure should 
be applied by rapidly pulling the plunger back as far as pos-
sible. If no anticoagulant is added to the syringe, the negative 
pressure is released, and the complete assembly is rapidly 
removed for smear preparation as soon as a few drops appear 
in the syringe. If marrow does not appear in the syringe, the 
stylet is replaced and the needle is repositioned for another 
aspiration attempt.

If no anticoagulant is used, smears must be prepared within 
seconds after bone marrow collection, because bone marrow 
clots rapidly. Smears prepared once clotting begins cannot be 
evaluated, because most of the nucleated cells will be lysed 
during smear preparation. We prefer to collect bone marrow 
into a syringe that contains EDTA as an anticoagulant, 

because it reduces the chance of clotting before a smear is 
prepared and allows time to prepare multiple smears that may 
be needed for special stains. Additionally, the ability to collect 
bone marrow particles in anticoagulated samples, prior to 
smear preparation, increases the likelihood of getting suffi-
cient particles to make an accurate interpretation of the aspi-
rate smear. An EDTA-containing solution can be prepared by 
adding 0.35 mL of sterile saline to a 7-mL EDTA tube, which 
yields a 2.5% or 3% EDTA solution, depending on whether 
the tube contains dry EDTA or EDTA dissolved in water. 
About 0.5 mL of this EDTA solution is drawn into the 
syringe using a regular needle prior to attaching the syringe 
to the bone marrow aspiration needle.30 Although smears 
need not be made immediately when collected with EDTA, 
they should be prepared within minutes after collection, 
because bone marrow cells (especially granulocytic cells) 
degenerate rapidly.

About 1 mL of marrow is aspirated into the syringe con-
taining EDTA.  Following mixing, the contents are expelled 
into a petri dish. It is important for accurate bone marrow 
evaluation that smears contain marrow particles (stroma and 
associated cells). Marrow particles appear as small white 
grains (flecks) in the blood-contaminated aspirate material. 
The particles tend to loosely adhere to the bottom of the petri 
dish when it is tilted. The particles are collected by pipette 
(Fig. 8-4, F) or a hematocrit capillary tube to use for smear 
preparation.

To concentrate particles in blood-contaminated aspirates, 
aspirated material can be placed on one end of a glass slide, 
which is then held vertically (Fig. 8-5, A). Particles tend to 
stick to the slide while blood runs off. A second glass slide is 
placed across the area of particle adherence, perpendicular  
to the first slide. After marrow spreads between the slides  
(Fig. 8-5, B), they are pulled apart in the horizontal plane.

Rather than use a perpendicular glass slide to spread the 
bone marrow particles, a square 22- by 22-mm 1.5-mm thick 
coverslip may be used in the same manner (Fig. 8-6, A). This 
produces both a coverslip and a glass slide preparation. Alter-
natively, one might consider using the two-coverslip method 
described for blood films in Chapter 2. The lighter weight of 
a top coverslip puts less pressure on particles than a top glass 
slide does. Consequently the use of coverslips may decrease 
the rupturing of nucleated cells, which happens more readily 
in samples collected with EDTA in saline compared with 
samples collected without an anticoagulant.30 If a marrow 
aspirate contains particles without excessive blood contamina-
tion, one can place the aspirated material in the middle of a 
slide and place a second slide on top of it; the slides are then 
slid apart horizontally, as shown in Figure 8-6, B.

Bone marrow aspirate preparations from dead animals are 
usually of poor quality, even when collected soon after death. 
Once clots have formed, cells will be lysed during aspiration 
and smear preparation. If marrow is to be collected from an 
animal that is to be euthanized, it is recommended that the 
animal be anesthetized for marrow collection, followed by 
administration of the euthanasia solution.
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FIGURE  8-4 
Bone marrow aspiration procedure. A, The biopsy site over the flat area on the craniolateral surface of the 
proximal humerus distal to the greater tubercle is prepared by clipping the hair and scrubbing the skin with 
antiseptic soap. B, A small skin incision is made with a scalpel blade to facilitate passing the needle through 
the skin. C, Moderate pressure is applied to the needle (with the stylet locked in place) as the needle is rotated 
in an alternating clockwise-counterclockwise motion. D, Once the needle is firmly embedded into the bone, 
the needle cap (if present) and stylet are removed. E, A syringe containing EDTA is attached to the needle 
and red marrow is aspirated into the syringe. F, Aspirated bone marrow containing anticoagulant is expelled 
into a petri dish. A pipette is then used to collect particles to be used in preparing smears. 

All of the above from Harvey JW. Bone marrow aspiration biopsy. NAVC Clinician’s Brief. 2004;February:44-47.
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Bone marrow aspirate smears are often submitted for stain-
ing and evaluation by a clinical pathologist. Unfixed aspirate 
smears should not be mailed in a package that also contains 
tissue in formalin, because the formalin vapors will interfere 
with the staining quality of cells in the aspirate smears.

T E C H N I Q U E  O F  B O N E  M A R ROW 
CO R E  B I O P S Y

Core biopsies are essential if there are repeated dry taps (e.g., 
failure to collect marrow particles by aspiration). Dry taps may 
be the result of technical error, but they can also occur when 
the marrow is packed with cells, as when a leukemia is present, 
and they usually occur when myelofibrosis is present. Dry taps 
or poor-quality samples are common when marrow aspirates 
are attempted on very young animals, even though the marrow 
is generally highly cellular. Core biopsy sections provide a 
more accurate way of evaluating marrow cellularity and exam-
ining for myelofibrosis, granulomatous diseases involving 
bone marrow, or metastatic neoplasia than do aspirate 
smears.12,55 Core biopsies are also needed to diagnose vascular 
abnormalities (edema and hemorrhage) and acute inflamma-
tion (fibrin deposition and focal neutrophilic infiltrates).74 To 
maximize information concerning bone marrow composition, 
we recommend collecting aspirate and core biopsy samples at 
the same time. Even when a core biopsy is not planned, it is 
advisable to have a core biopsy needle available in case a dry 
tap should occur.

Preparation of the animal and the site for a bone marrow 
core biopsy is the same as that described earlier for a marrow 

If bone marrow is collected at necropsy, the marrow mate-
rial should be mixed with a solution containing albumin 
before a smear is made to decrease cell lysis. One method 
recommends collecting bone marrow from an opened bone 
using a paintbrush and placing it on a piece of parafilm next  
to a drop of 22% bovine serum albumin solution. The paint-
brush is then dipped in the albumin solution and mixed with 
the marrow material prior to smear preparation.47 Another 
method recommends mixing marrow collected from the 
cadaver with a 5% solution of bovine serum albumin (prepared 
in physiologic saline), followed by smear preparation.4

Smears are stained with a Romanowsky-type blood stain 
such as Wright, Giemsa, or a combination thereof. Satisfac-
tory results can usually be obtained with the Diff-Quik stain, 
a rapid modified Wright stain. The appropriate staining 
time(s) for the stain or stains being used is determined with 
experience. Thicker smears will require longer staining times. 
About twice the time is required for staining bone marrow 
smears compared to blood films. Smears containing marrow 
particles will have blue-staining material on them, which is 
visible grossly (Fig. 8-7). When examined microscopically, 
particles contain blood cell precursors and stromal elements 
(Fig. 8-8). Fat is dissolved away during alcohol fixation, but it 
is represented in particles by the presence of variably sized 
unstained circular areas.

If adequate smears are available, one smear should be 
stained using the Prussian blue procedure for iron. In contrast 
to other species, healthy cats typically lack stainable iron in 
their marrow aspirates. If leukemia is present, additional 
special stains may be needed to help differentiate the type of 
leukemia.

FIGURE  8-5 
Technique for concentrating bone marrow particles prior to preparation of blood film. A, Blood-contaminated 
bone marrow aspirates are expelled onto one end of a glass slide that is then held vertically. Particles tend to 
stick to the slide while contaminating blood runs off and may be wicked away by absorbent material. B, A 
second glass slide is placed across the area of particle adherence, perpendicular to the first slide. The slides are 
held together, causing bone marrow to spread between them; then they are rapidly pulled apart in the hori-
zontal plane and quickly air-dried. 
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(Fig. 8-10, B) and the needle is advanced using the same 
clockwise-counterclockwise motion (Fig. 8-10, C). If possible, 
the needle should be advanced 1 inch to get sufficient material 
for evaluation. Once the needle has been advanced to its 
maximal depth, several 360-degree twists are made and it is 
withdrawn. The core within the needle is pushed out using a 
wire, which accompanies the needle. This is done by placing 
the wire in the tip of the needle and forcing the core out of 

aspirate. Core biopsies require the use of special needles 
designed to cut a solid core of material. Jamshidi bone marrow 
biopsy needles, 11 to 13 gauge and 3 to 4 inches long, are used 
in our veterinary hospital (Fig. 8-9). Depending on the species 
and size of the animal, core biopsies may be taken from the 
wing of the ilium, head of the humerus, or sternum. Core 
biopsies and aspirates should be taken from distantly located 
sites to ensure that one collection does not result in disruption 
of the area where the other sample is being collected. Collec-
tion from two separate sites should also increase the likeli-
hood of identifying tumor metastasis.12

With the stylet locked in place, moderate pressure is 
applied to the needle as it is rotated in an alternating clockwise-
counterclockwise motion (Fig. 8-10, A). Once the needle 
is firmly embedded into the bone, the stylet is removed  

FIGURE  8-6 
Bone marrow aspirate smear preparations. A, Assuming sufficient par-
ticles are present, a drop of aspirated material is placed on a glass slide 
and a coverslip is placed on top of the aspirated material at a right angle 
to the glass slide as shown. After the aspirate material spreads between 
the slide and coverslip, the coverslip is slid smoothly from the glass slide 
in a horizontal plane at a right angle to the glass slide, and both coverslip 
and glass slide are air-dried. This technique has been recommended for 
bone marrow aspirates collected with EDTA in saline because the lighter 
weight of a coverslip is less likely to result in cell lysis from frictional 
forces than the heavier weight of the glass slide. B, Assuming sufficient 
particles are present, a drop of aspirated material is placed in the center 
of a glass slide and a second glass slide is placed on top of the aspirated 
material on the first slide as shown. After the aspirated material spreads 
between the slides, they are quickly pulled apart in a horizontal plane, 
and both slides are rapidly air-dried. 
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FIGURE  8-7 
Two stained bone marrow smears are shown. The scant blue-staining 
material in the bottom smear indicates that only a few, small marrow 
particles are present. The abundant blue-staining material in the top 
smear indicates that a large amount of particulate bone marrow is present. 
Wright-Giemsa stain. 

FIGURE  8-8 
Normal bone marrow aspirate smear from a dog. Variably sized unstained 
circular areas indicate where fat was dissolved away during alcohol fixa-
tion. The large cells present are megakaryocytes. Wright-Giemsa stain. 
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formalin vapors will interfere with the staining quality of cells 
in the exfoliative cytology preparations.

M O R P H O L O G I C 
I D EN T I F I C AT I O N  O F  C ELL S

This discussion focuses primarily on the morphologic appear-
ance of cells in aspirate smears stained with Wright-Giemsa, 
but examples of core biopsy sections stained with H&E are 
also presented. Marrow particles appear as blue-staining areas 
in aspirate smears when viewed grossly (see Fig. 8-7). When 
examined microscopically, they contain blood cell precursors, 
vessels, reticular cells, macrophages, and plasma cells  
(see Fig. 8-8). Fat is dissolved away during alcohol fixation, 
but it is represented in particles by the presence of variably 
sized, unstained circular areas. Most particles in normal 
animals are composed of one-third to two-thirds cells (see 
Figs. 8-8, 8-11).

Megakaryocytic Series
Megakaryoblasts are the earliest recognizable cell in this 
series. They have a single nucleus and deeply basophilic cyto-
plasm (Fig. 8-12, A). This cell type is not recognized in most 
normal aspirate smears because it occurs in small numbers and 
is difficult to differentiate from other blast cells. Promega-
karyocytes, which have two or four nuclei and deeply baso-
philic cytoplasm, are easily recognized (Fig. 8-12, A, B). These 
cells are much larger than leukocytes or nucleated erythroid 
precursor cells. Subsequent nuclear reduplications result in 
progressively larger basophilic megakaryocytes (Fig. 8-12, C). 
Nuclei in basophilic megakaryocytes are joined into a lobu-
lated mass, making it difficult to count the number of nuclear 
reduplications that have occurred. The synthesis of magenta-
staining cytoplasmic granules imparts a pink color to the 
cytoplasm characteristic of mature (granular) megakaryocytes 
(Fig. 8-12, D). Megakaryocytes are gigantic and vary from 50 
to 200 µm in diameter, with larger cells having greater nuclear 
ploidy.

Erythrocytic Series
Morphologic changes that occur as cells of the erythroid series 
undergo maturation include diminution in size, decrease in 
nuclear-to-cytoplasmic (N : C) ratio, progressive nuclear con-
densation, and the appearance of red cytoplasmic color as 
hemoglobin is synthesized and accumulates within the cyto-
plasm (Fig. 8-13).

Rubriblasts
The earliest recognizable cell type in the erythroid series is the 
rubriblast. This is a relatively large cell with a high N : C ratio 
and intensely basophilic cytoplasm resulting from the pres-
ence of many polyribosomes. The nucleus of the rubriblast is 
usually almost perfectly round and the chromatin is finely 
granular, containing one or more pale blue to medium blue 
nucleoli (see Fig. 8-13, A).

the handle end of the needle (Fig. 8-10, D). Because the tip 
of the needle is tapered, pushing the core out through the tip 
would add crush artifacts to the core.

The head of the femur is not used for core biopsies because 
a core of material does not stay in the needle when it is with-
drawn. Because core biopsy needles are larger than aspirate 
needles, the wing of the ilium in cats is generally too thin to 
allow for the collection of a core sample parallel to its long 
axis, as is typically done in dogs. However, core biopsies may 
be collected from the ilium in cats by making two or three 
perpendicular punch biopsies completely through the most 
dorsal aspect of the wing of the ilium. The short cores that are 
obtained have cortical bone on both ends. Multiple cores are 
needed to obtain sufficient material for evaluation.

If attempts to aspirate bone marrow have resulted in dry 
taps or poor-quality smears, the core biopsy may be gently 
rolled between two glass slides (Fig. 8-10, E) or across a single 
glass slide using the tip of the needle and then stained in the 
same manner as aspirate smears. These roll preparations are 
generally of lower quality than aspirate smears. In particular, 
the number of megakaryocytes and amount of stainable iron 
present is generally underrepresented. After one or more roll 
preparations are made, the core is placed in fixative (Fig. 8-10, 
F) and submitted to a surgical pathology service, where it is 
decalcified, embedded, sectioned, stained with hematoxylin 
and eosin (H&E) and possibly other stains, and examined 
microscopically by a pathologist (Fig. 8-11). Fixatives other 
than formalin are sometimes preferred; consequently the sur-
gical pathology service should be consulted prior to sample 
collection. Unfixed aspirate smears, core roll preparations, or 
other exfoliative cytology preparations should not be mailed 
in the same package with formalin-fixed tissue because the 

FIGURE  8-9 
Bone marrow core biopsy needle. An 11-gauge Jamshidi core bone 
marrow biopsy needle with stylet in place, wire used to push the core 
biopsy from the needle, and container with formalin fixative. 

Courtesy of Heather Wamsley.
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FIGURE  8-10 
Core bone marrow biopsy procedure. A, Moderate pressure is applied to the needle (with the stylet locked 
in place) as the needle is rotated in an alternating clockwise-counterclockwise motion. B, Once the needle is 
firmly embedded into the bone, the needle cap (if present) and stylet are removed. C, The needle is again 
advanced using the same clockwise-counterclockwise motion. If possible, the needle should be advanced one 
inch to get sufficient material for evaluation. D, The core within the needle is pushed out onto a glass slide 
using a wire accompanying the needle. This is done by placing the wire in the tip of the needle and forcing 
the core out of the handle end of the needle. E, The core biopsy is gently rolled across a glass slide using a 
second glass slide. It will subsequently be stained with a routine blood stain such as Wright-Giemsa. F, After 
one or more roll preparations are made, the core is placed in fixative. 

All of the above from Harvey JW. Bone marrow core biopsy. NAVC Clinician’s Brief. 2004;October:32-35.
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ribosomes results in the formation of mature erythrocytes 
with red-staining cytoplasm (see Fig. 8-13, F).

Granulocytic Series
Morphologic changes that occur as cells of the granulocytic 
series undergo maturation include slight diminution in size, 
decrease in N : C ratio, progressive nuclear condensation, 
changes in nuclear shape, and the appearance of cytoplasmic 
granules. The background (i.e., nongranular) cytoplasm’s color 
changes from gray-blue to light blue to nearly colorless in  
the progression from myeloblasts to mature granulocytes  
(see Fig. 8-13).

Myeloblasts
The first recognizable cells in the granulocytic series are called 
myeloblasts. Type I myeloblasts appear as large round cells 
with round to oval nuclei, which are generally centrally located 
in the cell. The N : C ratio is high (greater than 1.5), and the 
nuclear outline is usually regular and smooth (see Fig. 8-13, 
G). Nuclear chromatin is finely stippled, containing one or 
more nucleoli or nucleolar rings. The cytoplasm is generally 
moderately basophilic (gray-blue in color) and not as dark as 
that of rubriblasts. Primary granules begin to form in late 
myeloblasts; consequently some of these cells may contain a 
few (typically less than 15) small magenta-staining granules 
in the cytoplasm. Such cells may be classified as type II myelo-
blasts. Myeloblasts with nucleoli and large numbers of 
magenta-staining granules have been classified as type III 
myeloblasts (Fig. 8-14, A).37

Promyelocytes (Progranulocytes)
Large numbers of magenta-staining primary granules are 
visible within the cytoplasm of promyelocytes, but nucleoli are 
no longer visible (see Fig. 8-13, H). Promyelocytes may be 
somewhat larger than myeloblasts because of their more 
abundant cytoplasm.

Myelocytes
Primary, magenta-staining granules characteristic of promy-
elocytes are no longer visualized in myelocytes; secondary 
granules that characterize neutrophils, eosinophils, and  
basophils appear at this stage. Myelocytes still have round 
nuclei, but they are generally smaller with more nuclear  
condensation and have lighter blue cytoplasm than promyelo-
cytes. It is difficult to visualize the secondary granules  
within neutrophilic myelocytes because of their neutral stain-
ing characteristics (see Fig. 8-13, I). Eosinophilic myelocytes 
and basophilic myelocytes are identified by their characteristic 
granules (see Fig. 8-13, M,Q; Fig. 8-14, B,C). The large sec-
ondary granules in equine eosinophils may appear bluish 
before becoming bright red as the cell matures (see Fig. 8-14, 
B). Eosinophil granules are generally round in animals except 
cats, where they are rod-shaped. Cat basophilic myelocytes are 
also distinctive, having a mixture of dark-purple and light-
lavender round to oval granules that typically fill the cyto-
plasm (see Fig. 8-14, C).

Prorubricytes
When nucleoli are no longer visible and slightly coarser chro-
matin clumping is present, the cell is classified as a prorubri-
cyte (see Fig. 8-13, B). The N : C ratio is generally slightly less 
than in rubriblasts.

Basophilic Rubricytes
The next cell type in the erythroid series is the basophilic 
rubricyte. These cells still have blue cytoplasm but they are 
smaller than prorubricytes, have lower N : C ratios, and have 
nuclear condensation into light and dark areas, giving the 
nucleus a cartwheel appearance (see Fig. 8-13, C).

Polychromatophilic Rubricytes
The combined presence of hemoglobin (red) and ribosomes 
(blue) accounts for the reddish-blue cytoplasm characteristic 
of polychromatophilic rubricytes. They also tend to be smaller 
than basophilic rubricytes and have more nuclear condensa-
tion (see Fig. 8-13, D).

Metarubricytes
The most mature nucleated erythroid cell type is the small 
metarubricyte (see Fig. 8-13, E). Its nucleus is dark (pyknotic), 
with few or no clear areas; its cytoplasm is usually polychro-
matophilic but may be red (normochromic).

Polychromatophilic Erythrocytes (Reticulocytes)
When the metarubricyte nucleus is lost, a reticulocyte is 
formed. Reticulocytes formed from polychromatophilic meta-
rubricytes will appear as polychromatophilic erythrocytes (see 
Fig. 8-13, F). Continued hemoglobin synthesis and loss of 

FIGURE  8-11 
Low-power image of a normal bone marrow core biopsy from a dog. The 
bone marrow core biopsy has been fixed, decalcified, sectioned, and 
stained with hematoxylin and eosin (H&E). Pink-staining trabecular 
bone is present at the bottom. Variably sized unstained circular areas 
indicate where fat was dissolved away during fixation. The large cells 
present are megakaryocytes. 
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Segmented Granulocytes
The final stage in granulocyte development is the segmented 
or mature granulocyte. The nuclear membrane is no longer 
smooth and the nuclear width becomes irregular and seg-
ments into two or more lobes in these cells. The nuclear 
chromatin is moderately to densely clumped, and the back-
ground cytoplasm is often colorless in neutrophils but may 
appear faintly blue or faintly pink (see Fig. 8-13, L). Nuclei 
of eosinophils and basophils are generally less segmented than 
the nuclei of neutrophils, and specific granules can be identi-
fied in their cytoplasm (see Fig. 8-13, P,T ).

Monocytic Series
The monocytic series consists of monoblasts, promonocytes, 
and monocytes. They account for a small percentage of total 
marrow cells and cannot be reliably differentiated from early 

Metamyelocytes
Once nuclear indentation and condensation become readily 
apparent, precursor cells are no longer capable of division. 
Precursors with kidney-shaped nuclei are called metamyelo-
cytes. Nuclei with slight indentations extending less than 25% 
into the nucleus are still classified as myelocytes. Like myelo-
cytes, the granules may be neutrophilic, eosinophilic, or baso-
philic in staining characteristics (see Fig. 8-13, J,N,R).

Band Cells
Cells with thinner rod-shaped nuclei with smooth parallel 
sides are called bands (see Fig. 8-13, K,O,S). No area of the 
nucleus has a diameter less than two-thirds the diameter of 
any other area of the nucleus. Band cell nuclei twist to conform 
to the space within the cytoplasm, and horseshoe or S-shaped 
nuclei are common.

FIGURE  8-12 
Megakaryocyte developmental stages in bone marrow aspirate smears from dogs. A, Megakaryoblast with 
single nucleus (far left), promegakaryocyte with two nuclei (bottom left), promegakaryocyte with four nuclei 
(top right), and a megakaryocytic cell with six nuclei that may be considered intermediate between a promega-
karyocyte and a basophilic megakaryocyte. B, Promegakaryocyte with four nuclei surrounded by smaller 
myeloid and erythroid precursors. C, Basophilic megakaryocyte with blue cytoplasm and multiple fused nuclei. 
D, Mature megakaryocyte with magenta-staining granules in the cytoplasm. Multiple fused nuclei are present. 
All of the above are shown at the same magnification to demonstrate the enlargement that occurs as mega-
karyocytes develop. Wright-Giemsa stain. 
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Macrophages
Macrophages are large cells with abundant cytoplasm and 
nuclei that are round to oval in shape with finely clumped 
chromatin (Fig. 8-16, A). The cytoplasm of macrophages gen-
erally contains vacuoles and phagocytized material such as 
pyknotic nuclear debris, hemosiderin, and, rarely, erythrocytes 
and leukocytes (Fig. 8-16, B). Hemosiderin in macrophages 

granulocytic cells, except for promyelocytes, which have 
numerous magenta-staining granules. Monoblasts resemble 
myeloblasts except that their nuclear shape is irregularly round 
to convoluted in appearance (Fig. 8-15, A). Promonocytes 
are similar in appearance to myelocytes and metamyelocytes 
(Fig. 8-15, B). Monocytes in bone marrow are identical to 
those seen in peripheral blood (Fig. 8-15, C).

FIGURE  8-13 
Maturation of erythroid and granulocytic cells in Wright-Giemsa-stained bone marrow aspirate smears from 
dogs. A, Rubriblast with intensely basophilic cytoplasm. The nucleus has finely clumped chromatin and 
contains at least three circular nucleoli. B, Prorubricyte with intensely basophilic cytoplasm and finely clumped 
nuclear chromatin. Nucleoli are not seen. C, Basophilic rubricyte with blue-staining cytoplasm and coarsely 
clumped nuclear chromatin. D, Polychromatophilic rubricyte with bluish-red (polychromatophilic) cytoplasm 
and coarsely clumped nuclear chromatin. E, Metarubricyte with polychromatophilic cytoplasm and a dark 
pyknotic nucleus. F, Polychromatophilic erythrocyte (reticulocyte) formed after nuclear extrusion (left) and a 
mature erythrocyte (right). G, Myeloblast with blue cytoplasm lacking clearly visible granules. The nucleus 
has finely clumped chromatin and contains three circular nucleoli. H, Promyelocyte with blue cytoplasm 
containing many magenta-staining granules. The nucleus has finely clumped chromatin without visible 
nucleoli. I, Neutrophilic myelocyte with light-blue cytoplasm and a round nucleus exhibiting moderately 
clumped chromatin. Neutrophilic granules do not stain. J, Neutrophilic metamyelocyte with light-blue cyto-
plasm and a kidney-shaped nucleus. K, Band neutrophil with light-pink cytoplasm. L, Mature neutrophil 
with segmented nucleus and nearly colorless cytoplasm. M, Eosinophilic myelocyte with a round nucleus and 
large numbers of eosinophilic granules in the cytoplasm. N, Eosinophilic metamyelocyte with a kidney-shaped 
nucleus and eosinophilic granules in the cytoplasm. O, Band eosinophil with eosinophilic granules in the 
cytoplasm. P, Mature eosinophil. Q, Basophilic myelocyte with a round nucleus and purple granules in the 
cytoplasm. R, Basophilic metamyelocyte with kidney-shaped nucleus and purple granules in the cytoplasm. 
S, Band basophil with purple granules in the cytoplasm. T, Mature basophil with segmented nucleus and 
purple granules in the cytoplasm. Wright-Giemsa stain. 
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low numbers of lymphoblasts and prolymphocytes, as well as 
reactive lymphocytes, may be present (see Fig. 8-16, A).

Plasma Cells
Plasma cells are larger, have a lower N : C ratio, and have 
greater cytoplasmic basophilia than resting lymphocytes. The 
presence of a prominent Golgi apparatus may create a pale 
perinuclear area (Golgi zone) in the cytoplasm (see Fig. 8-18, 
C). They typically have eccentrically located nuclei with coarse 
chromatin clumping in a mosaic pattern. Plasma cells may 

appears gray to black when stained with routine blood stains. 
Although nucleated erythrocyte precursors develop around 
central macrophages in the marrow, these erythroid islands are 
rarely seen in aspirate smears (Fig. 8-17) because they are 
easily disrupted during aspiration and smear preparation.

Lymphocytes
Most bone marrow lymphocytes are small, with morphology 
identical to that seen in blood (Fig. 8-18, A, B). However, 
lymphopoiesis normally occurs in bone marrow; consequently, 

FIGURE  8-14 
Myeloid precursor cells in bone marrow. A, Type III myeloblast from a dog containing numerous magenta-
staining granules in the cytoplasm. Three nucleoli are visible within the nucleus. B, Eosinophilic myelocyte 
from a horse with a round nucleus and many large round granules in the cytoplasm. The granules stain bluish 
rather than having the bright red color that is characteristic of mature eosinophils. C, Basophilic myelocyte 
from a cat with a round nucleus and a mixture of purple and light lavender granules in the cytoplasm. Wright-
Giemsa stain. 
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FIGURE  8-15 
Monocyte development in dog bone marrow. A, Monoblast with basophilic cytoplasm and kidney-shaped 
nucleus containing nucleoli. B, Presumptive promonocyte with convoluted nucleus and basophilic cytoplasm. 
C, Monocyte with convoluted nucleus and lighter-blue cytoplasm. Wright-Giemsa stain. 
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rarely contain bluish or sometimes pinkish inclusions (Russell 
bodies) within the cytoplasm. These inclusions are usually 
round (see Fig. 8-18, D, E), but they may be needle-like 
(see Fig. 8-18, F) or appear to coalesce, filling the cytoplasm 
with material (see Fig. 8-18, G). These inclusions are com-
posed of dilated rough endoplasmic reticulum containing 

FIGURE  8-16 
Macrophages in bone marrow aspirates from dogs. A, Foamy macrophage containing a lysed, phagocytized 
erythrocyte in the cytoplasm (left), prolymphocyte or possible lymphoblast with a single nucleolus in the 
nucleus (bottom right), and prorubricyte (top right). B, Macrophage exhibiting erythrophagocytosis. The cyto-
plasm also contains nuclear debris and gray-staining material consistent with hemosiderin. Wright-Giemsa 
stain. 

BA

FIGURE  8-17 
Erythroid islands in bone marrow aspirate smears. A, Erythroid island in bone marrow aspirate from a cat. 
A central macrophage with phagocytized material is surrounded by developing nucleated erythroid cells. Pale 
spots in some erythrocytes are Heinz bodies. Wright-Giemsa stain. B, Erythroid island in bone marrow 
aspirate from a dog. A central macrophage with phagocytized red-staining nuclear material is surrounded by 
developing nucleated erythroid cells. The cytoplasm of the macrophage stains dark blue, indicating the pres-
ence of large amounts of hemosiderin. Prussian blue stain. 

BA

immunoglobulin and other glycoproteins.18,36 This appears to 
result from a defect in processing or transport of these pro-
teins.18 Plasma cells filled with Russell bodies have been called 
Mott cells. The cytoplasm of some plasma cells may stain 
reddish, especially at the periphery of the cell. These plasma 
cells have been called flame cells (see Fig. 8-18, H).2,82
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Osteoclasts
Osteoclasts are multinucleated giant cells that phagocytize 
bone. They may be confused with megakaryocytes; however, 
the nuclei present in osteoclasts are clearly separate (Fig. 8-19, 
A), in contrast to the fused nuclear material present in mega-
karyocytes. The cytoplasm stains blue and often contains vari-
ably sized magenta-staining granular material associated with 
the removal and digestion of bone (Fig. 8-19, B). Osteoclasts 
are rarely seen in marrow aspirates from adult animals, but 
they may be present in disorders in which lysis of bone is 
increased, such as the hypercalcemia of malignancy.49 When 
observed in histologic sections, they are located near bony 
surfaces (Fig. 8-20, A). Osteoclasts are consistently found in 
aspirates or in core biopsies from young growing animals in 
which bone remodeling is active (Fig. 8-20, B).

Osteoblasts
Osteoblasts are relatively large cells with eccentric nuclei  
and foamy basophilic cytoplasm (Fig. 8-21, A,B). A clear 

area (Golgi zone) may be visible in the central part of the 
cytoplasm. Superficially, osteoblasts appear similar to  
plasma cells, but they are larger and have less-condensed 
nuclear chromatin. Osteoblast nuclei are round to oval in 
shape, have reticular chromatin, and may have one or  
two nucleoli. Osteoblasts generally occur in groups  
lining trabecular surfaces (see Fig. 8-20, A,B) and tend to 
remain in small groups when present in aspirate smears (see 
Fig. 8-21, A,B).

Mitotic Figures
The bone marrow is actively producing new blood cells at all 
times, but mitosis itself is a brief part of the cell cycle. Con-
sequently mitotic cells normally account for less than 2% of 
all nucleated cells in bone marrow (Figs. 8-18, B; 8-22, A,B). 
The origin of some mitotic cells may be identified by the 
characteristics of the cytoplasm—for example, the presence of 
hemoglobin or granules (see Fig. 8-22, A, B).

A B C D

FIGURE  8-18  Lymphocytes and plasma cells from bone marrow aspirate smears from dogs

A, Small lymphocyte. B, Large granular lymphocyte (bottom left) and mitotic, polychromatophilic rubricyte 
(top right). C, Three plasma cells with voluminous, deeply basophilic cytoplasm, eccentric nuclei, and pale 
Golgi zones in their cytoplasm. The nuclei exhibit coarse chromatin clumping in a mosaic pattern. This image 
is of lower magnification than the other images in this figure. D, A plasma cell containing large numbers of 
small bluish inclusions (Russell bodies) within the cytoplasm. 

E F G H

E, A plasma cell containing large bluish inclusions (Russell bodies) within the cytoplasm. F, A plasma cell 
with cytoplasm filled with blue-staining needle-like inclusions. G, A plasma cell with cytoplasm filled with 
turquoise-staining material. H, A plasma cell with cytoplasm that stained red at the periphery (flame cell). 
Wright-Giemsa stain. 
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FIGURE  8-19 
Osteoclasts in bone marrow from dogs. A, Multinucleated osteoclast in bone marrow aspirate. B, Multinucle-
ated osteoclast in bone marrow aspirate. Wright-Giemsa stain. 

BA

FIGURE  8-20 
Osteoclasts and osteoblasts in bone marrow histopathology sections from dogs. A, Osteoclast (multinucleated 
cell on right) and osteoblasts (line of adjacent cells on left) along trabecular bone in a core bone marrow biopsy 
from a dog with generalized marrow hypoplasia secondary to severe chronic ehrlichiosis. B, Large multinucle-
ated osteoclasts (right, top left and top center) and many osteoblasts lining the trabeculae in a young growing 
dog with ongoing ossification and bone remodeling. Bone and osteoid at the periphery of the trabeculae are 
pink, while the remaining central cartilage is pale. Decalcified bone, H&E stain. 

B, Courtesy of Rose E. Raskin.

BA

Miscellaneous Cells and Free Nuclei
Vascular and connective tissue cells are usually ruptured 
during aspiration and smear preparation, although low 
numbers of intact cells may occasionally be seen (Fig. 8-23, 
A,B). Stromal cells are more obvious in aplastic bone marrow 
aspirates in which normal blood cell precursors are markedly 

reduced or absent (Fig. 8-24). Ruptured stromal cells account 
for some of the free nuclei found in bone marrow smears (see 
Fig. 8-22, C-E). Free nuclei also come from various other 
bone marrow cells, especially in smears made from clotted 
marrow, in thin smears, or in thin areas of smears where  
excess forces have destroyed the cells. Free nuclei from 
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FIGURE  8-21 
Clusters of osteoblasts in bone marrow aspirates from dogs. A, Five osteoblasts with eccentric nuclei and 
voluminous cytoplasm. B, Large clump of osteoblasts with eccentric nuclei and voluminous cytoplasm. 
Wright-Giemsa stain. 

BA

A B C

D E F

FIGURE  8-22 
Mitotic cells, free nuclei, and a mast cell in bone marrow aspirates from dogs. A, Mitotic polychromatophilic 
rubricyte. B, Mitotic promyelocyte with numerous magenta-staining granules. C, Partially ruptured cell 
demonstrating the appearance of free nuclear material (top right). D, Reddish staining material is a free nucleus 
with some open spaces. The blue inclusion is a nucleolus. E, Reddish staining material is a free nucleus in 
which the chromatin is dispersed in a lacelike manner. This appearance has been called a basket cell even 
though it has no cytoplasm. F, Mast cell with round eccentric nucleus (left part of cell) and purple granules in 
the cytoplasm. Wright-Giemsa stain. 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


250	 VeterINarY	heMatOLOGY

FIGURE  8-23 
Stromal cells in bone marrow aspirate smears from dogs. A, Spindle-shaped stromal cells with “wispy” cyto-
plasm. B, An elongated stromal cell with “wispy” cytoplasm (left), a type III myeloblast with magenta-staining 
cytoplasmic granules and a single nucleolus in the nucleus (center), a band neutrophil (right), and a plasma 
cell (bottom). Wright-Giemsa stain. 

BA

FIGURE  8-24 
Residual stroma with three plasma cells (below and left of center) in bone 
marrow from a dog with aplastic anemia secondary to severe chronic 
ehrlichiosis. Variably sized unstained circular areas indicate where fat was 
dissolved away during alcohol fixation. The black-staining material is 
hemosiderin. Wright-Giemsa stain. 

metarubricytes have been called hematogones. The term basket 
cell has been used to refer to free nuclei in which the chroma-
tin is dispersed in a lacelike manner (see Fig. 8-22, E).

Adipocytes vary in size and number in bone marrow. 
Although normal marrow contains many adipocytes, these 
cells readily rupture during sample collection and smear prep-
aration. Adipocytes appear as large vacuoles in marrow par-
ticles after the fat has been removed during smear fixation (see 
Figs. 8-8, 8-11).

Mast-cell precursors are produced in the bone marrow, but 
mature mast cells are seldom seen in normal bone marrow.11 
Mast cells are round cells with round nuclei. They typically 
have large numbers of purple granules in the cytoplasm (see 
Fig.8-22, F).

O RG A N I Z ED  A P P ROAC H  T O 
B O N E  M A R ROW  EVA LUAT I O N

Smears and core biopsy sections should be scanned with low-
power objectives to gain an appreciation of the overall cellu-
larity and determine the adequacy of megakaryocyte numbers. 
Normal marrow appears heterogeneous. If some or all of a 
marrow smear or core section appears homogeneous, an 
abnormal population of cells is probably present. Regional 
infiltrates of neoplastic cells are more easily appreciated in 
core sections than in aspirate smears.

As a general rule, erythroid precursors are smaller, have 
more nearly spherical nuclei with more condensed nuclear 
chromatin, and have darker cytoplasm than do granulocyte 
precursors at similar maturational stages. Consequently 
smaller and darker cells, observed by scanning marrow smears 
at low power, are usually erythroid precursors unless lympho-
cytes are increased in numbers, and the larger, paler cells are 
usually granulocyte precursors. Identification of specific cell 
types is more difficult in core biopsy sections compared with 
aspirate smears; consequently sections may be stained with 
Giemsa and periodic acid-Schiff (PAS) in addition to H&E 
in an attempt to identify the cell types present.

Complete 500-cell differential cell counts from several 
normal domestic animal species are given in Table 8-1 to 
provide information concerning the normal distribution of 
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cells. The time required to perform such counts (up to 1 hour) 
precludes their use in clinical practice. Either a modified dif-
ferential count is performed or mental estimates concerning 
the distribution of cells may be made. Because veterinary 
students and residents are trained in our laboratory and infor-
mation from our cases may be published, we routinely perform 
a modified differential, as shown in Appendix 1. Others may 
categorize cells into groups and use the values to calculate an 
erythroid maturation index (EMI) and myeloid maturation 
index (MMI).33 Trained professionals, who regularly examine 
bone marrow aspirate smears, typically examine the bone 
marrow in a systematic manner, make a number of judgments 
based on their knowledge of the normal appearance of bone 
marrow, and record their finding in narrative form as pre-
sented here.

Cellularity
The cellularity of bone marrow is estimated by examining the 
proportion of cells versus fat present in particles. Normal cel-
lularity varies between 25% and 75% cells, depending on the 
age of the animal (Fig. 8-25, A,B).32 If the particles are com-
posed of more than 75% cells, the marrow is interpreted as 
hypercellular (Fig. 8-26, A,B), and if the particles are com-
posed of more than 75% fat, the marrow is interpreted as 
hypocellular (Fig. 8-27, A,B). Unfortunately the cellularity of 
the marrow is not uniform. Some marrow particles may have 
normal or high cellularity (Fig. 8-28, A) and others may have 
low cellularity (Fig. 8-28, B) in the same aspirate smear, 
because of patchy differences in cellularity (Fig. 8-29). Obvi-
ously the more particles one can evaluate, the more likely it 

will be that the estimate of overall marrow cellularity will be 
accurate. If few or no particles are present on smears, it is not 
possible to accurately estimate the marrow cellularity.

The overall cellularity of bone marrow decreases with age 
because of a loss of skeletal bone mass, resulting in increased 
marrow space.57,66,81 The marrow is highly cellular in young 
growing animals, where cells must be produced not only to 
compensate for normal cell turnover, but also to respond to 
growth of the cardiovascular system. Marrow cellularity 
decreases with age because the ratio of bone marrow space to 
blood volume increases.

Marrow can become hypercellular when one or more cell 
types exhibit increased proliferation in response to peripheral 
needs, as occurs in response to anemia (erythroid hyperplasia) 
or purulent inflammation (granulocytic hyperplasia). The 
marrow may also become hypercellular secondary to dysplastic 
or neoplastic proliferations of marrow cells or from infiltration 
of neoplastic cells from peripheral tissues (e.g., a metastatic 
lymphoma). Defects in either the progenitor cells or the  
bone marrow microenvironment necessary for their survival 
and proliferation can result in hypocellular marrow (Fig. 
8-27, A,B).

Megakaryocytes
The frequency and morphology of megakaryocytes should  
be evaluated by scanning areas of aspirate smears containing 
particles at low power using a 10× objective. Most large 
particles should have several associated megakaryocytes (Fig. 
8-30), and normally 80% to 90% of megakaryocytes are of the 
granular, mature type.45 Megakaryocytes are not evenly 

Cell Type Dogs (n = 6 ) Cats (n = 7)a Horses (n = 4)a Cattle (n = 3)a

Myeloblast 0.4-1.1 0-0.4 0.3-1.5 0-0.2
Promyelocyte 1.1-2.3 0-3.0 1.0-1.9 0-1.4
Neutrophilic myelocyte 3.1-6.1 0.6-8.0 1.9-3.2 2.8-3.4
Neutrophilic metamyelocyte 5.3-8.8 4.4-13.2 2.1-7.3 2.8-6.2
Neutrophilic band 12.7-17.2 12.8-16.6 6.8-14.7 4.6-8.4
Neutrophil 13.8-24.2 6.8-22.0 9.6-21.0 11.2-22.6
Total eosinophilic cells 1.8-5.6 0.8-3.2 2.8-6.8 2.8-3.8
Total basophilic cells 0-0.8 0-0.4 0-1.5 0-1.0
Rubriblast 0.2-1.1 0-0.8 0.6-1.1 0-0.2
Prorubricyte 0.9-2.2 0-1.6 1.0-2.0 0.4-1.2
Basophilic rubricyte 3.7-10.0 1.6-6.2 4.5-11.1 4.8-8.4
Polychromatophilic rubricyte 15.5-25.1 8.6-23.2 14.7-26.0 23.0-36.4
Metarubricyte 9.2-16.4 1.0-10.4 11.4-19.7 9.2-16.8
M : E ratio 0.9-1.76 1.21-2.16 0.52-1.45 0.61-0.97
Lymphocytes 1.7-4.9 11.6-21.6 1.8-6.7 3.6-6.0
Plasma cells 0.6-2.4 0.2-1.8 0.2-1.8 0.2-1.2
Monocytes 0.4-2.0 0.2-1.6 0-1.0 0.4-2.2
Macrophages 0-0.4 0-0.2 0 0-0.8

n = Number of animals evaluated.

Table 8-1
Bone Marrow Differential Cell Counts in Some Domestic Animal Species

aValues for cats, horses and cattle from Jain, 1993.36

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


252	 VeterINarY	heMatOLOGY

FIGURE  8-26 
Increased cellularity in bone marrow from a horse with hemolytic anemia which may have been secondary to 
a lymphoid neoplasm. A, The increased cellularity visible in an aspirate smear resulted primarily from erythroid 
hyperplasia. The M : E ratio was 0.16. Wright-Giemsa stain. B, Bone marrow section from a core biopsy col-
lected from the same horse as the aspirate shown in (A). The large cell near the center is a megakaryocyte. 
Clear areas indicate that a small amount of fat was present. Low magnification with H&E stain. 

