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Preface and Acknowledgements

The Second Congress of the European Association for Veterinary Pharma-
cology and Toxicology (EAVPT) was held from 13th to 17th September 1982
at the quiet setting of the National Veterinary School of Toulouse. The
meeting was organized by Dr Y. Ruckebusch and the Scientific Programme
Committee consisting of Dr M. Debackere (Belgium), Dr J. Espinasse
(France), Dr R. Faustini (Italy), Dr. H. Frey (FRG), Dr P. Lees (UK) and
DrF. Sanz (Spain), in close co-operation with the organizing local committee
comprising the staff members from the host institutions (ENV: Ecole
Nationale Vétérinaire, INRA: Institut National de la Recherche Agro-
nomique, and IST: Institut de Sérothérapie de Toulouse).

The programme covered the fields of perinatal pharmacology and toxi-
cology, comparative pharmacolgy and toxicology, pharmacokinetics and
drug therapy, pharmacological methods and new animal models. Five
sessions (out of nine) were devoted to the ruminant, hence the sections of the
Proceedings: (1) Developmental pharmacology, (2) Ruminant pharma-
cology, (3) Non-ruminant pharmacology, (4) Pharmacological methods, and
(5) Toxicology. The week’s plan was for series of lectures presented during
the days with evenings free for two workshops and informal discussion of
posters and presentations. On the last day a series of demonstrations* was
presented simultaneously at the INRA, IST and in the Departments of
Veterinary Physiology and Pharmacology and of Large Animal Clinic of the
ENV.

A congress book of near 500 pages (no. 8 of the series ‘Les Collogues de
I’INRA’} which provided abstracts of the lectures and full texts corre-
sponding to the 64 poster presentations and 16 demonstrations was dis-
tributed to more than 300 participants from 36 countries. This book
(‘Pharmacologie et Toxicologie Vétérinaires, 1982°, ISBN — 85340-439-0) is
still available from the Service des Publications de ’INRA, Route de Saint-
Cyr, 78000 Versailles, France.

The programme of the congress started out with the official opening by
Dr Lautié (ENV) and Dr Mauléon (INRA). Dr van Miert commemorated Dr
Yoxall, the President of the Association. Highlights of the Congress were the
assessment of carcinogenic properties of veterinary drugs, the clinical utility
of pharmacokinetics as well as the use of levamisole in neonatal disease of
calves, or the slow release formulation of fenprostalene. The words to be
remembered in pharmacotherapy for the next decade are: detomidine,
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etomidate, metoclopramide, atracurium, augmentin, and ketanserin. A
detailed account about these new drugs will be found in the Proceedings.

The Proceedings which contain 64 reports invited by the EAVPT Scientific
Committee and two workshops have been prepared with the help of my
colleagues Dr Toutain and Dr Koritz (on leave from USA) and of various
referees. I would like to thank especially two of them, Prof. Phaneuf, Editor
of the Canadian Veterinary Journal, who spent several days after the
Congress at Toulouse, and Prof. Lees, Co-editor of the Journal of Veter-
inary Pharmacology and Therapeutics for his preparation of the workshop
on anaesthesia.

At the closing dinner, provided courtesy of Dr Terré (Director of IST), the
dean of the ENVT (Dr Lautié) discussed the input of the Congress upon
veterinary pharmacology, toxicology and pharmacotherapy. On behalf of
the non-European countries, Dr Short (USA) spontaneously expressed
recognition of the meeting as a success: thanks to the early sponsorships of
the Institut National de la Recherche Agronomique (Dr J. Poly), the Direc-
tion Générale de I’Enseignement et de la Recherche (Dr M. Gervais) and the
Mission Interministérielle de I’ Information Scientifique et Technique (Dr B.
Cassen) who made this possible.

On behalf of the Scientific Committee, I would like to express also my
appreciation to the Conseil Général de la Haute-Garonne, le Crédit Agricole,
la Ville de Toulouse, and the firms listed below for special financial support:
Boehringer-Ingelheim, Reims, Clin-Midy, Montpellier, Elanco (Div. Vét. of
Eli Lilly), Saint-Cloud, Pierre Fabre (Centre de Recherches), Castres, Licotal
(Div. Vét. of Wellcome), Paris, Madaus, Koin, Pfizer Int., Orsay, Specia
(Rhone-Poulenc), Paris, Sanofi Santé Animale, St-Jean-la Ruelle, Institut de
Sérothérapie, Toulouse and Vétoquinol, Lure.