BA

FIGURE  8-25 
Normal cellularity in bone marrow from a horse. A, Bone marrow aspirate smear from a horse. No mega-
karyocytes are visible in this field. The unstained circular areas represent adipocytes dissolved away during 
alcohol fixation. Wright-Giemsa stain. B, Bone marrow section from a core biopsy collected from the same 
horse as the aspirate shown in (A). The unstained circular areas represent adipocytes dissolved away during 
fixation. Low magnification with H&E stain. 

BA

distributed in bone marrow; consequently it is difficult to 
estimate megakaryocyte numbers accurately in bone marrow 
aspirate smears. Multiple fields containing particles should be 
scanned to determine an average number of megakaryocytes 
per field. Examination of between 20 and 25 fields is required 
to achieve a coefficient of variation of 20%. According to one 
study, if less than 5 megakaryocytes are seen per low-power 
field using the 10× objective, megakaryocyte numbers are 
considered low. If 5 to 15 megakaryocytes are seen per 

low-power field, megakaryocyte numbers are likely normal; 
and if greater than 15 are seen per low-power field, mega-
karyocyte numbers are considered increased.45 Others have 
suggested slightly different reference values, with less than 3 
megakaryocytes per low-power field suggesting megakaryo-
cytic hypoplasia and more than 10 to 20 megakaryocytes per 
low-power field suggesting megakaryocytic hyperplasia.30 
These guidelines apply only for particle-rich marrow aspirates 
because megakaryocytes tend to be associated with particles 
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FIGURE  8-27 
Low cellularity in bone marrow from a cat with aplastic anemia. A, Low cellularity in a bone marrow aspirate 
smear consisting primarily of stromal cells and fat, from a cat with an aplastic anemia following chemotherapy 
for an ocular lymphoma. Wright-Giemsa stain. B, Low cellularity in a bone marrow core biopsy section col-
lected from the same cat as the aspirate shown in (A). The red-staining material is trabecular bone. Low 
magnification with H&E stain. 

A B

FIGURE  8-28 
Variable cellularity in a bone marrow aspirate smear from a dog with Ehrlichia canis infection. A, High cel-
lularity in one large marrow particle. B, Low cellularity in a different particle present in the same bone marrow 
aspirate smear as shown in (A). Wright-Giemsa stain. 

A B

FIGURE  8-30 
Five megakaryocytes are visible in a bone marrow aspirate particle from 
a dog. Wright-Giemsa stain. 

FIGURE  8-29 
Variable cellularity in a section from a bone marrow core biopsy collected 
from the same dog as the aspirate particles shown in Figure 8-28 (A) 
and (B). H&E stain. 
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basophilic series should be recorded. An increase in one or 
both of these cell lines is usually associated with inflammatory 
conditions that result in increased numbers of eosinophils or 
basophils in blood and/or tissues. They may also be increased 
in association with some myeloid neoplasms.

Myeloid-to-Erythroid Ratio
A myeloid-to-erythroid (M : E) ratio (also referred to as a 
granulocytic-to-erythroid ratio) is calculated by examining 
500 cells and dividing the number of granulocytic cells, 
including mature granulocytes, by the number of nucleated 
erythroid cells. Alternatively, this ratio may be estimated by 
experienced professionals. Normal M : E ratios in some 
domestic animals are given in Table 8-2. Dilution of a bone 
marrow aspirate with blood can result in a falsely high M : E 
ratio, especially if a substantial neutrophilia is present in blood.

Lymphocytes
Specific comments are in order regarding the number and 
morphology of lymphocytes. Small lymphocytes generally 
account for less than 10% of all nucleated cells in normal 
animals, but they may reach 14% in some healthy dogs33,52 and 
20% in some healthy cats.36,66 Low numbers of lymphoblasts 
and prolymphocytes may be present, but they are difficult to 
differentiate from rubriblasts and prorubricytes. Small lym-
phoid follicles may be present in both normal and diseased 
animals examined by histopathology.9,69

Increased numbers of mature lymphocytes may be seen in 
bone marrow from animals with chronic lymphocytic leuke-
mia (CLL), and increased numbers of small lymphocytes have 
been reported in the bone marrow of cats and dogs with 
erythroid aplasia and immune-mediated nonregenerative 
hemolytic anemia.54,63,71,76 Increased numbers of small lym-
phocytes have also been reported in cats with a thymoma or 
cholangiohepatitis.71 Lymphocytes in the bone marrow from 
cats with CLL tended to be somewhat larger, with cleaved or 
lobulated nuclei, compared with lymphocytes in bone marrow 
from cats with a reactive lymphocytosis. When examined by 
histopathology, lymphocytes tended to organize into lym-
phoid aggregates (primarily B lymphocytes) in cats with a 
reactive lymphocytosis. In contrast, proliferating lymphocytes 

in aspirate smears. Megakaryocyte numbers will be lower in 
marrow aspirates of poor quality. Abnormal megakaryocyte 
morphology (e.g., increased numbers of promegakaryocytes or 
the presence of dwarf megakaryocytes) should be noted when 
present.

Erythroid Cells
The maturation and morphology of the erythroid series should 
be evaluated to determine if it is complete (frequent polychro-
matophilic erythrocytes should be present) and orderly. There 
is generally a progressive increase in numbers with each stage 
of development, from low numbers of rubriblasts (generally 
less than 1%) to high numbers of polychromatophilic rubri-
cytes, which may account for one quarter of all nucleated cells 
in the bone marrow.36 Metarubricytes are numerous but gen-
erally not as numerous as polychromatophilic rubricytes.

Rubriblasts and prorubricytes usually do not exceed 5% of 
all nucleated cells. If the proportion of these immature cells 
is increased, this finding should be noted. An increase in 
mature as well as immature cells of the erythroid series is 
expected in response to anemia. If immature erythroid cells 
are increased and later stages are not, it suggests that a pro-
liferative abnormality is present. Additional abnormal mor-
phologic findings that should be recorded include megaloblastic 
cells, frequent binucleated cells, and pleomorphic nuclei.

Because reticulocytes are rarely released into blood in 
response to anemia in horses, reticulocyte counts can be done 
in bone marrow aspirates from horses to assist in the differ-
ential diagnosis of anemia. Greater than 5% reticulocytes sug-
gests a regenerative response to anemia.58

Granulocytic Cells
The distribution of granulocytic cells should be evaluated to 
determine whether the series is complete (i.e., a normal 
number of mature granulocytes are present) and orderly. There 
is generally a progressive increase in numbers with each stage 
of development, from low numbers of myeloblasts (often less 
than 1%) to high numbers of mature neutrophils, which may 
account for nearly one-quarter of all nucleated cells in the 
bone marrow.36 Myeloblasts and promyelocytes generally do 
not exceed 5% of all nucleated cells. If the proportion of these 
immature cells is increased, this finding should be noted.  
An increase in mature as well as immature cells of the  
myeloid series is expected in inflammatory disorders resulting 
in granulocytic hyperplasia. If immature granulocytic cells  
are increased and later stages are not, it indicates that either 
more mature cells have been depleted in the marrow granu-
locyte pool, as occurs in acute inflammation, or that a prolif-
erative abnormality is present.59 Morphologic abnormalities 
such as large cell size and vacuolated cytoplasm should be 
reported.

Total eosinophilic cells usually account for less than 6% of 
all nucleated cells in the marrow, with basophilic precursors 
generally accounting for less than 1% of all nucleated cells. 
Higher numbers of eosinophilic cells have been reported in 
llamas.3 The increased representation of the eosinophilic or 

Species Range Mean
Dog 0.75-2.53 1.25
Cat 1.21-2.16 1.63
Horse 0.50-1.50 0.93
Cow 0.31-1.85 0.71
Sheep 0.77-1.68 1.09
Pig 0.73-2.81 1.77

Values from Jain, 1993.36

Table 8-2
Normal Myeloid-to-Erythroid Ratios in Some 
Domestic Animal Species
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be seen in association with immune-mediated neutropenia or 
when increased marrow apoptosis is present, as occurs in 
myeloid neoplasms.8,56 Phagocytized leukocytes may also be 
seen with the hemophagocytic syndrome.75 Macrophages may 
contain phagocytized cellular debris in response to marrow 
necrosis.20,61,70 Macrophages can phagocytize damaged or 
dead cells not coated with antibody or complement because 
of the presence of scavenger receptors on their surfaces that 
are capable of recognizing altered carbohydrate and/or phos-
pholipid moieties.64

Other Cell Types
Comments should always be made concerning the cell types 
listed above, if only to report that they are present in normal 
numbers with normal morphology. Comments are generally 
made only concerning cell types listed below when they are 
present in increased numbers.

Mitotic figures are increased when the proportion of cells 
undergoing replication in the bone marrow is increased. 
Mitotic figures may be somewhat increased in myeloid or 
erythroid hyperplasia, but they are more consistently  
increased in acute myeloid and acute lymphoblastic leukemias.  
Dramatically increased numbers of mitotic erythroid cells 
occur within the first few hours after the administration of 
vincristine (Fig. 8-31),1 and increased numbers of mitotic 
figures have been reported in animals with congenital 
dyserythropoiesis.34,62

Osteoclasts and osteoblasts are commonly seen in bone 
marrow aspirates of young growing animals but are rarely  
seen in normal adult animals. Increased numbers of osteo-
clasts and osteoblasts may be seen in adult animals when  
bone remodeling is increased, as in disorders with increased 
parathyroid concentrations, and in association with 
osteosarcomas.16,43

(predominantly T lymphocytes) were diffusely distributed in 
the bone marrow of cats with a thymoma and cats and dogs 
with CLL.54,71

Increased numbers of prolymphocytes and/or lympho-
blasts suggest the presence of either acute lymphoblastic leu-
kemia or a metastatic lymphoma.54 Glucocorticoid treatment 
results in the movement of recirculating lymphocytes from 
blood to bone marrow,7,19 but the percentage of lymphocytes 
in the marrow does not appear to increase,19,38 possibly because 
glucocorticoids can concomitantly decrease the population  
of proliferating lymphocytes normally present within the 
marrow.19

Plasma Cells
Plasma cells tend to be concentrated within particles on bone 
marrow smears. This uneven distribution prevents accurate 
counting. They are generally present in low numbers (less than 
2% of all nucleated cells).32 When plasma cells exceed 3% of 
total nucleated cells, they are considered to be increased. In 
addition to multiple myeloma,51,73 increased numbers of 
plasma cells can occur in the bone marrow in dogs and cats 
with immune-mediated hemolytic anemia, immune-mediated 
thrombocytopenia, and erythroid aplasia.72,76 Plasma cells are 
also increased in bone marrow in response to some infectious 
agents, including E. canis and visceral leishmaniasis (as high 
as 25% plasma cells) in dogs and feline infectious peritonitis 
in cats.6,40 Increased plasma cells have been reported in rare 
cases of myelodysplasia in dogs.79 Increased percentages of 
plasma cells have been described associated with estrogen-
induced marrow damage in dogs28; however, it is unclear if the 
number of plasma cells is truly increased or if the percentage 
is only increased relative to the decreased number of hemato-
poietic cells.

Mononuclear Phagocytes
Monocytes and their precursors comprise a small portion  
(less than 3%) of bone marrow cells. They are difficult to dif-
ferentiate from early granulocytic cells. Increased numbers of 
monocyte precursors may be present in response to inflam-
matory conditions, but the occurrence of high numbers of 
monoblasts indicates that a myeloid neoplasm is present.

Macrophages generally do not exceed 1% of total nucleated 
cells in the bone marrow of normal animals. Macrophages 
may be increased in the bone marrow with necrotic, granulo-
matous inflammatory, and neoplastic (histiocytic sarcoma) 
conditions.24,46,70,77 Infectious agents may be present within 
macrophages in conditions such as leishmaniasis, histoplas-
mosis, mycobacteriosis, and cytauxzoonosis.14,15,22,30

Prominent phagocytosis of nucleated and/or anucleated 
erythrocytes by macrophages may occur in association with 
primary or secondary immune-mediated anemias,76 blood 
parasites (e.g., Babesia, Cytauxzoon, Leishmania, Trypanosoma, 
and hemoplasma species),22,30,42 hemophagocytic histiocytic 
sarcoma,24,46 the hemophagocytic syndrome,68,75 following 
blood transfusion,30 and in acquired and congenital dyseryth-
ropoiesis.13,34,80 Prominent leukophagocytosis is rare but may 

FIGURE  8-31 
Four mitotic polychromatophilic erythroid cells are present in bone 
marrow from a dog 6 hours after an intravenous vincristine treatment. 
The largest cell in the center is an eosinophilic metamyelocyte. Wright-
Giemsa stain. 
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FIGURE  8-33 
Lack of stainable iron (hemosiderin) in a bone marrow aspirate from a 
dog with chronic iron-deficiency anemia. Two megakaryocytes are visible 
in the upper portion of the image. Prussian blue stain. 

FIGURE  8-32 
Bone marrow aspirate from a dog demonstrating the appearance of hemosiderin with Wright-Giemsa and 
Prussian blue stains. A, Hemosiderin is visible as black globules in the bottom right. A mature megakaryocyte 
is present at the left edge. Wright-Giemsa stain. B, Hemosiderin is visible as blue-staining material. A mature 
megakaryocyte is present at the left edge. Prussian blue stain. 

BA

Mast cells are rarely seen in the bone marrow from normal 
domestic animals, but they may occur in dogs with aplastic 
anemia of various etiologies.11,48,67 They may also be present 
in some inflammatory conditions. The administration of 
interleukin-3 and interleukin-6 together, but neither factor 
alone, results in marrow mast-cell development in rats.60 Mast 
cells may also occur in the marrow of animals with metastatic 
mast cell tumors.44,50 Bone marrow involvement is especially 
likely in noncutaneous systemic mastocytosis, as occurs most 
frequently in cats.17,27,39,41,50

Increased numbers of reticular stromal cells suggest that 
stromal hyperplasia and/or myelofibrosis is present. A core 
biopsy is essential to confirm these suspicions.

Metastatic cells from nonhematopoietic sarcomas or car-
cinomas are rarely recognized in bone marrow biopsies but 
should be reported when present.73

Stainable Iron
Hemosiderin appears gray to black when stained with routine 
blood stains. It may be seen within macrophages or as free 
material from ruptured macrophages (Fig. 8-32, A). The 
Prussian blue stain is used to evaluate bone marrow hemosid-
erin stores. Smears may be sent to a commercial laboratory 
for this stain, or a stain kit can be purchased and applied 
in-house (Harleco Ferric Iron Histochemical Reaction Set, 
#6498693, EM Diagnostic Systems, Gibbstown, NJ). When 
this stain is applied, iron-positive material stains blue, in con-
trast to the dark pink color of the cells and background (Fig. 
8-32, B). Stainable iron is easily found in normal marrow 
aspirates from most domestic mammals including llamas as 
long as particles are present.3 Using the Prussian blue stain, a 
good-quality marrow aspirate smear with at least nine parti-
cles has been recommended to adequately access marrow 
hemosiderin stores in macrophages.35

Determination of stainable iron in bone marrow is used as 
a measure of total body iron stores. 10,23 A lack of stainable 
iron is consistent with iron deficiency (Fig. 8-33); however, 
negative iron staining is not necessarily predictive of iron 
deficiency.26 Cats normally lack stainable iron in their 
marrow.9,31 Stainable iron may be absent in dogs and humans 
with polycythemia vera.65,69 In addition, some cattle (espe-
cially younger animals) lack stainable iron in the marrow even 
though marrow iron can be demonstrated by a chemical 
assay.10 Cattle that lack stainable iron generally have lower 
marrow iron concentrations when these are measured chemi-
cally than cattle with a positive iron stain. Similarly, recently 
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FIGURE  8-34 
A large amount of stainable iron (blue-staining material) is present in a 
bone marrow aspirate from a normal aged horse. Prussian blue stain. 

FIGURE  8-35 
Increased stainable iron (blue-staining material) in a bone marrow aspi-
rate from a dog with a hemolytic anemia. Prussian blue stain. 

FIGURE  8-36 
Generalized hypercellularity with increased hemosiderin in bone marrow from a cat with myelodysplastic 
syndrome (MDS). A, Aspirate smear of bone marrow from a cat with MDS. A left shift in both granulocytic 
and erythroid series is present. Wright-Giemsa stain. B, Postmortem bone marrow section from the same cat 
with MDS as presented in (A). Several megakaryocytes are present in the central area and in the lower left 
of the image. H&E stain. C, Prominent stainable iron (blue-staining material) in a postmortem bone marrow 
section collected from the same cat with MDS presented in (A) and (B). Prussian blue stain. 
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weaned dogs have little or no stainable iron in their marrow, 
presumably reflecting low iron stores at the end of the nursing 
period.25 Stainable iron in the marrow tends to increase with 
advancing age in humans, dogs, horses, and cattle.10,23,33 This 
phenomenon appears to be especially prominent in old horses, 
which can have marked amounts of stainable iron present in 
the bone marrow (Fig. 8-34). Stainable iron in bone marrow 
is generally increased in animals with hemolytic anemia  
(Fig. 8-35) and dyserythropoiesis, in which phagocytosis of 
erythroid cells is increased,13,34,62,78 and in animals with 
anemia resulting from decreased erythrocyte production, 
including the anemia of inflammatory disease.21 The presence 
of stainable iron is considered an abnormal finding in cats and 
may be detected in some animals with myeloid neoplasms 
(Fig. 8-36, A-C), hemolytic anemias, or after blood 
transfusions.9,31,63

Interpretation
The final step in evaluating a bone marrow aspirate is to 
provide an interpretation of the cytologic findings in light of 
the history, clinical findings, CBC, and results from other 
diagnostic tests and procedures. For example, a high M : E 
ratio could indicate the presence of either increased granulo-
cytic cells or decreased erythroid cells. Examination of CBC 
results from blood collected at the same time, as well as an 
estimate of the overall cellularity, usually allows the correct 
interpretation to be made. Bone marrow examination gener-
ally provides information concerning the pathogenesis of 
abnormalities recognized in blood, and sometimes a specific 
diagnosis can be made.
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G EN ER A LI Z ED  I N C R E A S E S  I N 
H EM AT O P O I E T I C  C ELL S

The marrow is highly cellular in young growing animals 
because cells must be produced in response to the growth  
of the cardiovascular system, as well as to compensate for 
normal cell turnover. Marrow cellularity decreases with age 
because the ratio of bone marrow space to blood volume 
increases.

Bone marrow is generally considered to be hypercellular 
when more than 75% of the space consists of hematopoietic 
cells.168 This estimate is easily performed in core bone marrow 
biopsy specimens, but is more challenging in bone marrow 
aspirate smears that have variable amounts of blood contami-
nation. In aspirate smears, the cellularity is generally deter-
mined by examining as many marrow particles (spicules) as 
possible and estimating the area occupied by cells versus the 
area occupied by fat.

Marrow can become hypercellular when one or more cell 
lines exhibit increased proliferation in response to peripheral 
needs or demands. For example, both erythrocytic and granu-
locytic cell lines may be increased in immune-mediated 
hemolytic anemia (IMHA) in dogs, in which animals often 
exhibit a regenerative anemia with accompanying leukocytosis 
and left shift.409 Megakaryocytic hyperplasia can occur if 
immune-mediated thrombocytopenia (IMT) is present. In a 
retrospective study of dogs, panhyperplasia of bone marrow 
was observed most frequently in association with mast cell 
tumors, lymphomas, and blood loss anemia.508 Hypercellular-
ity was exhibited in bone marrow from a dog that had blood-
loss iron deficiency anemia with an associated thrombocytosis 
(Fig. 9-1) and from a dog that had inherited erythrocyte 
phosphofructokinase deficiency with an accompanying neu-
trophilia (Fig. 9-2). Panhyperplasia has been reported in the 
bone marrow of cats with IMHA, IMT, and feline leukemia 
virus (FeLV)-associated anemia.507 Although rare, generalized 
marrow hyperplasia may occur in response to cytopenias in 
blood resulting from hypersplenism.423,523 Generalized hyper-
cellular marrow may be present in some animals with myelo-
dysplastic disorders, but abnormalities in cell morphology 

and/or distributions are present (see Fig. 8-36, A-C). Primary 
erythrocytosis (polycythemia vera) may sometimes exhibit a 
generalized marrow hyperplasia.231,500

G EN ER A LI Z ED  D E C R E A S E S  I N 
H EM AT O P O I E T I C  C ELL S
Hypocellular/Aplastic Bone Marrow
Bone marrow is generally considered to be hypocellular when 
less than 25% of the space consists of hematopoietic cells.168 
This estimate is easily performed in core bone marrow biopsy 
specimens but is more challenging in bone marrow aspirate 
smears that have variable amounts of blood contamination.  
In aspirate smears, the cellularity is generally determined  
by examining as many marrow particles as possible and esti-
mating the area occupied by hematopoietic cells versus the 
area occupied by fat. However, it should be recognized that 
fat may not have replaced hematopoietic cells in some  
disorders, including acute marrow injury with necrosis and 
edema, gelatinous transformation of bone marrow, and 
myelofibrosis.

When all hematopoietic cell types—erythrocytic, granulo-
cytic, and megakaryocytic—are markedly reduced or absent, 
the marrow is said to be aplastic; anemic animals with general-
ized marrow aplasia are said to have an aplastic anemia (Fig. 
9-3, A,B). Stromal cells (adipocytes, reticular cells, endothelial 
cells, and macrophages), plasma cells, and some lymphocytes 
are still present in aplastic bone marrow samples (Fig. 9-3, C). 
Macrophages typically contain increased amounts of hemo-
siderin because storage iron is not utilized for erythrocyte 
production (Fig. 9-3, C,D). Mast cells may also be present 
in moderate numbers in aplastic bone marrow samples in  
dogs (Fig. 9-3, C).42,332,489 The peripheral blood is character-
ized by a nonregenerative anemia, neutropenia, and 
thrombocytopenia.

When only one cell line is reduced or absent, more restric-
tive terms, such as granulocytic hypoplasia or erythroid aplasia, 
are used to describe the abnormalities present. Hypocellular 
or aplastic bone marrow is associated with markedly reduced 
numbers of hematopoietic stem cells and progenitor cells. The 
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FIGURE 9-1 
Hypercellular core bone marrow biopsy from a dog with iron-deficiency 
anemia. Megakaryocytic hyperplasia resulted in a peripheral thrombo-
cytosis. H&E stain. 

FIGURE 9-2 
Hypercellular core bone marrow biopsy from a dog with erythrocyte 
phosphofructokinase deficiency. A megakaryocyte is present (lower left). 
H&E stain. 

nature of the abnormalities resulting in deficient stem cells 
and progenitor cells is usually unknown.

The majority of cases of aplastic anemia in humans are 
idiopathic; however, viruses, chemicals, and idiosyncratic reac-
tions to certain drugs have been associated with some human 
cases.228 Most cases of aplastic anemia in humans appear to 
be mediated by a T lymphocyte immune reaction against 
hematopoietic stem cells. A drug or virus may trigger the 
expansion of cytotoxic T lymphocytes, resulting in the destruc-
tion of hematopoietic stem cells. Interferons (especially 
interferon-γ) and tumor necrosis factor-α (TNF-α) produced 
by these cells can induce apoptosis in CD34+ hematopoietic 
progenitor cells, which may contribute to hematopoietic 

suppression in humans with aplastic anemia.550 A primary 
immune-mediated reaction directed against hematopoietic 
precursor cells has also been proposed as a cause of aplastic 
anemia in dogs.489

Drug-induced causes of aplastic anemia or generalized 
marrow hypoplasia in animals include estrogen toxicity in 
dogs438; phenylbutazone toxicity in dogs498,527 and possibly 
a horse104; trimethoprim-sulfadiazine administration in 
dogs130,515,527; bracken fern poisoning in cattle and sheep354,432; 
trichloroethylene-extracted soybean meal in cattle449; albenda-
zole administration in dogs, cats, and juvenile alpacas159,448,522; 
fenbendazole administration in a dog142; griseofulvin toxicity 
in cats and possibly a dog47,178,402; azathioprine toxicity198,393,515; 
various cancer chemotherapeutic agents363,400,501,523; and radia-
tion.339,417,418 Meclofenamic acid and quinidine have also been 
incriminated as potential causes of aplastic anemia in dogs.527 
Other drugs are believed to be myelosuppressive, causing  
multiple cytopenias, but bone marrow was not evaluated to 
demonstrate aplasia.515

Exogenous estrogen injections can result in aplastic anemia 
in dogs, as can high levels of endogenous estrogens produced 
by Sertoli cell, interstitial cell, and granulosa cell 
tumors.302,325,427,450 Functional cystic ovaries also have the 
potential of inducing myelotoxicity in dogs.55 Ferrets have 
induced ovulations and may remain in estrus for long periods 
of time when not bred. This prolonged exposure to high 
endogenous estrogen concentrations can result in aplastic 
anemia.30,236

Parvovirus infections can cause erythroid hypoplasia as 
well as myeloid hypoplasia in canine pups,370,395 but the 
animals may not become anemic because of the long life spans 
of erythrocytes. Thrombocytopenia is mild or absent because 
megakaryocytes may still be present in the bone marrow (Fig. 
9-4, A,B). Either affected pups die acutely or the bone marrow 
returns rapidly to normal before anemia can develop. In con-
trast to its effects in pups, parvovirus is reported to have a 
minimal effect on erythroid progenitors in adult dogs.54 Only 
myeloid hypoplasia was reported during histologic examina-
tion of bone marrow from parvovirus-infected viremic cats in 
early studies252,255; however, in a later study, generalized marrow 
aplasia has been reported in naturally infected cats that died.53

Although some degree of marrow hypoplasia and/or dys-
plasia often occurs in cats with FeLV infections,86 true aplastic 
anemia is not a well-documented sequela.399 Hypocellular 
bone marrow has been reported in experimental cats coin-
fected with FeLV and feline parvovirus.277

Aplastic anemia with resultant pancytopenia and depletion 
of lymphoid tissues has been reported in neonatal calves in 
Europe. Prominent clinical signs included mucosal petechial 
hemorrhages, cutaneous bleeding, melena, and high fever. A 
viral etiology was suspected, but viral isolation was not suc-
cessful. Polymerase chain reaction (PCR) assays for bovine 
viral diarrhea (BVD), bluetongue, and epizootic hemorrhagic 
disease virus were also negative.352

Dogs with acute Ehrlichia canis infections may recover 
spontaneously or develop chronic disease, which generally 
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to a mare that was treated with trimethoprim-sulfamethoxazole 
for severe placentitis for 1 to 2 months before she gave birth 
(Fig. 9-5). Aplastic anemia in a 14-day-old Holstein calf may 
have also developed in utero, although the calf was treated for 
diarrhea with sulfamethazine 5 days before examination.10 An 
in utero toxic insult was suspected in a 9-week-old Clydesdale 
foal with aplastic anemia.317

Generalized bone marrow hypoplasia, with myeloid and 
megakaryocytic hypoplasia more prominent than erythroid 
hypoplasia, has been reported in eight young standardbred 
horses sired by the same stallion.237 Genetic defects involving 
the marrow microenvironment, one or more growth factors, 
or pluripotent stem cells were suggested as possible causes. 
Hypocellular bone marrow has been reported in a Holstein 
calf with congenital chondrodysplastic dwarfism.337

involves some degree of marrow hypoplasia. Although rare, 
aplastic anemia may develop in association with severe chronic 
ehrlichiosis in dogs.59,331 Erythroid and megakaryocytic 
hypoplasia has been reported in two cats with E. canis-like 
infections.50

Hypocellular bone marrow has been reported in a dog with 
splenomegaly and marked extramedullary hematopoiesis, 
which returned to normal after splenectomy.244 It was specu-
lated that the spleen might have produced cellular or humoral 
inhibitors of hematopoiesis in the bone marrow.

Congenital aplastic anemia, renal abnormalities, and skin 
lesions have been reported in newborn foals whose dams were 
treated for equine protozoal myeloencephalitis with sulfon-
amides, pyrimethamine, folic acid, and vitamin E during preg-
nancy.468 Aplastic anemia was present at birth in a foal born 

FIGURE 9-3 
Hypocellular bone marrow aspirate smears and core biopsy sections from dogs. A, Generalized hypocellularity 
in an aspirate smear of bone marrow from a dog with estrogen-induced aplastic anemia. Stromal cells and fat 
predominate. The circular purple objects are mast cells and the black globular material is hemosiderin. Wright-
Giemsa stain. B, Generalized hypocellularity in a section from a bone marrow core biopsy collected from a dog 
with an idiopathic aplastic anemia. H&E stain. C, Purple-staining mast cells (top) and brown- to black-staining 
hemosiderin in the same aspirate smear of bone marrow collected from the dog with estrogen-induced aplastic 
anemia presented in (A). Wright-Giemsa stain. D, Blue-staining hemosiderin in an aspirate smear of bone 
marrow from the same dog with estrogen-induced aplastic anemia presented in (A) and (C). Prussian blue stain. 
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sufficient energy in the form of ATP. Cells swell and burst 
after losing their ability to regulate osmotic balance. A variable 
inflammatory response occurs secondary to the release of 
intracellular contents. In contrast, mitochondrial function is 
less affected and ATP concentrations are higher in cells 
undergoing apoptosis (physiologic cell death). The nuclear 
chromatin condenses, the nucleus rounds up into a single 
dense sphere (pyknosis) or fragments into multiple dense 
spheres (karyorrhexis), and the cell shrinks by as much as 30%. 
Soon after the process is begun, the cell is recognized and 
phagocytized by macrophages. Cytoplasmic contents are not 
shed externally; therefore, there is no release of proinflamma-
tory mediators. A third form of cell death, called autophagy-
associated cell death, occurs when cells do not receive sufficient 
nutrients for extended periods of time and therefore digest 
available internal substrates and die.196

Necrosis may be caused by ischemia resulting from damage 
or disruption of the microcirculation or by direct damage to 
the proliferating hematopoietic cells. Edema (amorphous  
proteinaceous material between hematopoietic cells), hemor-
rhage, and acute inflammation may also be present as a result 
of increased vascular permeability following vessel injury.517 
Necrosis may be recognized antemortem (Fig. 9-6, A), but it 
is most often recognized when histologic samples are exam-
ined postmortem (Figs. 9-6, B, and 9-7, A) because it is a 
transient event that often has a focal distribution.

The appearance of necrosis varies depending on the time 
course and cause.195 When histologic sections are examined, 
initial lesions exhibit altered staining of hematopoietic cells 
with indistinct cellular outlines (see Fig. 9-6).500 Hemorrhage 
and/or edema may also be present if vessels are injured.195 
Later, the areas of necrosis become hypocellular as the cells 
lyse and are replaced by amorphous granular eosinophilic 
debris. This stage of necrosis must be differentiated from 

Idiopathic aplastic anemia has also been reported in 
dogs,111,489,521 cats,507 and horses.29,258,317 One case of erythroid 
and myeloid aplasia with normal megakaryocyte numbers has 
been reported in a horse; the etiology was unknown.493

Acute Bone Marrow Injury and Necrosis
Two major forms of cell death, necrosis and apoptosis, are 
recognized. Necrosis refers to a form of cell death and degen-
eration secondary to the inability of mitochondria to generate 

FIGURE 9-4 
Hypocellular bone marrow aspirate smear and core bone marrow biopsy section from a leukopenic dog with 
acute parvovirus infection. A, Stromal cells and fat predominate in an aspirate smear, but a megakaryocyte is 
present (upper left). Wright-Giemsa stain. B, Although granulocytic and erythroid precursors are markedly 
reduced in the core bone marrow biopsy, normal numbers of megakaryocytes remain. H&E stain. 

BA

FIGURE 9-5 
Bone marrow section from a 4-day-old foal with aplastic anemia that 
was pancytopenic (hematocrit, 11%; total leukocyte count, 0.4 × 103/µL; 
platelets, 85 × 103/µL) at birth. The dam was treated with trimethoprim-
sulfamethoxazole for severe placentitis for 1 to 2 months before birth. 
Gelatinous transformation of bone marrow contains only rare hemato-
poietic cells (smaller, darker round cells), as well as a low number of 
macrophages containing brown pigment (hemosiderin) and lipid  
vacuoles. Red decalcified bone (top left and bottom), H&E stain. 
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fibrin, edema, and collection artifact. A Fraser-Lendrum stain 
for fibrin can be helpful in this regard.500 Macrophages, many 
of which contain phagocytized cellular debris, occur in 
increased numbers in necrotic marrow. Myelofibrosis occurs 
subsequently to necrosis, similar to the healing process that 
occurs in other damaged tissues.188,195,513

Aspirate smears from necrotic marrow may be confused 
with smears resulting from poor-quality sample collection or 
staining techniques. Marrow particles may appear elongated 
and “stringy.”520 The background appears granular and is 
bluish to purple in color. The remaining cells are difficult to 
classify because of morphologic changes caused by degenera-
tion (see Fig. 9-6, A). Nuclei appear smudged and cytoplasmic 
margins are usually ill defined. When visible, the cytoplasm is 
basophilic and sometimes vacuolated.188,391 Often only free 
nuclei or nuclear fragments are seen. Macrophages with 
phagocytized debris are commonly observed.119,520

Disorders that have been reported in association with 
marrow necrosis in animals include septicemia and/or endo-
toxemia,503,520,523 feline infectious peritonitis,53,510 FeLV infec-
tion,430 acute parvovirus infection in dogs,43 BVD,112,415 
Ehrlichia canis infection in dogs,520 drug administration 
(including chemotherapeutic agents, estradiol [dogs],  
phenobarbital, mitotane, carprofen, metronidazole, colchicine, 
fenbendazole, and cephalosporin antibiotics),36,188,199,503,517 
neoplasia,101,114,227,500,503 myelodysplastic syndrome,507 nonre-
generative IMHA,512 systemic lupus erythematosus in 
dogs,119,503 disseminated intravascular coagulation,388,519,523 
and chronic renal disease in cats treated with recombinant  
erythropoietin (EPO) or blood transfusions.510 Multifocal 
bone marrow necrosis and fibrosis was recognized in a  
horse with an equine herpesvirus-2 infection (see Fig. 9-7). 

FIGURE 9-6 
Necrosis in the bone marrow of a FeLV-negative pancytopenic cat. A, The background in an antemortem 
bone marrow aspirate smear appears granular and bluish to purple in color; the remaining cells are impossible 
to classify, because of degenerative changes. Wright-Giemsa stain. B, Necrosis in a postmortem bone marrow 
section. The circular pink areas represent necrotic cells in which the nucleus is no longer visible. Most remain-
ing cells with visible nuclei appear to be granulocytic cells. H&E stain. 
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The cause of bone marrow necrosis may not always be 
identified.120,188,503,507,529

Gelatinous Transformation of Bone Marrow
Gelatinous transformation of bone marrow (mucoid degen-
eration, serous atrophy of fat) involves morphologic changes 
in bone marrow that combine the loss of hematopoietic cells 
and the atrophy of fat with the deposition of gelatinous sub-
stances in the marrow spaces. Aspirated bone marrow has a 
mucoid consistency, resulting from the extracellular matrix 
material present. This material appears as a pink background 
in bone marrow aspirate smears stained with routine blood 
stains (Fig. 9-8, A) and in histologic sections stained with 
H&E (Fig. 9-8, B). Although the composition may vary 
somewhat, the material is composed of acid mucopolysac-
charides, mainly hyaluronic acid, which stain strongly with 
Alcian blue at pH 2.5 (Fig. 9-8, C). The Alcian blue-
positive staining is lost when samples are pretreated with 
bovine testicular hyaluronidase.40 Routine fixation in 10% 
neutral-buffered formalin is not ideal for staining acid muco-
polysaccharides. Material is better preserved for optimal stain-
ing by fixation in 10% acid formalin with 70% alcohol.28 
Edema may resemble gelatinous transformation in H&E-
stained sections, but edematous fluid does not stain with 
Alcian blue.40

Gelatinous transformation of bone marrow in humans is 
generally associated with severe malnutrition accompanying 
disorders such as neoplasia, alcoholism, anorexia nervosa, 
infectious diseases (including acquired immunodeficiency 
syndrome [AIDS]), maldigestion, chronic heart failure, and 
metabolic disorders. Long bones are more likely to exhibit 
gelatinous transformation than flat bones.482 Widespread 
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involvement may result in anemia, leukopenia, and less often 
thrombocytopenia.28,482

Gelatinous transformation of bone marrow has also been 
recognized in cachexic cats suffering from chronic diseases 
(including chronic renal disease and oral or gastric ulcers) and 
chronic anorexia.513 Bone marrow from cats with gelatinous 
transformation may still contain fat (see Fig. 9-8). Other 
reports of gelatinous transformation of bone marrow in 
animals include starvation in reindeer, 218 fluoride intoxication 
in calves,301 diet restriction in male Gottingen minipigs,41 and 
an emaciated miniature horse.28

Myelofibrosis
Myelofibrosis is suspected when repeated attempts at marrow 
aspiration are unsuccessful or a poor-quality aspirate is 
obtained that contains some spindle-shaped cells (Fig. 9-9). 

FIGURE 9-7 
Bone marrow section from a 12-year-old Warmblood gelding with mul-
tifocal necrosis. A, A focus of necrosis in the marrow space, which is 
flanked by large syncytial cells. B, A multinucleated syncytial cell con-
taining eosinophilic intranuclear inclusions. Similar cells with intra-
nuclear inclusions were also present in the lungs, liver, and gastrointestinal 
tract during necropsy examination. Tissues collected at necropsy were 
positive for equine herpesvirus-2. H&E stain. 

A

B

FIGURE 9-8 
Gelatinous transformation of bone marrow from a cat with cancer-
induced cachexia. A, Aspirate bone marrow smear containing gelatinous 
material. Wright stain. B, Bone marrow section. H&E stain. C, Bone 
marrow section. Alcian blue stain. 

Courtesy of Julia Blue.
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A definitive diagnosis can be made only by examining histo-
logic sections of bone marrow.

Fibrous tissue consists of variable amounts of actively pro-
liferating fibroblasts, reticulin fibers, and dense collagenous 
connective tissue.500 The term myelofibrosis is used when 
there is an apparent excess of reticulin/collagen fibers in  
bone marrow that is produced by activated and/or proli-
ferating marrow reticular cells.488 Low levels of myelofibrosis 
may be definitively recognized only by using special stains 
(Fig. 9-10, A-C).

Type I collagen forms thick fibrils, while type III collagen 
forms thin fibrils. Reticulin fibers are visible as argyrophilic 
fibers in histologic sections of tissues stained using silver 
impregnating methods, such as Gomori stain (see Fig. 9-10, 
B).37 Reticulin fibers are primarily composed of individual 
type III collagen fibrils or small bundles of type III collagen 
fibrils that surround a core of type I fibrils. These fibrils are 
imbedded in a matrix of glycoproteins and glycosaminogly-
cans; silver stains appear to bind to this matrix rather than the 
collagen fibrils themselves.247 When present in normal marrow, 
reticulin fibers are located primarily in perivascular and peri-
trabecular areas.488 Larger collagen fibers composed primarily 
of type I collagen with less interfibrillar material are stained 
using a trichrome stain such as Masson trichrome (see Fig. 
9-10, C). Few or no collagen fibers are visible using trichrome 
stains in normal bone marrow.247,488 The term reticulin fibrosis 
is used when argyrophilic fibers are increased in number and 
size; and the term collagen fibrosis is used when trichrome-
positive fibers are present. Some fibrotic marrows also have 
increased vascularization, which results in increased amounts 
of type IV collagen in basement membranes.37 Reticulin fibro-
sis may be present without collagen fibrosis, but collagen 

FIGURE 9-9 
A cluster of stromal cells is present in a smear prepared from a bone 
marrow aspirate attempt from a dog with a nonregenerative anemia. The 
presence of a few stromal cells in a specimen acquired during an unsuc-
cessful attempt to collect bone marrow particles by aspiration suggested 
the possibility of fibrosis, which was confirmed by core biopsy and  
histopathology. Wright-Giemsa stain. 

A

B

C

FIGURE 9-10 
Myelofibrosis in a bone marrow core biopsy from a dog with ALL 
(CD3+, CD79−, CD4−, CD8−). Hematologic findings included a hema-
tocrit of 44%, a total leukocyte count of 1.9 × 103/µL with 0.8 × 103/µL 
neutrophils, and a platelet count of 65 × 103/µL. Attempts to aspirate 
bone marrow resulted in dry taps. A, The marrow was hypercellular, and 
most of the cells were neoplastic lymphocytes. Cells appear to form lines, 
suggesting fibrosis. H&E stain. B, Black reticulin fibers are visible fol-
lowing staining of the section with Gomori stain. C, Bluish collagen 
fibers are visible following staining of the section with Masson trichrome 
stain. 
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Prominent myelofibrosis has been documented in animals 
with marrow necrosis,519 myeloproliferative neoplasms,37,52,64,167 
lymphoproliferative neoplasms,519 non-marrow-origin neo-
plasia,519 drug treatment (phenobarbital, phenylbutazone, and 
colchicine),515 nonregenerative IMHA in dogs and cats,447,513 
and dogs with inherited pyruvate kinase deficiency.170,416 
It has also been described as resulting from unknown 
causes.13,190,388,488,519

Marked myelofibrosis has been reported as a congenital 
(presumably inherited) disorder in young pygmy goats that 
also had megakaryocytic hyperplasia and dysplasia.62 Mye-
lofibrosis has been described in a family of poodles with  
laboratory and clinical findings similar to pyruvate kinase 
deficiency,379 but definitive studies were not performed to 
eliminate the possibility that these animals had pyruvate 
kinase deficiency as well. It has been proposed that marrow 
fibrosis, like cirrhosis, occurs in response to damage caused by 
iron overload in pyruvate kinase-deficient dogs.551 However, 
factors associated with marked erythropoiesis may contribute 
to the development of myelofibrosis. Extremely high pharma-
cologic doses of recombinant human EPO elicited both 
marked erythropoiesis and myelofibrosis in experimental 
dogs.19

With the exception of dogs with inherited hemolytic 
anemias, animals with myelofibrosis typically have nonregen-
erative anemia. Blood leukocyte counts and platelet counts are 
often normal or increased in idiopathic cases of myelofibrosis, 
but they may be decreased, especially when collagen fibrosis 
is extensive.190,247 Multiple cytopenias are more likely to occur 
in animals with concomitant myeloid neoplasms.

fibrosis is almost never revealed by trichrome staining without 
increased reticulin.247

When myelofibrosis is extensive, it is recognized in sec-
tions stained with H&E (Fig. 9-11, A,B; Fig. 9-12, A,B). In 
these instances, marrow sections contain little or no fat. 
Hematopoietic cells may be present in linear arrangements, 
separated by palely eosinophilic extracellular collagenous 
material (see Fig. 9-11, B). Areas of marked myelofibrosis 
consist of fibroblasts and extracellular matrix, with no remain-
ing hematopoietic cells (see Fig. 9-12). Increased hemosiderin 
is often present in bone marrow samples with prominent 
myelofibrosis (see Fig. 9-11, B; Fig. 9-12).37,488

Primary myelofibrosis (previously known as myelofibrosis 
with myeloid metaplasia or agnogenic myeloid metaplasia) in 
humans is a clonal myeloproliferative neoplasm. It is charac-
terized by a proliferation of megakaryocytes and granulocytes, 
myelofibrosis, extramedullary hematopoiesis (especially in the 
spleen), and anemia with increased nucleated erythrocytes and 
immature neutrophils in blood (called leukoerythroblastic 
anemia in human hematology).454 A similar syndrome has not 
been described in animals, although myelofibrosis may be 
present in animals with various myeloid neoplasms.

Myelofibrosis appears to be a sequela to marrow injury, 
including necrosis, vascular damage, inflammation, and neo-
plasia.513 It is postulated that these disorders result in the 
direct or indirect production of cytokines capable of stimulat-
ing fibroblasts.388 Transforming growth factor-β (TGF-β), 
which is produced by a number of cell types including mega-
karyocytes and platelets, may be the most important factor in 
this regard.247

FIGURE 9-11 
Myelofibrosis in bone marrow core biopsies from dogs. A, Myelofibrosis in a bone marrow section from a 
core biopsy collected from a dog with myelodysplastic syndrome (MDS). Reticular cells and collagen are 
readily visible at the top and to the right next to the darker pink trabecular bone. Hematopoietic cells (primarily 
erythroid precursors) are concentrated to the left. H&E stain. B, Myelofibrosis in a bone marrow section from 
a core biopsy collected from a dog with a poorly regenerative anemia. Hematopoietic cells are present in linear 
arrangements, separated by pale eosinophilic extracellular collagenous material at the bottom of the field. 
H&E stain. 
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FIGURE 9-12 
Myelofibrosis in a postmortem bone marrow section from a cat with chronic lymphocytic leukemia (CLL). 
A, Trabecular bone is located at the left edge. Reticular cells and collagen dominate the field although some 
hematopoietic precursors are present. The orange globular material is hemosiderin. H&E stain. B, Reticular 
cells and collagen (turquoise fibers) dominate the field, although some hematopoietic precursors are present. 
The orange globular material is hemosiderin. Masson trichrome stain. 
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Generalized Osteosclerosis/Hyperostosis
Osteosclerosis refers to a thickening of trabecular (spongy) 
bone, and hyperostosis refers to a widening of cortical (compact) 
bone from appositional growth of osseous tissue at endosteal 
and/or periosteal surfaces. Osteopetrosis is a form of osteo-
sclerosis resulting from decreased bone resorption secondary 
to decreased numbers and/or abnormal function of osteo-
clasts.315,536 As a result of osteosclerosis and sometimes hyper-
ostosis, the space available for hematopoiesis decreases. The 
remaining marrow space may appear hypocellular or exhibit 
fibrosis. Anemia occurs more often than thrombocytopenia or 
leukopenia. A variety of inherited, metabolic, inflammatory, 
and neoplastic disorders have been reported to cause general-
ized osteosclerosis in humans.536

Generalized osteosclerosis/hyperostosis is suspected when 
increased difficulty is encountered in the manual advancement 
of biopsy needles into bone and marrow aspirates cannot be 
obtained. Osteosclerosis can potentially be recognized using 
core biopsies, but the presence of increased bone relative to 
marrow space may simply be reflective of the area of bone the 
needle has entered. Antemortem diagnosis of generalized 
osteosclerosis and/or hyperostosis is usually made using diag-
nostic imaging.

Osteopetrosis has been described in dogs, cats, and horses 
with mild to severe nonregenerative anemia.31,241,262,341,344 
Thrombocytopenia and neutropenia are less likely to be 
present.262,344 Osteopetrosis, anemia, thrombocytopenia, and 
marrow necrosis have been reported in beef calves naturally 
infected with BVD virus.414 Osteopetrosis occurs as an inher-
ited disorder in Angus calves, which are typically aborted late 
in gestation.265 A defect in the gene that produces the SLC4A2 

osteoclast anion exchanger prevents bone resorption due to 
the lack of acidification of the resorption lacunae.315

Osteosclerosis and myelofibrosis have been described in a 
dog with erythroid hypoplasia.105 Osteosclerosis and non-
regenerative anemia have been reported in cats infected with 
FeLV, although it was suggested that these disorders occurred 
independently.192 Osteosclerosis and myelofibrosis occur in 
dogs with erythrocyte pyruvate kinase deficiency and in 
poodles with clinical and laboratory findings similar to those 
in documented cases of pyruvate kinase deficiency.372,379,416 The 
anemia in dogs with pyruvate kinase deficiency is regenerative, 
although the magnitude of the reticulocyte count may be 
lower as marrow pathology becomes more severe.372,416

A B N O R M A LI T I E S  O F  T H E 
ERY T H RO I D  S ER I E S
Erythroid Hyperplasia
Erythroid hyperplasia is reported when the bone marrow cel-
lularity is normal or increased, the absolute neutrophil count 
is normal or increased, and the myeloid : erythroid (M : E) 
ratio is low (Fig. 9-13, A-C). If the marrow is hypocellular 
and/or the absolute neutrophil count is low, a low M : E ratio 
indicates that granulocytic hypoplasia is present.

Approximately 4 days are required from the time an experi-
mental animal is made anemic by phlebotomy for a peak 
reticulocyte response to occur in blood because this is the time 
required for reticulocytes to be produced following stimula-
tion of erythroid progenitor cells by EPO.7,51,435 Early ery-
throid precursors can increase in bone marrow within 12 
hours after EPO stimulation,476 but several days are probably 
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erythrocytosis (polycythemia),151,175,231,494 although the M : E 
ratio is often within the reference range.306 Rubriblasts and 
prorubricytes are usually increased slightly in animals with 
effective erythroid hyperplasia; however, the predominant 
nucleated erythroid cells remain rubricytes and metarubri-
cytes.189 Many polychromatophilic erythrocytes (reticulocytes) 
should be present in bone marrow aspirates when the ery-
throid hyperplasia is effective (see Fig. 9-13, B). A reticulocyte 
count may be done in the bone marrow aspirate to assist in 
this assessment. Bone marrow reticulocyte counts above 5% 
provide evidence for an effective regenerative response in 
horses.404

Ineffective erythroid hyperplasia may occur in severe iron 
deficiency,171 cobalamin deficiency in Border Collies (Fig. 
9-14),324 folate deficiency in a cat (Fig. 9-15),330 certain 
myeloid neoplasms,107,208,308,319 congenital dyserythropoie-
sis,191,441 and in dogs and cats with nonregenerative IMHA 

required after hemorrhage or hemolysis has occurred before 
erythroid hyperplasia is prominent enough to result in a low 
M : E ratio. Bone marrow examination is generally not needed 
in anemic animals with an absolute reticulocytosis unless 
other cytopenias are also present.

Horses rarely release reticulocytes from the bone marrow 
even when an increased production of erythrocytes occurs. 
Consequently, bone marrow evaluation is often needed to 
determine whether an appropriate response to anemia is 
present in a horse. If the marrow cellularity is normal or 
increased and the neutrophil count is normal or increased, an 
M : E ratio below 0.5 suggests that a regenerative response to 
anemia is present (see Fig. 9-13).404

Erythroid hyperplasia may be effective (increasing hema-
tocrit and/or reticulocytosis) or ineffective. Effective erythroid 
hyperplasia occurs in response to hemolytic or blood-loss 
anemia. It also occurs in response to primary or secondary 

FIGURE 9-13 
Erythroid hyperplasia in bone marrow from a horse with immune-mediated hemolytic anemia. A, The large 
cells with dark-blue cytoplasm in a bone marrow aspirate smear are early erythroid precursors. Wright-Giemsa 
stain. B, Higher magnification of a bone marrow aspirate smear with increased numbers of polychromatophilic 
erythrocytes (reticulocytes), indicating that the erythroid response is effective. Wright-Giemsa stain. C, Core 
bone marrow biopsy section. A large mature megakaryocyte is present near the center of the image. H&E 
stain. 
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FIGURE 9-14 
Hypercellular bone marrow core biopsy section with ineffective erythroid 
hyperplasia and increased hemosiderin (golden granules) from a Border 
Collie with cobalamin deficiency. H&E stain. Occasional binucleation 
and some oval nuclei and nuclear blebbing were seen in rubricytes and 
metarubricytes in a bone marrow aspirate smear (not shown). The hema-
tocrit was 22% with a metarubricytosis (6.7 × 103/µL) and normal 
absolute reticulocyte count in blood. 

Photograph of a bone marrow core biopsy section from a 2009 ASVCP slide 
review case submitted by C. Flint, C. McBrien, J. Fyfe, and M. Scott.

FIGURE 9-15 
Erythroid hyperplasia with megaloblastic rubricytes in a bone marrow 
aspirate smear from a cat with folate deficiency. Wright stain. 

Courtesy of Sherry Myers.

FIGURE 9-16 
Erythroid hyperplasia in a bone marrow aspirate smear from a dog with 
a nonregenerative, immune-mediated hemolytic anemia. The presence of 
megaloblastic rubricytes in the absence of polychromasia is consistent 
with ineffective erythropoiesis. Wright-Giemsa stain. 

(Fig. 9-16).216,447,512 The immune-mediated destruction of 
metarubricytes and reticulocytes, as well as other pathologic 
events that may be present (including vascular injury, inflam-
mation, macrophage activation, myelodysplasia, myelofibro-
sis), apparently results in ineffective erythropoiesis.447,512

Selective Erythroid Hypoplasia or Aplasia
Erythroid hypoplasia is reported when the bone marrow cel-
lularity is normal or decreased, the absolute neutrophil count 
is normal or decreased, and the M : E ratio is high (Fig. 9-17). 
When the M : E ratio exceeds 75 : 1 and morphologic abnor-
malities are not present in other cell lines, the terms selective 
erythroid aplasia or pure red cell aplasia are used.512 If the 
marrow is hypercellular and/or the absolute neutrophil count 
is high, a high M : E ratio indicates that granulocytic hyper-
plasia is present.

Selective erythroid aplasia occurs as either a congenital or 
acquired disorder in humans. Congenital erythroid aplasia in 
humans (Diamond-Blackfan anemia) appears to represent a 
heterogeneous group of genetic disorders.73,271 Approximately 
40% of cases are associated with other congenital defects, 
especially malformations of the head and upper limbs. 
Acquired erythroid aplasia in humans may occur in associa-
tion with disorders including B-19 parvovirus infection, pro-
liferative disorders involving large granular lymphocytes, 
anti-EPO antibodies (primarily from treatment with recom-
binant EPO), thymomas, and myelodysplastic syndrome 
(MDS). Erythroid aplasia has also been reported in humans 
in association with the administration of many drugs as well 
as with autoimmune diseases, various hematopoietic neo-
plasms, solid tumors, infections, vascular diseases, pregnancy, 
and severe renal failure.408

Acquired selective erythroid hypoplasia or selective ery-
throid aplasia occurs in dogs and cats when an immune 
response is directed against early erythroid precursor cells 
(Fig. 9-17, A,B).447,512 This response may develop through 
antibody- or cell-mediated mechanisms that completely 
inhibit erythroid production or result in a maturation arrest 
at various stages of erythroid maturation (Fig. 9-18). 
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cell-mediated immune mechanisms may be important in the 
pathogenesis of these disorders.446,447,512

Erythroid hypoplasia or aplasia is a common finding in 
animals with MDS and acute myeloid leukemia (AML) that 
have prominent proliferative abnormalities in granulocytic 
and/or megakaryocytic cell lines.436,516 Erythroid hypoplasia is 
reported to be a rare sequela to vaccination against parvovirus 
in dogs.100 High doses of chloramphenicol cause reversible 
erythroid hypoplasia in some dogs495 and erythroid aplasia in 
cats (Fig. 9-21).497 Erythroid aplasia, together with mega-
karyocytic aplasia and neutrophilic hyperplasia, is seen in early 
estrogen toxicity in dogs.423,501 A dog has been reported to 
have congenital erythroid aplasia based on histopathologic 
examination of bone marrow at necropsy, but the M : E ratio 
was normal when aspirate smears were examined several days 
prior to euthanasia.197 Transient erythroid hypoplasia appar-
ently occurs at regular intervals in gray Collie dogs with 
inherited cyclic hematopoiesis, but it does not cause anemia 
because it is of short duration and followed by a period of 
erythroid hyperplasia.1,251,413

Selective erythroid hypoplasia or aplasia occurs in cats 
infected with FeLV subgroup C but not in those infected only 
with subgroups A or B (Fig. 9-22, A,B).398 The cell surface 
receptor for FeLV-C is called FLVCR. This receptor has been 
demonstrated to be a heme exporter.376 Free heme is toxic to 
cells, and it appears that the binding of FeLV-C to FLVCR 
on rubriblasts inhibits heme export from these cells, resulting 
in their destruction.226 This exporter can also export protopor-
phyrin IX and coproporphyrin and appears to be important 
in heme recycling by macrophages. The plasma protein hemo-
pexin facilitates the export of heme from tissues and the 
transport of heme to the liver.546

Phagocytosis of early erythroid precursor cells may sometimes 
be recognized in selective erythroid hypoplasia (Fig. 9-19, 
A-C). An immune-mediated attack might be targeted against 
a maturation-associated antigen, resulting only in the destruc-
tion of erythroid precursors in the marrow, or at a common 
antigen on precursors and mature erythrocytes, which would 
result in the destruction of precursors in the bone marrow and 
concurrent erythrocyte destruction in the circulation.447 The 
classification of these disorders as being immune-mediated is 
largely based on positive responses to immunotherapy, but 
some animals have positive Coombs and/or antinuclear anti-
body (ANA) tests. In addition, antibodies in the serum of 
some dogs with selective erythroid aplasia have been reported 
to inhibit erythropoiesis in bone marrow cultures.499 Finally, 
increased numbers of small lymphocytes in the bone marrow 
of cats (and some dogs) with selective erythroid hypoplasia 
and selective erythroid aplasia (Fig. 9-20) suggest that 

FIGURE 9-17 
Erythroid aplasia in bone marrow from a dog. A, Bone marrow aspirate 
smear with a complete lack of erythroid precursors. Black material is 
hemosiderin. Wright-Giemsa stain. B, Bone marrow core biopsy lacking 
erythroid precursors. Part of a megakaryocyte is visible in the upper right 
corner. H&E stain. 

A

B

FIGURE 9-18 
Erythroid maturation arrest in an aspirate smear of bone marrow from 
a dog with systemic lupus erythematosus, which included a Coombs-
positive nonregenerative anemia. Most of the erythroid cells were rubri-
blasts or prorubricytes. Wright-Giemsa stain. 
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A mild to moderate nonregenerative anemia often accom-
panies chronic inflammatory and neoplastic disorders. The 
cause of this anemia of inflammatory disease (anemia of 
chronic disease) is multifactorial and only partially under-
stood. Abnormalities that can contribute to the anemia 
include the production of inflammatory mediators that 
directly or indirectly inhibit erythropoiesis, decreased serum 
iron, shortened erythrocyte life spans, and blunted EPO 
response to the anemia.171 The M : E ratio is typically high in 
clinical cases of the anemia of inflammatory disease in dogs 

FIGURE 9-19 
Phagocytosis of nucleated basophilic erythrocyte precursors in a bone marrow aspirate smear from a dog with 
nonregenerative immune-mediated hemolytic anemia. A maturation arrest was present, with few cells more 
mature than prorubricytes seen. A, Vacuolated macrophage containing a basophilic erythrocyte precursor, 
hemosiderin, and debris in the cytoplasm. B, Macrophage containing a phagocytized basophilic erythrocyte 
precursor in its cytoplasm (right side). The nucleus of the macrophage is on the left side, and the dark material 
in the cytoplasm above the nucleus is hemosiderin. C, A phagocytized basophilic erythrocyte precursor has 
displaced the nucleus of the macrophage to the top left. Wright-Giemsa stain. 

A B C

FIGURE 9-20 
Selective erythroid aplasia in an aspirate smear of bone marrow from  
a Coombs-positive, 8-month-old Maltese dog. Small lymphocytes 
accounted for 15% of all nucleated cells. Wright-Giemsa stain. 

FIGURE 9-21 
Selective erythroid aplasia in an aspirate smear of bone marrow from a 
cat given chloramphenicol at a high therapeutic dosage for 9 days. 
Wright-Giemsa stain. 

Marked erythroid hypoplasia has been reported in  
dogs, cats, and horses given recombinant human EPO.90,364,540 
Antibodies made against this human recombinant glycopro-
tein apparently cross-react with the animals’ endogenous 
EPO.

Erythroid production is reduced in chronic renal disease189 
and endocrine deficiencies (hypopituitarism, hypoadrenocor-
ticism, hypothyroidism, and hypoandrogenism) but is not 
usually pronounced enough to result in an M : E ratio in the 
marrow that is increased above the reference interval.
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bridging, nuclear and cytoplasmic asynchrony, maturation 
arrest, and siderotic inclusions.

Megaloblastic erythroid cells are larger than normal, with 
a more stranded arrangement of chromatin and abundant 
parachromatin, giving a pronounced light and dark pattern to 
the nucleus (Fig. 9-24, A-E). The cytoplasm is generally abun-
dant and hemoglobin synthesis may be present at earlier 
stages of development than typically seen (e.g., nuclear and 
cytoplasmic asynchrony). Rubricytes and metarubricytes may 
be macrocytic without prominent nuclear abnormalities (Fig. 

(Fig. 9-23, A,B),189 not only because of deficient erythropoiesis 
but also because of concomitant granulocytic hyperplasia.11

Dyserythropoiesis
The term dyserythropoiesis is used to refer to various disorders 
in which abnormal erythrocyte maturation and/or morphol-
ogy is associated with ineffective erythropoiesis. Erythroid 
abnormalities that may be present include megaloblastic cells, 
abnormal nuclear shapes, premature nuclear pyknosis, nuclear 
fragmentation, multinucleated cells, internuclear chromatin 

FIGURE 9-22 
Marked erythroid hypoplasia in bone marrow from a FeLV-positive cat. A, A left shift in granulocytic cells 
with some giantism is also visible in a bone marrow aspirate smear. Wright-Giemsa stain. B, Megakaryocytic 
hypoplasia and erythroid hypoplasia are demonstrated in a bone marrow biopsy section. H&E stain. 

BA

FIGURE 9-23 
Erythroid hypoplasia in bone marrow from dogs with the anemia of inflammatory disease. A, Mild erythroid 
hypoplasia and granulocytic hyperplasia in an aspirate smear. Black-staining material near the center of the 
image is hemosiderin. Wright-Giemsa stain. B, Erythroid hypoplasia and increased hemosiderin (orange-
staining material) in a bone marrow section from a core biopsy. Two mature megakaryocytes are present. H&E 
stain. 
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FIGURE 9-24 
Megaloblastic erythroid cells in bone marrow aspirate smears. A, Mega-
loblastic erythroid precursor from a cat with erythroleukemia (AML-
M6). B, Megaloblastic erythroid precursor from a cat with AML-M2. 
C, Megaloblastic erythroid precursor in an aspirate smear of bone 
marrow from a FeLV-positive cat with MDS. D, Megaloblastic erythroid 
precursor from a cat with MDS. E, Macrocytic polychromatophilic 
rubricyte (top left) and basophilic rubricyte (right) from a horse with 
MDS. F, Macrocytic orthochromatic metarubricyte (left) from a horse 
with MDS. Wright-Giemsa stain. 

A

C D

E F

B

*References 88, 107, 181, 185, 309, 319.

9-24, F). These morphologic abnormalities are most often 
seen in animals with myeloid neoplasms.* Megaloblastic 
erythropoiesis occurs most commonly in ill cats with FeLV 
infections, but it has also been reported in cats with feline 
immunodeficiency virus (FIV) infections.426 Megaloblastic 
erythroid cells have been reported in the marrow of cats with 
natural and experimentally induced folate deficiency (see Fig. 
9-15).330,464 Finally, some miniature and toy poodles exhibit 
a nonanemic macrocytosis, metarubricytosis, and/or ery-
throcytes with multiple Howell-Jolly bodies and variable 

megaloblastic abnormalities in the bone marrow. Serum  
folate and B12 values are normal in this hereditary poodle 
macrocytosis.66,410,514

Multinucleated erythroid cells (Fig. 9-25, A) have been 
reported in animals with myeloid neoplasms209,309,319,530 and in 
those with acquired and congenital dyserythropoiesis.275,441,531 
Nuclear lobulations, pyknosis, and/or fragmentation may 
occur in animals with myeloid neoplasms,88,426 acquired and 
congenital dyserythropoiesis,185,191,441,531 and following treat-
ment with drugs that interfere with DNA synthesis, including 
antimetabolites (e.g., azathioprine, hydroxyurea, cytosine ara-
binoside), alkylating agents (e.g., cyclophosphamide), folate 
antagonists (e.g., methotrexate), and plant alkaloids (e.g., vin-
cristine) (Fig. 9-25, B-D).5,38 Internuclear chromatin bridging 
has been reported in cattle with congenital dyserythropoiesis 
and in hereditary poodle macrocytosis.441,514

Maturational arrests at various stages of erythroid develop-
ment, with a resultant lack of polychromatophilic erythro-
cytes, may occur in acquired myeloid neoplasms,39 in congenital 
dyserythropoiesis,441 and in some drug-induced disorders 
(e.g., cephalosporin antibiotics).97 It is a common finding 
in nonregenerative IMHA, especially in dogs (see Fig. 
9-16).216,443,447 A nonregenerative immune-mediated anemia 

FIGURE 9-25 
Trinucleation and nuclear lobulation in erythroid precursors in bone 
marrow aspirate smears from dogs. A, Trinucleation from a dog with 
lymphoma and mild dyserythropoiesis. Prior chemotherapy was not 
listed in the medical record. B, Lobulated nucleus in a polychromato-
philic rubricyte from the same dog with mild dyserythropoiesis as  
presented in (A). C, Lobulated nucleus in a polychromatophilic meta-
rubricyte from a dog 1 day after treatment with vincristine. D, Lobulated 
nucleus in a polychromatophilic metarubricyte from the same vincristine-
treated dog as presented in (C). 
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A B N O R M A LI T I E S  O F  T H E 
G R A N U L O C Y T I C  S ER I E S
Granulocytic Hyperplasia
Granulocytic hyperplasia is reported when the bone marrow 
cellularity is normal or increased, the hematocrit is normal or 
increased, and the M : E ratio is high. If the marrow is hypo-
cellular and/or the hematocrit is low, a high M : E ratio sug-
gests that erythroid hypoplasia is present. Because neutrophilic 
cells are usually much more numerous than eosinophilic  
or basophilic cells in bone marrow, the term granulocytic 
hyperplasia generally indicates the presence of neutrophilic 
hyperplasia. Eosinophilic and/or basophilic hyperplasia may 
accompany neutrophilic hyperplasia, but they rarely account 
for increased M : E ratios on their own.

Neutrophilic Hyperplasia
Neutrophilic hyperplasia may be effective or ineffective. Effec-
tive neutrophilic hyperplasia results in a peripheral neutro-
philia, with or without a left shift. It occurs in response to 
various hematopoietic growth factors, with granulocyte-
colony stimulating factor (G-CSF) being most important.11 
Two or more days are required from the time of growth factor 
stimulation until neutrophilic hyperplasia is prominent 
enough to increase the M : E ratio outside of the reference 
interval.11,152

Neutrophilic hyperplasia occurs most frequently in response 
to bacterial infections, but it may also occur in response to 
immune-mediated inflammatory disorders, necrosis, chemical 
and drug toxicities, and malignancy (Fig. 9-27, A,B).123,207 
The natural release or injection of recombinant G-CSF, 

FIGURE 9-26 
Siderotic (iron-positive) metarubricytes in an aspirate smear of bone 
marrow from a dog receiving chloramphenicol therapy. A, Blue granules 
in the cytoplasm indicate the presence of iron. B, Siderotic metarubricyte 
(left). Because the iron-positive granules circle the nucleus, it may be 
called a ringed sideroblast in human hematology. Prussian blue stain. 

A B

FIGURE 9-27 
Neutrophilic hyperplasia in bone marrow. A, Neutrophilic hyperplasia in an aspirate smear of bone marrow 
from a dog with neutrophilia and nonregenerative anemia secondary to immune-mediated polyarthritis. 
Wright-Giemsa stain. B, Neutrophilic hyperplasia and erythroid hypoplasia in a bone marrow section from 
a core biopsy collected from a cat with marked mature neutrophilia and nonregenerative anemia, for which a 
cause was not determined. H&E stain. 

BA

with erythroid maturation arrest has also been reported in a 
ferret.291 Asynchrony of nuclear and cytoplasmic maturation, 
in which hemoglobinization precedes nuclear maturation, 
may occur in acquired myeloid neoplasms as well as in con-
genital dyserythropoiesis.207,441

Iron-positive basophilic stippling has been reported in 
rubricytes and metarubricytes (nucleated siderocytes) from 
animals with myeloid neoplasms,39,88,185,528,530 dogs with 
idiopathic dyserythropoiesis (including inflammatory disor-
ders),67,172,506 and the use of drugs/chemicals, including chlor-
amphenicol (Fig. 9-26, A,B), hydroxyzine, lead, zinc, and an 
oxazolidinone antibiotic.169,174,276,365
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molecules.148,334 Granulocyte hyperplasia also follows cyclic 
episodes of neutrophilic hypoplasia in gray Collie dogs with 
cyclic hematopoiesis.72,93

Marked neutrophilic hyperplasia and concomitant ery-
throid and megakaryocytic aplasia occur during the first 3 
weeks after the injection of a toxic dose of estrogen in dogs 
(Fig. 9-29).501 This is followed by generalized hypoplasia or 
aplasia and death or slow recovery.

Neutrophilic hyperplasia is present in animals with chronic 
myeloid leukemia (CML). The percentage of immature  
neutrophilic cells is increased, but the percentage of myelo-
blasts does not exceed 20% of all nucleated cells. Dysplastic 
changes are also typically present in one or more marrow cell 
lines.83,157,167,215,368

Ineffective neutrophilic hyperplasia refers to the occurrence 
of a persistent neutropenia with neutrophilic hyperplasia in 
the bone marrow (Fig. 9-30). Increased numbers of immature 
granulocyte precursors and decreased numbers of mature neu-
trophils are typically present within the marrow. Ineffective 
neutrophilic hyperplasia frequently occurs in MDS and acute 
myeloid leukemia (AML).39,167 It is especially common in 
neutropenic cats with FeLV and/or FIV infections.27,39,293,426

Immune-mediated neutropenia may result in secondary 
neutrophilic hyperplasia in response to the premature removal 
of blood neutrophils. Immune-mediated neutropenia in dogs 
has been characterized by having granulocytic hyperplasia 
with decreased numbers of band and segmented neutrophils 
and increased numbers of immature stages in bone marrow.38,359 

granulocyte/macrophage-colony stimulating factor (GM-
CSF), and interleukin (IL)-3 result in peripheral neutrophilia 
and neutrophilic hyperplasia in the bone marrow.92,338,348,477,553 
Extreme neutrophilic hyperplasia in bone marrow and periph-
eral neutrophilia have been reported as a paraneoplastic syn-
drome in dogs and cats with tumors that produce hematopoietic 
growth factors.102,253,421,465

The proportions of myeloblasts and promyelocytes are gen-
erally not increased out of proportion to more mature neutro-
philic cells in animals with ongoing neutrophilic hyperplasia 
(Fig. 9-27, A,B). Myeloblasts did not exceed 6% of all nucle-
ated cells in 14 cats with myeloid hyperplasia.208 However, 
myeloblasts may be increased substantially following early 
and/or intense stimulation with growth factors, especially if 
there is a concomitant depletion of mature neutrophils (Fig. 
9-28, A,B).11,189,428,443,465 The proportion of mature granulo-
cytes in bone marrow may be decreased in animals with 
inflammation and accompanying granulocytic hyperplasia 
because cytokines such as G-CSF, IL-1, and TNF-α (either 
directly or indirectly) result in increased release of neutrophils 
from the marrow, in addition to stimulating the proliferation 
of neutrophil precursors.11 Evidence of cytoplasmic toxicity, 
including vacuolation of early neutrophilic precursors, may 
also be present (see Fig. 9-28, A).

Neutrophilic hyperplasia may be present in animals with 
inherited hematologic disorders.335,475 Marked neutrophilia 
with or without a modest left shift is usually present in  
dogs and cattle with deficiencies in β2 integrin adhesion 

FIGURE 9-28 
Neutrophilic hyperplasia with a toxic left shift in the neutrophilic cells in bone marrow from a dog with a 
severe leukopenia and neutropenia (1.4 and 0.2 × 103/µL, respectively) in blood. The M : E ratio (7.7 : 1) and 
frequency of plasma cells (18%) were increased. A, Toxic neutrophilic precursors in a bone marrow aspirate 
smear. Discrete cytoplasmic vacuoles were apparent in early neutrophilic precursors, and foamy (less distinct) 
vacuolation was present in metamyelocytes and band neutrophils. A single rubricyte (top right of center), a 
mitotic cell (bottom right of center), and a plasma cell (center) are present. Wright-Giemsa stain. B, Vacuolated 
neutrophilic precursors with marked left shift in a core bone marrow biopsy section from the dog presented 
in (A). Trabecular bone is located on the right and a megakaryocyte is present in the top left. H&E stain. 
Sepsis was considered likely and antibiotic therapy was initiated. The total leukocyte count and total neutrophil 
count were 7.3 and 5.1 × 103/µL, respectively, 2 days later. 
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FIGURE 9-31 
Eosinophilic hyperplasia in bone marrow from cats. A, Eosinophilic hyperplasia in an aspirate smear of bone 
marrow from a cat with marked peripheral eosinophilia, probably associated with a hypereosinophilic syn-
drome. Wright-Giemsa stain. B, Eosinophilic hyperplasia in a bone marrow core biopsy section collected 
from a cat with lymphocytic-plasmacytic gastritis and peripheral eosinophilia. H&E stain. 

BA

FIGURE 9-29 
Neutrophilic hyperplasia and erythroid hypoplasia in an aspirate smear 
of bone marrow from a dog 13 days after an estradiol cypionate (ECP) 
injection for mismating. Wright-Giemsa stain. 

FIGURE 9-30 
Ineffective neutrophilic hyperplasia and erythroid hypoplasia in an aspi-
rate smear of bone marrow from a persistently leukopenic FIV-infected 
cat. Fewer band and mature neutrophils were present than normal. 
Wright-Giemsa stain. 

However, neutrophilic hypoplasia may be present when more 
immature neutrophilic precursors are eliminated.310,359,483,526

Neutropenia has been reported in dogs treated with anti-
convulsants that had neutrophilic hyperplasia and orderly 
maturation in the marrow, suggesting a peripheral destruction 
of neutrophils.204

Eosinophilic Hyperplasia
Eosinophilic hyperplasia is generally present in bone marrow 
when eosinophilia is present in blood (Fig. 9-31, A,B; Fig. 
9-32).209,406 Eosinophilia occurs in disorders that result in 

increased IL-5 production.238 The injection of recombinant IL-2 
resulted in a peripheral eosinophilia in dogs and cats that was 
likely mediated by IL-5 production by T lymphocytes.177,278,467

Eosinophilia may accompany parasitic diseases, especially 
those caused by nematodes and flukes. It is more likely to be 
present when intestinal nematodes are migrating within the 
body than when they are only located within the intestine.355 
Eosinophilia may occur in association with inflammatory 
conditions of organs that normally contain numerous mast 
cells, such as the skin, lungs, intestine, and uterus. It may be 
present in animals with immunoglobulin E (IgE)-mediated 
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also be present in CML, where neutrophilia predomi-
nates,124,167,264,368 and in essential thrombocythemia, a myelo-
proliferative neoplasm with marked thrombocytosis.320

Basophilic Hyperplasia
Basophilic hyperplasia is generally present in bone marrow 
when peripheral basophilia is present.209 Basophilia usually 
accompanies eosinophilia, and like eosinophilia, basophilia is 
generally associated with IgE-mediated disorders, including 
parasitic infestations (especially with nematodes and flukes) 
and allergic conditions.366 It is most commonly seen in dogs 
and cats with dirofilariasis in the southern United States.17,386

Basophilia may occur in some animals with mast cell 
tumors, primarily noncutaneous types,* and in dogs diagnosed 
with essential thrombocythemia.106,118,194,320 It has also been 
reported in dogs with pulmonary lymphomatoid granuloma-
tosis.21,369 Chapter 5 offers more detailed information con-
cerning disorders that cause basophilia.

A marked basophilic left shift is present in the blood and 
bone marrow of dogs with basophilic leukemia,280,288,311 and 
increased numbers of basophilic precursors may rarely be 
present in the bone marrow of cats with myeloid neoplasms 
(Fig. 9-33).46,208,210 Basophilic leukemia must be differentiated 
from mast cell neoplasia with mastocytemia (sometimes called 
mast cell leukemia). Mast cells have round nuclei and baso-
phils have segmented nuclei.14,96,180,456

Granulocytic Hypoplasia
Granulocytic hypoplasia is reported when the bone marrow 
cellularity is normal or decreased, the hematocrit is normal or 

allergic hypersensitivity reactions, such as fleabite allergies and 
feline asthma. Although not usually present, eosinophilia may 
occur in animals with mast cell tumors (see Fig. 9-23) and 
rarely in animals with other tumor types.549 Refer to Chapter 
5 for more detailed information concerning disorders causing 
eosinophilia.

Marked eosinophilia with extensive eosinophilic organ 
infiltrates in animals (primarily cats) and humans has been 
classified as either a chronic eosinophilic leukemia or hyper-
eosinophilic syndrome.* However, it has been difficult to sepa-
rate this collection of heterogeneous disorders into two distinct 
entities. Prominent eosinophilic left shifts in bone marrow, 
blood, and organ infiltrates are more likely to occur in animals 
with eosinophilic leukemia145,200,452,470; however, some left 
shifting in eosinophil precursors within the bone marrow may 
occur in reactive disorders.358

With the use of new molecular and genetic diagnostic 
techniques, it appears that most human cases of hypereosino-
philic syndrome are neoplastic rather than reactive disor-
ders.20,351,422 This same phenomenon may be recognized in 
veterinary medicine as additional molecular and genetic tech-
niques become available.145,420 However, an idiopathic hyper-
eosinophilic syndrome in Rottweiler dogs was considered to 
be a reactive process, because mean serum IgE concentrations 
were markedly high, no karyotype abnormalities were identi-
fied on cytogenetic analysis, and one dog underwent sponta-
neous remission.211,455

Increased numbers of eosinophils may be present in bone 
marrow samples from cats with MDS and AML even in the 
absence of peripheral eosinophilia.208,210,429 Eosinophilia may 

FIGURE 9-32 
Eosinophilic hyperplasia in an aspirate smear of bone marrow from a 
horse with an abdominal mast cell tumor and marked peripheral eosino-
philia. Some of the granules in the eosinophilic myelocytes stain bluish-
red. Wright-Giemsa stain. 

FIGURE 9-33 
Basophilic hyperplasia in an aspirate smear of bone marrow from a cat 
with AML-M2. Four basophilic myelocytes (one upper left, three right 
center) are present. A type II myeloblast is present at bottom center and 
a promyelocyte is present at bottom left. Wright-Giemsa stain. 

*References 16, 145, 200, 212, 242, 256, 327, 342, 358, 420, 459, 538. *References 4, 45, 96, 113, 345, 367.
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Selective Neutrophilic Hypoplasia or Aplasia
Selective neutrophilic hypoplasia may be immune-mediated, 
drug-induced (which may be a secondary immune-mediated 
disorder), inherited, or idiopathic in humans.*

Ineffective neutrophil production is present in humans 
with chronic idiopathic neutropenia. The M : E ratio in the 
bone marrow is low and there is a prominent left shift in the 
granulocytic series. The presence of activated T lymphocytes—
producing proapoptotic mediators including IFN-γ and Fas-
ligand—is believed to contribute to the impaired survival of 
granulocytic progenitor cells in the bone marrow. The balance 
between prosurvival and proapoptotic mediators may be 
altered further by an increased local production of the hema-
topoietic inhibitors TNF-α and TGF-β1 and decreased levels 
of the anti-inflammatory cytokine IL-10.350 A similar mecha-
nism has been described in idiopathic aplastic anemia in 
humans.297

Most dogs with immune-mediated neutropenia have neu-
trophilic hyperplasia in the bone marrow; but some exhibit 
neutrophilic hypoplasia and two dogs had a complete lack  
of neutrophil precursors in the marrow (pure white cell 
aplasia).56,310,359,483,526 Neutropenia that was believed to have 
been immune-mediated was described in a cat with a thymoma. 
A left shift was present, and the M : E ratio was approximately 
1 : 1, which is slightly low for cats (see Table 8-2).121 Neutro-
philic hypoplasia with a maturational arrest in the neutrophilic 
series may occur when autoantibodies recognize antigenic 
determinants expressed not only by mature neutrophils but 
also by bone marrow granulocytic precursors.74,165

Cytotoxic drugs used to treat immune-mediated diseases 
and cancer typically result in generalized marrow injury, but in 

increased, and the M : E ratio is low. If the marrow is hypercel-
lular and/or the hematocrit is low, a low M : E ratio indicates 
the presence of erythroid hyperplasia. Because neutrophilic 
cells are normally much more numerous than eosinophilic or 
basophilic cells in bone marrow, the term granulocytic hypopla-
sia indicates the presence of neutrophilic hypoplasia (Fig. 
9-34, A,B; Fig. 9-35). Eosinophilic hypoplasia and/or baso-
philic hypoplasia may accompany neutrophilic hypoplasia, but 
few basophil precursors are normally present in bone marrow, 
making an interpretation of basophilic hypoplasia difficult.

FIGURE 9-34 
Granulocytic hypoplasia in bone marrow aspirate smears from cats. A, Granulocytic hypoplasia of unknown 
etiology in an aspirate smear of bone marrow from an FeLV-negative FIV-negative neutropenic cat with 
normal hematocrit and platelet count. B, Granulocytic hypoplasia of unknown etiology in an aspirate smear 
of bone marrow from a FeLV-negative cat with severe neutropenia. The hematocrit and platelet counts were 
normal. Most cells present are nucleated erythrocyte precursors. Wright-Giemsa stain. 

BA

FIGURE 9-35 
Granulocytic hypoplasia in a bone marrow core biopsy section collected 
from a dog 6 days after therapy with vincristine, L-asparaginase, and 
prednisone was initiated for a mediastinal tumor. Two megakaryocytes 
and many erythroid precursors are present. The orange-staining globular 
material is hemosiderin. H&E stain. 

*References 12, 32, 68, 75, 221, 350, 501.

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


280	 VETERINARY	HEMATOLOGY

surface of circulating neutrophils, resulting in an immune-
mediated premature destruction of these cells.

Neutrophilic hypoplasia occurs in the bone marrow of neu-
tropenic cats and dogs with parvovirus infections.43,252,255,370 
Such infections in pups can also cause a severe erythroid 
hypoplasia, but animals usually do not become anemic because 
of the long life span of erythrocytes.395

Transient neutrophilic hypoplasia in the marrow with 
resultant transient peripheral neutropenia occur at 12- to 
14-day intervals in gray Collie dogs with inherited cyclic 
hemato poiesis.93,284,413 When examined early in the neutrope-
nic phase, myeloblasts and promyelocytes are present, but later 
stages of neutrophil development are absent and the M : E 
ratio is low.413 Over the next few days, later maturational 
stages increase until the neutrophilic series is complete, the 
M : E ratio is high, and the number of neutrophils in blood is 
normal or increased.284,413 Overall marrow cellularity is fairly 
constant, because the oscillations of granulopoiesis and eryth-
ropoiesis occur in a reciprocal manner.284 A similar repetitive 
pattern of neutrophilic hypoplasia followed by neutrophilic 
hyperplasia has been described in cats with FeLV-induced 
cyclic hematopoiesis.453 Cyclic neutropenia has been produced 
experimentally in dogs using continuous low-dose cyclophos-
phamide treatment, but bone marrow was not examined.326

Familial neutropenia and thrombocytopenia have been 
reported in eight horses with severe neutrophilic hypoplasia/
aplasia and megakaryocytic hypoplasia.237 Erythroid matura-
tion was orderly, but some degree of erythroid hypoplasia was 
believed to be present in half of the horses. Chronic (possibly 
congenital) neutropenia has been described in a young dog 
with G-CSF deficiency. Bone marrow aspiration biopsy 
revealed a maturational arrest at the promyelocyte-myelocyte 
stage.250

A decreased M : E ratio may be present when there is an 
increased demand for neutrophils and depletion of the post-
mitotic maturational and storage pool of the bone marrow, as 
may occur with septicemia and endotoxemia.58 These altera-
tions may appear as a maturational arrest with cytoplasmic 
toxicity.

Dysgranulopoiesis
The term dysgranulopoiesis refers to various disorders in which 
abnormal granulocyte maturation and/or morphology is 
present. Dysgranulopoiesis often results in ineffective granulo-
poiesis and a peripheral neutropenia. Neutrophilic abnormali-
ties that may be present in bone marrow include increased 
numbers of myeloblasts (Fig. 9-37); maturational arrest in 
the neutrophilic series (Fig. 9-38); giant metamyelocytes, 
bands, and mature neutrophils (Figs. 9-39 and 9-40); multi-
nucleated cells (Fig 9-41, A,B); abnormal mitosis (Fig. 9-41, C); 
abnormal granulation; hyposegmented neutrophils (pseudo-
Pelger-Huët); hypersegmented neutrophils (Fig. 9-41, D); and 
neutrophils with bizarre nuclear shapes (see Figs. 9-40 and 
9-41, E).*

some cases injury to the neutrophilic series is more severe than 
injury to the erythroid or megakaryocytic series. Azathioprine 
can produce neutropenia resulting from selective neutrophilic 
hypoplasia in some cats.26 Experimental studies in cats have 
also demonstrated that doxorubicin can sometimes produce 
neutropenia without anemia or thrombocytopenia, but the 
investigators did not examine bone marrow to determine 
whether selective neutrophilic hypoplasia was present.346

Many drugs have been reported to cause neutropenia in 
humans, and neutrophilic hypoplasia is commonly present in 
bone marrow.32 Griseofulvin is a fungistatic antibiotic that has 
been reported to cause neutropenia in cats with dermatophyte 
infections but not in experimental cats without dermatophyte 
infections (Fig. 9-36).178,245 FIV-infected cats appear to have an 
increased risk of developing griseofulvin-induced toxicity.424 In 
these cases, bone marrow evaluation has revealed evidence of 
neutrophilic hypoplasia. Methimazole treatment has been 
reported to cause neutropenia in hyperthyroid cats, but bone 
marrow findings were not given.361 Transient methimazole-
induced generalized marrow aplasia has been reported in 
humans.323 Lithium carbonate can cause neutrophilic hypopla-
sia with maturational arrest and neutropenia in cats.99

Neutropenia has been reported in animals given recombi-
nant G-CSF from another species.162,389 This phenomenon 
apparently occurs because the recipient develops antibodies 
that react not only against the foreign recombinant protein 
but also against the recipient’s endogenous G-CSF. Marked 
neutrophilic hypoplasia occurred when canine recombinant 
G-CSF was injected into rabbits389 but not when recombinant 
human G-CSF was injected into dogs, although the dogs 
became neutropenic.162 In the latter instance, the authors 
speculated that the antibody was bound to G-CSF on the 

FIGURE 9-36 
Granulocytic hypoplasia with maturational arrest of granulocyte precur-
sors in an aspirate smear of bone marrow from a severely neutropenic cat 
that had been treated with griseofulvin and prednisone for skin lesions. 
Increased numbers of small lymphocytes are also present. Slight neutro-
philia and normal bone marrow cytology were present 3 days later, fol-
lowing cessation of drug treatments. Wright-Giemsa stain. *References 39, 88, 167, 185, 208, 319, 382, 507, 528, 530.
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Various drugs may result in dysgranulopoiesis. Experimen-
tal studies have shown that lithium treatment causes a neu-
tropenia in cats as a result of a neutrophilic maturational arrest 
in the bone marrow.99 Maturational arrests in both the neu-
trophilic and erythroid series have been reported in the bone 
marrow of neutropenic anemic dogs treated with a cephalo-
sporin antibiotic.97 Dysgranulopoiesis and mild erythroid 
hypoplasia have been reported in the marrow of cats given 
valacyclovir, an antiviral drug designed for the treatment of 
herpesvirus infections.340 Last, an antipsychotic clozapine-
related drug resulted in neutropenia with a left shift in myeloid 
and erythroid cells in the bone marrow of dogs.274

Dysgranulopoiesis generally occurs in animals with MDS 
and AML. It is most common in cats with FeLV and/or FIV 
infections.* Immune-mediated neutropenia can result in 
increased numbers of neutrophilic precursors in the proliferat-
ing pool relative to the number of neutrophilic precursors in 
the maturational and storage pool.74 Giant schnauzer dogs 
with an inherited malabsorption of cobalamin may have neu-
tropenia with hypersegmented neutrophils in the blood and 
megaloblastic changes in the neutrophilic cell line in the bone 
marrow.138,139

FIGURE 9-37 
Increased numbers of myeloblasts (the six largest cells) in an aspirate 
smear of bone marrow from a horse with MDS. Myeloblasts accounted 
for 9% of all nucleated cells in the marrow. Wright-Giemsa stain. 

FIGURE 9-38 
Maturational arrest in neutrophil development at the myelocyte-
metamyelocyte stage in an aspirate smear of bone marrow from a FeLV-
negative neutropenic cat with MDS. Erythroid precursors are absent in 
this field. Wright-Giemsa stain. 

FIGURE 9-39 
Giant band neutrophils in an aspirate smear of bone marrow from a cat 
with MDS. Wright-Giemsa stain. 

FIGURE 9-40 
Idiopathic dysgranulopoiesis with giant neutrophil precursors with 
abnormal nuclear morphology in some cells and cytoplasmic vacuolation 
in others in a bone marrow aspirate smear from a dog with pancytopenia. 
Wright-Giemsa stain. 

*References 27, 39, 185, 293, 426, 429.
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FIGURE 9-41 
Dysplastic neutrophilic cells in bone marrow aspirate smears. A, Binucleated granulocytic precursor in blood 
from a dog with idiopathic dysgranulopoiesis. B, Trinucleated granulocytic precursor in blood from a cat with 
MDS.  C, Abnormal mitotic cell in blood from a cat with MDS. D, Hypersegmentation in a dog with 
idiopathic dysgranulopoiesis. E, Doughnut-shaped neutrophil precursor in an aspirate smear of bone marrow 
from an FIV-infected leukopenic cat. Wright-Giemsa stain. 

B, Courtesy of Rose Raskin.

D E

CA B

The injection of recombinant G-CSF can have profound 
effects on bone marrow morphology. Recombinant G-CSF 
shortens the cell cycle in neutrophil precursors, stimulates 
three to four extra divisions in the mitotic neutrophil pool, 
and shortens the neutrophil maturational time in the 
marrow.273 Hematologic findings in humans treated for neu-
tropenia with G-CSF included a neutrophilia with a promi-
nent left shift, toxic cytoplasm, circulating myeloblasts (less 
than 2%), dysplastic neutrophils (hyposegmentation, hyper-
segmentation, and ring nuclei), and a peripheral metarubri-
cytosis. Granulocytic hyperplasia with marked increases in 
promyelocytes and myelocytes was present early in therapy, 
but the M : E ratio and the relative distribution of neutrophil 
stages normalized over time during therapy.411 Similar find-
ings are expected in dogs and cats treated with recombinant 
G-CSF (Fig. 9-42).137

The early recovery stage from neutrophilic aplasia/
hypoplasia can exhibit some of the morphologic abnormalities 

reported in animals with dysgranulopoiesis.209 When neutro-
phils begin to proliferate after a period of neutrophilic aplasia, 
myeloblasts and promyelocytes predominate early (Fig. 9-43), 
followed progressively by the appearance of the later stages of 
development (Fig. 9-44).93,413,453 When an animal is examined 
prior to the production of mature neutrophils, the appearance 
of a maturational arrest is present (see Fig. 9-43). Over-
whelming sepsis or endotoxemia with a compensatory prema-
ture release of mature neutrophils can also give the impression 
of a maturational arrest.

Bone marrow toxicity (myelotoxicity) is induced by strong 
septic and nonseptic inflammatory conditions as well as by 
some drugs. Although all bone marrow cell lines may be 
affected, evidence of toxicity is most apparent in neutrophilic 
precursors.391 Cytoplasmic basophilia and foaminess can be 
seen in later stages of neutrophil development in the bone 
marrow, as is seen in circulating toxic neutrophilic cells. In 
contrast, discrete cytoplasmic vacuoles may be present in 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	9	 n	 Disorders	of	Bone	Marrow	 283

FIGURE 9-44 
Intense granulocytic proliferative response with marked left shift in a 
bone marrow aspirate from a cat responding to an acute bone marrow 
insult. Nearly half of the nucleated cells present were myeloblasts (espe-
cially type II and III myeloblasts with primary granules) and promyelo-
cytes. Megakaryocytic and erythroid hypoplasia was present. The cat 
presented with a pancytopenia (hematocrit, 8%; neutrophil count, 1.4 × 
103/µL; total leukocyte count, 2.5 × 103/µL; and platelets, 17 × 103/µL), 
toxic degenerative left shift, and life-threatening hemorrhaging, with a 
markedly prolonged activated partial thromboplastin time. FeLV and 
FIV tests were negative. The cat was given supportive care, including a 
blood transfusion. Hematology findings 2 days later included a hemato-
crit of 21%, neutrophilic cell count and total leukocyte count of 6.5 and 
9.7 × 103/µL, respectively, and a platelet count of 69 × 103/µL. The cause 
of the bone marrow insult was not determined. A toxin was not identi-
fied, but the client had treated the cat for several days with an unknown 
antihistamine and cefadroxil for respiratory signs prior to presentation. 

FIGURE 9-42 
Increased myeloblasts and promyelocytes in a bone marrow aspirate 
smear from a persistently neutropenic dog treated with recombinant 
G-CSF twice (1 and 2 days) before this aspirate was taken. The total 
leukocyte count and neutrophil count at the time of the bone marrow 
aspiration were 1.2 and 0.1 × 103/µL, respectively. The M : E ratio was 
0.8 : 1, and 41% of all nucleated cells present were myeloblasts and pro-
myelocytes. The absolute neutrophil count was within the reference inter-
val 2 days later. 

FIGURE 9-43 
Marked granulocytic hyperplasia in a bone marrow aspirate smear from 
a dog recovering from diethylstilbestrol-induced bone marrow toxicosis. 
Approximately 95% of myeloid cells are early (proliferating) precursors; 
of these, 85% are type I myeloblasts, 10% are type II myeloblasts, and 
about 5% are promyelocytes. There are occasional myelocytes. Myeloid 
cells incapable of division (metamyelocytes, bands and segmented cells) 
comprise less than 5% of the myeloid cells. The blood neutrophil count 
was 0.1 × 103/µL, and the M : E ratio was 15 : 1. The blood neutrophil 
count was 3.0 × 103/µL when rechecked 2 weeks later. Modified Wright 
stain. 

Photograph of a bone marrow smear from a 2009 ASVCP slide review case 
submitted by C. Mastrorilli, E. Welles, J. Seay, and K. McIlwaine.

myeloblasts and promyelocytes. These vacuolated precursors 
may have lobulated nuclei suggestive of monocyte precursors 
(Fig. 9-45, A,B).152 Discrete cytoplasmic vacuoles in 
neutrophilic precursors have also been reported with drugs, 
including chloramphenicol, metronidazole, and cyclophos-
phamide.496,508 The experimental administration of recombi-
nant G-CSF to cats resulted in not only a marked increase  
in the mitotic granulocytic pool but also in variable vacuola-
tion of granulocytic precursors, large granules in promyelo-
cytes, and visible granules in myelocytes and metamyelocytes.137 
Additional nuclear abnormalities—including hyposegmenta-
tion, hypersegmentation, ring-formation, and binucleation—
may also be present in myelotoxicity. Giant neutrophils with 
nuclear abnormalities are most often seen in cats.209,391

A B N O R M A LI T I E S  O F 
M E G A K A RYO C Y T E S
Megakaryocytic Hyperplasia
Megakaryocyte number, ploidy, and size increase in bone 
marrow within a few days following a thrombocytopenia 
resulting from premature destruction or utilization of platelets 
in blood (Fig. 9-46, A,B).222,225 Although other growth factors 
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and secondary IMT, ongoing intravascular coagulation, hyper-
splenism, and vascular injury. Various viral, rickettsial, bacte-
rial, protozoal, and fungal agents and therapeutic drugs result 
in platelet destruction or utilization and subsequent mega-
karyocytic hyperplasia (Fig. 9-47). E. canis infection is a 
common cause of thrombocytopenia in dogs in the southern 
United States. Although generalized marrow hypoplasia 
occurs in severe chronic ehrlichiosis, megakaryocytic hyper-
plasia is present early in the disease when immune-mediated 
platelet destruction largely accounts for the thrombocytope-
nia.166,390 Chapter 7 offers more information about the patho-
genesis of thrombocytopenic disorders in animals.

Megakaryocytic hyperplasia is also present in disorders 
with accompanying thrombocytosis, including iron-deficiency 
anemia (see Fig. 9-1), some chronic inflammatory conditions, 
and essential thrombocythemia, which is a myeloproliferative 
neoplasm characterized by a persistent, markedly increased 
(greater than 1 × 106/µL) platelet count.25,106,115,292 Mega-
karyocyte morphology appears normal when examined by 
light microscopy (Fig. 9-48, A,B).

Selective Megakaryocytic Hypoplasia or Aplasia
Selective amegakaryocytic thrombocytopenia is a rare syn-
drome in humans, in which it occurs as a congenital defect or 
an acquired defect in adults. Congenital amegakaryocytic 
thrombocytopenia generally results from genetic mutations  
in the thrombopoietin recepter gene.22 Acquired amega-
karyocytic thrombocytopenia in humans appears to be an 
immune-mediated disorder.473 Idiopathic amegakaryocytic 
thrombocytopenia is also rare in adult dogs and cats, in which 
it is presumed to be immune-mediated (Fig. 9-49).* It has 
been reported in a quarter horse foal with associated IMHA.437 
Familial neutropenia and thrombocytopenia have been 
reported in eight horses with severe neutrophilic hypoplasia/
aplasia and megakaryocytic hypoplasia.237

Various drugs may induce thrombocytopenia as a result of 
marrow suppression. Usually marrow suppression is general-
ized, but megakaryocytes may be specifically decreased.163 For 
example, dapsone treatment has been associated with amega-
karyocytic thrombocytopenia in a dog,261 and megakaryocytic 
and/or erythroid hypoplasia were reported to occur in cats 
treated with ribavirin, a broad-spectrum antiviral agent.532

Dysmegakaryocytopoiesis
Dysmegakaryocytopoiesis refers to the presence of maturational 
and/or morphologic abnormalities in megakaryocytic cells. 
Apparent maturational arrests with early stages (e.g., pro-
megakaryocytes) predominating may not be reflective of a 
dysplastic process, but rather may result from immune-
mediated reactions against megakaryocyte antigens (see Fig. 
9-46, A).220 Dysplastic abnormalities that may be present in 
bone marrow include asynchronous maturation resulting in 
the formation of dwarf granular megakaryocytes with single 

FIGURE 9-45 
Apparent maturational arrest in the neutrophilic series in bone marrow 
from a dog with a severe leukopenia and neutropenia, 1.1 and 0.1 × 
103/µL, respectively. Marked cytoplasmic toxicity and a degenerative left 
shift of neutrophilic cells were present in blood. A, Toxic neutrophilic 
precursors in a bone marrow aspirate smear. Discrete cytoplasmic vacu-
oles were apparent in early neutrophilic precursors. The M : E ratio was 
about 2 : 1, but it was difficult to differentiate toxic granulocytic precur-
sors from monocytic precursor cells in bone marrow. Lymphocytes (19%) 
and plasma cells (15%) were increased. Wright-Giemsa stain. B, Vacu-
olated neutrophilic precursors with marked left shift (few cells more 
mature than myelocytes) in a core bone marrow biopsy section from the 
dog presented in (A). A megakaryocyte is located at the bottom right. 
H&E stain. Sepsis was considered likely and antibiotic therapy was initi-
ated. The blood total leukocyte and total neutrophilic cell counts were 
17.4 and 12.7 × 103/µL, respectively, when measured 2 days later. A 
regenerative left shift with 3+ cytoplasmic toxicity was present in blood 
neutrophilic cells at that time. 

A

B

have synergistic effects, these changes are largely the result of 
increased thrombopoietin, which also accelerates the rate of 
megakaryocyte maturation. Most megakaryocytes are mature 
in animals with megakaryocytic hyperplasia, but increased 
numbers of promegakaryocytes and basophilic megakaryo-
cytes are often recognized. Thrombocytopenic disorders in 
which megakaryocytic hyperplasia is expected include primary *References 143, 189, 219, 249, 329, 537, 552.
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Asynchronous maturation and anisokaryosis of megakaryo-
cytes have been reported in a Cavalier King Charles spaniel 
with inherited macrothrombocytopenia.518 Chapter 7 offers 
information about this disorder.

Emperipolesis
Megakaryocytic emperipolesis refers to the movement of blood 
cells (neutrophils, erythrocytes, and lymphocytes) within 
megakaryocytes (Fig. 9-52, A,B).412 Emperipolesis differs 
from phagocytosis in that entering cells exist temporarily 
within the cell. The mechanism and significance of this finding 
remain to be defined. Increased emperipolesis has been 
reported in humans with various conditions including active 
blood loss, carcinomas, myeloid neoplasms, non-Hodgkin 
lymphoma, idiopathic thrombocytopenia purpura, and reac-
tive thrombocytosis.69,109,328,405

Emperipolesis occurs at low levels in young rats but is 
common in aged rats, and the incidence is markedly increased 
in animals with hyperplastic bone marrow secondary to 
chronic suppurative or neoplastic lesions.260 Increased 
emperipolesis has been produced experimentally in animals in 
which thrombopoiesis is increased by phlebotomy,463 IL-6 
injections,440 vincristine treatment,442 and lipopolysaccharide 
(LPS) injections.460 Studies with LPS indicate that emperi-
polesis is at least partly dependent on interactions between 
adhesion molecules on leukocytes and megakaryocytes.460 
Emperipolesis has been reported in dogs with leishmaniasis 
and in cats with presumptive IMT.33,127,141 This may be a 
nonspecific response to increased thrombopoietin.103 Inter-
nalization of Histoplasma capsulatum organisms within mega-
karyocytes has also been reported in a cat.373

or multiple nuclei (Fig. 9-50, A-C) and large megakaryocytes 
with nuclear abnormalities including hypolobulation, hyper-
lobulation, or multiple round nuclei (Fig. 9-51, A,B).39 Mega-
karyocytic dysplasia may occur in association with IMT and/
or IMHA,502,518 lymphoma,502 and following drug administra-
tion,276,532 but it most frequently occurs in MDS and AML.* 

FIGURE 9-46 
Megakaryocyte morphology and numbers in bone marrow aspirate smears, before and after therapy, from a 
dog with immune-mediated thrombocytopenia. A, Mature megakaryocytes were absent prior to therapy. Most 
megakaryocyte precursors present were promegakaryocytes (binucleated cell at left), but some basophilic mega-
karyocytes (large cell at right) were observed. B, Marked megakaryocytic hyperplasia in bone marrow from the 
same dog 1 week after prednisone therapy was begun. The image of this second aspirate smear was taken at 
lower magnification. Wright-Giemsa stain. 

BA

FIGURE 9-47 
Megakaryocytic hyperplasia in a bone marrow section from a core biopsy 
collected from a thrombocytopenic dog with disseminated intravascular 
coagulation that developed 1.5 weeks after treatment for occult heart-
worm disease. H&E stain. 

*References 39, 167, 309, 466, 502, 507, 530.
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factors.15,38,149,338,477 Monocytic hyperplasia may be appreciated 
in inflammatory conditions with increased monocyte produc-
tion and in some myeloid neoplasms.380 Monocyte precursors 
are markedly increased in two forms of AML. When myelo-
blasts as well as monoblasts are increased, the term acute 
myelomonocytic leukemia (AML-M4) may be used. When only 
monoblasts are increased, the disorder is classified as acute 
monocytic leukemia (AML-M5).210

Reactive Macrophage Hyperplasia
Macrophage hyperplasia occurs in the bone marrow in 
response to a variety of systemic viral, bacterial, fungal, and 
protozoal infectious agents (Fig. 9-53, A,B).539 Organisms that 
may be visualized in bone marrow macrophages include Myco-
bacterium species (Fig. 9-54, A,B),217,347,490 Histoplasma capsu-
latum (Fig. 9-55),78,79,373 Leishmania donovani (Fig. 9-53, A,B; 
Fig. 9-56),76,127,295,349 Cytauxzoon felis schizonts (Fig. 9-57; 
Fig. 9-58, A,B; Fig. 9-59; Fig. 9-60, A,B),132,154,235,431 and Phi-
alemonium obovatum.433

Macrophages may be increased in the marrow and  
contain phagocytized cellular debris in response to marrow 
necrosis195,391,503 or increased apoptosis, as may occur in 
dyserythropoiesis,531 immune-mediated destruction of hema-
topoietic cells (Figs. 9-61, 9-62), or hematopoietic neoplasia 
(Fig. 9-63).387,530 Increased numbers of vacuolated macro-
phages may be seen in some inherited lipid storage diseases 
(Fig. 9-64).57,84,164

Phagocytosis of Blood Cells and Their Precursors
Phagocytosis of blood cells is rare in the bone marrow of 
normal animals and generally involves only mature erythro-
cytes. Phagocytosis of blood precursor cells is considered 

A B N O R M A LI T I E S  O F 
M O N O N U C LE A R  P H AG O C Y T E S
Monocytic Hyperplasia
Monocyte precursors are normally present in low numbers in 
the bone marrow, and they are difficult to differentiate from 
neutrophilic precursors based on morphology alone. Conse-
quently mild monocytic hyperplasia is difficult to recognize 
and monocytic hypoplasia is not recognized at all. Monocytic 
hyperplasia often accompanies granulocytic hyperplasia in 
response to various inflammatory cytokines and growth 

FIGURE 9-48 
Megakaryocyte hyperplasia in bone marrow from a cat with essential thrombocythemia and a platelet count 
of 1.4 × 106/µL. A, Aspirate smear with many megakaryocytes. Wright-Giemsa stain. B, Section from a core 
biopsy with many megakaryocytes. H&E stain. 

BA

FIGURE 9-49 
Megakaryocyte aplasia in a hypercellular aspirate smear of bone marrow 
from a thrombocytopenic cat with associated immune-mediated hemo-
lytic anemia. Only one megakaryocyte was seen when multiple smears 
were scanned. Megakaryocytes were not seen in sections of bone marrow 
collected at necropsy. Wright-Giemsa stain. 

Text continued on p. 292
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FIGURE 9-50 
Dwarf megakaryocytes in bone marrow aspirate smears from animals with myeloid neoplasms. A, Binucleated 
dwarf megakaryocyte from a dog with CML. Magenta-staining granules in the cytoplasm and lack of intense 
basophilia indicate that it is not a promegakaryocyte. B, Dwarf megakaryocyte with four discrete nuclei from 
a dog with MDS. C, Dwarf megakaryocyte from an FeLV-positive, thrombocytopenic cat with MDS. Large 
numbers of magenta-staining granules are present in the cytoplasm, as is expected for mature megakaryocytes, 
but the cell has a single nucleus and is much smaller than normal. Wright-Giemsa stain. 

BA C

FIGURE 9-51 
Dysmegakaryocytopoiesis in bone marrow from a cat with a glucocorticoid-responsive thrombocytopenia. 
Erythrocyte and leukocyte parameters were normal in blood, and the FeLV test was negative. A, Mature 
megakaryocyte with multiple separate nuclei, rather than a single lobulated nucleus, in an aspirate smear. 
Dwarf megakaryocytes with separate nuclei were also present (not shown). Wright stain. B, Megakaryocytic 
hyperplasia in a core biopsy section. Megakaryocytes vary considerably in size and have multiple separate 
nuclei. H&E stain. The thrombocytopenia resolved following glucocorticoid therapy. 

Courtesy of Jeff Sirninger.
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FIGURE 9-52 
Megakaryocytic emperipolesis in bone marrow aspirate smears. A, Emperipolesis of neutrophils in a mega-
karyocyte from a cat with essential thrombocythemia. B, Emperipolesis of a neutrophil in a megakaryocyte 
proplatelet process from a dog. Modified Wright stain. 

From Scott MA, Friedrichs KR. Megakaryocyte podography. Vet Clin Pathol 2009;38 : 135.

BA

FIGURE 9-53 
Increased numbers of macrophages and plasma cells in bone marrow from a dog with disseminated leishmani-
asis. A, Three intact macrophages are filled with Leishmania donovani organisms. Many blue-staining plasma 
cells are also present in this aspirate smear. Wright-Giemsa stain. B, Macrophages containing L. donovani 
organisms (dark dots) in a bone marrow section from a core biopsy. A megakaryocyte is present at the right 
side. H&E stain. 
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FIGURE 9-54 
Macrophages containing Mycobacterium avium organisms in bone 
marrow aspirate smears from cats with disseminated mycobacteriosis.  
A, M. avium organisms appear as unstained rods in the cytoplasm of a 
macrophage. Wright-Giemsa stain. B, M. avium organisms appear as 
red-staining rods in the cytoplasm of a macrophage. Modified acid-fast 
stain. 

A B

FIGURE 9-55 
Macrophage (right) containing many Histoplasma capsulatum organisms 
in an aspirate smear of bone marrow from a cat with disseminated his-
toplasmosis. Free organisms (left bottom) may have come from damage 
to this cell or other macrophages present. Wright-Giemsa stain. 

FIGURE 9-56 
Multinucleated macrophage containing many Leishmania donovani 
organisms in an aspirate smear of bone marrow from a dog with dis-
seminated leishmaniasis. These protozoal organisms are identified by a 
distinctive bar-shaped kinetoplast in the cytoplasm which stains similar 
to the nucleus. Wright-Giemsa stain. 

FIGURE 9-57 
Early Cytauxzoon felis schizont development within a macrophage in an 
aspirate smear of bone marrow from a cat with cytauxzoonosis. The 
“ribbons” of darker blue material with reddish inclusions represent pro-
toplasm of the infectious agent without definable nuclei. The macrophage 
nucleus is eccentrically located on the right side of the cell. Wright-
Giemsa stain. 
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FIGURE 9-58 
Intermediate Cytauxzoon felis schizont development within macrophages. A, A macrophage containing a 
developing schizont in an aspirate smear of bone marrow from a cat with cytauxzoonosis is shown at a much 
lower magnification than the macrophage in Figure 9-57. Separation of nuclear and cytoplasmic material has 
occurred. The nucleus of the macrophage is eccentrically located at the bottom edge of the cell. B, Transmis-
sion electron microscopy of a macrophage with an intermediate schizont. With development, there has been 
a progressive branching and elongation of lobules until the enlarged tortuous schizont fills the host cell, which 
has also become progressively larger. Concentrations of karyoplasm begin to occur beneath the surface mem-
branes of the villous-like elongations of the schizont, and many nuclei can be visualized as concentrated areas 
of karyoplasm become membrane bound. At this stage, the parasite appears to contain multiple multinucleated 
structures. These have been called cytomeres in the past; however, they are not separate structures but lobules 
that are interconnected by numerous small cytoplasmic bridges. 

B, From Simpson CF, Harvey JW, Lawman MJP, Murray J, Kocan AA, Carlisle JW. Ultrastructure of schizonts in 
the liver of cats with experimentally induced cytauxzoonosis. Am J Vet Res. 1985;46:384-390.

BA

FIGURE 9-59 
Transmission electron microscopy of Cytauxzoon felis merozoites forming as everted sacculations from schizont 
lobules in areas of lobule membrane adjacent to schizont nuclei. 

From Simpson CF, Harvey JW, Lawman MJP, Murray J, Kocan AA, Carlisle JW. Ultrastructure of schizonts in the 
liver of cats with experimentally induced cytauxzoonosis. Am J Vet Res. 1985;46:384-390.
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FIGURE 9-60 
Completion of Cytauxzoon felis schizont development within macrophages. A, A macrophage in an aspirate 
smear of bone marrow from a cat with cytauxzoonosis shown at the same magnification as in Figure 9-58, 
A. Nuclei of hundreds of individual merozoites appear as small dots. The nucleus of the macrophage is eccen-
trically located at the bottom left edge of the cell. B, Transmission electron photomicrograph of a macrophage 
following completion of schizogony. The cytoplasm of the host macrophage is filled with mature merozoites. 
The nucleus of the macrophage with a large nucleolus is located at the bottom center of the image. A residual 
body in the cytoplasm (slightly left of center) constitutes the remains of the schizont. Following release by the 
macrophage, individual merozoites, containing a single mitochondrion and nucleus, enter erythrocytes by 
endocytosis (not shown). 

B, From Simpson CF, Harvey JW, Lawman MJP, Murray J, Kocan AA, Carlisle JW. Ultrastructure of schizonts in 
the liver of cats with experimentally induced cytauxzoonosis. Am J Vet Res. 1985;46:384-390.
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FIGURE 9-61 
Two large macrophages filled with phagocytized cellular material and 
vacuoles in an aspirate smear of bone marrow from an anemic cat with 
ineffective erythropoiesis. Erythroid hyperplasia was present in bone 
marrow without accompanying reticulocytosis in blood. Wright-Giemsa 
stain. 

FIGURE 9-62 
Two macrophages with phagocytized cellular material (primarily nuclei) 
in an aspirate smear of bone marrow from a dog with mild nonregenera-
tive anemia and erythroid hyperplasia in the bone marrow. Wright-
Giemsa stain. 
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The production of cytokines—such as IFN-γ, TNF-α, IL-1, 
IL-12, and/or IL-18—either directly or indirectly through the 
production of growth factors such as macrophage-CSF 
(M-CSF) and GM-CSF will stimulate the production and 
phagocytic activity of macrophages.254,394,491,539

Pronounced macrophage activation can result in the hemo-
phagocytic syndrome (macrophage activation syndrome), 
which is characterized as an acute, severe clinical event in 
humans, with fever, hepatosplenomegaly, and pancytopenia 
due to uncontrolled phagocytosis of blood cells and/or their 
precursors.98,248 Icterus and diarrhea have also been reported 

abnormal and implies increased cell destruction or death 
within the marrow (Fig. 9-65, A-C). Increased phagocytosis 
of blood cells and/or their precursors, primarily erythroid 
cells, may be observed in primary or secondary immune-
mediated disorders.270 However, increased phagocytosis of 
blood cells and/or their precursors may also be observed sec-
ondary to various infectious and neoplastic diseases.43,70,289,491 
The production of increased amounts of inflammatory cyto-
kines, especially by excessive T lymphocyte activation, has 
been proposed as a likely mechanism for increased macro-
phage activation and increased phagocytosis of blood cells. 

FIGURE 9-63 
Binucleated macrophage with phagocytized cells and nuclear debris in a 
bone marrow aspirate smear form a dog with ALL. Neoplastic cells are 
also located within and outside the macrophage. Wright-Giemsa stain. 

FIGURE 9-64 
Two vacuolated macrophages in an aspirate smear of bone marrow from 
a cat with inherited Niemann-Pick type C disease. 

Photograph of a stained bone marrow smear from a 1993 ASVCP slide review 
case submitted by D. E. Brown and M. A. Thrall.

FIGURE 9-65 
Macrophages with phagocytized cells in bone marrow aspirate smears. A, Macrophage with phagocytized 
erythrocytes and a nucleus (left) from a cat with ineffective erythropoiesis. B, Macrophage with phagocytized 
erythrocytes and platelets from a cat with cytauxzoonosis. C, Macrophage with phagocytized leukocytes from 
a leukopenic cat with MDS. 
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histiosarcoma. The cell of origin is the interstitial dendritic 
cell, which expresses leukocyte surface molecules CD1, 
CD11c/CD18, and major histocompatibility complex class II 
(MHC-II).3 Although neoplastic macrophages in hemo-
phagocytic histiocytic sarcoma express MHC-II, they have 
low and/or inconsistent expression of CD1 and CD11c and 
express CD11d instead of CD11c.322 A lack of prominent 
erythrophagocytosis in a histiocytic tumor suggests that the 
neoplasm is of dendritic cell origin; however, surface markers 
may be required to make a definitive diagnosis.

Although much less common than in dogs, histiocytic 
neoplasms are recognized in cats and a horse.266 Histiocytic 
disorders in cats have been classified as feline progressive 
histiocytosis, feline pulmonary Langerhans cell histiocytosis, 
and the feline histiocytic sarcoma complex.61,321 Several cases 
of histiocytic sarcoma (malignant histiocytosis) have been 
reported in cats that appear similar to hemophagocytic his-
tiosarcoma in dogs, although the accompanying anemia is 
most often nonregenerative.85,87,133,134,239 Like dogs, a macro-
phage origin of the hemophagocytic neoplastic cells has been 
demonstrated in cats.85,134

I N F L A M M AT O RY  D I S O R D ER S  O F 
B O N E  M A R ROW

Inflammatory disorders of bone marrow are seldom recog-
nized because inflammatory cells—including neutrophils, 
eosinophils, monocytes, macrophages, lymphocytes, and 
plasma cells—are normally present in bone marrow, making 
recognition of inflammation difficult in aspirate smears. 
Increased numbers of neutrophils, eosinophils, and monocytes 
in bone marrow usually represent increased production to 
meet peripheral demands rather than inflammation within the 
marrow. Core biopsies are generally needed to make a diag-
nosis of inflammation in the bone marrow, but it is rarely 
diagnosed because the multifocal distributions of the lesions 
are easily missed using a small biopsy needle. Recognition of 
inflammation within the marrow is increased if biopsies are 
collected from lesions identified using diagnostic imaging 
techniques. Inflammation in the bone marrow has been clas-
sified into the various categories discussed below.524

Acute Inflammation
Lesions are characterized by circumscribed infiltrates of 
mature neutrophils (Fig. 9-68, A). Some of these microab-
scesses have necrotic material in their centers. Vascular dilata-
tion, fibrin exudate, and hemorrhage may also be present. 
Acute inflammation is generally associated with bacterial 
infection.129,214,524

Fibrinous Inflammation
Fibrin exudation without accompanying inflammatory cells 
has been called fibrinous inflammation. Fibrin, which typi-
cally appears as small tangled pink fibrils in bone marrow 
sections stained with hematoxylin and eosin (H&E), must be 

in some dogs with this syndrome.511 The hemophagocytic 
syndrome is a secondary phenomenon that can sometimes 
mask an underlying immune-mediated, infectious, or neoplas-
tic disease.70,392,474

Recommended hematologic criteria for classifying an 
animal as having the hemophagocytic syndrome include pan-
cytopenia or bicytopenia with increased numbers of benign-
appearing macrophages in bone marrow (a minimum of 2% 
of all nucleated cells) that have phagocytized blood cells and/
or their precursors.511 This syndrome has been associated with 
infections, immune-mediated disorders, and hematopoietic 
neoplasms, but an underlying disease may not always be 
found.135,333,444,491,508 Schistocytes and activated monocytes 
may also be present in blood.491

Histiocytic Sarcoma
The term histiocyte is used to describe cells of both the mac-
rophage and dendritic cell series.77 Canine histiocytic diseases 
have been classified into the histiocytoma complex, reactive 
histiocytosis, and the histiocytic sarcoma complex. The histio-
cytic sarcoma complex includes localized histiocytic sarcoma, 
disseminated histiocytic sarcoma, and hemophagocytic histio-
cytic sarcoma. Localized and disseminated histiocytic sarco-
mas are of interstitial dendritic cell origin, and hemophagocytic 
histiosarcoma originates from macrophages.321 Disseminated 
histiocytic sarcoma and hemophagocytic histiosarcoma have 
been classified as malignant histiocytosis in the past. The 
morphology of the neoplastic histiocytes varies from mature 
histiocytes to anaplastic histiocytes (Fig. 9-66, A-C). 
Anaplastic features which may be present include moderate 
to marked anisocytosis and anisokaryosis, with moderate  
to abundant lightly basophilic vacuolated cytoplasm.  
Nuclei are round, oval, or reniform with prominent nucleoli.  
Bizarre mitotic figures and multinucleated giant cells may be 
present. Histiocytic sarcomas are most common in Bernese 
Mountain dogs, Rottweilers, Golden Retrievers, and Flat-
Coat Retrievers.3,322

Canine hemophagocytic histiosarcoma is a proliferative 
disorder of CD11d+ macrophages originating in the spleen 
and possibly bone marrow that spreads rapidly to the liver and 
lungs. Laboratory findings in most cases of canine hemo-
phagocytic histiosarcoma include a Coombs-negative regen-
erative anemia, thrombocytopenia, hypoalbuminemia, and 
hypocholesterolemia. Neoplastic macrophages appear as  
infiltrates in the spleen, liver, bone marrow, and lungs. The 
macrophages often contain phagocytized erythrocytes and/or 
hemosiderin (Fig. 9-67, A,B) and are accompanied by areas of 
extramedullary hematopoiesis in affected tissues. Cellular 
atypia may be more pronounced in the spleen than it is in the 
bone marrow.322

Nonhemophagocytic disseminated histiocytic sarcoma 
may originate in the spleen, lymph nodes, lungs, bone marrow, 
skin (especially of the extremities), or periarticular tissues of 
the limbs, followed by widespread metastasis. These tumors 
are more likely to appear as masses, in contrast to the  
more diffuse infiltrates typically seen in hemophagocytic 
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*References 310, 359, 383, 446, 504, 507, 512, 525.

and feline infectious peritonitis in cats.35,243 Lymphoid aggre-
gates are infrequently recognized in bone marrow sections of 
dogs and cats; their presence may be the result of chronic 
immune stimulation (Fig. 9-69).524

Increased numbers of small lymphocytes and/or plasma 
cells may be present in various immune-mediated disorders 
including immune-mediated neutropenia, IMHA, and IMT.*

Chronic Granulomatous Inflammation
Macrophage infiltrates characterize chronic granulomatous 
inflammation (see Fig. 9-68, B). Both diffuse macrophage 
infiltrates and focal granulomas have been described.524 

differentiated from edema and necrotic debris, which appear 
as pink homogeneous material. Special stains, including the 
Frazier-Lundrum stain, may be used to identify fibrin.512 
Fibrinous inflammation has been recognized in animals  
with disseminated intravascular coagulation and systemic 
vasculitis.524

Chronic Inflammation/Hyperplasia
Chronic inflammation consists of proliferations or infiltra-
tions of plasma cells, lymphocytes, and/or mast cells. Prolif-
erations of plasma cells and/or lymphocytes have been 
reported in the bone marrow of dogs with chronic renal 
disease and in dogs with myelofibrosis.524 Plasma cells are 
increased in bone marrow in response to some infectious 
agents, including E. canis and visceral leishmaniasis in dogs 

FIGURE 9-66 
Bone marrow from a dog with histiocytic sarcoma. Neoplastic cells were also present in the liver and spleen 
at necropsy. A, Histiocytic proliferation with marked anisocytosis and anisokaryosis in an aspirate smear. The 
cytoplasm of each cell contains prominent vacuolation. Erythrophagocytosis was not a prominent feature in 
this case. Wright-Giemsa stain. B, A large trinucleated histiocyte with prominent cytoplasmic vacuolation in 
an aspirate smear. Wright-Giemsa stain. C, Histiocytic proliferation with marked anisocytosis and aniso-
karyosis in a bone marrow section from a core biopsy. The cytoplasm of each cell contains prominent vacuola-
tion. A cluster of erythroid precursors is located in the upper right corner. H&E stain. 
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pyogranulomatous inflammation involving bone marrow 
occurs in animals, especially in association with mycobacterio-
sis (Fig. 9-70, A,B) and fungal infections such as coccidiomy-
cosis, penicilliosis (Fig. 9-71, A,B), aspergillosis (Fig. 9-72, 
A-C), blastomycosis, cryptococcosis, histoplasmosis, and Phi-
alemonium obovatum infections.48,214,357,433 German Shepherd 
dogs appear to be more susceptible to systemic Aspergillus and 
Phialemonium infections than other dog breeds.433 A specific 
etiology cannot always be determined.65

Diffuse infiltrates are included in the “Reactive Macrophage 
Hyperplasia” section in this chapter. A granuloma is a site of 
chronic inflammation characterized by the presence of various 
monocytic cells (monocytes, macrophages, epithelioid cells, 
and multinucleated giant cells) arranged in compact masses. 
Fibrosis and variable numbers of neutrophils and eosinophils 
may also be present. When neutrophilic inflammation is  
also prominent, the term pyogranulomatous inflammation is 
used (see Fig. 9-68, A,B). Multifocal granulomatous or 

FIGURE 9-67 
Aspirate bone marrow smears from a dog with hemophagocytic histiocytic sarcoma. A, Macrophage prolifera-
tion with moderate anisocytosis and anisokaryosis are present. Vacuoles, phagocytized erythrocytes, and/or 
gray-black hemosiderin are visible in the cytoplasm of multiple cells. One large macrophage at left center is 
filled with hemosiderin. Wright-Giemsa stain. B, Macrophage proliferation with cells containing large 
amounts of hemosiderin (diffuse and granular blue-staining cytoplasm). Prussian blue stain. 

BA

FIGURE 9-68 
Pyogranulomatous inflammation in postmortem bone marrow sections from a dog with unknown etiology. 
A, Focal area of neutrophilic inflammation (microabscess). Trabecular bone is located at the right edge of the 
image. B, Macrophages and neutrophils are distributed throughout this section of bone marrow. H&E stain. 
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H EM AT O P O I E T I C  N E O P L A S M S

Hematopoietic neoplasms arise from the bone marrow, lymph 
nodes, spleen, or thymus. They are classified as either lym-
phoid or myeloid neoplasms. The term leukemia is used when 
neoplastic cells are seen in the blood and/or bone marrow. An 
exception is the neoplastic proliferation of plasma cells in 
bone marrow (multiple myeloma), which is not referred to as 
a leukemia. Blood leukocyte counts may be low, normal, or 
high in animals with leukemia. The term acute is used to 
describe leukemias in which a predominance of blast cells 
occurs in the bone marrow; the term chronic is used for 

FIGURE 9-69 
A small lymphoid follicle around a longitudinal section of a vessel (left 
of center) in a bone marrow section from a core biopsy collected from a 
dog. H&E stain. 

FIGURE 9-70 
Bone marrow from a cat with disseminated Mycobacterium avium infec-
tion. A, Bone marrow aspirate smear with three macrophages filled with 
Mycobacterium organisms, which appear as linear unstained structures. 
Wright-Giemsa stain. B, Bone marrow core biopsy containing macro-
phages filled with unstained Mycobacterium organisms. Clusters of 
plasma cells are present between macrophages. Trabecular bone is present 
in the bottom right. H&E stain. 

A

B

FIGURE 9-71 
Core bone marrow biopsy from a lytic/proliferative lesion in the humerus 
of a Collie dog. A, Many large epithelioid macrophages are filled with 
phagocytized swollen fungal hyphae. Hyphae with clear cell walls and 
no discernible internal structure predominated. Neutrophils, eosinophils, 
and fibrocytes are also present. B, Higher magnification demonstrating 
the swollen fungal hyphae in macrophages. A Penicillium species was 
cultured from the lesion. H&E stain. 

Photograph of a bone marrow core biopsy from a 2008 ASVCP slide review 
case submitted by K. Miyakawa, C. Swenson, L. Mendoza, B. Steficek, M. 
Seavey, F. Gomes, and C. Warzee.
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neoplasms.381 The development of monoclonal antibodies 
against various cell surface and cytosolic proteins has allowed 
for the classification of cells using immunophenotype analysis. 
Many antibodies are available for use in dogs, but  
limited panels are available in other domestic animals.303 
Antibodies bound to cells are detected using fluorescent or 
enzymatic labels. Assays may be performed on exfoliative 
cytology preparations or paraffin-imbedded tissue biopsies, 
using immunocytochemistry and immunohistochemistry, 
respectively. Immunophenotyping is also performed in fluid 
samples using flow cytometry, where it has been especially 
useful in identifying lymphoid cell types.18 Antibodies have 
recently been developed for use in identifying granulocytic 
and monocytic lines in dogs, but there remains a need for early 
erythroid markers.487 Panels of antibodies have been validated 
for use in the differential diagnosis of acute leukemias in  
dogs (Table 9-1).6,487 In addition, clonality assays have been 

leukemias in which there is a predominance of maturing cells 
in blood and bone marrow. The progression of disease is 
usually rapid (weeks to months) in acute leukemias and slow 
(months to years) in chronic leukemias.

Precursor cells for mast cell tumors and histiocytic sarco-
mas arise from the bone marrow,126,294,321 but these neoplasms 
usually develop from more differentiated cells in the periph-
eral tissues. Consequently they are typically not included with 
myeloid neoplasms, even though some cases of noncutaneous 
systemic mastocytosis and hemophagocytic histiocytic sarco-
mas might qualify as hematopoietic neoplasms.

Although this book focuses on the morphologic appear-
ance of neoplastic hematopoietic cells, it is not possible to 
differentiate some cell types, especially blast cells and lympho-
cyte types, using morphology alone.303 Cytochemical stains 
have improved the quality of diagnosing hematopoietic neo-
plasms, especially in recognizing and differentiating myeloid 

FIGURE 9-72 
Pyogranulomatous inflammation from a lytic lesion in the proximal humerus of a dog with aspergillosis.  
A, Aspirate smear containing lysed cells, degenerate neutrophils, macrophages, a reactive fibroblast (top right), 
and septate fungal hyphae (bottom left quadrant). Wright-Giemsa stain. B, Section of a core biopsy contains 
numerous macrophages and fewer neutrophils. Vague outlines of fungal hyphae (round to ovoid to bulbous, 
sharply demarcated clear spaces, often with eosinophilic centers) can also be identified. H&E stain. C, Numer-
ous branching septate argyrophilic fungal hyphae visible in a core biopsy section. GMS stain. 
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FIGURE 9-73 
ALL in bone marrow from a dog. A, Lymphoblasts with dark-blue cytoplasm and indistinct nucleoli in an 
aspirate smear. Wright-Giemsa stain. B, Lymphoblasts in a core biopsy section. The orange material present 
is hemosiderin. H&E stain. 

BA

From Villiers E, Baines S, Law AM, et al. Identification of acute myeloid leu-
kemia in dogs using flow cytometry with myeloperoxidase, MAC387, and a 
canine neutrophil-specific antibody. Vet Clin Pathol. 2006;35:55-71.

General Leukocyte Markers
CD45 All leukocytes
CD11a All leukocytes

Acute Leukemia Marker
CD34 Stem cells/early progenitor cells

Lymphoid Markers
CD3 T lymphocytes
CD4 TH lymphocytes, neutrophils, monocytes
CD5 T lymphocytes, subset of B lymphocytes
CD8 Cytotoxic T lymphocytes
CD11d LGLs, macrophages in spleen and marrow
CD21 B lymphocytes at a later stage than CD79a
CD79a B lymphocytes

Myeloid Markers
CD11b Granulocytes, monocytes, macrophages
CD11c Granulocytes, monocytes, dendritic cells
CD14 Monocytes
CD41/61 Megakaryoblasts
CD61 Megakaryoblasts
MPO Neutrophils, monocytes
MAC387 Neutrophils, monocytes/macrophages
NSA Neutrophils

CD, cluster of differentiation antigen; MPO, myeloperoxidase; NSA, neutrophil 
specific antibody; LGL, large granular lymphocyte.

Table 9-1
Antibodies Used to Phenotype Leukemia in Dogs

developed that can be used to differentiate reactive from neo-
plastic disorders.18,183

LY M P H O I D  N E O P L A S M S

The term lymphoma denotes a solid tumor or tumors of neo-
plastic lymphocytes located outside of the bone marrow. The 
term lymphoid leukemia indicates a neoplastic condition of 
lymphocytes present in bone marrow and/or blood that is not 
associated with a solid tumor. Lymphoid leukemias are further 
classified as acute or chronic, depending on the maturity of 
the cells involved. When neoplastic cells are present in the 
blood of an animal with a lymphoma, the terms leukemic 
lymphoma or lymphosarcoma cell leukemia have been used, but 
the former term is preferred. Metastasis from bone marrow to 
lymphoid tissues and from lymphoid tissues to bone marrow 
is common. Consequently it may be difficult to differentiate 
a true leukemia from a lymphoma with leukemia in animals 
with advanced stages of disease. The measurement of CD34 
on neoplastic cells may help differentiate acute lymphoblastic 
leukemia (ALL) from leukemic lymphoma in dogs. Neoplas-
tic cells in dogs with ALL are typically positive, and neoplastic 
cells in the blood of dogs with leukemic lymphoma are usually 
negative.2,146,485

Acute Lymphoblastic Leukemia
Neoplastic lymphoblasts and/or prolymphocytes are present 
in the bone marrow of animals with ALL (Fig. 9-73, A,B; 
Fig. 9-74, A,B; Figs. 9-75, 9-76). Neoplastic cells are also 
usually present in blood (see Figs. 5-60, 5-61) with or without 
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hematopoietic lineages without the use of special stains and/
or surface markers. Compared with myeloblasts, lymphoblasts 
tend to exhibit more condensed chromatin and less prominent 
nucleoli.283

Most cases of ALL in cats have a T lymphocyte phenotype 
and most are FeLV positive,279,507 but FIV positive FeLV 
negative cats with ALL have been reported.193,426,439 Neoplas-
tic cells from dogs with ALL may be of the T lymphocyte,  
B lymphocyte, NK cell, or null cell phenotype.403,485,508 Canine 
B lymphocyte ALL (CD79a+ and/or CD21+) has been identi-
fied more often than T lymphocyte ALL (CD3+).2,462,485 Like 
AML, neoplastic cells in ALL are generally CD34+ in dogs.2,462 
However, neoplastic cells in dogs with acute large granular 

an absolute lymphocytosis. A moderate to marked nonregen-
erative anemia with thrombocytopenia and/or neutropenia is 
usually present in dogs with ALL.2,462 Pancytopenia has been 
recognized in horses and dogs diagnosed with ALL by bone 
marrow biopsy (see Fig. 9-10).2,267,523 Neoplastic lymphocytes 
present in ALL exhibit decreased nuclear chromatin conden-
sation and increased cytoplasmic basophilia compared  
with normal blood lymphocytes.279,299 Nucleoli may or may 
not be visible in the nuclei of these neoplastic cells and, when 
present, may be difficult to visualize. Other abnormalities—
including increased anisocytosis, anisokaryosis, and nuclear 
pleomorphism—may also be present. Lymphoblasts are  
generally difficult to differentiate from blast cells of other 

FIGURE 9-74 
ALL in bone marrow from a dog. A, Lymphoblasts with dark-blue cytoplasm and indistinct nucleoli in an 
aspirate smear. Lymphoblasts were not visible in blood from this animal. Wright-Giemsa stain. B, Lympho-
blasts in a bone marrow section from a core biopsy section. The orange material present is hemosiderin. H&E 
stain. 
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FIGURE 9-75 
Lymphoblasts with dark-blue cytoplasm and indistinct nucleoli in an 
aspirate smear of bone marrow from a cat with ALL. A minority of 
neoplastic cells had cytoplasmic vacuoles. Wright-Giemsa stain. 

FIGURE 9-76 
Lymphoblasts, often with visible nucleoli, in a roll preparation from a 
core biopsy from a horse with ALL. Wright-Giemsa stain. 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


300	 VETERINARY	HEMATOLOGY

from dogs with CLL are negative for CD34, and lymphocytes 
from dogs with ALL are usually positive.462,485 Lymphocytes 
present in the LGL type of CLL have red- or purple-staining 
(generally focal) granules within light-blue cytoplasm (see 
Fig. 5-58). These cells also have condensed nuclear chromatin, 
but they are generally larger, with more cytoplasm and lower 
nuclear-to-cytoplasmic (N : C) ratios, than cells present in 
non-LGL types of CLL.186,360,534 Although most cases of 
LGL leukemia in dogs behave like CLL and progress slowly 
over several years, some cases behave like an aggressive form 
of ALL (see Fig. 5-59).304,485,533 Nearly all cases of the LGL 
form of CLL involve neoplastic T lymphocytes in dogs, but 
cells of the LGL form of ALL in dogs may be of either the 
T lymphocyte or the NK cell lineage.304,485

Bone marrow examination of animals with CLL often 
reveals increased numbers of normal-appearing lymphocytes 
(Fig. 9-77, A,B; Fig. 9-78, A,B; Fig. 9-79); however, the 
extent of the neoplastic infiltration is generally less than that 
seen in ALL. Bone marrow may contain some reactive lym-
phoid follicles consisting primarily of normal-appearing lym-
phocytes (see Fig. 9-69), which must be differentiated from a 
neoplastic lymphoid infiltrate. CLL of the B lymphocyte type 
appears to originate in the bone marrow; consequently lym-
phocyte infiltrates are consistently present with this type of 
CLL. In contrast, T lymphocyte development requires pro-
cessing by the thymus and T lymphocyte CLL appears to 
develop outside the marrow (i.e., in the spleen) with secondary 
marrow infiltration.304,485 Tests for CD antigens are usually 
needed to identify the cell type involved; however, the coex-
istence of a monoclonal gammopathy with CLL indicates 
neoplasia of a B lymphocyte type, while the presence of cyto-
plasmic granules suggests a cytotoxic T lymphocyte type or, 
less likely, a NK cell type of neoplasm.403,485

lymphocytic (LGL) leukemia (see Fig. 5-59) are typically 
CD34−, and the neoplasm appears to originate in the spleen 
with secondary bone marrow involvement.305,485 Likewise, 
CD34 is negative in dogs with leukemic high-grade 
lymphoma.462

Chronic Lymphocytic Leukemia
Chronic lymphocytic leukemia (CLL) is reported most often 
in older animals.542 The clinical presentation varies, but dogs 
and cats with CLL are often asymptomatic when diagnosed. 
A lymphocytosis (6 × 103/µL to over 200 × 103/µL) involving 
normal-appearing lymphocytes is consistently present in 
blood (see Figs. 5-56, 5-57, 5-58).95,263,279,542 Mild to moderate 
anemia is generally present. Moderate thrombocytopenia  
may be present at times, but neutropenia is generally not 
seen.2,462,542 The nuclear chromatin is more condensed in CLL 
cells than in those of ALL. In contrast with ALL, most cats 
with CLL are FeLV-negative.279

T lymphocyte CLL is more common than B lymphocyte 
CLL in dogs and cats.2,403,542 Of the T lymphocyte subsets, 
cytotoxic T lymphocytes with granular lymphocyte morpho-
logy predominate in dogs.304,485,534 In contrast, TH lymphocyte 
neoplasms appear to be most common in cats with CLL.504,542 
Dogs with CLL of the B lymphocyte type often have an 
accompanying monoclonal gammopathy that is typically of 
the immunoglobulin M (IgM) type.136,263,281,283 An IgG mono-
clonal gammopathy has also been reported in a horse with 
CLL.95

Non-LGL types of CLL are composed of normal-
appearing small to medium-sized lymphocytes with scant 
amounts of light-blue cytoplasm. Immunophenotyping for 
CD34 can be performed in cases where there is a question 
concerning the maturity of the lymphocytes. Lymphocytes 

FIGURE 9-77 
Bone marrow from a dog with CLL. A, Infiltrate of small lymphocytes with condensed nuclear chromatin 
and minimal cytoplasm in an aspirate smear. Wright-Giemsa stain. B, Infiltrate of small lymphocytes (espe-
cially in the left half of the image) in a bone marrow section from a core biopsy. Two megakaryocytes are present 
in the upper right corner. H&E stain. 
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FIGURE 9-79 
Infiltrate of normal-appearing small lymphocytes in an aspirate smear of 
bone marrow from a cat with CLL. Wright-Giemsa stain. 

FIGURE 9-78 
Bone marrow from a dog with B lymphocyte CLL. A, Infiltrate of small lymphocytes with condensed nuclear 
chromatin and minimal cytoplasm in an aspirate smear. A monoclonal hyperglobulinemia is also present in 
this dog. Wright-Giemsa stain. B, Marked infiltrate of small lymphocytes in a bone marrow section from a 
core biopsy. Trabecular bone is located at upper left and a megakaryocyte is present at bottom center. H&E 
stain. 
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*References 63, 314, 479, 480, 484, 486.

Lymphomas
Lymphomas are solid tumors of neoplastic lymphocytes that 
develop outside of the bone marrow. They may be classified 
by the anatomic site involved (e.g., alimentary, thymic, cutane-
ous, multicentric), by location of neoplastic cells within lymph 
nodes (e.g., diffuse, follicular, marginal zone, T zone), by cell 
morphology (e.g., large cell, lymphoblastic, large granular), by 
cell type (e.g., B lymphocyte, T lymphocyte, NK cell), or 
combinations of these categories.* The reader is referred to a 

recent text for a comprehensive discussion of lymphomas in 
animals.479

Based on abnormal morphology, neoplastic cells are recog-
nized in the blood of about one-quarter to one-half of the 
animals presenting with a lymphoma.279,285,384,481 In the 
remaining cases, neoplastic lymphocytes may be absent from 
blood or may not have sufficiently abnormal morphology to 
be recognized. Bone marrow infiltrates may sometimes be 
recognized in animals even when neoplastic cells are not 
appreciated in blood (Fig. 9-80, A,B; Fig. 9-81, A,B).285,383,384 
Core biopsies offer the advantage that small infiltrates of 
lymphoid cells that would be dispersed during bone marrow 
aspiration and smear preparation can be recognized with his-
topathology. Lymphoid infiltrates in the bone marrow of dogs 
with lymphomas are most often paratrabecular in location.383 
Focal infiltrates must be differentiated from benign lymphoid 
follicles, which have well-defined borders and are composed 
primarily of small mature lymphocytes (see Fig. 9-69). Neo-
plastic aggregates are generally larger, with poorly defined 
borders, and cells within these aggregates are often large and 
immature in appearance.383

Lymphomas involving LGLs have been primarily reported 
in cats, in which they generally occur as intestinal lymphomas 
that metastasize to various other organs, including the  
spleen, liver, lymph nodes, blood, and bone marrow (Fig. 
9-82).94,131,224,396,535 Their granules are generally much larger than 
those seen in normal LGLs in blood. They appear blue, red, or 
purple with Wright-Giemsa stain but may not stain well with 
Diff-Quik stain.131 In some cases the granules appear eosino-
philic in H&E-stained sections; in others, they are difficult to 
identify with H&E. The neoplastic cells appear to originate from 
intraepithelial lymphocytes, and most of these tumors appear to 
be composed of cytotoxic T lymphocytes.224,396
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Two cases of LGL lymphoma have been reported in 
horses.156,240 Neoplastic cells were recognized in the blood of 
one horse and in the bone marrow of the other.

Multiple Myeloma and Other Immunoproliferative 
Neoplasms
Any cell type in the normal B lymphocyte maturational 
pathway may become neoplastic and produce an immuno-
globulin. The nature of a lymphoproliferative disorder is deter-
mined by the stage at which B lymphocyte maturation is 
arrested.

FIGURE 9-80 
Metastatic lymphoma in bone marrow from a dog. A, Infiltrate of variably sized lymphoblasts in an aspirate 
smear. A mitotic cell is present at bottom center. Wright-Giemsa stain. B, Diffuse infiltrate of variably sized 
lymphoblasts in a bone marrow section from a core biopsy. Trabecular bone is located along the left edge of 
the image. H&E stain. 

A B

Multiple Myeloma
Multiple myeloma (plasma cell myeloma) is a B lymphocyte 
tumor of the bone marrow that manifests as a proliferation of 
plasma cells. It is a rare tumor in dogs,298,300 cats,312,356 and 
horses,23,110,233,375 occurring primarily in older animals.44 A 
monoclonal IgG or IgA immunoglobulin is usually secreted 
by the tumor, resulting in a monoclonal hyperglobulinemia, 
which can be recognized using serum protein electrophore-
sis.150,300 The type of immunoglobulin produced can be iden-
tified using immunoelectrophoresis and quantified using 

FIGURE 9-81 
Metastatic lymphoma in bone marrow from a dog. A, Infiltrate of variably sized lymphoblasts in an aspirate 
smear. The lymphoblasts have round nuclei and scant amounts of cytoplasm. Wright-Giemsa stain. B, Focal 
infiltrate of lymphoblasts near trabecular bone (lower left) in a bone marrow section from a core biopsy. H&E 
stain. 
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Sometimes, only a component of an immunoglobulin mole-
cule (light chains or heavy chains) is produced.89,187,201,545 
Rarely, a multiple myeloma secretes no visible monoclonal 
protein that is recognizable by conventional serum protein 
electrophoresis282,296; however, monoclonal immunoglobulin 
proteins may be identifiable using more sensitive methods.419 
Focal lytic or diffuse osteoporotic bone lesions may be recog-
nized using survey radiography, and a Bence Jones proteinuria 
(immunoglobulin light chains in urine) may be present.

Increased numbers of plasma cells are usually identified in 
routine bone marrow biopsies of animals with multiple 
myeloma (Fig. 9-83, A,B; Fig. 9-84, A,B; Figs. 9-85, 9-86). In 
some cases, it is necessary to biopsy lytic bone lesions to 
demonstrate the plasma cell infiltrates. The morphology of the 
neoplastic cells can vary from normal-appearing mature 
plasma cells to large immature pleomorphic plasma cells with 
diffuse chromatin, abundant cytoplasm, and an increased 
mitotic index. Multiple nuclei may be present. The cytoplasm 
generally appears light blue to dark blue when Romanowsky-
type blood stains are used; but in rare instances the cytoplasm 
of the neoplastic cells is filled with Russell bodies (Mott cells) 
or it stains red (flame cells), especially at the periphery of the 
cell.8,356,554 The appearance of the flame cells may depend on 
the blood stain used (Fig. 9-87, A-C).

Plasma cell neoplasia presents quite differently in cats than 
it does in dogs and humans.312,356 Rather than have bone 
marrow tumors with limited metastasis (multiple myeloma) 
or solitary extramedullary tumors with limited metastasis 
(extramedullary plasmacytoma), as are seen in dogs and 
humans, plasma cell tumors in cats are much more likely to 
exhibit metastasis whether they begin within or outside of the 
bone marrow. As a result, the term myeloma-related disorders 
has been used in regard to these coditions in cats.312 Cats with 

FIGURE 9-82 
Infiltrate of large granular lymphocytes in an aspirate smear of bone 
marrow from a cat with metastatic lymphoma involving large granular 
lymphocytes. The granules in these cells are larger than those seen in the 
granular lymphocytes that normally circulate in blood. Wright-Giemsa 
stain. 

FIGURE 9-83 
Multiple myeloma in bone marrow from a dog. A, Infiltrate of plasma cells with basophilic cytoplasm and 
eccentric nuclei in an aspirate smear. Wright-Giemsa stain. B, Infiltrate of plasma cells with eccentric nuclei, 
exhibiting coarsely clumped chromatin in a characteristic mosaic pattern, in a section of bone marrow collected 
as a core biopsy. H&E stain. 
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methods such as single radial immunodiffusion. Biclonal pro-
teins may be produced in some cases150,205,312,356,378 and may be 
recognized more frequently if capillary zone electrophoresis is 
used in place of conventional serum protein electrophoresis.117 
Biclonal-appearing proteins during serum protein electropho-
resis may result from two plasma cell clones, one plasma cell 
clone producing two separate immunoglobulins, or spurious 
peaks of a single protein with dimeric or multimeric forms.34,356 
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involve light-chain proteinuria and thrombocytopenia. Lytic 
lesions in bone were reported as common in one study356 and 
rare in another study.312 Low numbers of plasma cells may be 
found in the blood of some affected cats but rarely in high 
enough numbers to justify use of the term plasma cell 
leukemia.356,458

Cats have been reported to have noncutaneous extramed-
ullary plasma cell tumors with infiltrates of plasma cells in 
multiple organs, with no detectable bone marrow involve-
ment. These cats have hyperglobulinemia and systemic  
illness similar to cats with documented bone marrow 

myeloma-related neoplasms are typically FeLV and FIV 
negative.

Cats with bone marrow plasmacytosis typically have hyper-
globulinemia and paraproteinemia, with an IgG paraprotein 
occurring about twice as often as an IgA paraprotein. Most 
paraproteinemias appear to be monoclonal by serum protein 
electrophoresis, but some appear biclonal. Plasma cell infil-
trates are generally present in abdominal organs, especially the 
spleen and liver, when animals are initially diagnosed. Atypical 
plasma cell morphology, a nonregenerative anemia, and hypo-
cholesterolemia are common, and a moderate number of cases 

FIGURE 9-84 
Multiple myeloma in bone marrow from a dog. A, Infiltrate of plasma cells with eccentric nuclei and abundant 
basophilic cytoplasm containing pale Golgi zones in an aspirate smear. Wright-Giemsa stain. B, Infiltrate of 
plasma cells with abundant cytoplasm near trabecular bone in a core biopsy section. H&E stain. 
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FIGURE 9-85 
Infiltrate of plasma cells with eccentric nuclei and basophilic cytoplasm, 
containing pale Golgi zones, in an aspirate smear of bone marrow from 
a cat with multiple myeloma. Nuclear chromatin is coarsely clumped in 
a characteristic mosaic pattern. Two binucleated plasma cells are present. 
Wright-Giemsa stain. 

FIGURE 9-86 
Infiltrate of five plasmacytoblasts with intensely basophilic cytoplasm in 
an aspirate smear of bone marrow from a dog with multiple myeloma. 
Wright-Giemsa stain. 
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cats behave like those of dogs,290 but others are much more 
aggressive, producing a paraprotein and quickly metastasizing 
(Fig. 9-88, A,B).312

Other B Lymphocyte Neoplasms
Any cell type in the B lymphocyte maturational pathway may 
become neoplastic and produce an immunoglobulin. The 
nature of a lymphoid neoplasm is determined by the stage at 
which B lymphocyte maturation is arrested. Other B 
lymphocyte neoplasms—including multicentric lymphomas, 
B lymphocyte CLL (discussed previously), and primary 
macroglobulinemia—may produce monoclonal hyperglobu-
linemias.298 Lytic bone lesions are generally absent in these 
disorders, even when bone marrow infiltrates are present. In 

plasmacytosis.312 It has been proposed that these plasma cell 
neoplasms develop as primary extramedullary tumors.313 Cats 
with mature plasma cell neoplasms survive longer than cats 
with anaplastic plasma cell neoplasms.313

Extramedullary Plasmacytoma
In addition to the metastasis of multiple myeloma from bone 
marrow, extramedullary plasma cell tumors (plasmacytomas) 
may arise as primary tumors of soft tissues. They occur most 
frequently as solitary tumors in the skin or the mouths of dogs 
but have also been reported in various gastrointestinal 
sites.44,246,377,543 They rarely have an associated monoclonal or 
biclonal hyperglobulinemia203,472 and in dogs rarely metasta-
size to distant sites.268,472 Some cutaneous plasmacytomas in 

FIGURE 9-87 
Bone marrow from a dog with multiple myeloma and a biclonal hyperglobulinemia migrating in the gamma 
region on serum protein electrophoresis. Red staining cytoplasm is visible with the Diff-Quik. A, Infiltrate 
of plasma cells with eccentric nuclei and abundant basophilic cytoplasm containing pale Golgi zones in an 
aspirate smear. A binucleated plasma cell is present near the center. Wright-Giemsa stain. B, Infiltrate of 
plasma cells with eccentric nuclei and abundant cytoplasm in an aspirate smear. These cells have been called 
flame cells because of their red-staining cytoplasm. A binucleated plasma cell is present near the bottom left 
corner. Diff-Quik stain. C, Infiltrate of plasma cells with eccentric nuclei and abundant cytoplasm in a section 
of bone marrow collected as a core biopsy. H&E stain. 
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*References 39, 167, 208, 210, 223, 380.

M Y EL O I D  N E O P L A S M S

The classification of myeloid neoplasia (formerly termed 
myeloproliferative disorders) is continually changing in human 
medicine based on expanded phenotype analyses, cytogenetic 
analyses, and the prognosis and response to therapy of these 
various neoplasms.454 Until more molecular tools become 
available and large studies can be performed, myeloid neo-
plasms in animals will continue to be largely classified based 
on morphology, supplemented with some cytochemical stain-
ing and phenotype markers to help differentiate primitive  
cell types.158,381,462,487

Myeloid neoplasms are characterized by the clonal prolif-
eration of one or more of the nonlymphoid marrow cell lines 
(granulocytic, monocytic, erythrocytic, or megakaryocytic).* 
They are subclassified as MDS, AML, and myeloproliferative 
neoplasms (MPNs).176,436,516 AML is characterized by a block 
in differentiation/maturation, but an ongoing ability of  
neoplastic cells to survive and proliferate (see Table 9-2). 
In contrast, MDS is characterized by both impaired  
survival of neoplastic cells (increased apoptosis) and impaired 
differentiation/maturation of these cells. Both AML and 
MDS have been shown to be clonal abnormalities in cats.182 
MPNs exhibit increased proliferation/survival of neoplastic 
cells and relatively normal differentiation/maturation, at least 
initially.343 Myeloid neoplasms have been associated with a 
variety of genetic mutations in humans. It is suggested that 
MDS progresses to AML following a second genetic muta-
tion that allows blast cells to survive and proliferate (Table 
9-2) and that MPN progresses to AML following a second 

humans, primary (Waldenström) macroglobulinemia is char-
acterized as a lymphoplasmacytic neoplasm that produces an 
IgM monoclonal protein. The marrow aspirate is often of low 
cellularity, but the core biopsy is generally hypercellular and 
diffusely infiltrated with lymphocytes, plasmacytoid lympho-
cytes, and some plasma cells.234 This syndrome is rarely 
reported in dogs (Fig. 9-89).147,150,202,257,298 The spleen, liver, 
and lymphoid tissues rather than the bone marrow may have 
neoplastic infiltrates.478

FIGURE 9-88 
Anaplastic plasma cell neoplasm in bone marrow from a cat that originally presented as a cutaneous tumor. 
A monoclonal IgA hyperglobulinemia was also present. A, Basophilic plasmacytoid blast cell infiltrate in an 
aspirate smear. Similar blast cells were present in blood, skin, lungs, and liver. Wright-Giemsa stain. B, Marked 
infiltrate of plasmacytoid blast cells in a postmortem bone marrow section. H&E stain. 
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FIGURE 9-89 
Infiltrate of basophilic lymphoid cells in an aspirate smear of bone 
marrow from a dog with macroglobulinemia (IgM hyperglobulinemia). 
Neoplastic cells were also present in the spleen but not in the lymph 
nodes. Wright-Giemsa stain. 
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Myelodysplastic Syndromes
The term myelodysplasia is used when more than 10% of the 
cells in one or more bone marrow cell lines are dysplastic.509,518 
Myelodysplasia may be primary (neoplastic) or secondary 
(nonneoplastic). The term MDS is generally used as a synonym 
for primary myelodysplasia. MDS consists of a heterogeneous 
group of neoplastic disorders that are characterized by periph-
eral cytopenias (especially nonregenerative anemia and throm-
bocytopenia) with normal or hypercellular, dysplastic-appearing 
bone marrow.343 Hypocellular bone marrow is rarely recog-
nized.547 This ineffective hematopoiesis results from defective 
maturation and extensive apoptosis of hematopoietic 
cells.229,336,387 Apoptosis or physiologic cell death is a mecha-
nism of gene-directed cellular self-destruction in which intra-
cellular endonucleases initially cut DNA into fragments.196 
Recognizable apoptotic cells with fragmented nuclei exist for 
only 10 to 15 minutes before they are removed by phagocytic 
cells.387 In addition to genetic abnormalities in hematopoietic 
stem cells/progenitor cells, abnormalities in the bone marrow 
microenvironment (including increased cytokine secretion by 
macrophages), immune deregulation, and other factors con-
tribute to the appearance and behavior of MDS.206,229 As in 
human MDS, a clonal proliferation of hematopoietic cells has 
been identified in two-thirds of cats with MDS, indicating that 
MDS may be considered a preleukemic state of AML in cats.183

Based on criteria recommended by the Animal Leukemia 
Study Group in 1991, the percentage of blast cells (myelo-
blasts, rubriblasts, or megakaryoblasts) in bone marrow should 
be less than 30% of all nucleated cells in MDS, and a diagnosis 
of AML should be made when the percentage of nonlymphoid 
blast cells equals or exceeds 30% of all nucleated cells.210 This 
percentage of blast cells was also used as a cutoff value to dif-
ferentiate MDS from AML in humans at that time. However, 
the World Health Organization (WHO) has since decreased 
this cutoff value differentiating MDS and AML from 30% 
blasts to 20% blasts for humans.454 This has generated consid-
erable debate concerning how best to treat human patients 
who have between 20% and 30% blast cells in their bone 
marrow, because this group appears to include some patients 
with advanced MDS, some with “smoldering” AML, and some 
with early stages of classic AML.343 Nonetheless, there appears 
to be a consensus among veterinary clinical pathologists to 
decrease the cutoff value to 20% for animals as well.223,505

FeLV and probably FIV infections can produce MDS in 
cats,* although some cats with MDS have negative tests for 
these viruses.128 The experimental infection of cats with a 
FeLV variant that had three tandem direct 47-bp repeats in 
the upstream region of the enhancer (URE) in the long ter-
minal repeat (LTR) of the proviral sequence resulted in MDS 
in some cats and AML in others. In addition, analysis of the 
proviral sequences obtained from 13 cats with naturally occur-
ring MDS revealed that they also had the characteristic URE 
repeats in the LTR.182

*References 27, 39, 185, 293, 426, 429.

Modified from Nimer SD. Myelodysplastic syndromes. Blood. 2008;111:
4841-4851.

MDS AML MPN
Differentiation/maturation Impaired Impaired Normal

←←←
Proliferation/survival Impaired Preserved Increased

→→→

MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; MPN, myelo-
proliferative neoplasms. Arrows indicate where a second genetic mutation 
could result in the progression to AML.

Table 9-2 
Myeloid Neoplasms

genetic mutation that results in impaired differentiation and 
maturation of neoplastic cells (see Table 9-2).343 In addition 
to further genetic mutations, alterations in the bone marrow 
microenvironment and abnormalities in the immune system 
appear to contribute to the pathogenesis of various subtypes 
of myeloid neoplasms.206

Neoplastic transformations in myeloid neoplasms usually 
occur in hematopoietic stem cells/pluripotent progenitor 
cells.308,385 Although the proliferation of one cell type may 
predominate, a marrow cell line is seldom singly affected. 
Morphologic or functional disorders of other cell lines can 
usually be detected. In addition, some myeloid neoplasms 
appear to evolve into one another. For example, MDS with 
excessive proliferation of nucleated erythrocytes (MDS-Er) in 
cats may evolve into erythroleukemia (AML-M6) and even-
tually AML-M1 or AML-M2,173,207 and dogs with CML 
may have a “blast crisis” that develops into AML.264,368

Cats with myeloid neoplasms are generally infected with 
FeLV and/or FIV.185,425,429,439,471 Irradiation has been experi-
mentally shown to cause myeloid neoplasms in dogs.417,466 
Myeloid neoplasms are rare in domestic animal species other 
than cats and dogs, and their causes are unknown.

Excluding primary erythrocytosis and essential thrombo-
cythemia, abnormalities that may be present in the blood of 
animals with myeloid neoplasms include a nonregenerative 
anemia with erythrocyte macrocytosis, anisocytosis, and/or 
poikilocytosis, nucleated erythrocytes out of proportion to the 
number of reticulocytes present and/or nucleated erythrocytes 
with lobulated or fragmented nuclei, large bizarre and/or 
hypogranular platelets, and immature granulocytes and/or 
abnormal granulocyte morphology (large size, hyposegmenta-
tion, hypersegmentation). Nonlymphoid blast cells may be 
present in blood, depending on the type of myeloid neoplasm 
and stage of development. The platelet count is frequently low 
but may be normal or high. The total leukocyte counts and 
absolute neutrophil, monocyte, eosinophil, and basophil 
counts vary from low to high, depending on the type of 
myeloid neoplasm that is present. Although a preliminary 
diagnosis of a myeloid neoplasm can sometimes be made 
based on hematologic findings, a definitive diagnosis and clas-
sification requires bone marrow evaluation.208
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FIGURE 9-90 
Bone marrow aspirate from a cat with MDS. Three megaloblastic rubri-
cytes, two mitotic figures, and a left shift in the neutrophilic series is 
present. Wright-Giemsa stain. 

Evidence of dyserythropoiesis, dysgranulopoiesis, and/or 
dysmegakaryocytopoiesis is present in the marrow of animals 
with MDS.* Erythroid abnormalities that may be present 
include increased numbers of rubriblasts, maturational arrest, 
megaloblastic cells, abnormal nuclear shapes, premature 
nuclear pyknosis, nuclear fragmentation, multinucleated cells, 
nuclear and cytoplasmic asynchrony, and siderotic inclusions 
(Figs. 9-90, 9-91). Neutrophilic abnormalities that may be 
present include increased numbers of myeloblasts, matura-
tional arrest in the neutrophilic series (Fig. 9-92), giant 
metamyelocytes, band and mature neutrophils, abnormal 
granulation such as large primary granules, hyposegmented 
neutrophils (pseudo-Pelger-Huët), hypersegmented neutro-
phils, and neutrophils with bizarre nuclear shapes. Increased 
numbers of eosinophilic cells are also commonly observed 
with MDS in cats.208,429 Megakaryocytic abnormalities that 
may be present include dwarf granular megakaryocytes with 
single or multiple nuclei and large megakaryocytes with 
nuclear abnormalities including hypolobulation, hyperlobula-
tion, or multiple round nuclei (see Fig. 9-50, B,C). Some cats 
with MDS have stainable iron in their marrow (see Fig. 8-36, 
C).37,286

Additional abnormalities that may be present in blood 
include a nonregenerative anemia with erythrocyte macrocy-
tosis, anisocytosis, and/or poikilocytosis, nucleated erythro-
cytes (metarubricytosis) out of proportion to the number of 
reticulocytes present, nucleated erythrocytes with lobulated or 
fragmented nuclei, thrombocytopenia, large bizarre platelets, 
immature granulocytes, and abnormal granulocyte morphol-
ogy (large size, hyposegmentation, hypersegmentation).† The 
total leukocyte counts and absolute neutrophil counts vary 
from low to high.185,208

FIGURE 9-91 
Dyserythropoiesis in an aspirate smear of bone marrow from a horse with 
MDS. A megaloblastic rubricyte is present at the far left, and a macro-
cytic metarubricyte with peanut-shaped nucleus is present at the right 
center. A mitotic figure is present near the bottom right. Wright-Giemsa 
stain. 

*References 38, 39, 107, 167, 181, 185, 426, 429, 466, 505, 518, 528.

In animals, MDS has been classified into three subtypes 
based on blood and bone marrow findings.223,380 MDS with 
erythroid predominance in the bone marrow (M : E ratio 
below 1) may be classified as MDS-Er.88,208,210,530 Cases previ-
ously diagnosed as erythremic myelosis would now be placed 
in this category as long as the number of blast cells in the 
marrow was less than 20% of all nucleated cells. Cases with 
refractory anemia and an M : E ratio above 1, with or without 
other refractory cytopenias, may be described as myelodys-
plastic syndrome-refractory cytopenia (MDS-RC).39,286,309 
Myeloblasts account for less than 5% of all nucleated cells  
in this subtype. When myeloblasts are increased (5%-19% of 
bone marrow nucleated cells), the term myelodysplastic 
syndrome-excess blasts (MDS-EB) may be used.223

Dogs and cats with MDS may subsequently develop 
AML,* and FeLV-positive cats with MDS may also develop 
lymphoid neoplasms.287 It is unknown what percentage of 
MDS cases represents a preleukemic state. Extended and 
costly supportive care is generally required for the survival of 
animals with MDS, and many such animals die or are eutha-
nized before sufficient time has elapsed for an acute leukemia 
to develop. Longitudinal studies of animals with MDS are 
limited; however, it appears that high blast percentages as well 
as the presence of multiple cytopenias and marked dysplastic 
morphology are negative prognostic indicators.185,505 Although 
recovery is rare, animals with MDS may recover spontane-
ously, as occurred in a FeLV-positive cat that became 
FeLV-negative.269

MDS must be differentiated from secondary myelodyspla-
sia, which may be associated with immune-mediated disorders 

†References 39, 88, 107, 181, 185, 286. *References 88, 173, 286, 287, 309, 466, 471, 530.
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*References 38, 97, 174, 276, 512, 518.

FIGURE 9-92 
Maturational arrest in neutrophil development at the myelocyte-metamyelocyte stage in bone marrow from 
a neutropenic dog with MDS. A, No mature neutrophils and only one band neutrophil are present in this 
aspirate smear. Erythroid precursors are absent in this field. The M : E ratio was 19. Wright-Giemsa stain.  
B, Maturational arrest in neutrophil development in a core biopsy section. H&E stain. 
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(IMHA and IMT), lymphoid neoplasms (lymphoma, multi-
ple myeloma), myelofibrosis, drugs that interfere with DNA 
synthesis (antimetabolites, alkylating agents, folate antago-
nists, and plant alkaloids), heavy metal toxicity (lead and zinc), 
antibiotics (cephalosporins, chlorampenicol, oxazolidinone), 
anticonvulant drugs, and hydroxyzine.* Dyserythropoiesis also 
occurs in association with some idiopathic and hereditary 
disorders discussed earlier in this chapter. Blast cells rarely 
exceed 5% of all nucleated cells in the bone marrow in second-
ary myelodysplasia and often exceed 5% in MDS. Dysplastic 
features are generally more pronounced and affect more than 
one cell line in MDS compared to secondary myelodysplasia. 
However, morphology alone is often not sufficient to differ-
entiate these disorders.38,505,518

Acute Myeloid Leukemias
A classification system for AML in dogs and cats has been 
developed by the American Society for Veterinary Clinical 
Pathology Animal Leukemia Study Group.210 It was adapted 
from the French-American-British (FAB) system established 
by a National Cancer Institute workshop for use in humans.71 
AML was diagnosed when the percentage of nonlymphoid 
hematopoietic blast cells in the bone marrow equaled or 
exceeded 30% of all nucleated cells (ANCs) excluding lym-
phocytes, macrophages, plasma cells, and mast cells. This per-
centage has been decreased to 20% for humans in the most 
recent WHO classification scheme, and there appears to be a 
consensus to do so in veterinary medicine as well; that change 
has been accepted for this text.223

Dyserythropoiesis, dysgranulopoiesis, and/or dysmega-
karyocytopoiesis are also usually present, with megaloblastic 

nucleated erythroid cells being most commonly observed.210 
If blast cells account for less than 20% of ANCs and dysplastic 
changes are present, a diagnosis of MDS is made. Some cases 
of erythroleukemia (AML-M6) are exceptions to these guide-
lines, as discussed further on. Cytochemistry, immunocyto-
chemistry, and lineage-specific antigens may be used to help 
identify the type or types of blast cells present. Several sub-
types of AML have been recognized in animals.* In addition 
to quantifying cells as a percentage of ANC, they may also be 
quantified based on the total nonerythroid cells (NECs), 
which is determined by subtracting the nucleated erythroid 
cells from the ANC count.380

AML-M1
Myeloblastic leukemia without maturation is designated as 
AML-M1. Myeloblasts (primarily type I myeloblasts) account 
for 90% or more of NECs. Type I myeloblasts appear as large 
round cells with round to oval nuclei that are generally cen-
trally located in the cell. The N : C ratio is high (greater than 
1.5) and the nuclear outline is usually regular and smooth. 
Nuclear chromatin is finely stippled, containing one or more 
nucleoli or nucleolar rings. The cytoplasm is generally mod-
erately basophilic.210 Differentiated granulocytes (promyelo-
cytes through mature neutrophils and eosinophils) and 
monocytes account for the remaining NECs.

AML-M2
Myeloblastic leukemia with maturation is designated 
AML-M2. Myeloblasts account for 20% to 89% of NECs 
(Fig. 9-93, A,B; Fig. 9-94, A-C; Figs. 9-95, 9-96, A,B). In 
addition to type I myeloblasts, variable numbers of type II 

*References 208, 210, 223, 308, 374, 380.
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FIGURE 9-93 
Bone marrow aspirate smears from a cat with AML-M2. A, Proliferation of myeloblasts, promyelocytes, and 
myelocytes. Approximately 35% of all nucleated cells were myeloblasts. Few band or mature neutrophils were 
present and rare erythroid precursors were recognized. Wright-Giemsa stain. B, Proliferation of myeloblasts, 
promyelocytes, and myelocytes. The strongly peroxidase-positive nature of the cells present rules out a lym-
phoproliferative disorder and indicates that these cells are granulocytic precursors. Peroxidase stain. 

BA

FIGURE 9-94 
Bone marrow from a dog with AML-M2. A, Proliferation of myeloblasts, with nucleoli easily visible in many 
cells, in an aspirate smear. Wright-Giemsa stain. B, Proliferation of myeloblasts in an aspirate smear. Most 
of these cells were peroxidase-positive, ruling out a lymphoproliferative disorder. Peroxidase stain. C, Prolifera-
tion of myeloblasts in a core biopsy section. H&E stain. 
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FIGURE 9-95 
Proliferation of myeloblasts and promyelocytes in an aspirate smear of 
bone marrow from a dog with AML-M2. Many of the cells contain 
primary magenta-staining granules. Wright-Giemsa stain. 

FIGURE 9-96 
Bone marrow from a horse with AML-M2. A, Increased numbers of myeloblasts (large round cells with 
medium-blue cytoplasm) in an aspirate smear. The smaller and more darkly staining cells present are erythroid 
precursors. Wright-Giemsa stain. B, Proliferation of myeloblasts in a core biopsy section. Darker cells are 
erythroid precursors. Several red-staining eosinophils are also present. A megakaryocyte is present at bottom 
center. H&E stain. 
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myeloblasts containing a few (less than 15) small, magenta-
staining granules in the cytoplasm may be present. Differenti-
ated granulocytes account for 10% or more of NECs and 
monocytic cells account for less than 20% of NECs. Increased 
marrow basophil and/or eosinophil precursors may be seen in 
some cats with myeloid neoplasms (see Fig. 9-33), and vari-
ants of AML-M2 with basophilic differentiation and eosino-
philic differentiation have been reported in cats and classified 
as M2-B and M2-Eos, respectively.46,208

AML-M3
Promyelocytic leukemia has not been reported in animals.  
In humans, the predominant cells involved are abnormal-
appearing promyelocytes with folded, reniform, or bilobed 
nuclei. Type III myeloblasts may also be present in this dis-
order. These cells have distinct nucleoli and abundant cyto-
plasm containing many magenta-staining cytoplasmic 
granules. Type III myeloblasts appear to represent blast cells 
with asynchronous cytoplasmic maturation. Low numbers of 
these cells may be present in cats with AML.208

AML-M4
Acute myelomonocytic leukemia is diagnosed when com-
bined numbers of myeloblasts and monoblasts equal or  
exceed 20% of ANCs and differentiated granulocytes and 
monocytes each account for 20% or more of NECs. Mono-
blasts resemble myeloblasts except that their nuclear shape is 
irregularly round to convoluted in appearance (Figs. 9-97, 
A,B). A clear area in the cytoplasm, representing the Golgi 
zone, is often observed, especially near the site of nuclear 
indentation. The N : C ratio is high but may be somewhat 
lower than that in myeloblasts.153,184,210

AML-M5
Acute monocytic leukemia is diagnosed when monoblasts are 
increased but myeloblasts are not (Figs. 9-98, 9-99). It may 
be separated into subtypes depending on the maturity of the 
monocytic cells present. Little maturation to monocytes is 
present in M5a, with monoblasts and promonocytes account-
ing for 80% or more of all NECs. When 20% to 79% of NECs 
are monoblasts and promonocytes and maturation to mono-
cytes is prominent, the leukemia is classified as M5b. Granu-
locytes account for less than 20% of NECs.
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FIGURE 9-97 
Bone marrow from a dog with AML-M4. A, Proliferation of myeloblasts (generally round nuclei) and mono-
blasts (frequently indented nuclei) in an aspirate smear. Wright-Giemsa stain. B, Proliferation of myeloblasts 
and monoblasts in a core biopsy section. H&E stain. 
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AML-M6
Erythroleukemia is a term used to describe myeloid neoplasms 
in which erythroid abnormalities are prominent.208,210,380 In 
contrast to the subtypes of AML discussed previously, the 
M : E ratio is less than 1 in AML-M6, and blast cells (myelo-
blasts, monoblasts, and megakaryoblasts combined) may not 
equal or exceed 20% of ANCs, but they will equal or exceed 
20% of the NECs (Fig. 9-100). The designation AML-M6Er 
is used when the M : E ratio is less than 1 and rubriblasts are 
included with myeloblasts, monoblasts, and megakaryoblasts 
in the blast count to equal or exceed 20% of ANCs. In some 
cases most of the blasts present appear to be rubriblasts (Figs. 
9-101, 9-102). Rubriblasts have deeply basophilic cytoplasm 

that is devoid of granules. The nucleus of a rubriblast is usually 
almost perfectly round and has finely stippled chromatin with 
one or more distinct nucleoli.

AML-M7
Megakaryoblastic leukemia is diagnosed when megakaryo-
blasts account for 20% or more of ANCs or NECs in bone 
marrow (Fig. 9-103, A,B).* Nuclei of megakaryoblasts are 
nearly as round as rubriblast nuclei, but their cytoplasm is 
typically less basophilic. Additional features that are typically 

*References 9, 60, 80, 81, 316, 451.

FIGURE 9-98 
Proliferation of monoblasts (frequently indented nuclei) in an aspirate 
smear of bone marrow from a dog with acute monocytic leukemia 
(AML-M5a). Wright-Giemsa stain. 

FIGURE 9-99 
Proliferation of monoblasts (frequently indented nuclei) in an aspirate 
smear of bone marrow from a dog with acute monocytic leukemia 
(AML-M5b). Wright-Giemsa stain. 
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FIGURE 9-100 
Increased myeloblasts and rubriblasts in an aspirate smear of bone 
marrow from a cat with AML-M6. Wright-Giemsa stain. 

FIGURE 9-101 
Rubriblasts in an aspirate smear of bone marrow from a dog with eryth-
roleukemia with erythroid predominance (AML-M6Er). Several free 
nuclei (basket cells) are also present. Wright-Giemsa stain. 

FIGURE 9-102 
Rubriblasts in an aspirate smear of bone marrow from a cat with AML-
M6Er. Wright-Giemsa stain. 

present in some cells include binucleation/multinucleation, 
multiple discrete cytoplasmic vacuoles, cytoplasmic projec-
tions (blebs), cytoplasmic fragments, and sometimes purple 
granules. Some differentiation with dysplastic multinucleated 
megakaryocytes is also generally present. Using immunocyto-
chemical staining or flow cytometry, blast cells may be iden-
tified as megakaryoblasts. Megarkaryoblasts are generally 
positive for vWF, CD41 (GPIIb), CD61 (GPIIIa), and 
CD62P (P selectin).9,81,259,353,451 Some cases are also positive 
for CD34.9,81,451 A severe nonregenerative anemia is consis-
tently present in dogs. Other common hematologic findings 
include metarubricytosis, thrombocytopenia, and variable 
numbers of megakaryoblasts in the blood. Metastasis to the 
spleen and lymph nodes is common.81

Acute Undifferentiated Leukemia
Acute undifferentiated leukemia (AUL) is diagnosed when 
the blast cells cannot be identified with certainty using routine 
blood stains or cytochemical markers (Fig. 9-104). This term 
may be used as a temporary category in some cases, pending 
the use of specialized cell markers. As more cellular markers 
are developed, the percentage of cases classified as AUL will 
decrease. The hallmark of AUL is the presence of blast cells 
with broad cytoplasmic pseudopods and/or some magenta-
staining cytoplasmic granules.208 Cats with a myeloid neo-
plasm previously referred to as reticuloendotheliosis may be 
included in this category. However, some cases previously 
diagnosed as reticuloendotheliosis would now be included in 
AML-M6Er, because the blast cells present had deeply baso-
philic cytoplasm without granules and nuclei that were char-
acteristic of those present in rubriblasts.167

Peripheral Blood Findings
Peripheral blood findings for AML are similar to those 
described previously for MDS except that blast cells and a 
leukocytosis are more likely to be present in the circulation in 
AML. Moderate to severe nonregenerative anemia with 
thrombocytopenia and/or neutropenia is generally present.2,462 
Leukopenia occurs in nearly one-third of AML-M2 cats.208 
A monocytosis is generally prominent in M4 and M5 types 
of AML. Additionally, a minority of animals with AML-M7 
have a thrombocytosis while most have a thrombocytopenia, 
as is commonly seen in all other types of AML.81,208

Frequency in Animal Species
AML is seen most commonly in cats, with myeloblastic leu-
kemia (M1 and M2 combined) being most common.208 
Myelomonocytic leukemia (AML-M4) and monocytic leuke-
mia (AML-M5) appear to be most common in dogs.2,158,462 
Although rare, most horses reported with AML have had 
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FIGURE 9-103 
Megakaryoblastic leukemia (AML-M7) in bone marrow from a dog. A, Predominance of megakaryoblasts 
and abnormal megakaryocytes in an aspirate smear. Wright-Giemsa stain. B, Predominance of megakaryo-
blasts and abnormal megakaryocytes in a core biopsy section. H&E stain. 
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FIGURE 9-104 
Predominance of blast cells in an aspirate smear of bone marrow from a 
cat with an AUL in which the neoplastic cells could not be classified 
with certainty. Wright-Giemsa stain. 

either AML-M4 or AML-M5.407 Erythroleukemia 
(AML-M6 and AML-M6Er combined) has been reported 
primarily in cats.208 Megakaryoblastic leukemia (AML-M7) 
is rare, being reported primarily in dogs.81 AML is rarely 
reported in cattle.457,541

Myeloproliferative Neoplasms
MPNs (formerly termed chronic myeloproliferative disease) are 
neoplastic proliferations of hematopoietic cells resulting in 
high numbers of differentiated cells in blood. Like those with 
MDS, animals with MPN have less than 20% blast cells in 
the bone marrow, with few or no blast cells in the blood. 
Dysplastic changes may be present in both disorders, but they 
tend to be more noticeable in MDS. The major difference 

between these disorders is that high numbers of one or more 
blood cell types occur in MPNs and cytopenias frequently 
occur in MDS.

Chronic Myeloid Leukemia
CML is a rare disorder in animals, occurring primarily in 
dogs.* A BCR-ABL chromosomal abnormality (Raleigh 
chromosome) has recently been reported in dogs with CML 
that is similar to the Philadelphia chromosome abnormality 
found in most human CML.49 CML presents with a high 
total leukocyte count (typically greater than 50,000/µL) with 
a marked neutrophilic left shift in blood. Increased numbers 
of monocytes, eosinophils, and/or basophils may also be 
present. Myeloblasts are either absent or present in low 
numbers in blood. Nucleated erythrocytes are often found in 
blood in the presence of a nonregenerative anemia. Platelet 
counts may be low, normal, or increased. If monocytes pre-
dominate, a diagnosis of chronic monocytic leukemia or 
chronic myelomonocytic leukemia may be considered.

Granulocytic hyperplasia is present in bone marrow with 
or without erythroid and megakaryocytic hypoplasia. The per-
centage of immature granulocytic cells is increased but the 
percentage of myeloblasts does not exceed 20% of all nucle-
ated cells (Fig. 9-105). Dysplastic changes are typically also 
present in one or more marrow cell lines.

CML must be differentiated from severe inflammatory 
leukemoid reactions. The presence of cytoplasmic toxicity, 
increased inflammatory plasma proteins, and physical evi-
dence of inflammation suggests that a leukemoid reaction is 
present. The presence of myelodysplasia suggests that CML 
is present. In some canine cases, CML has been recognized 
to terminate in a blast crisis, in which maturation of 

*References 157, 167, 215, 264, 368, 461.
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erythrocytes in blood.231 In contrast to polycythemia vera in 
humans, granulocyte and platelet numbers are generally not 
increased.155,548 The bone marrow is hyperplastic with orderly 
maturation of cells. Erythroid hyperplasia may be accompa-
nied by megakaryocytic and/or granulocytic hyperplasia in 
some cases.362,500 The M : E ratio is often normal but may be 
decreased secondary to erythroid hyperplasia.231,306,548 Marrow 
iron stores may be low, presumably as a result of increased 
demands for erythrocyte production.500

Essential Thrombocythemia
Essential thrombocythemia is a MPN that is characterized by 
persistent, markedly increased (usually above 1 × 106/µL) 
platelet counts and megakaryocytic hyperplasia in the bone 
marrow (Fig. 9-48, A,B) in the absence of iron deficiency, 
recovery from severe hemorrhage, rebound from a thrombo-
cytopenia, splenectomy, an underlying chronic inflammatory 
condition, or another myeloid neoplasm.24,161,445 Approxi-
mately half of the cases in humans have a somatic point 
mutation that causes a constitutive activation of the JAK2 
gene.116 In humans, the HCT is normal, megakaryocytes 
appear large and mature, stainable iron is present in the 
marrow, and no myelodysplasia or myelofibrosis is seen. Some 
of the cases reported as essential thrombocythemia in animals 
differ from these criteria and may represent other forms of 
myeloid neoplasms.

N O N H EM AT O P O I E T I C 
N E O P L A S M S
Nonhematopoietic neoplasms of bone marrow develop in 
other tissues and metastasize to the marrow. A metastasis to 
bone marrow may be relatively common, but it is rarely 

granulocytic cells is greatly diminished and blast cells pre-
dominate in blood and bone marrow.264,368,461

Chronic granulocytic leukemia,125,213 chronic myelomono-
cytic leukemia,382 and chronic monocytic leukemia may be 
considered variants of CML.91,401 It should be noted that a 
dog diagnosed with chronic monocytic leukemia had a chro-
mosomal translocation producing a BCR-ABL gene hybrid 
like that previously reported in CML in dogs.91

Eosinophilic Leukemia
Eosinophilic leukemia is a variant of CML in which eosino-
philic cells predominate in blood and marrow. Differentiation 
of eosinophilic leukemia and hypereosinophilic syndrome in 
cats can be difficult. Hypereosinophilic syndrome is character-
ized by a mature eosinophilia with frequent involvement of 
the intestines. Prominent eosinophilic left shifts in the bone 
marrow and blood as well as organ infiltrates are more likely 
to occur in animals with eosinophilic leukemia145,200,342,452,470; 
however, some left shifting in eosinophil precursors within the 
bone marrow may occur in reactive disorders.358

Basophilic Leukemia
Basophilic leukemia is a variant of CML in which basophilic 
cells predominate in blood and marrow. It has rarely been 
reported in dogs.280,288,311 Early reports of basophilic leukemia 
in animals represented misdiagnosed cases of systemic mas-
tocytosis with mastocytemia. Basophilic leukemia is charac-
terized by a marked basophilia with many immature basophilic 
cells in the blood and bone marrow (Fig. 9-106).

Primary Erythrocytosis
Primary erythrocytosis (polycythemia vera) in adult dogs and 
cats is considered to be a MPN that is characterized by an 
autonomous (EPO-independent) proliferation of erythroid 
precursor cells, resulting in high numbers of mature 

FIGURE 9-106 
Increased numbers of basophils and blast cells in an aspirate smear of 
bone marrow from a dog with basophilic leukemia. Basophils accounted 
for nearly half and blast cells in this hypercellular marrow preparation. 

Courtesy of Rose E. Raskin.

FIGURE 9-105 
Granulocytic hyperplasia with a left shift in an aspirate smear of bone 
marrow from a dog with CML. Wright-Giemsa stain 
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diagnosed because the multifocal distributions of neoplastic 
infiltrates are easily missed when a small biopsy needle is used. 
Recognition of metastatic neoplasms within the marrow is 
increased if biopsies are collected from lesions identified with 
the use of diagnostic imaging techniques.371

Mast Cell Tumors
Mast cells are round cells with round nuclei. They typically 
have large numbers of purple granules in the cytoplasm, 
although the granules may not stain with Diff-Quik or other 
water-based Wright stains. Mast cell precursors are produced 
in the bone marrow but rarely develop into mast cells there.42 
Rather, these precursors leave the marrow, circulate in blood, 
and migrate into tissue sites, where they develop into  
mast cells.126

Mast cell tumors originating in the skin, spleen, and other 
peripheral sites may metastasize to bone marrow; conse-
quently bone marrow examination may be a part of staging 
this neoplasm (Fig. 9-107, A,B).294,345 Bone marrow metastasis 
(as evaluated using bone marrow aspirate smears) was recog-
nized in less than 5% of 157 dogs with primary cutaneous 
mast cell tumors.113 Most dogs with mast cell tumor metas-
tasis to bone marrow have one or more peripheral cytopenias 
(anemia, leukopenia, thrombocytopenia). Other hematologic 
abnormalities that may be present include leukocytosis,  
eosinophilia, and basophilia.113,294 In addition to bone marrow 
metastasis, these dogs generally have metastasis to other 
organs, especially the spleen and liver.294 Bone marrow involve-
ment is more likely in noncutaneous systemic mastocytosis, as 
occurs most frequently in cats.96,140,230,272,345

Mast cells may occur in the bone marrow of dogs with 
aplastic anemia of various etiologies.332,489 They may also be 
present in some inflammatory conditions.307,428

FIGURE 9-107 
Mast cell infiltrates in bone marrow aspirate smears from a dog with a metastatic mast cell tumor. A, Mast 
cell infiltrate (slightly below center at right and left edges). B, Three mast cells with round nuclei and purple 
granules are located diagonally from top right to bottom left. Wright-Giemsa stain. 
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Metastatic Neoplasms
Metastatic carcinomas are rarely recognized in routine bone 
marrow biopsies (Figs. 9-108, 9-109, A,B),179,318 but they are 
identified more commonly at necropsy or in instances where 
biopsy needles are directed at bone lesions identified with the 
help of diagnostic imaging.82,108,160,371,544 Dogs with skeletal 
metastasis often present with clinical signs such as pain and 
lameness attributable to skeletal involvement. Metastasis 
occurs most frequently in the axial skeletal and proximal long 
bones, with about 10% of the metastases occurring below the 
elbow and stifle. Prostate, mammary, and lung are the most 
frequent sites for the primary tumors that metastasize to the 

FIGURE 9-108 
Metastatic adenocarcinoma in a bone marrow aspirate smear from a dog. 
Cohesive clusters of basophilic epithelial cells. Wright-Giemsa stain. 

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


	 C H A p T ER 	9	 n	 Disorders	of	Bone	Marrow	 317

marrow, but the primary site can be difficult or impossible to 
identify (carcinoma of unknown origin).82

The morphology of cells observed varies with the tumor 
type present. A disseminated adenocarcinoma, diagnosed in a 
dog using a routine bone marrow biopsy, appeared as cohesive 
clusters of epithelial cells exhibiting morphologic abnormali-
ties. Abnormalities that may be present in metastatic adeno-
carcinomas include anisocytosis, anisokaryosis, high N : C 
ratios, coarse nuclear chromatin, multiple nucleoli, deeply 
basophilic cytoplasm, discrete cytoplasmic vacuoles, mitotic 
figures, and the formation of acini.179 Histologic sections are 

FIGURE 9-109 
Metastatic adenocarcinoma in bone marrow from a dog. A, Cohesive clusters of basophilic epithelial cells in 
an aspirate smear. The origin could not be determined even after necropsy examination. Wright-Giemsa stain. 
B, Metastatic foci of neoplastic epithelial cells (right) in a core biopsy section. The remaining marrow is 
hypocellular with myelofibrosis. H&E stain. 
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FIGURE 9-110 
Metastatic melanoma in bone marrow from a dog. A, Cohesive neoplastic melanocytes with moderate aniso-
cytosis and fine dark cytoplasmic granules in an aspirate smear. Wright-Giemsa stain. B, Pigmented neoplastic 
melanocytes infiltrating the bone marrow in a biopsy section. H&E stain. 

From Kim DY, Royal AB, Villamil JA. Disseminated melanoma in a dog with involvement of the leptomeninges and 
bone marrow. Vet Pathol. 2009;46:80-83.
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preferred to aspirate smears in the diagnosis of metastatic 
carcinomas in human bone marrow.397

A metastatic melanoma to bone marrow was diagnosed in 
a dog evaluated for lameness (Fig. 9-110, A,B). The primary 
site appeared to be the leptomeninges.232 Other tumors that 
have metastasized to bone marrow in dogs include mesothe-
lioma434 and nephroblastoma.144

Sarcomas of Bone
Bone tumors often spread into the marrow space. Osteosar-
coma is a common bone tumor of dogs that is easily diagnosed 
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using exfoliative cytology of biopsy material collected from 
bone lesions (Fig. 9-111, A,B). Malignant osteoblasts are 
polygonal to fusiform, with abundant foamy basophilic cyto-
plasm. Nuclei are often eccentrically located and variable in 
size, exhibiting coarse chromatin patterns and multiple nucle-
oli. These cells produce osteoid; consequently they may contain 
reddish granules in the cytoplasm and may be found embed-
ded in an eosinophilic osteoid matrix. Variable numbers of 
nonneoplastic osteoclasts are also usually present.122

Chondrosarcomas of bone appear similar to osteosarcomas 
on exfoliative cytology except that they are usually associated 
with more eosinophilic matrix material than are osteosarco-
mas. Other potential bone tumors that might be diagnosed 
by aspirate or core biopsy include fibrosarcomas, hemangio-
sarcomas, liposarcoma, and giant-cell tumors of bone.122,492
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containing prominent nucleoli. Wright-Giemsa stain. 
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Example of Bone Marrow Evaluation and Interpretation
Table 1. Reference Intervals for Hematology Values in 

Domestic Animals
Table 2. Variations in Reference Intervals for Hematology 

Values by Age: Beagle Dogs, 3 to 14 Years Old
Table 3. Erythrocyte Changes during Pregnancy in Beagles, 

Brittany Spaniels, and Labrador Retrievers
Table 4. Hematology Values for Growing Healthy Beagle 

Dogs from Birth to 8 Weeks of Age
Table 5. Hematology Values for Growing Healthy Kittens 

from Birth to 17 Weeks of Age
Table 6. Erythrograms of Foals up to 1 Year of Age
Table 7. Leukograms of Foals up to 1 Year of Age

EXA M P LE  O F  B O N E  M A R ROW 
EVA LUAT I O N  A N D 
I N T ER P R E TAT I O N

Patient: A 9-year-old castrated male mixed-breed cat.
History: Decreased appetite, lethargy, and weight loss were 

recognized 2 weeks ago. The referring veterinarian diag-
nosed severe periodontal disease. Four teeth were pulled 
and antibiotic therapy was initiated. The animal had inter-
mittent fever, exhibited variable anorexia, became dehy-
drated, and was referred to the University of Florida Small 
Animal Hospital for evaluation.

Clinical Findings: The cat was lethargic, slightly dehydrated, 
and thin, with a dry hair coat. The gums were hyperemic 
in association with continuing periodontal disease.

Laboratory Findings: Abnormal hematology findings 
included a hematocrit of 27% and total leukocyte count of 
1300/µL, most of which were lymphocytes. Platelets were 
not counted but numbers appeared normal during stained 
blood film examination. Erythrocyte morphology was 
normal. Urinalysis and clinical chemistry values were 
within normal limits. The FeLV test was negative but the 
FIV test was positive.

Evaluation of Bone Marrow Aspirate Smear
13% Immature myeloid 

cellsa
4% Immature erythroid 

cellsb

63% Mature myeloid cells 13% Mature erythroid cells
1% Eosinophilic cells 4% Lymphocytes
<1% Monocytoid cells <1% Plasma cells
M : E ratio = 4.5

Multiple particles were present and their cellularity appeared 
to be increased. Megakaryocyte numbers appeared normal, 
and most were mature. The myeloid series was left-shifted, 
with a depletion of mature neutrophils. The erythroid series 
was complete, with orderly maturation, but a decreased 
amount of polychromasia was present. Lymphocytes, 
plasma cells, and macrophages were present in normal 
numbers. Hemosiderin was not observed, but this is a 
normal finding in cats. Erythrophagocytosis and leuko-
phagocytosis were rarely observed.

Interpretation: Granulocytic hyperplasia with abnormal 
maturation.

Comment: An increased M : E ratio in a severely leukopenic, 
mildly anemic animal with hypercellular marrow and dis-
ordered myeloid maturation is most likely secondary to 
FIV infection in this cat. This pattern could also be detected 
transiently during a recovery phase after severe granulo-
cytic depletion, although this is less likely based on the 
history. If the animal is in a recovery phase from neutro-
penia, the leukocyte count should increase in the peripheral 
blood within a few days.

A P P E N D I X

I
Tables

328

bImmature erythroid cells include rubriblasts and prorubricytes. Mature ery-
throid cells include basophilic rubricytes, polychromatophilic rubricytes, and 
metarubricytes.

aImmature myeloid cells include myeloblasts and promyelocytes. Mature 
myeloid cells include neutrophilic myelocytes, neutrophilic metamyelocytes, 
neutrophilic bands, and mature neutrophils.
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Test Units
Dogsa Catsa Horsesa Cowsb Pigsc Goatsd

(N = 130) (N = 45) (N = 70) (58) (99) (NR)
Hematocrit % 40-56 34-51 30-44 22-32 34-44 22-38
RBC ×106/µL 5.7-8.3 7.4-10.4 6.6-11.0 5.1-7.6 6.4-8.4 8.0-18.0
Hemoglobin g/dL 14-20 11-16 11-16 8-12 10-14 8-12
MCV fL 64-74 42-52 38-51 38-50 49-59 16-25
MCH pg 22-26 13-17 13-19 14-18 NR 5.2-8.0
MCHC g/dL 33-38 30-33 35-39 36-39 29-33 30-36
RDW (%) 11-14 13-16 16-21 16-20 15-24 NR
Reticulocytes ×103/µL 8-65 8-57 0 0 NR 0
Platelets ×103/µL 134-396 160-502 100-308 193-637 211-887 300-600
MPV fL 10-15 10-22 5.9-9.9 4.5-7.5 NR NR
Icterus indexe Units <5 <5 5-20 2-15 <5 2-5
Plasma proteine g/dL 6.0-8.0 6.2-8.0 6.0-8.0 7.0-8.5 6.0-8.0 6.0-7.5
Fibrinogene mg/dL 100-400 100-300 100-400 300-700 100-500 100-400
Total leukocytes ×103/µL 5.0-13.0 5.4-15.4 5.6-11.6 4.9-12.0 15.6-38.9 4.0-13.0
Bands ×103/µL 0-0.3 0-0.3 0-0.1 Rare NR Rare
Neutrophils ×103/µL 2.7-8.9 2.3-9.8 2.6-6.7 1.8-6.3 3.0-17.4 1.2-7.2
Lymphocytes ×103/µL 0.9-3.4 0.9-5.5 1.1-5.7 1.6-5.6 7.7-20.4 2.0-9.0
Monocytes ×103/µL 0.1-0.8 0-0.8 0-0.7 0-0.8 0.6-3.4 0-0.6
Eosinophils ×103/µL 0.1-1.3 0-1.8 0-0.6 0-0.9 0.1-2.3 0.1-0.7
Basophils ×103/µL 0-0.1 0-0.2 0-0.2 0-0.3 0.1-0.3 0-0.1

RBC, red blood cell count; MCV, mean cell volume; MCH, mean cell hemoglobin; MCHC, mean cell hemoglobin concentration; RDW, red blood cell distribution 
width; MPV, mean platelet volume; NR, not reported.
aData from adult dogs, cats, and horses were determined at the University of Florida College of Veterinary Medicine. Total leukocyte counts, erythrocyte param-
eters, and platelet values were measured from healthy adult animals of both sexes and various breeds using an Advia 120 hematology analyzer. Greyhounds 
and other sighthounds were excluded. Thoroughbred and quarter horses in equal numbers accounted for about 90% of the hot-blooded horses studied. Reticu-
locyte counts represent the minimum and maximum values measured from 58 dogs and 41 cats. The Advia 120 counts primarily aggregate reticulocytes in cats. 
These automated platelet counts are lower than reference values reported for manual platelet counts in dogs (200-500 × 103/µL) and cats (300-800 × 103/µL). 
Leukocyte differential counts were performed manually by classifying 200 leukocytes in each stained blood film.
bMeasurements from bovine leukemia virus-negative adult dairy cows in mid-lactation were performed using an Advia 120 hematology analyzer and manual 
differential leukocyte counts. (From George JW, Snipes J, Lane VM. Comparison of bovine hematology reference intervals from 1957 to 2006. Vet Clin Pathol. 
2010;39:138-148.)
cMeasurements from crossbred grower pigs weighing between 30 and 50 kg were performed using an Advia 2120 hematology analyzer. (From Klem TB, Bleken E, 
Morberg H, Thoresen SI, Framstad T. Hematologic and biochemical reference intervals for Norwegian crossbred grower pigs. Vet Clin Pathol. 2010;39:221-226.)
dThe goat population sampled and hematology analyzer(s) used were not given. The hematocrits were determined using microhematocrit tubes and leukocyte 
differential counts were determined by examining stained blood films. (From Jain NC. Schalm’s Veterinary Hematology, 4th ed. Philadelphia: Lea & Febiger; 
1986.)
eTotal protein, fibrinogen, and icterus index values were determined using manual methods. (From Jain NC. Schalm’s Veterinary Hematology, 4th ed. Philadelphia: 
Lea & Febiger; 1986.)
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Laboratory Testa 3 Years 6 Years 9 Years 12 Years 14 Years
RBC (×106/µL) 6.6-7.8 6.5-7.6 5.9-7.4 6.1-7.3 5.7-7.1
Hemoglobin (g/dL) 15-18 16-18 14-18 14-17 14-17
PCV (%) 43-50 44-49 38-50 40-49 40-47
Band neutrophils/µL 0 0 0-63 0-68 0-54
Segmented neutrophils/µL 3944-9287 3605-7724 4207-7217 4724-9587 4464-10,255
Lymphocytes/µL 2185-3318 1334-2467 1667-2702 1676-2658 1628-2453
Monocytes/µL 101-769 173-626 149-620 181-521 189-688
Eosinophils/µL 208-1010 217-500 275-711 99-721 201-408
Basophils/µL 0 0-70 0-102 0 0

From Lowseth LA, Gillett NA, Gerlach RF, et al. The effects of aging on hematology and serum chemistry values in the beagle dog. Vet Clin Pathol. 1990;19:13-19.
RBC, red blood cell count; PCV, packed cell volume.
aLimits represent the 10th and 90th percentile values.

Table 2
Variations in Reference Intervals for Hematology Values by Age: Beagle Dogs, 3 to 14 Years Old
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From Allard RL, Carlos AD, Faltin EC. Canine hematological changes during gestation and lactation. Comp Anim Pract. 1989;19:3-6.
RBC, red blood cell count; PCV, packed cell volume; MCV, mean cell volume; MCHC, mean cell hemoglobin concentration.

GESTATION WEEK 1 GESTATION WEEK 8 LACTATION WEEK 8

Beagles
Brittany 
Spaniels

Labrador 
Retrievers Beagles

Brittany 
Spaniels

Labrador 
Retrievers Beagles

Brittany 
Spaniels

Labrador 
Retrievers

RBC (×106/µL)
 Mean 7.2 6.2 7.3 5.1 5.0 5.6 7.0 5.6 6.7
 Range 6.2-9.2 5.2-7.2 5.5-9.1 4.1-6.1 4.1-6.0 4.4-6.8 5.8-8.2 4.4-6.8 5.7-7.7
PCV (%)
 Mean 47 43.3 50 34.3 33.0 38.2 46.6 40.8 44.1
 Rangea 38.4-54.6 38.5-48.1 42.4-57.6 39.2-50.8 25.2-40.8 30.4-46.0 39.2-54.0 32.8-48.8 36.1-52.1
Hemoglobin (g/dL)
 Mean 17.2 15.9 18.1 12.3 11.8 13.9 16.5 14.7 15.9
 Rangea 15.2-19.2 14.1-17.7 15.3-20.9 10.3-14.3 9.2-14.4 11.7-16.1 13.9-19.1 11.7-17.7 13.1-18.7
MCV (fL)
 Mean 66.6 70.3 69.2 67.3 72.6 67.9 67.3 73.3 65.9
 Rangea 59.2-76 59.7-80.9 50.6-87.8 60.7-73.6 58.6-86.6 52.9-82.9 60.7-73.6 63.1-83.4 55.8-76.0
MCHC (g/dL)
 Mean 36.8 36.6 36.2 36 36.4 36.8 35.5 36 36.1
 Rangea 30.6-43 34.4-38.8 34.2-38.2 31.2-40.8 34.6-38.2 31.8-41.4 31.7-39.4 33.0-39.0 32.7-39.5

aRange is ±2 SD.

Table 3
Erythrocyte Changes during Pregnancy in Beagles, Brittany Spaniels, and Labrador Retrievers
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From Harvey JW, Asquith RL, McNulty PK, et al. Haematology of foals up to one year old. Equine Vet J. 1984;16:347-353.

Age
PCV Hb RBC MCV MCHC
(%) (g/dL) (×106/µL) (fL) (%)

<12 Hours 43 ± 3 15.4 ± 1.2 10.7 ± 0.8 40 ± 2 36 ± 2
1 day 40 ± 3 14.2 ± 1.1 9.9 ± 0.6 41 ± 3 35 ± 2
3 days 38 ± 3 14.1 ± 1.3 9.6 ± 0.7 39 ± 2 37 ± 1
1 week 35 ± 3 13.3 ± 1.2 8.8 ± 0.6 39 ± 2 38 ± 1
2 weeks 34 ± 3 12.6 ± 1.4 8.9 ± 0.9 38 ± 2 38 ± 1
3 weeks 34 ± 3 12.6 ± 1.1 9.2 ± 0.6 37 ± 2 37 ± 1
1 month 34 ± 4 12.5 ± 1.2 9.3 ± 0.8 36 ± 1 37 ± 1
2 months 37 ± 4 13.6 ± 1.5 10.8 ± 1.7 35 ± 2 37 ± 1
3 months 36 ± 2 13.4 ± 0.9 10.5 ± 0.9 35 ± 1 37 ± 2
4 months 36 ± 3 13.4 ± 1.1 10.4 ± 0.9 34 ± 1 38 ± 2
5 months 35 ± 3 12.7 ± 1.2 10.2 ± 0.6 35 ± 2 37 ± 2
6 months 34 ± 2 12.2 ± 0.8 9.5 ± 0.7 36 ± 2 36 ± 1
9 months 36 ± 3 12.6 ± 1.0 9.4 ± 0.8 39 ± 2 35 ± 1
12 months 36 ± 3 13.3 ± 1.0 9.5 ± 0.7 38 ± 2 37 ± 2

Values expressed as mean ±1 SD.
PCV, packed cell volume; Hb, hemoglobin; RBC, red blood cell count; MCV, mean cell volume; MCHC, mean cell hemoglobin concentration.

Table 6
Erythrograms of Foals up to 1 Year of Age
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From Harvey JW, Asquith RL, McNulty PK, et al. Haematology of foals up to one year old. Equine Vet J. 1984;16:347-353.

Age
Total WBC Neutrophils Lymphocytes Monocytes Eosinophils Basophils
(×103/µL) (×103/µL) (×103/µL) (×103/µL) (×103/µL) (×103/µL)

<12 hours 9.5 ± 2.44 7.94 ± 2.22 1.34 ± 0.60 0.19 ± 0.12 0 0.002 ± 0.007
1 day 8.44 ± 1.77 6.80 ± 1.72 1.43 ± 0.42 0.19 ± 0.10 0.11 ± 0.027 0.003 ± 0.010
3 days 7.55 ± 1.50 5.70 ± 1.44 1.45 ± 0.36 0.32 ± 0.13 0.045 ± 0.062 0.032 ± 0.046
1 week 9.86 ± 1.79 7.45 ± 1.55 2.10 ± 0.63 0.27 ± 0.11 0.028 ± 0.042 0.058 ± 0.069
2 weeks 8.53 ± 1.68 6.00 ± 1.54 2.22 ± 0.45 0.24 ± 0.13 0.063 ± 0.063 0.012 ± 0.021
3 weeks 8.57 ± 1.90 5.66 ± 1.64 2.59 ± 0.63 0.22 ± 0.10 0.078 ± 0.066 0.026 ± 0.032
1 month 8.14 ± 2.02 5.27 ± 2.00 2.46 ± 0.45 0.29 ± 0.17 0.121 ± 0.148 0.016 ± 0.032
2 months 9.65 ± 2.13 5.70 ± 1.88 3.46 ± 0.63 0.31 ± 0.15 0.092 ± 0.092 0.018 ± 0.039
3 months 11.69 ± 2.51 6.43 ± 1.96 4.73 ± 1.21 0.38 ± 0.19 0.184 ± 0.181 0.018 ± 0.028
4 months 10.18 ± 1.99 4.78 ± 1.36 4.70 ± 1.31 0.32 ± 0.17 0.353 ± 0.319 0.018 ± 0.027
5 months 10.07 ± 2.29 4.60 ± 1.90 4.92 ± 1.48 0.27 ± 0.12 0.272 ± 0.152 0.010 ± 0.027
6 months 9.03 ± 1.13 4.00 ± 0.84 4.53 ± 0.74 0.23 ± 0.11 0.247 ± 0.150 0.014 ± 0.024
9 months 8.68 ± 1.19 3.82 ± 0.78 4.39 ± 1.10 0.22 ± 0.10 0.234 ± 0.232 0.021 ± 0.024
12 months 9.19 ± 1.36 4.28 ± 0.81 4.27 ± 1.13 0.20 ± 0.12 0.339 ± 0.221 0.019 ± 0.037

Values are expressed as mean ±1 SD.

Table 7
Leukograms of Foals up to 1 Year of Age
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1.	 Anemia,	regenerative
2.	 Anemia,	poorly	regenerative	or	nonregenerative
3.	 Erythrocytosis
4.	 Leukopenia

5.	 Leukocytosis	 or	 normal	 leukocyte	 count	 with	 abnormal	
differential

6.	 Platelet/coagulation	factor	deficiencies
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ERYTHROCYTOSIS (POLYCYTHEMIA)

Hematocrit increased

Altered fluid balance No evidence of altered fluid balance
(plasma protein usually normal)

Relative erythrocytosisRelative erythrocytosis Absolute erythrocytosis

Splenic contraction Tissue PO2

Decreased Normal

(Decreased PaO2) (Normal PaO2)

Secondary erythrocytosis

1. Cardiac/pulmonary
insufficiency

1. Renal disease
 (neoplasia, cysts)
2. Methemoglobinemia

↑ Erythropoietin ↑ Erythropoietin

Primary erythrocytosis

Plasma erythropoietin
normal or decreased

(Plasma protein usually
increased)

(Plasma protein normal
or decreased)

Dehydration
1. External fluid loss
2. Water deprivation

Increased vascular
permeability
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LEUKOPENIA*

Decreased total leukocytes

Absolute neutrophil count

Normal†

Absolute lymphopenia

Decreased

Mature neutropenia Predominantly
immature neutrophils

No immature neutrophils Immature neutrophils

1. Loss of lymphocyte-
rich lymph
2. Altered lymph node
architecture (e.g.,
multicentric lymphoma)
3. Hereditary T lymphocyte deficiency

 FeLV, Feline leukemia virus; FIV, feline immunodeficiency virus.
*Bone marrow examination is recommended in patients with a
  persistent leukopenia.
†Occurs only in animals where absolute lymphocyte counts normally
  exceed absolute neutrophil counts (ruminants, occasionally horses).
‡Marrow hypoplasia frequently involves more than one cell line.
  Anemia and/or thrombocytopenia are often present.

Acute inflammation
1. Acute overwhelming
bacterial infection
2. Viral diseases (i.e.,
parvovirus, FeLV, FIV)

1. Marrow hypoplasia‡ 
    a. Estrogen toxicity (dogs and ferrets)
    b. Ehrlichiosis (chronic in dogs)
    c. Chemical intoxication
    d. Idiosyncratic drug reactions
    e. Cancer chemotherapy
     f. Viral diseases (FeLV, parvovirus, dog and cat)
    g. Cyclic neutropenia (gray collie dog)
2. Myelophthisis
    a. Myeloproliferative disorders
    b. Lymphoproliferative disorders
    c. Tumor metastasis
3. Increased margination
    a. Endotoxemia
    b. Shock
4. Increased removal
    a. Immune-mediated
    b. Hypersplenism
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C A S E  1: E S T RO G EN - I N D U C ED 
A P L A S T I C  A N EM I A

Patient: German shepherd dog, spayed female, 10 years of age
History: Urinary incontinence began about a month earlier. 

The referring veterinarian treated the dog with diethylstil-
bestrol (DES), increasing the dosage to 3 mg orally once 
each day when the incontinence persisted. A single treat-
ment of estradiol cypionate (ECP) of unknown dose was 
also given 2 1

2 weeks before referral. The animal was 
referred with a primary complaint of blood-stained peri-
neal area.

Physical examination: Slightly depressed with normal hydra-
tion, mucous membrane color, pulse rate, respiratory rate, 
and temperature. Moderate dental tartar and gingivitis 
were present. An open wound was present on the lateral 
aspect of the left stifle. Isolated ecchymotic hemorrhages 
were observed on the ventral abdomen.

Notable Laboratory Findings
Hematology: Hematocrit (HCT), 23% with normal erythro-

cyte indices; platelet count, 6000/µL; neutrophil count, 
500/µL; lymphocyte count, 2000/µL; monocyte count, 
100/µL; eosinophil count, 0/µL; erythrocyte morphology, 
1+ echinocytosis and moderate rouleaux; lymphocyte mor-
phology, frequently reactive

Clinical chemistry: Not done
Bone marrow: Aspirate and core biopsies were markedly 

hypocellular. The marrow particles present in aspirate 
smears consisted primarily of reticular cells, macrophages, 
plasma cells, and mast cells. Low numbers of erythroid 
precursor cells and even lower numbers of granulocytic 
precursor cells were present. No megakaryocytes were 
observed. Large amounts of stainable iron were present.

Assessment
The anemia in this dog was considered nonregenerative 
because no polychromasia was seen in the stained blood film. 
The reactive lymphocytes indicated increased antigenic stimu-
lation, probably related to the profound neutropenia and open 

wound. The subcutaneous hemorrhages resulted from the 
thrombocytopenia. Bone marrow evaluation revealed that the 
pancytopenia present resulted from a lack of bone marrow 
precursor cells. When erythroid precursors, granulocyte pre-
cursors, and megakaryocytes are markedly reduced or absent, 
the term aplastic anemia is used. The lymphocyte count was 
normal because most lymphocytes in blood enter from lymph 
nodes and spleen rather than from the bone marrow. The 
reticular cells, macrophages, and plasma cells in the bone 
marrow were considered to be normal residual cells. Mast cells 
are rare in bone marrow of normal animals but are sometimes 
seen in aplastic bone marrow, possibly because microenviron-
ment changes potentiate their development.

Comment
The dog was given a blood transfusion and antibiotic therapy 
was begun. Epistaxis began 5 days later. The HCT was 27%. 
A bone marrow aspirate collected at that time was again 
aplastic. A second blood transfusion was given. Marked hema-
turia occurred 3 days later and the owner decided to have the 
dog euthanized. The aplastic anemia in this dog resulted from 
the prior administration of high doses of estrogens. ECP is 
much more toxic to canine bone marrow than is DES. Experi-
mental studies have indicated that aplastic anemia develops 
about 3 weeks after toxic doses of estrogen are given, in agree-
ment with the time course of this case. Only dogs and ferrets 
have been reported to develop estrogen-induced aplastic 
anemia. In addition to iatrogenic estrogen toxicity, dogs with 
endogenous hyperestrogenism (Sertoli cell tumor, interstitial 
cell tumor, seminoma of the testicle, and granulosa cell tumor 
of the ovary) can develop aplastic anemia, as can ferrets with 
protracted estrus.

R EF ER EN C E S

Kociba GJ, Caputo CA. Aplastic anemia associated with estrus in pet ferrets. J Am Vet 
Med Assoc. 1981;178:1293-1294.

Miura N, Sasaki N, Ogawa H, et al. Bone marrow hypoplasia induced by administration of 
estradiol benzoate in male beagle dogs. Jpn J Vet Sci. 1985;47:731-739.

Morgan RV. Blood dyscrasias associated with testicular tumors in the dog. J Am Anim Hosp 
Assoc. 1982;18:970-975.
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Assessment
In the absence of identifiable peripheral tumors, a presumptive 
diagnosis of acute lymphoblastic leukemia was made. The 
severe neutropenia and anemia were explained by the replace-
ment of normal marrow precursor cells with neoplastic cells. 
The normal platelet count was unexplained, as was the long 
history of intermittent epistaxis. The increased fibrinogen 
concentration suggested the presence of concomitant 
inflammation.

Comment
The horse was euthanized. Multiple submucosal hematomas 
were present in the maxillary sinuses, and mesenteric and 
sublumbar lymph nodes were enlarged. As in the antemortem 
biopsy, the bone marrow was diffusely filled with sheets of 
neoplastic lymphocytes. Lymphoid infiltrates were present in 
the spleen, liver, kidney, and lymph nodes. Moderate extra-
medullary hematopoiesis was present in the spleen; conse-
quently some of the blood platelets may have originated in 
the spleen. It is also possible that some bone marrow sites, not 
evaluated during the antemortem biopsy or necropsy, con-
tained megakaryocytes. The necropsy findings were more  
supportive of a diagnosis of acute lymphoblastic leukemia 
than of lymphoma with secondary leukemia.

R EF ER EN C E

Lester GD, Alleman AR, Raskin RE, et al. Pancytopenia secondary to lymphoid leukemia in 
three horses. J Vet Intern Med. 1993;7:360-363.

C A S E  2: AC U T E  LY M P H O B L A S T I C 
LE U K EM I A

Patient: Quarter horse, gelding, 15 years of age
History: Intermittent unilateral epistaxis for 4 months and 

weight loss for 2 months
Physical examination: Pale mucous membranes, tachy-

cardia, temperature 103.8°F

Notable Laboratory Findings
Hematology: HCT, 12% with normal erythrocyte indices; 

fibrinogen, 1000 mg/dL; platelets, 142,000/µL; neutrophil 
count, 400/µL; lymphocyte count, 2200/µL; monocyte 
count, 100/µL; erythrocyte morphology, 2+ anisocytosis; 
lymphocyte morphology, 5% of lymphocytes were moder-
ately large with fine nuclear chromatin and scant basophilic 
cytoplasm

Urinalysis: Normal
Clinical chemistry: Unremarkable
Coggins’ test: Negative
Coagulation tests: Prothrombin time (PT) and activated 

partial thromboplastin (APTT) normal
Platelet function tests: Normal platelet aggregation and 

normal von Willebrand factor concentration
Bone marrow biopsy: Replacement of normal marrow cells 

with a monotonous population of moderately large lym-
phocytes with fine nuclear chromatin and scant basophilic 
cytoplasm similar to those present in blood. Indistinct 
nucleoli were visible in some cells. As expected, these neo-
plastic cells were peroxidase-negative.

Endoscopy: Normal nasopharynx, guttural pouch, and upper 
trachea
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massive flea infestation was believed to be the major source 
of blood loss in this dog. Some blood loss may have also 
occurred in the feces, but whipworms alone do not cause 
enough hemorrhage to result in iron-deficiency anemia. The 
increased RDW indicates that there is increased variation in 
erythrocyte volumes. In iron-deficiency anemia, this results 
from a mixture of normocytic erythrocytes and microcytic 
erythrocytes formed after iron becomes limiting for erythro-
cyte development. The absolute reticulocyte count was not 
appropriately increased, indicating that decreased iron avail-
ability is limiting the bone marrow response to the anemia. 
The normal total plasma and serum protein concentrations in 
a dehydrated animal suggest that the concentration will be 
low-normal or decreased after rehydration. Serum proteins are 
synthesized more rapidly than erythrocytes; consequently the 
total plasma protein concentration may be normal in animals 
with chronic blood loss. A majority of dogs with iron defi-
ciency anemia have a thrombocytosis, as in this case. The 
neutrophilia, lymphopenia, monocytosis, and eosinopenia are 
likely the result of stress (endogenous glucocorticoid release), 
but the significant left shift and the magnitude of the neutro-
philia indicate that a concomitant inflammatory response is 
also present. The slightly increased urea nitrogen concentra-
tion is probably prerenal and secondary to dehydration.

Comment
The dog was given a whole blood transfusion (two units) and 
treated with intravenous lactated Ringer’s solution to correct 
the dehydration. The following day the HCT was 34%, total 
plasma protein was 6.2 g/dL, rectal temperature was 101.5°F, 
and marked clinical improvement was apparent. The animal 
was also treated for fleas and given an anthelmintic, and the 
client was instructed on appropriate flea-control measures for 
the dog’s environment. Oral iron therapy was not considered 
essential because of the amount of iron present in the trans-
fused blood.

R EF ER EN C E

Harvey JW, French TW, Meyer DJ. Chronic iron deficiency anemia in dogs. J Am Anim Hosp 
Assoc. 1982;18:946-960.

C A S E  3: I RO N - D EF I C I EN C Y 
A N EM I A

Patient: Irish setter dog, female, 13 years of age
History: Weakness, anorexia, and weight loss for a week; 

unable to walk at presentation
Physical examination: The dog was depressed, emaciated, 

approximately 8% dehydrated, and nonambulatory because 
of extreme weakness. Pale mucous membranes, ocular and 
nasal discharges, excessive dental tartar, otitis externa, and 
large numbers of fleas were present. The rectal temperature 
was 99.6°F.

Notable Laboratory Findings
Hematology: HCT, 11%; mean cell volume (MCV), 52 fL; 

mean cell hemoglobin concentration (MCHC), 30 g/dL; 
red cell distribution width (RDW), 20%; reticulocyte count, 
80,000/µL; total plasma protein, 6.8 g/dL; platelet count, 
532,000/µL; band count, 3300/µL; neutrophil count, 
24,800/µL; lymphocyte count, 500/µL; monocyte count, 
3600/µL; eosinophil count, 0; erythrocyte morphology, 1+ 
polychromasia, 2+ anisocytosis, 2+ hypochromasia

Clinical chemistry: urea nitrogen, 29 mg/dL; creatinine, 
1.0 mg/dL

Serum iron assays: Serum iron, 16 µg/dL (reference interval 
84 to 233 µg/dL); total iron-binding capacity (TIBC), 
462 µg/dL (reference interval 284-572 µg/dL; and ferri-
tin, 140 µg/L (reference interval 80 to 800 µg/L)

Fecal flotation: Trichuris eggs

Assessment
The presence of a severe microcytic hypochromic anemia indi-
cates chronic iron deficiency. The low serum iron, normal 
serum TIBC, and low-normal serum ferritin concentrations 
support the diagnosis of iron deficiency. Serum ferritin con-
centration generally correlates well with total body iron 
content, but ferritin is an acute-phase reactant protein that 
increases during inflammation. Consequently serum ferritin 
might have been lower in the absence of the inflammation 
documented in the physical examination. Iron deficiency is 
almost always the result of blood loss in adult animals. The 
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the animal’s regenerative bone marrow response. The increased 
total plasma protein concentration is the result of increased 
globulin concentrations and could represent an inflammatory 
reaction to the blood parasite. The slightly increased bilirubin 
concentration is attributable to the increased erythrocyte 
destruction accompanying these erythrocyte parasites. The 
slightly increased ALT may reflect hypoxic injury to the liver.

Comment
Doxycycline and glucocorticoid therapy was initiated and the 
cat was discharged. The client was told that the M. haemofelis 
infection should respond to therapy but that the cat would 
probably remain FIV-positive, which would likely result in 
increased susceptibility to bacterial infections at a later date. 
Concurrent infections of M. haemofelis and FeLV generally 
result in more severe clinical signs and more severe anemia 
than occurs when a cat is infected with either agent alone. In 
contrast, concurrent infection with M. haemofelis and FIV 
does not appear to cause more severe anemia than does infec-
tion with M. haemofelis alone. Consequently the regenerative 
anemia in this cat is attributable primarily to the M. haemofelis 
infection.

R EF ER EN C E

Harvey JW. Hemotrophic mycoplasmosis (hemobartonellosis). In: Greene CE, ed. Infectious 
Diseases of the Dog and Cat, 3rd ed. Philadelphia: Saunders Elsevier; 2006:252-260.

C A S E  4: M Y C O P L A S M A 
H A E M O F E L I S  I N F E C T I O N

Patient: Domestic shorthaired cat, castrated male, 2 years of age
History: Presented for evaluation of deformed carpus, which 

was present when the client acquired the cat as a stray
Physical examination: Deformity of carpus secondary to trau-

matic luxation, alopecia over pinna secondary to dermato-
mycosis, slightly depressed and afebrile with marked 
splenomegaly

Notable Laboratory Findings
Hematology: HCT, 13%; MCV, 86 fL; MCHC, 33% total 

plasma protein, 8.3 g/dL; platelet count, normal; leukocyte 
counts, normal; nucleated erythrocytes, 1400/µL; erythro-
cyte morphology, 1+ anisocytosis, 2+ polychromasia, 4+; 
Mycoplasma haemofelis organisms

Clinical chemistry: Bilirubin, 0.4 mg/dL; alanine aminotrans-
ferase (ALT), 143 units/L; globulin, 5.8 g/dL

Serology: Feline leukemia virus (FeLV), negative; feline 
immunodeficiency virus (FIV), positive

Assessment
The anemia was regenerative based on the degree of polychro-
masia present. Reticulocyte counts may not be accurate when 
high numbers of M. haemofelis organisms are present. The 
macrocytosis and nucleated erythrocytes are consistent with 
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of endotoxin, which results in increased margination of neu-
trophils, may also have contributed to this leukogram. The 
lymphopenia and eosinopenia probably resulted from the 
endogenous release of glucocorticoids. The slightly decreased 
plasma protein concentration probably resulted from the peri-
tonitis with protein movement into the abdominal cavity. The 
increased serum AST activity was attributed to tissue injury.

Comment
The abdomen was lavaged with large volumes of saline solu-
tion containing penicillin and streptomycin and the horse was 
treated with intravenous penicillin and intravenous fluids. 
Laboratory analyses were done again on day 3.

Notable Laboratory Findings (Day 3)
Hematology: HCT, 42%; total plasma protein, 7.1 g/dL; 

fibrinogen, 700 mg/dL; platelet count, normal; band count, 
200/µL; neutrophil count, 900/µL; lymphocyte count, 
300/µL; monocyte count, 200/µL; eosinophil count, 0/µL; 
neutrophilic morphology, 2+ toxicity.

Clinical chemistry: AST, 795 units/L.
Abdominal fluid: HCT, 3%; protein; 2.9 g/dL; nucleated cell 

count, 33,800/µL; most nucleated cells present were toxic 
neutrophils.

Assessment
The abdominal fluid analysis revealed continued evidence of 
inflammation. The toxic neutropenia on day 3 resulted from 
peritonitis with movement of neutrophils into the abdominal 
cavity. The lymphopenia and eosinopenia resulted from the 
endogenous release of glucocorticoids. The fibrinogen 
increased in response to inflammation. The increased serum 
AST activity was attributed to tissue injury. The horse eventu-
ally made a full recovery.

C A S E  5: VAG I N A L  T E A R

Patient: Standard-bred horse, female, 10 years of age
History: Dystocia resulting in a vaginal tear and displacement 

of intestines into the vagina. Attempts to repair the lacera-
tion on the farm were initially unsuccessful because of 
hemorrhage and straining. Xylazine was administered as 
an analgesic and sedative, the intestines were replaced into 
the abdomen, and the laceration was sutured.

Physical examination: The horse was uncomfortable, exhibit-
ing evidence of pain, but otherwise appeared normal.

Notable Laboratory Findings (Day 1)
Hematology: HCT, 38%; total plasma protein, 6.0 g/dL, 

fibrinogen, 300 mg/dL; platelet count, normal; metamy-
elocyte count, 100/µL; band count, 600/µL; neutrophil 
count, 2400/µL; lymphocyte count, 600/µL; monocyte 
count, 200/µL; eosinophil count, 0/µL; neutrophilic mor-
phology, 2+ toxicity.

Clinical chemistry: Aspartate aminotransferase (AST), 506 
units/L.

Abdominal fluid: HCT, 8%; protein, 4.0 g/dL; nucleated cell 
count, 13,100/µL; most nucleated cells present were toxic 
neutrophils.

Microbiology: No bacterial growth was obtained from the 
abdominal fluid, but antibiotic therapy may have been  
initiated prior to culture.

Assessment
The abdominal fluid analysis revealed evidence of hemorrhage 
and inflammation. The toxic left shift with low-normal neu-
trophil numbers in blood resulted from peritonitis with move-
ment of neutrophils into the abdominal cavity. The absorption 
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a diagnosis of hypereosinophilic syndrome was made. The 
etiology of this syndrome is unknown. Evidence that the 
overproduction of IL-5 may be involved in producing this 
disorder has been presented in humans with hypereosinophilic 
syndrome. A marked left shift in the eosinophilic series is 
expected in cats with eosinophilic leukemia. Eosinophilic leu-
kemia was considered unlikely in this cat because most of the 
eosinophils in blood and tissues were mature. When present 
in animals, basophilia generally accompanies eosinophilia, 
possibly because certain growth factors (most notably IL-5) 
stimulate the production of both cell types. The slight neutro-
philia and monocytosis present may be associated with the 
inflammation recognized in several tissues. The mild nonre-
generative anemia is probably the result of the anemia of 
inflammatory disease. The increased serum protein concentra-
tion was the result of increased globulins, further supporting 
the likelihood of an inflammatory reaction.

Comment
The cat was placed in an oxygen cage and treated with ami-
nophylline (a bronchodilator) and an antibiotic pending the 
outcome of diagnostic tests. Once a diagnosis of hypereosino-
philic syndrome was reached, glucocorticoid therapy was  
initiated. Clinical signs improved rapidly and the cat was 
discharged with a plan to taper the glucocorticoid dosage as 
clinical signs resolved.

R EF ER EN C E S

Huibregise BA, Turner JL. Hypereosinophilic syndrome and eosinophilic leukemia: a com-
parison of 22 hypereosinophilic cats. J Am Anim Hosp Assoc. 1994;30:591-599.

Swenson CL, Carothers MA, Wellman ML, et al. Eosinophilic leukemia in a cat with  
naturally acquired feline leukemia virus infection. J Am Anim Hosp Assoc. 1993;
29:467-501.

Weller PF, Bubley GJ. The idiopathic hypereosinophilic syndrome. Blood. 1994;83:
2759-2779.

C A S E  6: H Y P ER E O S I N O P H I LI C 
S Y N D RO M E

Patient: Himalayan cat, castrated male, 5 years of age
History: Respiratory distress developed 3 days earlier. The 

referring veterinarian began treatment with an antibiotic, 
but the condition worsened.

Physical examination: The cat presented with abdominal res-
piration and tachypnea. Harsh lung sounds were auscul-
tated, the cat was underweight and may have been slightly 
dehydrated. Enlarged prescapular, axillary, and inguinal 
lymph nodes and splenomegaly were palpated. Papules and 
scabs on the head and base of the tail were believed to 
represent a flea-bite allergy. The rectal temperature was 
102.6°F.

Notable Laboratory Findings
Hematology: HCT, 29% with normal erythrocyte indices; 

total plasma protein, 8.6 g/dL; platelet count, normal; neu-
trophil count, 15,600/µL; lymphocyte count, 5100/µL; 
monocyte count, 1200/µL; band eosinophil count, 400/µL; 
eosinophil count, 22,300/µL; basophil count, 2100/µL; 
erythrocyte morphology, normal.

Clinical chemistry: Total serum protein, 8.1 g/dL; total glob-
ulins, 5.9 g/dL.

Exfoliative cytology: Transthoracic lung aspiration revealed 
histiocytic eosinophilic inflammation. Increased numbers 
of eosinophils were also present in splenic and lymph node 
aspirates that appeared to exceed those present in contami-
nating blood.

Histopathology: Chronic ulcerative eosinophilic dermatitis.
Parasitology: ELISA heartworm test was negative.
Thoracic radiograph: Patchy interstitial infiltrate.
Abdominal ultrasound: Splenomegaly and slightly thickened 

loops of bowel.

Assessment
Based on the magnitude of the eosinophilia and evidence of 
eosinophilic infiltration and injury in multiple organs, 
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C A S E  7: P YO M E T R A

Patient: Rottweiler dog, female, 2 years of age
History: Depression, lethargy, fever, and purulent bloody 

vaginal discharge for several days; vomited the day of 
admission

Physical examination: Moderately depressed, panting respira-
tion, slightly distended abdomen, dark pink mucous mem-
branes, rectal temperature 102°F

Notable Laboratory Findings (Day 1)
Hematology: HCT, 48%; total plasma protein, 7.5 g/dL; 

fibrinogen, 200 mg/dL; manual platelet count, 180,000/µL; 
band neutrophil count, 3700/µL; neutrophil count, 
57,400/µL; lymphocyte count, 7700/µL; monocyte count, 
3700/µL; eosinophil count, 700/µL; basophil count, 0/µL; 
erythrocyte morphology, 1+ echinocytes; leukocyte mor-
phology, 1+ toxicity of neutrophilic cells and occasional 
reactive lymphocytes

Clinical chemistry: Unremarkable
Coagulation tests: PT, 9 seconds (control, 8 seconds); APTT, 

20 seconds (control, 10 seconds); activated clotting time 
(ACT), 105 seconds (reference less than 95 seconds); fibrin 
degradation products (FDP), positive at 1:20 dilution

Abdominal radiographs: No abnormalities appreciated
Abdominal ultrasound: Large, fluid-filled uterus identified

Assessment
The marked neutrophilia with toxic left shift and monocytosis 
indicated a severe inflammatory reaction. The presence of a 
dilated uterus and purulent vaginal discharge indicated that 
the dog had pyometra. The lymphocytosis may have reflected 
antigenic stimulation. The slightly decreased manual platelet 
count, prolonged APTT, slightly prolonged ACT, and positive 
FDP test indicated the presence of disseminated intravascular 
coagulation (DIC). Although the PT was normal, this test 
appears to be less sensitive than the APTT in the diagnosis 
of DIC. Fibrinogen is an acute-phase protein that tends to 
increase during inflammation; consequently, the normal 
fibrinogen value did not rule out DIC.

Comment
Antibiotic and intravenous fluid therapy was begun after the 
first blood sample was taken. Epistaxis began on the following 
day and the animal became more depressed.

Notable Laboratory Findings (Day 2)
Hematology: HCT, 32% with normal erythrocyte indices; 

total plasma protein, 6.4 g/dL; fibrinogen, 400 mg/dL; 
manual platelet count, 61,000/µL; metamyelocyte count, 
800/µL; band neutrophil count, 8400/µL; neutrophil 
count, 65,900/µL; lymphocyte count, 2100/µL; monocyte 
count, 7200/µL; eosinophil count, 0/µL; basophil count, 
0/µL; erythrocyte morphology, 1+ echinocytes; leukocyte 
morphology, 1+ toxicity of neutrophilic cells and occasional 
reactive lymhocytes

Coagulation test: ACT, 150 seconds (reference less than 95 
seconds)

Assessment
The neutrophilia with toxic left shift and monocytosis were 
more pronounced on the second day. The decrease in lympho-
cyte count and eosinopenia that developed suggested that 
increased endogenous glucocorticold release occurred as the 
dog’s clinical condition worsened. The decreased HCT on  
the second day was primarily the result of fluid therapy. The 
further decrease in the platelet count and the prolonged ACT 
suggested the continuation of DIC.

Comment
Ovariohysterectomy was performed after the blood sample 
was collected on the second day and the dog made an unevent-
ful recovery.

R EF ER EN C E

Sevelius E, Tidholm A, Thoren-Tolling K. Pyometra in the dog. J Am Anim Hosp Assoc. 
1990;26:33-38.
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C A S E  8: S Y S T EM I C  LU P U S 
ERY T H EM AT O S U S

Patient: Cocker spaniel dog, male, 4 years of age
History: Rear-leg lameness associated with bilateral hip dys-

plasia was diagnosed 2 years earlier, and erosive nonseptic 
arthritis involving the carpal and tarsal joints was recogn-
lzed 4 months previously. The HCT and platelet counts 
were normal at that time, but the ANA test was positive 
at 1 : 100 dilution (reference less than 1 : 20). The dog has 
been treated with aspirin for the preceding 4 months.

Physical examination: The dog was depressed with pale 
mucous membranes. A polyarthropathy was present and all 
joints were painful. There were multiple raised pigmented 
skin lesions and small petechial hemorrhages on the penis 
and abdomen. The rectal temperature was normal.

Notable Laboratory Findings
Hematology: HCT, 23%; MCV, 74 fL; MCHC, 33 g/dL; 

reticulocyte count, 184,000/µL; total plasma protein, 
7.9 g/dL; fibrinogen, 400 mg/dL; manual platelet count, 
8000/µL; band neutrophil count, 600/µL; neutrophil 
count, 12,900/µL; lymphocyte count, 700/µL; monocyte 
count, 200/µL; eosinophil count, 1000/µL; nucleated 
erythrocyte count, 500/µL; erythrocyte morphology, 3+ 
anisocytosis, 2+ polychromasia, 3+ spherocytosis, occa-
sional Howell-Jolly bodies, and autoagglutination of saline 
washed erythrocytes.

Clinical chemistry: Total serum protein, 8.2 g/dL; the total 
globulin, 5.6 g/dL.

Urinalysis: Specific gravity, 1.042; moderate bilirubinuria.
Joint fluid: A direct smear from a swollen joint revealed 

increased numbers of nondegenerate neutrophils and 
macrophages.

Antinuclear antibody (ANA) test: Positive at 1 : 320 dilution 
(reference less than 1 : 20)

Skin biopsy: Histologic lesions were consistent with pemphi-
gus foliaceous, an immune-mediated skin disorder, but 
direct immunofluorescence examination for IgG deposits 
in skin was negative.

Assessment
The presence of autoagglutination of saline-washed RBC-
erythrocytes and spherocytosis points to an immune-mediated 

anemia. The high-normal MCV and low-normal MCHC are 
consistent with the increased percentage of reticulocytes, and 
the absolute reticulocytosis indicates an appropriate bone 
marrow response to the anemia. The low number of nucleated 
erythrocytes is appropriate for the degree of reticulocytosis. 
The petechial hemorrhages can be attributed to the severe 
thrombocytopenia. Based on the presence of an immune-
mediated hemolytic anemia and a positive ANA test, the 
thrombocytopenia was presumed to be immune-mediated. 
The combined presence of immune-mediated anemia and 
immune-mediated thrombocytopenia has been termed the 
Evans syndrome. The presence of high-normal numbers of 
eosinophils suggests that endogenous glucocorticoid release is 
not responsible for the neutrophilia, monocytosis, and lym-
phopenia. The increased total globulins in serum and high-
normal plasma fibrinogen concentration are consistent with 
inflammation, as is the mild neutrophilia with left shift and 
monocytosis. Bilirubinuria is common in dogs with hemolytic 
anemia even when bilirubinemia is not present because of the 
low renal threshold for bilirubin in dogs. A presumptive diag-
nosis of systemic lupus erythematosus (SLE) was made based 
on the concomitant occurrence of immune-mediated hemo-
lytic anemia, thrombocytopenia, nonseptic polyarthritis, and 
positive ANA test. The skin lesion may also have been a com-
ponent of this syndrome, but an immune-mediated etiology 
could not be confirmed.

Comment
Therapy consisted of glucocorticoid steroids and cyclophos-
phamide. When examined 1 week later, the animal appeared 
to be feeling less pain, skin lesions were resolving, the HCT 
was 27%, MCV was 77 fL, and platelet count was 1.2 ×106/
mL. The resolution of the thrombocytopenia following initia-
tion of immunosuppressive therapy provides retrospective 
evidence that the thrombocytopenia was immune-mediated. 
It is assumed that the animal had high plasma thrombopoietin 
values when thrombocytopenic and that the subsequent 
thrombocytosis occurred as a rebound phenomenon when 
premature platelet destruction was reduced or eliminated by 
immunosuppressive therapy.

R EF ER EN C E

Grindem CB, Johnson KH. Systemic lupus erythematosus: literature review and report of 
42 new canine cases. J Am Anim Hosp Assoc. 1983;19:489-503.
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This book is dedicated to the memory of Charles F. Simpson, DVM, PhD. Charlie 
trained as a veterinarian at Cornell University and as a pathologist at the University of 
Minnesota. He was a member of the University of Florida faculty for 33 years. Charlie’s 
research focused on the cardiovascular system, including blood. When I joined the Uni-
versity of Florida faculty in 1974, he had already published hematology papers on babesio-
sis in horses, anaplasmosis in cattle, sickle cell formation in deer, the extrusion of the 
metarubricyte nucleus, the maturation of reticulocytes, and the formation of Heinz bodies 
in erythrocytes. His major research tool was the transmission electron microscope shown 
in the image below. As a mentor and friend, Charlie opened not only his laboratory, but 
also his home to me. During the years our careers overlapped, and we published 11 papers 
together. Nineteen of his transmission electron microscope images are included in this 
book. To me and others who knew him, Charlie is remembered as a warm, generous person 
with an inquisitive mind and a wonderful sense of humor. His memory also lives on in 
the form of the Charles F. Simpson Memorial Scholarship that is given each year to a 
graduate student in the College of Veterinary Medicine at the University of Florida.

John Harvey

Dr. Charles F. Simpson (left) and his technologist Tom Carlisle in front of their transmission electron 
microscope. 
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When the Atlas of Veterinary Hematology first appeared in 
2001, it was an instant classic. The atlas was well-organized, 
concise, and extremely well-illustrated. The accompanying ref-
erence list was comprehensive. Furthermore, and perhaps 
most important, the atlas provided readers with the singular 
experience, insight, and perspective of one of the world’s most 
well-known and well-respected veterinary hematologists, 
John Harvey. It quickly became a standard reference for vet-
erinary clinical pathologists, pathology trainees, private prac-
titioners, veterinary technicians, and veterinary students alike.

This long-awaited revision will do nothing but add to the 
original text’s legacy of excellence. Under the new title Veteri-
nary Hematology: A Diagnostic Guide and Color Atlas, this 
edition is significantly expanded and updated. The outstand-
ing illustrations that made the original Atlas of Veterinary 
Hematology such a valuable contribution have been augmented 
by additional illustrations that even include electron micro-
graphs of a number of significant hematologic disorders. The 
discussions of the physiology and pathophysiology of blood 
and bone marrow have been very significantly enhanced 
throughout the text, thereby making the new volume even 
more valuable to specialists and students at all levels. Of note, 

the bibliography, outstanding in the 2001 Atlas, has been 
comprehensively updated.

From cover to cover, Veterinary Hematology: A Diagnostic 
Guide and Color Atlas reflects the commitment to excellence, 
attention to detail, and dedication to the discipline of veteri-
nary hematology that have made John Harvey such a credit 
to the specialty of veterinary clinical pathology. Although 
future updates will surely be needed, this new book serves as 
a timeless contribution to our knowledge and understanding 
of comparative hematology. As a contemporary colleague and 
friend of John’s, I have personally had the privilege to learn 
from him directly through our numerous discussions, interac-
tions, and case reviews. Through this, his new master work, 
his wisdom is preserved and made available for the ages.

Alan H. Rebar, DVM, PhD, DACVP
Senior Associate Vice President for Research

Executive Director of Discovery Park
Professor of Veterinary Clinical Pathology

School of Veterinary Medicine
Purdue University

Foreword
Benefits for the Veterinarian and the Veterinary Clinical Pathologist
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Veterinary professionals and students alike need comprehen-
sive medical reference texts that may better enable us to 
perform our jobs accurately and help our patients. Even the 
brightest minds are not walking encyclopedias. Therefore,  
Veterinary Hematology: A Diagnostic Guide and Color Atlas is a 
needed source of knowledge for both study and in practice.

I first met Dr. Harvey more than 30 years ago during an 
internship at the University of Florida, and I have attended 
many of his continuing education lectures through the years. 
Dr. Harvey has always been my ‘go-to’ specialist. If I am 
looking under the microscope, he’s always just a ‘flip of a page’ 
away!

The original Atlas of Veterinary Hematology: Blood and Bone 
Marrow of Domestic Animals has for years been a valuable 
resource both as a bench-top reference for practicing veteri-
narians, veterinary students, and veterinary technicians and an 
aid to technician students in their quest for mastery of this 
complex topic. This exciting new book is a combination of the 
Atlas with Veterinary Laboratory Medicine: Interpretation and 
Diagnosis.

Veterinary Hematology: A Diagnostic Guide and Color Atlas 
provides additional information on techniques for performing 
hematology testing. Veterinary technicians and students will 
especially appreciate the logical organization of the material 
as well as the additional information included regarding clini-
cal and diagnostic aspects of specific diseases.

Veterinary Hematology: A Diagnostic Guide and Color Atlas 
enhances understanding of the material and serves as a  
vital reference text for both veterinary technician students  
and practicing veterinary technicians. I am confident this  
reference atlas and guide will be a welcomed addition to  
every veterinary clinic and classroom throughout the veteri-
nary world.

Elaine Anthony MA, CVT
Associate Professor

School of Veterinary Technology
St. Petersburg College

Foreword
Benefits for the Veterinary Technician
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This reference presents images and information concerning 
the hematology of common domestic mammals including 
dogs, cats, horses, cattle, sheep, goats, pigs, and llamas. The 
hematology of nonmammalian species is presented superfi-
cially, primarily focusing on comparisons with mammals. This 
book updates and expands the material published in 2001 in 
the Atlas of Veterinary Hematology: Blood and Bone Marrow of 
Domestic Animals by John Harvey and combines its morpho-
logic content with additional updated topics covered in the 
introduction and hematology chapters of Veterinary Labora-
tory Medicine. Interpretation and Diagnosis, 3rd edition, which 
was published in 2004 by Dennis Meyer and John Harvey. 
Even more information is provided concerning the clinical 
and hematologic appearance of specific disorders, and electron 
microscopy images have been added to provide ultrastructual 
detail of cell morphology.

This new text and atlas covers all aspects of hematology 
except therapy. It contains concise discussions of hematopoiesis 
and the physiology of erythrocytes, leukocytes, and hemostasis 
that provide the foundation needed to understand disorders of 
blood. These topics are presented in sufficient detail to be ben-
eficial in the training of interns and residents, as well as veteri-
nary students. The differential diagnoses of anemia, leukocyte 
disorders, and hemostatic disorders are presented in such a way 
as to emphasize the pathophysiology underlying these pro-
cesses. The utilization and interpretation of both routine and 
specialized diagnostic tests are also discussed.

Veterinary technologists will likely find the techniques and 
blood cell morphology sections most useful. Attempts were 
made to include both common and rare morphologic findings 
in blood and bone marrow, including preparation and staining 
artifacts. Often, more than one example of a cell type, parasite, 
or abnormal condition is shown, because the morphology can 
be variable. The benefits and pitfalls of automated instrumen-
tation are discussed, as is the importance of manual blood film 
review as an important quality control measure for hematol-
ogy instrument-generated data and in the identification of 
morphologic abnormalities and parasites that cannot be 
detected using automated instruments.

Practicing veterinarians and veterinary students should 
benefit from this complete reference, even if they are not 
directly involved in bone marrow evaluation, because the bone 
marrow chapters provide the basis for understanding diseases 
that result in abnormalities in the peripheral blood. The added 
electron microscopy images and bone marrow aspirate smear 
cytology and core biopsy histology chapters will be most 
useful to clinical pathologists, anatomic pathologists, and resi-
dents in training for these disciplines. Readers interested in 
learning more about a given topic will hopefully appreciate 
the extensive bibliography provided.

John Harvey

Preface
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I want to acknowledge those most responsible for my educa-
tion as a clinical pathologist. Few people have the opportunity 
to receive training from the giants of their profession, but  
I was blessed in being trained by Jerry Kaneko, the father of 
veterinary clinical biochemistry, and Oscar Schalm, the father 
of veterinary hematology, during my graduate training at the 
University of California, Davis. Many other colleagues have 
contributed to my development as a hematologist, with Alan 
Rebar and Victor Perman being particularly noteworthy, as 
we challenged one another with unknown hematology slides 
in front of various national audiences. Past and present Uni-
versity of Florida faculty members, Charles Simpson, Dennis 
Meyer, Rose Raskin, Mary Christopher, Rick Alleman, 
Heather Wamsley, Mark Dunbar, and many University of 
Florida residents have advanced my understanding of veteri-
nary hematology.

University of Florida clinical pathologists and technolo-
gists, most notably Melanie Pate, Lane Pritchard, and Tina 
Conrad, have also helped me by identifying and preparing 
material included in this text. I greatly appreciate all the col-
leagues who have submitted material to the annual American 
Society for Veterinary Clinical Pathology slide review 

sessions. Contributors are acknowledged in appropriate figure 
legends for photographs I have taken from these glass slides. 
Likewise, I am extremely grateful for images enthusiastically 
provided by colleagues that are also acknowledged in the 
figure legends.

Jennifer Owen and Heather Wamsley provided the con-
scientious reviews and helpful suggestions for which I will be 
forever grateful. Completion of text was only possible because 
Glen Hoffsis, Dana Zimmel, John Haven, and Rachel DiSesa 
assumed some of my job duties during the last year. I also 
appreciate the strong support from Elsevier staff members, 
most notably Brandi Graham and Carol O’Connell.

Finally, I especially want to thank my wife Liz for her 
patience, understanding, and support, not only during the 
many months required to produce this text, but during my 
entire academic career. Joseph Campbell urged everyone to 
“Follow your bliss.” For me that has been teaching and research 
in veterinary hematology, and this pathway would not have 
been possible without Liz’s many years of support.

John Harvey
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liver disease, 222
snake venoms, 222-223
thromboembolism, 219-220
vitamin K deficiency, 222

Acquired disorders
defects in platelet function, 216
selective erythroid hypoplasia, 270-271

Acquired immunity, 177
Acrodermatitis, lethal, in English bull terriers, 

187
Activated clotting time (ACT), 204
Activated partial thromboplastin time (APTT), 

204-205
Activated platelets, 209
Acute inflammation, bone marrow, 293
Acute lymphoblastic leukemia (ALL), 162, 298-

300, 344
Acute monocytic leukemia, 311
Acute myeloid leukemias (AMLs)

acute undifferentiated leukemia, 313
AML-M1, 309
AML-M2, 309-311
AML-M3, 311
AML-M4, 311
AML-M5, 311
AML-M6, 312
AML-M7, 312-313
frequency in animal species, 313-314
peripheral blood findings, 313

Acute undifferentiated leukemia, 313
Adenine nucleotides, in platelet metabolism, 

193-194
Adenocarcinoma, metastatic, 316f-317f
Adenosine triphosphate (ATP)

generation of, 51-52
in platelet metabolism, 193-194

Adhesion molecules, 37-38
Adipocytes, bone marrow, 250
Aged erythrocytes, normal removal of, 57-58
Agglutination

of aggregate reticulocytes, 61f
of erythrocytes, 13-14, 59

Aggregate reticulocytes, 91-92
Algorithms

erythrocytosis (polycythemia), 339f
leukopenia, 340f
normal or increased total leukocyte count, 

341f
platelet/coagulation factor deficiencies, 342f
poorly regenerative or nonregenerative 

anemia, 338f
regenerative anemia, 337f

Alloantigens, blood group, 178
Alloimmune thrombocytopenia, neonatal, 

182-183
Amplification of coagulation, 199
ANA test, 179-180
Anaplasma spp. infection

causing hemolytic anemia, 103
of erythrocytes, 86, 87f
of granulocytes, 140
of neutrophil cytoplasm, 141f
of platelets, 210-211

Anemia
blood-loss, 106-107
bone marrow response to, 60
classification using erythrocyte indices, 99
differential diagnosis, 98
estrogen-induced aplastic, 343
hemolytic. See Hemolytic anemia
iron-deficiency, 345
nonregenerative. See Nonregenerative 

anemia
physiologic, of neonatal animals, 110-111
regenerative, 22

algorithm, 337f
vs. nonregenerative, 99
polychromasia in, 60-61

reticulocyte count corrected for, 92
Anisocytosis, 27t, 61-62

in bone marrow section, 294f
Antibodies

antinuclear antibody tests
ANA test, 179-180
lupus erythematosus cell test, 180

in phenotyping leukemia in dogs, 298t
Anticoagulants

aspirated bone marrow containing,  
237f

for CBC, 11-12
EDTA, 202
heparin, 202-203

Antierythrocyte antibody tests
direct antiglobulin test or Coombs test, 

177-178
direct immunofluorescence flow cytometry 

assay, 178
Antigen-presenting cells, basophils as, 128
Antiglobulin test, direct, 96
Antinuclear antibody tests

ANA test, 179-180
lupus erythematosus cell test, 180

Antiphospholipid antibody, 221-222
Antiplatelet antibody tests, 180, 208-209
Antithrombin, 201, 207

A
Abnormal erythrocyte morphology

acanthocytes, 66-67
agglutination, 13-14, 59
anisocytosis, 27t, 61-62
crystallized hemoglobin, 75
dacryocytes, 73
drepanocytes, 73-75
eccentrocytes, 70-71
echinocytes, 65-66
elliptocytes, 71-73
erythrocyte vesicles, 76-78
erythroid loops, 76
hypochromasia, 27t, 62-63
keratocytes, 67
leptocytes, 70
lysed erythrocytes, 76
nucleated erythrocytes, 78-79
poikilocytosis, 63-64
polychromasia, 27t, 59-61
pyknocytes, 71
rouleaux, 14f, 59
schistocytes, 69-70
spherocytes, 68-69
stromatocytes, 67-68

Abnormal neutrophil morphology
cytoplasmic vacuoles, 144
giant neutrophils, 143
karyolysis, 144
phagocytized eosinophil granules, 144
pyknosis and karyorrhexis, 144
stain precipitation, 144

Abnormal platelet morphology
activated platelets, 209
Anaplasma platys infection, 210-211
hypogranular platelets, 210
macrothrombocytes, 209

Absolute erythrocytosis, 112
Absolute reticulocyte count, 92
Absorption of iron, 54-56
Acanthocytes, 66-67
Accuracy of analytical procedure, vs. test 

precision, 6-10
Acquired coagulation disorders

antiphospholipid antibody, 221-222
disseminated intravascular coagulation, 

220-221
hemolytic-uremic syndrome, 221
hypercoagulable state, 219

Acquired coagulation disorders (Continued)

Note: Page numbers followed by f indicate 
figures; t, tables; b, boxes.
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α1-Antitrypsin, 201
Aplasia

megakaryocyte, 286f
selective erythroid, 109, 270-273
thymic, hypotrichosis with, 186

Aplastic anemia
congenital, 262
estrogen-induced, 343
nonregenerative, 60f

Aplastic bone marrow, 109-110, 260-263
Apotransferrin, 56
Artifacts

resembling infectious agents of erythrocytes, 
90

stain precipitation, 144f
Aspiration of bone marrow, technique, 235-238
Autoagglutination, of erythrocytes, 23f
Automated methods

blood cell counting by, 17
vs. manual methods, 8-9

Autophagy-associated cell death, 263

B
B-lymphocyte neoplasms, 305-306
B-lymphocyte progenitors, 44
B lymphocytes

functions of, 131
naive, 124

Babesia spp. infection
causing hemolytic anemia, 102
of erythrocytes, 82-85

Bacteria
phagocytosis of, 126f
seen in blood films, 30

Bactericidal defect, in neutrophils, 148
Band basophils, 21f, 151
Band cells, 243
Band eosinophils, 149-150
Band neutrophils, 135f, 155f, 281f
Bartonella spp. infection, of erythrocytes, 90
Basophil counts, high, 18
Basophilia, 151

foamy, 137, 138f
Basophilic hyperplasia, 278
Basophilic leukemia, 315
Basophilic rubricytes, 242
Basophilic stippling, 80, 83f-84f
Basophils

band basophils, 21f, 151
functions of, 128
kinetics of, 124
morphology, 151
production of, 43

Beagle dogs
hematology values, 332t
reference intervals for hematology values, 

330t
Bilirubin, 57-58
Binucleated macrophages, with nuclear debris, 

292f
Biochemistry of normal erythrocytes

ATP generation, 51-52
2,3DPG pathway, 52
iron metabolism, 54-57
membrane structure and function, 50-51
methemoglobin formation and reduction, 54
oxidant injury, 52-54

Biopsy, bone marrow
core biopsy, 238-240
sites for, 234-235

Birds, thrombocytes in blood films, 193f
Birman cats, reddish granules in, 137
Blast cells, 163-168
Bleeding time, screening test for hemostatic 

disorders, 204
Blood cells

counting and sizing
automated counting, 17
errors in, 17-18
manual counting, 16-17
quality control, 18

and precursors, phagocytosis of, 286-293
production sites of, 33

Blood cross-match tests, 179
Blood films

bird, thrombocytes in, 193f
preparation

coverslip method, 19
glass-slide method, 18-19

staining procedures
cytochemical stains, 23
iron stains, 22-23
new methylene blue “wet mounts,” 22
reticulocyte stains, 21-22
Romanowsky-type stains, 19-20

Blood films: examination of stained films,  
23-30

degenerative changes in blood samples, 27
erythrocyte morphology, 26
infectious agents or inclusions of blood cells, 

27-28
leukocyte evaluation, 24-26
miscellaneous cells and parasites in blood, 

28-30
platelets, 26-27

Blood-loss anemias, 106-107
Blood typing, 178-179
Blood volume, calculation of, 11
Bone, sarcomas of, 317-318
Bone marrow

aspiration technique, 235-238
core biopsy technique, 238-240, 241f
differential cell counts in domestic animals, 

251t
evaluation and interpretation, 328
homing of HSCs and HPCs to, 37
neutrophilic compartments in, 42f
organization of, 33-34
reasons for examining, 234
response to anemia, 60
sites for biopsy, 234-235

Bone marrow: morphologic identification of 
cells

erythrocytic series, 240-243
lymphocytes, 245
macrophages, 244-245
megakaryocytic series, 240
miscellaneous cells and free nuclei,  

248-250
mitotic figures, 247
monocytic series, 243-244
osteoblasts, 247
osteoclasts, 247
plasma cells, 245-246

Bone marrow disorders
erythroid series abnormalities, 268-275
gelatinous transformation of bone marrow, 

264-265
granulocytic series abnormalities, 275-283
hematopoietic cells

generalized decreases in, 260-268
generalized increases in, 260

hematopoietic neoplasms, 296-298
hypocellular/aplastic bone marrow, 109-110, 

260-263
inflammatory, 293-295
lymphoid neoplasms, 298-306
megakaryocyte abnormalities, 283-285
mononuclear phagocyte abnormalities, 

286-293
myelofibrosis, 265-267
myeloid neoplasms, 306-315
nonhematopoietic neoplasms, 315-318

Bone marrow evaluation: organized approach
cellularity, 251
erythroid cells, 254
granulocytic cells, 254
interpretation, 258
lymphocytes, 254-255
megakaryocytes, 251-254
mononuclear phagocytes, 255
myeloid-to-erythroid ratio, 254
other cell types, 255-256
plasma cells, 255
stainable iron, 256-258

Borrelia turicatae spirochetes, 30f
Bovine leukemia virus (BLV), 161
Brittany spaniel dogs, complement deficiency in, 

187
Buccal mucosal bleeding time test, 204
Buffy coat

erythrocyte ghosts above, 16f
quantitative analysis (QBC), 17
width of, 15

Burr cells, 66f
Burst-forming-unit erythrocyte (BFU-E), 38, 

41

C
Cabot rings, 82, 84f
Canalicular system, platelet, 194f
Candidatus Mycoplasma spp. infection, 

88-89
Capillaries, fibrinolysis in, 202
Cats

AB blood group incompatibilities, 181
AML in, 313-314
bone marrow differential cell counts, 251t
hematology values for growing healthy 

kittens, 333t
hypereosinophilic syndrome, 348
hypotrichosis with thymic aplasia in, 186
increased erythrocyte osmotic fragility in,  

105
Mycoplasma haemofelis infection, 88, 345
PK deficiency, 105
prenatal development, sites of hematopoiesis, 

34f
purebred, blood type B frequency in, 179t
reddish granulation in neutrophils, 137
selective erythroid hypoplasia, 271
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Cattle
bone marrow differential cell counts, 251t
dairy, postparturient hemoglobinuria, 106
hereditary spherocytosis, 105

Cavalier King Charles spaniels, 
immunodeficiency in, 186

CD4+ T lymphocytes, 130
CD8+ T lymphocytes, 130-131
Cell aggregation, 11-12

counting errors due to, 17
Cellularity, of bone marrow, 251, 253f
Change in platelet shape, 196
Chédiak–Higashi syndrome, 137-140, 139f,  

147
Chemical-induced disorders

hemolytic anemia, 104
thrombocytopenia, 215

Chondrosarcomas, of bone, 318
Chronic inflammation/hyperplasia, bone 

marrow, 294
Chronic lymphocytic leukemia (CLL), 161-162, 

300
Chronic myeloid leukemia (CML), 146, 

314-315
associated with left shift, 134

Circulating neutrophil pool (CNP), 123-124
Circulation

of bone marrow, 34f
lymphocyte, 125f

Clinical signs
of hemostatic disorders, 209
of immunodeficiency disorders, 185

Coagulation
amplification of, 199
initiation of, 198-199
propagation of, 199-200

Coagulation disorders: acquired
antiphospholipid antibody, 221-222
disseminated intravascular coagulation (DIC), 

220-221
hemolytic-uremic syndrome, 221
hypercoagulable state, 219
liver disease, 222
snake venoms, 222-223
thromboembolism, 219-220
vitamin K deficiency, 222

Coagulation disorders: hereditary
defects in common coagulation pathway,  

223
factor IX and factor VIII deficiencies, 223
factor VII deficiency, 223
factor XI deficiency, 223
factor XII and prekallikrein deficiencies, 223
vitamin K-dependent coagulopathies, 

223-224
Coagulation factor deficiencies, 342f
Coagulopathies, vitamin K-dependent, 223-224
Codocytes, 72f
Coefficient of variation (CV)

affecting results interpretation, 9
for leukocyte types, 8-9

Collagen fibers, promoting hematopoiesis, 37
Colony-forming-unit erythrocyte (CFU-E), 38, 

41
Commercial veterinary laboratories, 1
Common coagulation pathway, defects in, 223
Common lymphoid progenitor (CLP), 35, 36f

Common myeloid progenitor (CMP), 35, 36f
Common variable immunodeficiency (CVID), 

186
Complement deficiency, in Brittany spaniel 

dogs, 187
Complete blood count (CBC), anticoagulants 

for, 11-12
Composition of blood, 11, 12f
Contact activation of coagulation, 200f
Coombs test, 96, 177-178
Copper deficiency, 108-109
Core biopsy, bone marrow, 238-240, 241f

hypercellular, 261f
Corrected reticulocyte count, 92
Coverslip blood-film method, 19
Crenated erythrocytes, 65-66
Critical difference measurements, 9-10
Crystallized hemoglobin, 75, 76f
Cyclic hematopoiesis, 148
Cytauxzoon felis infection

causing hemolytic anemia, 102-103
of erythrocytes, 86
schizont development, 157f, 289f-291f

Cytochemical stains, 23
Cytochrome-b5 reductase deficiency, 97
Cytograms, erythrocyte, 96
Cytokines, role in neutrophil production, 43
Cytoplasm, toxic. See Toxic cytoplasm
Cytoplasmic vacuoles, 159f

lymphocyte, 158
neutrophil, 144
in neutrophilic precursors, 282-283

D
D-dimer assays, 206
Dacryocytes, 73, 75f
Degenerative changes in blood samples, 27
Degranulated platelet aggregate, 192f
Dendritic cells

environmental signal-presenting, 124
functions of, 129-130
neoplastic, 167
production of, 43-44

Deoxyhemoglobin, 13f, 49-50
Diagnostic tests

lymphopenia as, 5t
plasma fibrinogen concentration as, 6, 7t

Dicumarol, 222
Diff-Quik stain, 20
Differential diagnosis

of anemia, 98
of erythrocytosis, 112

Differential leukocyte count, 25-26
2,3-Diphosphoglycerate (2,3DPG), 49

pathway, 52
Direct antiglobulin test (DAT), 96,  

177-178
Direct enzyme-linked antiglobulin test 

(DELAT), 178
Direct immunofluorescence flow cytometry 

assay, 178
Dirofilaria immitis microfilaria, Wright-Giemsa 

stain, 24f
Discocytes, 50f, 71f
Disease prevalence, predictive values and, 4-6
Disseminated intravascular coagulation (DIC), 

220-221

Distemper inclusions, 86-87, 140, 141f
Dogs

AML in, 313-314
antibodies used to phenotype leukemia in, 

298t
bone marrow differential cell counts, 251t
cyclic hematopoiesis, 148
erythrocyte changes during pregnancy,  

331t
estrogen-induced anemia, 343
frequency diagram of healthy compared vs. 

diseased dog populations, 4f
Gray collie syndrome, 148
growth hormone-deficient, T lymphocyte 

immunodeficiency in, 186
hereditary stomatocytosis, 106
immunodeficiencies in, 186
iron-deficiency anemia, 345
Jack Russell terriers, SCID in, 185
PFK deficiency, 105
PK deficiency, 105
primary IMT in, 183
pyometra, 349
systemic lupus erythematosus, 350
X-linked SCID in, 185

Döhle bodies, 137, 138f
Domestic animals

anemias resulting from decreased erythrocyte 
production, 107b

bone marrow differential cell counts,  
251t

causes of blood-loss anemias in, 106b
causes of hemolytic anemias in, 101b
erythrocytosis in, 111b
myeloid-to-erythroid ratio, 254t
reference intervals for hematology values, 

329t
Drepanocytes, 73-75, 75f
Drug-induced disorders

aplastic anemia, 110, 261
dysgranulopoiesis, 281
immune-mediated anemia, 104
neutropenia, 280
thrombocytopenia, 215

Dwarf megakaryocytes, 29f, 287f
Dyserythropoiesis, 109, 273-275, 308f
Dysgranulopoiesis, 280-283
Dysmegakaryocytopoiesis, 284-285, 287f

E
Eccentrocytes, 70-71, 72f
Echinocytes, 65-66, 70f
Echinoelliptocytes, 74f
Effective erythroid hyperplasia, 269
Ehrlichia spp. infection, 140
Electrophoresis, serum protein, 13f
Elliptocytes, 51f, 71-73
Emperipolesis, 285, 288f
Endothelial cells

activated, 125
seen in blood films, 28

English bull terriers, lethal acrodermatitis in, 
187

Eosinopenia, 150-151
Eosinophilia, 150
Eosinophilic hyperplasia, 277-278
Eosinophilic leukemia, 315
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Eosinophils
bone marrow, 254
eosinopenia, 150-151
eosinophilia, 150
functions of, 127-128
granules, phagocytized, 144
kinetics of, 124
morphology, 148-150
production of, 43

Epithelioid macrophages, filled with fungal 
hyphae, 296f

Equine infectious anemia (EIA) virus infection, 
103

Eryptosis, 57-58
Erythrocyte assays

direct antiglobulin test, 96
EPO assay, 98
erythrocyte counts, hematocrit, and 

hemoglobin content, 90-91
erythrocyte volume histograms and 

erythrocyte cytograms, 96
methemoglobin determination, 96-97
reticulocyte counts, 91-93
serum iron assays, 97-98

Erythrocyte indices
classification of anemia using, 99
mean cell hemoglobin, 95
mean cell hemoglobin concentration,  

94-95
mean cell volume, 93-94
red cell distribution width, 95-96

Erythrocyte vesicles, 76-78, 77f
Erythrocytes

anemias
blood-loss, 106-107
differential diagnosis, 98
hemolytic, 99-106
regenerative vs. nonregenerative, 99
resulting from decreased erythrocyte 

production, 107-111
autoagglutination, 23f
erythrocytosis, 111-112
hypochromic, 64f
inclusions of, 79-82
infectious agents of, 82-90
morphology, 26

abnormal, 59-79
normal, 49

normal
biochemistry, 50-57
functions, 49-50

normal removal of aged erythrocytes,  
57-58

nucleated, 17
pathologic destruction of, 58-59
phagocytized, macrophage with,  

292f
Erythrocytosis, 111-112

algorithm, 339f
primary, 315

Erythrograms, of foals, 334t
Erythroid cells

bone marrow, 254
iron uptake by, 56
maturation of, 39-41, 244f
megaloblastic, 274f

Erythroid hyperplasia, 268-270

Erythroid islands, 246f
Erythroid loops, 76
Erythroid progenitors, 38
Erythroid series

abnormalities
dyserythropoiesis, 273-275
erythroid hyperplasia, 268-270
selective erythroid hyperplasia or aplasia, 

270-273
bone marrow cells, 240-243

Erythroleukemia, 165f-166f, 312
Erythrophagocytosis, in monocytes, 153
Erythropoiesis

control of, 41-42
HPCs and bone marrow microenvironment, 

38-39
maturation of erythroid cells, 39-41
nutrients needed for, 39
primitive, 38

Erythropoietin (EPO), 38-39
assay, 98
role in control of erythropoiesis, 42f

Essential thrombocythemia, 315
Estrogen-induced aplastic anemia, 343
Estrogen toxicity, 261
Ethylenediaminetetraacetic acid (EDTA),  

11-12, 202
errors in counting due to, 17

External laboratories, 1
Extracellular matrix (ECM), 33-34,  

37-38
Extramedullary plasmacytoma, 305
Extrinsic pathway activation, 198-199

F
Factor VII deficiency, 223
Factor VIII deficiency, 223
Factor IX deficiency, 223
Factor XI deficiency, 223
Factor XII

activation of factor XI, 199-200
deficiency, 223

False negatives (FNs), 3-4
False positives (FPs), 3-4
Familial erythrocytosis, 112
Familial neutropenia, 280
Feathered edge of blood film, 24f
Feline infectious peritonitis (FIP)

diagnostic test for, 4
test results, 5t

Feline leukemia virus (FeLV), 187
Fell pony syndrome, 186
Femur, proximal, bone marrow biopsy site, 

234-235
Ferritin, serum, 98
Fibrinogen

coagulation-based assays for, 205
as diagnostic test for Rhodococcus equi 

pneumonia, 6, 7t
measured in hematocrit tube, 16

Fibrin(ogen) degradation products (FDP) 
assays, 205-206

Fibrinolysis, 202
Fibrinous inflammation, bone marrow,  

293-294
Flavin adenine dinucleotide (FAD) deficiency, 

erythrocyte, 106

Flow cytometry, platelet activation measured by, 
208

Foals
Arabian, SCID in, 185
erythrograms, 334t
leukograms, 335t
normal, purple granules in neutrophils,  

137
X-linked agammaglobulinemia in, 186

Foamy basophilia, 137, 138f
Folate deficiency, anemia resulting from, 108
Fragmentation anemia, 104
Free nuclei

bone marrow, 248-250, 249f
seen in blood films, 28, 28f

Frequency diagram
healthy compared with diseased dog 

populations, 4f
hypothetical, 3f

Fungal hyphae
in core biopsy section, 297f
epithelioid macrophages filled with,  

296f

G
Gaussian distribution

hypothetical plasma analyte with, 2f
overlapping distributions, 3f

Gelatinous transformation of bone marrow, 
264-265

Giant neutrophils, 135f, 143, 281f
Glass-slide blood-film method, 18-19
Glucose-6-phosphate dehydrogenase (G6PD) 

deficiency, in horse, 105
Granulation, toxic, 137
Granules

cytoplasmic, 158
eosinophilic, phagocytized, 144
neutrophilic, 137-140
primary and secondary, 122
Wright-Giemsa stain, 21f

Granulocyte-colony stimulating factor (G-CSF), 
275-276, 280, 282

Granulocytes
distribution of, 254
maturation of, 40f
segmented, 243
types, in blood film of horse, 123f

Granulocytic hyperplasia, 275
Granulocytic hypoplasia, 278-279
Granulocytic series

abnormalities
basophilic hyperplasia, 278
dysgranulopoiesis, 280-283
eosinophilic hyperplasia, 277-278
granulocytic hyperplasia, 275
granulocytic hypoplasia, 278-279
neutrophilic hyperplasia, 275-277
selective neutrophilic hypoplasia or aplasia, 

279-280
bone marrow cells, 242

Granulomatous inflammation, chronic,  
294-295

Gray collie syndrome, 148
Gross examination of blood samples

erythrocyte agglutination, 13-14
methemoglobinemia, 12-13
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Growth factors, hematopoietic, 38
Growth hormone, dogs deficient in, 186

H
Haemobartonella organisms. See Heinz bodies
Haptotaxis, 125f
Heinz bodies, 73f, 79-80, 81f
Heinz-body hemolytic anemia, 104
Hematocrit (HCT), 90-91
Hematology tests

accuracy vs. precision, 6-10
automated vs. manual analytical methods, 

8-9
critical difference measurements, 9-10

cutoff values, 6
predictive values and disease prevalence, 4-6
sensitivity and specificity, 3-4

Hematopoiesis
cyclic, 148
erythropoiesis, 38-42
hematopoietic growth factors, 38
hematopoietic microenvironment, 37-38
hematopoietic stem cells and progenitor cells, 

34-35
homing to marrow, 37

leukopoiesis, 42-44
mesenchymal stem cells, 35-37
organization of bone marrow, 33-34
sites of blood cell production, 33
thrombopoiesis, 45

Hematopoietic cells
generalized decreases in

acute bone marrow injury and necrosis, 
263-264

gelatinous transformation of bone marrow, 
264-265

hypocellular/aplastic bone marrow, 260-263
myelofibrosis, 265-267
osteosclerosis/hyperostosis, 268

generalized increases in, 260
Hematopoietic neoplasms, 296-298
Heme synthesis abnormalities, anemia resulting 

from, 108-109
Heme–hemopexin complexes, 59
Hemoglobin

buffering action of, 49-50
crystallized, 75, 76f
spuriously increased values, 17

Hemoglobin–haptoglobin complexes, 58
Hemoglobinuria, postparturient, in dairy cattle, 

106
Hemolysis, microhematocrit tube demonstrating, 

16f
Hemolytic anemia

associated with equine infectious anemia, 103
due to

liver failure in horses, 106
postparturient hemoglobinuria in dairy 

cattle, 106
splenic disorders, 106

erythrocyte parasites, 102-103
fragmentation, 104
hereditary erythrocyte defects, 105-106
hypo-osmolality, 104
hypophosphatemia, 104-105
idiopathic Heinz body, 82f
immune-mediated, 14f, 101-102, 104

oxidants causing, 104
primary immune-mediated, 181-182
regenerative, 99-100
venoms causing, 104

Hemolytic-uremia syndrome, 221
Hemophagocytic syndrome, 293
Hemoplasmas, 87-90

causing hemolytic anemia, 103
Hemorrhage, massive external, 214
Hemosiderin

bone marrow, 256
macrophages containing, 295f
monocytes containing, 156f
neutrophils containing, 23f

Hemostasis
primary

platelet phase, 194-197
vascular phase, 194

secondary
amplification of coagulation, 199
inhibitors of thrombus formation, 201
initiation of coagulation, 198-199
propagation of coagulation, 199-200
thrombus stabilization, 200

Hemostatic disorders
clinical signs of, 209
screening tests for, 203-207
specialized tests for, 207-209

Hemostatic test profiles, interpretation of, 224
Hemotropic mycoplasmas, 87-90

causing hemolytic anemia, 103
Heparin

for CBC, 11-12
errors in counting due to, 17
inhibitory role in coagulation, 202-203

Hepatozoon spp. infection, of neutrophils, 
142-143

Hepcidin, 55f, 56
Hereditary coagulation disorders

defects in common coagulation pathway, 223
factor IX and factor VIII deficiencies, 223
factor VII deficiency, 223
factor XI deficiency, 223
factor XII and prekallikrein deficiencies, 223
vitamin K-dependent coagulopathies, 

223-224
Hereditary erythrocyte defects, 105-106
Histiocytic sarcoma, 293
Histograms, erythrocyte volume, 96
Histoplasmosis, disseminated, 289f
Hormone deficiencies, nonregenerative anemia 

resulting from, 108
Horses

ALL, 344
AML in, 313-314
bone marrow differential cell counts, 251t
erythrocyte FAD deficiency, 106
G6PD deficiency, 105
lipemia in, 137
liver failure causing hemolytic anemia, 106
vaginal tear, 347

Howell–Jolly bodies, 79, 79f-81f
Humerus, proximal, bone marrow biopsy site, 

235
Hydrogen peroxide, bactericidal potency of, 

126-127

Hyperbilirubinemia, 15
Hypercellularity, with increased hemosiderin, 

257f
Hypercoagulable state, 219
Hypereosinophilic syndrome, 348
Hyperostosis, 268
Hyperplasia

basophilic, 278
eosinophilic, 277-278
erythroid, 268-270
granulocytic, 275
megakaryocytic, 283-284
monocytic, 286
neutrophilic, 275-277
reactive macrophage, 286

Hypersegmentation, 135-136
Hypo-osmolality, hemolytic anemia due to, 104
Hypocellular bone marrow, 109-110, 260-263
Hypochromasia, 27t, 62-63
Hypogammaglobulinemia, transient, in 

neonates, 186
Hypogranular platelets, 210, 212f
Hypophosphatemia, hemolytic anemia 

secondary to, 104-105
Hypoplasia

granulocytic, 278-279
selective megakaryocytic, 284
selective neutrophilic, 279-280

Hyposegmentation, 134-135
Hypotrichosis, with thymic aplasia in cats, 186

I
IgM antibodies, antierythrocyte, 15f
Ilium, bone marrow biopsy site, 234
Immune-mediated disorders

hemolytic anemia (IMHA)
neonatal isoerythrolysis, 101
primary, 101
transfusion reactions, 101-102

neutropenia (IMN), 147, 276-277
nonregenerative anemia, 109

Immune-mediated disorders: primary, 180-184
IMHA, 181-182
IMN, 183
neonatal isoerythrolysis, 181
systemic lupus erythematosus, 183-184
thrombocytopenia (IMT), 182-183
transfusion reactions, 181

Immune-mediated disorders: tests for
antierythrocyte antibodies, 177-178
antinuclear antibodies, 179-180
antiplatelet antibodies, 180
blood cross-match tests, 179
blood typing, 178-179

Immune system, 177
Immunodeficiency disorders

clinical signs, 185
complement deficiency in Brittany spaniel 

dogs, 187
failure of passive transfer of immunoglobulins, 

187
inherited neutrophil defects, 185
serum immunoglobulin deficiencies, 186
severe combined immunodeficiency, 185
T lymphocyte immunodeficiency, 186-187
tests for, 184-185
viral immune deficiency disorders, 187

Hemolytic anemia (Continued)
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Immunoglobulins
failure of passive transfer of, 187
serum immunoglobulin assays, 184-185
serum immunoglobulin deficiencies, 186

Impedance counters, 17
Imprecision in assay, 7
Inclusions

of blood cells, seen in blood films, 27-28
distemper, 86-87
lymphocyte, 158
neutrophil, 137-140

Inclusions of erythrocytes
basophilic stippling, 80
Cabot rings, 82
Heinz bodies, 79-80
Howell–Jolly bodies, 79
siderotic inclusions, 80-82

Ineffective erythroid hyperplasia, 269-270
Ineffective neutrophilic hyperplasia, 276,  

277f
Infectious agents of blood cells, seen in blood 

films, 27-28
Infectious agents of erythrocytes

Anaplasma spp., 86
artifacts resembling, 90
Babesia spp., 82-85
Bartonella spp., 90
causing hemolytic anemia, 102-103
Cytauxzoon felis, 86
distemper inclusions, 86-87
hemotropic mycoplasmas, 87-90
Theileria spp., 86

Infectious agents of neutrophils
and diagnosis of bacteremia, 143
distemper inclusions, 140
Hepatozoon species, 142-143
rickettsial species, 140-142

Infectious thrombocytopenia, 215
Inflammation

associated with left shift, 134
neutrophilia associated with, 145

Inflammatory disease, nonregenerative anemia 
of, 108

Inflammatory disorders of bone marrow
acute inflammation, 293
chronic granulomatous inflammation, 

294-295
chronic inflammation/hyperplasia, 294
fibrinous inflammation, 293-294

Inherited disorders
defects in platelet function, 217
erythrocyte membrane defects, 51
thrombocytopenia, 216

Inherited disorders of neutrophils, 185
β2 integrin adhesion molecule deficiencies, 

148
Chédiak–Higashi syndrome, 147
cyclic hematopoiesis, 148
Kindlin-3 deficiency, 148
unknown neutrophil function defects, 148

Inhibition of neutrophil production, 43
Inhibition of platelet aggregation, 201
Innate immunity, 177
β2 Integrin adhesion molecule deficiencies, 

148
Internal laboratories, 1
International System of Units (SI units), 3

Interpretation of test results
bone marrow aspirate, 258, 328
hemostatic test profiles, 224
relative to reference intervals, 3

Intrinsic pathway activation, 199-200
Iron assays

serum ferritin, 98
serum iron, 97
total iron-binding capacity, 98

Iron deficiency, 108
Iron-deficiency anemia, 345
Iron metabolism

iron absorption, 54-56
in macrophages, 56-57
plasma iron, 56
systemic control of, 56
uptake of iron by erythroid cells, 56

Iron stains, 22-23
Isoerythrolysis, neonatal, 14f, 101, 181

J
Jack Russell terriers, SCID in, 185

K
Karyolysis, 144
Karyorrhexis, 27, 28f, 144
Keratocytes, 67
Kindlin-3 deficiency, 148, 217
Kinetics of leukocytes, 122-125
Knizocytes, 71f

L
Laboratories, internal vs. external, 1
Large granular lymphocytes, infiltrate of, 303f
Large granular lymphocytic (LGL) leukemia, 

300-301
Laser flow cytometry, 17
Left shifts

disorders associated with
chronic myeloid leukemia, 134
inflammation, 134, 145-146
Pelger–Huët anomaly, 134-135

morphology of, 133-134
Leishmaniasis, disseminated, 288f
Leptocytes, 64f, 70, 71f
Lethal acrodermatitis, in English bull terriers, 

187
Leukemia

acute lymphoblastic (ALL), 162, 344
acute myeloid (AML), 309-314
basophilic, 315
blood leukocyte counts in, 296-297
chronic lymphocytic (CLL), 161-162
chronic myeloid (CML), 134, 146, 314-315
in dogs, antibody phenotyping, 298t
eosinophilic, 315

Leukocyte aggregates, Wright-Giemsa stain,  
23f

Leukocyte counts
manual and automated methods, 8f
total, with abnormal differential counts,  

341f
Leukocytes

basophils, 151
blast cells or poorly differentiated cells, 

163-168
eosinophils, 148-151

evaluation by examining stained blood film, 
24-26

functions of, 125-132
included in erythrocyte measurements, 18
kinetics, 122-125
lymphocytes, 156-163
mast cells, 151-153
monocytes, 153-156
neutrophils, 132-148
types and numbers in blood, 122

Leukocytosis
neutrophilic, 146
primary IMHA with, 182

Leukograms, of foals, 335t
Leukopenia

algorithm, 340f
nonregenerative anemia with, 109-110
nonregenerative anemia without, 108-109

Leukopoiesis
eosinophil, basophil, and mast cell production, 

43
lymphocyte and NK cell production, 44
neutrophil production, 42-43
production of monocytes, macrophages, 

dendritic cells, and osteoclasts, 43-44
Life span of platelets, 191
Lipemia

conditions contributing to development of,  
15

in horse, 137
Liver disease, contributing to DIC, 222
Liver failure, causing hemolytic anemia in 

horses, 106
Lobulated nucleus, 274f
Lupus erythematosus cell test, 180
Lymphoblasts, 163

in core biopsy section, 298f
Lymphocyte assays, 184
Lymphocytes

bone marrow, 245, 254-255
functions of, 130-132
kinetics of, 124-125
morphology

cytoplasmic granules, vacuoles, and 
inclusions, 158

neoplastic large granular lymphomas, 
158-160

normal, 156-157
reactive lymphocytes, 157-158

production of, 44
Lymphocytosis, 160-162
Lymphoid neoplasms

ALL, 298-300
CLL, 300
lymphomas, 301-302
multiple myeloma, 302-306

Lymphomas, 301-302
metastatic, 164f

Lymphopenia, 162-163
as diagnostic test for FIP, 5t

Lysed erythrocytes, 76, 77f
Lysosomal storage diseases, 137

M
Macrocytic anemia, hypochromic and 

normochromic, 100

Leukocytes (Continued)
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Macrocytosis, 94
Macrophage activation syndrome, 214
Macrophage colony-stimulating factor 

(M-CSF), 129
Macrophages

filled with phagocytized cellular material, 
291f

functions of, 129
iron metabolism in, 56-57
marrow, 39, 244-245
phagocytosis of erythrocytes, 255
production of, 43-44

Macroreticulocytes, 93
Macrothrombocytes, 209
Major histocompatibility complex (MHC), 

129-130
Manual methods

vs. automated methods, 8-9
blood cell counting by, 16-17
used as quality control measures, 18

Marginating neutrophil pool (MNP),  
123-124

Mast cells
bone marrow, 249f, 250, 256
mastocytemia, 152-153
morphology, 151-152
primed, 127-128
production of, 43
tumors of, 316

Mastocytemia, 152-153
Maturation

acute myeloblastic leukemia with and without, 
309-311

of erythroid cells, 39-41
May–Hegglin anomaly, 140
Mean ± 2 SD, in calculating reference interval, 

2
Mean cell hemoglobin (MCH), 95
Mean cell hemoglobin concentration (MCHC), 

17, 94-95
Mean cell volume (MCV), 91, 93-94

cutoff values and, 6
Mean platelet volume (MPV), 203-204
Megakaryoblastic leukemia, 165f, 167f,  

312-313
Megakaryoblasts, 166-167, 240
Megakaryocyte–erythrocyte progenitor (MkEP), 

35, 36f
Megakaryocytes

abnormalities
dysmegakaryocytopoiesis, 284-285
emperipolesis, 285
hyperplasia, 283-285
selective hypoplasia or aplasia, 284

bone marrow, 251-254
development of, 45f
dwarf, 287f
seen in blood films, 28-29

Megakaryocytic series, bone marrow cells,  
240

Megaloblastic erythroid cells, 274f
Megaloblastic rubricytes, 270f, 308f
Melanoma, metastatic, 317f
Membrane proteins, erythrocyte, 50-51
Memory lymphocytes, 124-125
Mesenchymal stem cells (MSC), 35-37
Metamyelocytes, 243

Metarubricytes, 41f, 67f, 70f, 78-79, 78f, 242
siderotic, 275f

Metastatic blast cells, 167-168
Metastatic lymphoma, in bone marrow, 302f
Metastatic neoplasms, bone marrow, 316-317
Methemoglobin

determination, 96-97
formation and reduction, 54

Methemoglobinemia, 12-13
toxic, 97

Microangiopathic hemolytic anemia, 104
Microcytic anemia, 94

normochromic/hypochromic, 100
Microfilaria, seen in blood films, 29
Microhematocrit tube evaluation, 14-16

appearance of plasma, 15
fibrinogen determination, 16
packed cells, 15
plasma protein determination, 15-16

Micronuclei, 79
Microtubules, platelet, 192
Mitochondrial extrusion, 41f
Mitotic cells

bone marrow, 247, 255
seen in blood films, 28, 28f

Monoblasts, 165-166
Monocytes

functions, 129
kinetics, 124
morphology, 153-155
production, 43-44

Monocytic hyperplasia, 286
Monocytic series, bone marrow cells, 243-244
Monocytosis, 155-156
Monogastric animals, overnight fasting,  

11-12
Mononuclear leukocytes, 122, 123f
Mononuclear phagocyte abnormalities

histiocytic sarcoma, 293
monocytic hyperplasia, 286
phagocytosis of blood cells and precursors, 

286-293
reactive macrophage hyperplasia, 286

Mononuclear phagocytes, 255
Morphologic appearance of bone marrow cells

erythrocytic series, 240-243
lymphocytes, 245
macrophages, 244-245
megakaryocytic series, 240
miscellaneous cells and free nuclei, 248-250
mitotic figures, 247
monocytic series, 243-244
osteoblasts, 247
osteoclasts, 247
plasma cells, 245-246

Mott cells, 158-160, 160f
Mucopolysaccharidosis type VI, 139f
Multiple myeloma, 302-306

B-lymphocyte neoplasms, 305-306
extramedullary plasmacytoma, 305

Mycobacteriosis, disseminated, 289f
Mycobacterium avium infection, 296f
Mycoplasma haemofelis infection, 345
Mycoplasma spp.

attached to erythrocytes, 142f
causing hemolytic anemia, 103
hemotropic, 87-90

Myeloblasts, 165, 242
in bone marrow aspirate, 281f
proliferation, 310f
type III, 311

Myelocytes, 242
neutrophilic, 136f

Myelodysplastic syndrome (MDS), 307-309
Myelofibrosis, 265-267
Myeloid neoplasms

acute myeloid leukemias, 309-314
characterization of, 306-307
myelodysplastic syndromes, 307-309
myeloproliferative neoplasms (MPNs), 

314-315
Myeloid precursor cells, in bone marrow, 245f
Myeloid-to-erythroid ratio, 254
Myelomonocytic leukemia, 166f
Myeloperoxidase, 127
Myelophthisic disorders, 110
Myeloproliferative neoplasms (MPNs)

basophilic leukemia, 315
chronic myeloid leukemia, 314-315
eosinophilic leukemia, 315
essential thrombocythemia, 315
primary erythrocytosis, 315

Myelotoxicity, 282-283

N
Naive lymphocytes, 124
Natural killer cells (NK cells)

functions of, 132
half-life in circulation, 125
production of, 44

Necropsy, bone marrow collection at, 238
Necrosis, bone marrow, 263-264
Needles

for bone marrow aspiration, 236f
for bone marrow core biopsy, 240f

Negative feedback, for neutrophil production,  
43

Neonatal animals
alloimmune thrombocytopenia in, 182-183
physiologic anemia of, 110-111
transient hypogammaglobulinemia in, 186

Neonatal isoerythrolysis, 14f, 101, 181
Neoplasia

blood-loss anemias caused by, 106
thrombocytopenia and, 216

Neoplasms
hematopoietic, 296-298
histiocytic, 293
involving lymphoid cells, 158-160
lymphoid, 298-306
myeloid, 306-315
nonhematopoietic, 315-318

Neoplastic dendritic cells, 167
Neutropenia, 146-147

drug-induced, 280
immune-mediated (IMN), 276-277

primary, 183
Neutrophil extracellular traps (NETs), 127
Neutrophil function tests, 184
Neutrophil percentages, box plots, 9f
Neutrophil precursor cells, 133f
Neutrophilia, 144-146
Neutrophilic hyperplasia, 275-277
Neutrophilic precursors, toxic, 284f
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Neutrophils
containing hemosiderin, 23f
disorders with left shifts

chronic myeloid leukemia, 134
inflammation, 134
Pelger–Huët anomaly, 134-135

functions of, 125-127
granules and inclusions, 137-140
hypersegmentation, 135-136
infectious agents

and diagnosis of bacteremia, 143
distemper inclusions, 140
Hepatozoon species, 142-143
rickettsial species, 140-142

inherited defects, 185
β2 integrin adhesion molecule deficiencies, 

148
Chédiak–Higashi syndrome, 147
cyclic hematopoiesis, 148
Kindlin-3 deficiency, 148
unknown neutrophil function defects,  

148
kinetics of, 122-124
morphologic abnormalities

cytoplasmic vacuoles, 144
giant neutrophils, 143
karyolysis, 144
phagocytized eosinophil granules, 144
pyknosis and karyorrhexis, 144
stain precipitation, 144

morphology of left shifts, 133-134
neutropenia, 146-147
neutrophilia, 144-146
normal morphology, 132
production of, 42-43
toxic cytoplasm, 136-137

Döhle bodies, 137
foamy basophilia, 137
toxic granulation, 137

New methylene blue
reticulocyte stain, 81f
“wet mounts,” 22

Nonerythroid cells, 309-311
Nonhematopoietic neoplasms, 315-318

mast cell tumors, 316
metastatic neoplasms, 316-317
sarcomas of bone, 317-318

Nonregenerative anemia
algorithm, 338f
immune-mediated, 109
of inflammatory disease, 272-273
with leukopenia and/or thrombocytopenia, 

109-110
vs. regenerative anemia, 99
without leukopenia or thrombocytopenia, 

108-109
Normal erythrocyte biochemistry

ATP generation, 51-52
2,3DPG pathway, 52
iron metabolism, 54-57
membrane structure and function, 50-51
methemoglobin formation and reduction, 54
oxidant injury, 52-54

Normal lymphocyte morphology, 156-157
Normocytic normochromic anemia, 100
Nucleated red blood cells (NRBCs), 78-79

counted in leukocyte evaluation, 26

Nucleic acid synthesis disorders, anemia 
resulting from, 108

Nutrients, needed for erythropoiesis, 39

O
Osmotic fragility, erythrocyte, increased, 105
Osteoblasts, 247
Osteoclasts, 247, 248f

production of, 43-44
Osteosarcoma, 317-318
Osteosclerosis, 268
Overlapping Gaussian distributions, 3-4
Oxidants

causing hemolytic anemia, 104
protection against oxidant injury, 52-54

Oxygen, O2 affinity of fetal blood, 49

P
Packed cell volume (PCV), 15, 90-91
Parasites

blood-loss anemias caused by, 106
erythrocyte, causing hemolytic anemia, 

102-103
opsonized, eosinophil binding to, 128

Particles, marrow
prior to preparing blood film, 238f
smears containing, 236, 239f

Parvovirus infection, causing marrow hypoplasia, 
110, 261

Pathophysiology, of intravascular hemolysis,  
58f

Pelger–Huët anomaly, 134-135
Peripheral blood findings, for AML, 313
Peritonitis, septic, 134f
Phagocytized eosinophil granules, 144
Phagocytized erythrocytes, macrophage with, 

292f
Phagocytosis

of bacteria, 126
of blood cells and precursors, 286-293
of erythrocytes, 57f
of platelets, 214

Phosphatidylserine (PS), 57, 191, 197
Phosphofructokinase (PFK) deficiency, 52,  

67f
in dogs, 105

Phospholipase A2 activation, 196f
Physiologic anemia, of neonatal animals, 

110-111
Plants, causing hemolytic anemia, 104
Plasma, appearance of, 15
Plasma cells

bone marrow, 245-246, 247f, 255
increased, in bone marrow, 294

Plasma iron, 56
Plasma protein, determination of, 15-16
Plasmacytoblasts, infiltrate of, 304f
Plasmacytoma, extramedullary, 305
Plasmacytosis, 304
Platelet activation, 195-196
Platelet aggregates

with filopodia formation, 197f
Wright-Giemsa stain, 24f

Platelet aggregation
inhibition of, 201
in platelet phase of primary hemostasis, 196
test for hemostatic disorders, 208

Platelet counts
feline, spuriously decreased, 18
manual and automated methods, 8f
normal, 191
in screening test for hemostatic disorders, 203

Platelet disorders
abnormal platelet morphology, 209-211
platelet function abnormalities

acquired defects, 216
inherited defects, 217
von Willebrand disease, 217-218

pseudothrombocytopenia, 216
thrombocytopenia, 211-216
thrombocytosis, 218-219

Platelet function
abnormalities in, 216-218
tests, 208

Platelet function analyzer (PFA), 208
Platelet phase of primary hemostasis

change in platelet shape, 196
platelet activation, 195-196
platelet adhesion, 194-195
platelet aggregation, 196
platelet procoagulant activity, 197
platelet secretion, 196

Platelets
activated, 209
depletion, 342f
examined in blood film, 26-27
hypogranular, 210, 212f
life span, 191
metabolism, 192-194
normal morphology, 191
secretion, 208
in thrombocytopenia, 213

Poikilocytes, 51f
Poikilocytosis, 63-64, 63f
Polychromasia, 27t, 59-61, 99
Polychromatophilic erythrocytes, 193f, 242
Polychromatophilic rubricytes, 242
Polycythemia, 111-112

algorithm, 339f
Ponies, Fell pony syndrome, 186
Postparturient hemoglobinuria, in dairy cattle, 

106
Precision of analytical procedure, vs. test 

accuracy, 6-10
Predictive values

and disease prevalence, 4-6
of negative test (PVNT), 5
of positive test (PVPT), 4-5

cutoff values, 6
Pregnancy, dogs, erythrocyte changes during, 

331t
Prekallikrein deficiency, 223
Prekeratocyte, with hole, 68f
Primary erythrocytosis, 315
Primary hemostasis

platelet phase, 194-197
vascular phase, 194

Primary immune-mediated disorders, 180-184
IMHA, 101, 181-182
IMN, 183
neonatal isoerythrolysis, 181
systemic lupus erythematosus, 183-184
thrombocytopenia (IMT), 182-183
transfusion reactions, 181
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Primitive erythropoiesis, 38
Procoagulant activity of platelets, 197
Progenitor cells, hematopoietic (HPC), 34-35

and bone marrow microenvironment,  
38-39

homing to marrow, 37
Progranulocytes, 242
Promegakaryocytes, 240
Promyelocytes, 242
Propagation of coagulation

factor XII activation of factor XI, 199-200
thrombin activation of factor XI, 200

Prorubricytes, 242
Protease nexin-1, 201
Protein C anticoagulant pathway, 201
Proteins induced by vitamin K absence or 

antagonism (PIVKA), 207
Proteoglycans, 38
Prothrombin time (PT), 205
Proximal femur, bone marrow biopsy site, 

234-235
Proximal humerus, bone marrow biopsy site,  

235
Proximal ribs, bone marrow biopsy site, 235
Prussian blue stain, of bone marrow aspirate 

smears, 23
Pseudopod, neutrophil, 126
Pseudothrombocytopenia, 216
Punctate reticulocytes, 91-92
Pyknocytes, 71, 72f, 74f
Pyknosis, 27, 28f, 144
Pyogranulomatous inflammation, bone marrow, 

295f, 297f
Pyometra, 349
Pyridoxine deficiency, 94, 108-109
Pyruvate kinase (PK) deficiency, in cats and 

dogs, 105

Q
Quality control, for blood cell counting and 

sizing, 18

R
Raw manual reticulocyte counts, 92
Reactive lymphocytes, 157-158, 159f
Reactive macrophage hyperplasia, 286
Red blood cell (RBC) count, 90-91
Red cell distribution width (RDW), 95-96
Red discoloration of plasma, 15
Reduced glutathione (GSH), 53-54
Reduced nicotinamide adenine dinucleotide 

phosphate (NADPH), 52-53
Reference intervals

determination of, 2-3
for hematology values, 329t
interpretation of test results relative to, 3
published, use of, 3
selection of reference animals, 2

Regenerative anemia, 22
algorithm, 337f
vs. nonregenerative anemia, 99
polychromasia in, 60-61

Relative erythrocytosis, 111-112
Reticulated platelet count, 207-208
Reticulin fibrosis, 266-267
Reticulocyte counts, 91-93
Reticulocyte stains, 21-22

Reticulocytes
development of, 39-40
formed from polychromatophilic 

metarubricytes, 242
Ribs, proximal, bone marrow biopsy site, 235
Rickettsial species, infecting granulocytes, 

140-142
Roll preparations

of bone marrow aspirate, 240
lymphoblasts in, 299f

Romanowsky-type stains, 19-20
Rouleaux, 14f, 59
Rubriblasts, 39, 78f, 166, 240
Rubricytes, 78-79

basophilic, 242
megaloblastic, 270f, 308f
polychromatophilic, 78f

Rule-out strategy, 6

S
Sample collection and handling, 11-12
Sarcomas

of bone, 317-318
histiocytic, 293

Schistocytes, 69-70
Screening tests for hemostatic disorders

activated clotting time, 204
activated partial thromboplastin time 

(APTT), 204-205
bleeding time, 204
D-dimer assays, 206
fibrinogen, 205
fibrin(ogen) degradation products (FDP) 

assays, 205-206
MPV, 203-204
platelet count, 203
prothrombin time (PT), 205
thrombin clotting time (TCT), 205
thromboelastography (TEG), 206-207

Secondary hemostasis
amplification of coagulation, 199
inhibition of thrombus formation, 201
initiation of coagulation, 198-199
propagation of coagulation, 199-200
thrombus stabilization, 200

Segmented granulocytes, 243
Selectins, rolling, 125
Selection of reference animals, 2
Selective erythroid aplasia, 109, 270-273
Selective immunoglobulin deficiencies, 186
Selective megakaryocytic hypoplasia, 284
Selective neutrophilic hypoplasia, 279-280
Sensitivity of tests, 3-4
Sequestration of platelets, 214
Serum ferritin, 98
Serum immunoglobulin assays, 184-185
Serum immunoglobulin deficiencies, 186
Serum iron assays, 97-98
Serum proteins, 11

electrophoresis, 13f
Severe combined immunodeficiency (SCID) 

syndromes, 185
Sézary cells, 163
Sickle cells, 73-75, 75f
Sideroleukocytes. See Hemosiderin
Siderotic inclusions, 80-82, 140
Siderotic metarubricytes, 275f

Signs
clinical

of hemostatic disorders, 209
of immunodeficiency disorders, 185

for SLE, 184b
Sinuses, vascular, of bone marrow, 35f-36f
Small lymphocytes, infiltrate of, 300f-301f
Snake venoms, affecting platelet function, 

222-223
Sodium citrate, 202
Specialized tests for hemostatic disorders

antiplatelet antibody, 208-209
antithrombin, 207
PIVKA, 207
platelet function, 208
reticulated platelet count, 207-208
specific coagulation factors, 209
von Willebrand factor, 207

Specificity of tests, 3-4
Spherocytes, 68-69
Spherocytosis, hereditary, in cattle, 105
Spindle-shaped endothelial cells, 29f
Spirochetes, seen in blood films, 30f
Spleen, contractile, 91
Spleen disorders

causing hemolytic anemia, 106
mastocytosis, 153f

Spot test, methemoglobin, 14f
Stain precipitation, neutrophils with, 144
Stainable iron, 97

in bone marrow, 256-258
Staining, Heinz bodies, 81f
Staining of blood films

cytochemical stains, 23
iron stains, 22-23
new methylene blue “wet mounts,” 22
reticulocyte stains, 21-22
Romanowsky-type stains, 19-20

Stat tests, 1
Stem cells

hematopoietic (HSC), 34-35
homing to marrow, 37

mesenchymal (MSC), 35-37
Sternum, bone marrow biopsy site, 235
Stomatocytes, 67-68
Stomatocytosis, hereditary, in dogs, 106
Stomatospherocytes, 69f
Stress reticulocytes, 60f, 93, 99
Stromal cells, 37

bone marrow, 248-250, 250f
Superoxide free radicals, generation of, 127f
Systemic lupus erythematosus (SLE), 183-184, 

350

T
T-lymphocyte immunodeficiency, 186-187
T-lymphocyte progenitors, 44
T lymphocytes

CD4+, 130
CD8+, 130-131
naive, 124

Techniques
bone marrow aspiration, 235-238
bone marrow core biopsy, 238-240, 241f

Theileria spp. infection
causing hemolytic anemia, 102
of erythrocytes, 86

V
e
tB

o
o
k
s
.i
r

http://vetbooks.ir


360	 Index

Thrombin
activation of factor XI, 200
clotting time (TCT), 205

Thrombocytes. See Platelets
Thrombocythemia, essential, 315
Thrombocytopenia

decreased platelet production, 213
drug- and chemical-induced, 215
increased platelet destruction, 214
increased platelet utilization, 213-214
infectious, 215
inherited, 216
massive external hemorrhage, 214
neoplasia and, 216
nonregenerative anemia with, 109-110
nonregenerative anemia without, 108-109
primary immune-mediated (IMT), 182-183
sequestration of platelets, 214

Thrombocytosis, 218-219
rebound, 210f

Thromboelastography (TEG), 206-207
Thromboembolism, 219-220
Thrombopoiesis, 45
Thrombopoietin, 38, 45
Thrombosis, localized, 219-220
Thromboxane A2, 196f
Thrombus

formation, inhibitors of, 201
stabilization of, 200

Thymic aplasia, hypotrichosis with, in cats, 186
Thymoma, 161
Tissue factor pathway activation, 198-199
Tissue factor pathway inhibitor, 201
Toll-like receptors, 131

Torocytes, 64f
Total iron-binding capacity (TIBC), 98
Total plasma protein (TPP), in conjunction with 

HCT, 92b
Toxic cytoplasm, 26b, 136-137

Döhle bodies, 137
foamy basophilia, 137
toxic granulation, 137

Toxic granulation, 137, 138f
Toxic left shift, 134f

in neutrophilic cells in bone marrow,  
276f

Toxic methemoglobinemia, 97
Transferrin–Fe complex, 54f
Transfusion reactions, 181

hemolytic, 101-102
Transient hypogammaglobulinemia in neonates, 

186
Trinucleation, in erythroid precursors, 274f
True negatives (TNs), 3-4
True positives (TPs), 3-4
Trypanosoma spp.

causing hemolytic anemia, 103
seen in blood films, 29-30
T. theileri, 30f

Tumors, of mast cells, 316

U
Unclassified blast cells, 167
Using published reference intervals, 3

V
Vacuolated macrophages, 292f
Vacuoles, cytoplasmic, 144, 158, 159f, 282-283

Vacuum tube, collection of blood directly into, 
12

Vaginal tear, hematology findings, 347
Vascular phase of primary hemostasis, 194
Venoms

causing hemolytic anemia, 104
snake, affecting platelet function, 222-223

Very low density lipoproteins (VLDLs), 15
Viral infections

distemper inclusions, 86-87
immunodeficiency disorders, 187
thrombocytopenia in association with, 215

Vitamin B12, 39
Vitamin K

coagulopathies dependent on, 223-224
deficiency, 222
PIVKA test, 207
in synthesis of functional factors, 198

von Willebrand disease, 217-218
von Willebrand factor, 195f

test for hemostatic disorders, 207

W
Water intoxication, hemolytic anemia and, 104
Weimaraner dogs, immunodeficiency in, 186
Wet mounts, new methylene blue, 22
Wild animals, reference intervals for, 3
Wright-Giemsa stain

blood films, 20f
precipitation of, 21f

X
X-linked agammaglobulinemia in foals, 186
X-linked SCID, in dogs, 185
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