Y. Ruckebusch

*— New computerized system for the evaluation of drug effect on digestive motility.
— Use of echography in the mare.
— Specific drug responses of the uterine cervix in the conscious ewe.
— Mass spectrometric identification of chloramphenicol traces in animal tissues.
— Use of analogue computer in the calculation of rate constants.
- Broncho-alveolar sampling in cattle.
— Serum production by plasmaphresis (horse).
— Bottle-pack system for filling of drugs.
— Production of bacterias and toxoids.

Xix
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A.T. YOXALL 1949-1982

Co-founder and editor of the Journal of Veterinary Pharmacology and Therapeutics, co-editor
of The Pharmacological Basis of Small Animal Medicine and The Physiological Basis of Small
Animal Medicine, Andrew Yoxall will long be remembered for the energy with which he pursued
the organizational advancement of the discipline of veterinary pharmacology in the UK and in
Europe, and as a catalyst in the emergence of clinical pharmacology as a recognized entity in
veterinary medicine.
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In Appreciation of

Andrew Thomas Yoxall
MA, Vet MB, MRCVS, DVA

A. S. J. P. A. M. van Miert and P. Lees

Dr A. T. Yoxall, president of our Society, first secretary of the Association
for Veterinary Clinical Pharmacology and Therapeutics in the UK, co-
founder and co-editor of the Journal of Veterinary Pharmacology and
Therapeutics, died quite unexpectedly on January 5, 1982 in Balderton near
Newark, where he ran his own practice. His tragically early death, at the age
of 33, was a real shock for all his colleagues and friends in the UK, Europe
and the United States. As vice-president, I am not the right person for the
presentation of a balanced account of Dr A. T. Yoxall’s many contributions
to our profession, but it is clear that they were both considerable and distinc-
tive. This short contribution is a tribute to a clinician who was highly dedi-
cated to veterinary clinical pharmacology and therapeutics. He was a bright
young student, an easy learner with an active interest in physiology, pharma-
cology and veterinary medicine. After qualifying from the Cambridge School
in 1972, he pursued, at Cambridge, postgraduate studies which led to the
Royal College Diploma in Veterinary Anaesthesia. It is in the field of
veterinary clinical pharmacology, however, that he made a profound and
lasting impact. As a teacher, clinician, editor and author he contributed more
than anyone within so short a span. He demonstrated that he could complete
work, write about it clearly and simply, and publish it. He was co-author of
several texts including The Pharmacological Basis of Small Animal Medicine
and The Physiological Basis of Small Animal Medicine. It was to his vision
and seemingly limitless reserves of energy, that the AVCPT was founded in
the UK. Moreover, he supported us with the creation of EAVPT. He
approached colleagues with youthful enthusiasm and with the unshakable
belief that free exchange of ideas and experiences among individuals from
different backgrounds and different countries enables us to move forward
step by step.

As part of the Biocentennial celebrations of the ‘Tierdrztliche Hoch-
schule’, veterinary pharmacologists from all over Europe met in Hannover
in June 1978 to exchange views on the proposed foundation of a European
Association for Veterinary Pharmacology and Toxicology. During that
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meeting the Association was formally founded and Dr Yoxall was elected as
first president of EAVPT. In his address to the audience, he expressed his
hope that a pleasant and productive programme of active work would ensue,
with co-operation between schools, universities, research institutes and
pharmaceutical industries. In discussing the purposes of the Journal of
Veterinary Pharmacology and Therapeutics, he stressed the aim to give an
identity and coherence to a movement which has resulted in the almost
simultaneous creation of associations for veterinary pharmacology in the
UK, USA and Europe. ‘It is hoped’, he said, ‘that the Journal will improve
co-ordination and communication among pharmacologists and veterinary
clinicians; it is designed for the publication of topics relating both to the
clinical aspects of veterinary pharmacology, and to fundamental pharmaco-
logical topics of veterinary relevance’. He was worried about the schism
between ‘scientific’ pharmacology and veterinary clinical medicine. I recall
some quotations from editorials with which he addressed the readers of the
Journal: ‘Veterinary clinicians have had to devise their own advances in
surgery, radiology, anaesthesia, clinical pathology, preventive medicine, and
other clinical disciplines, whilst the rapid transition of veterinary thera-
peutics from materia medica to a branch of pharmacology has taken place
within ‘pure science’ laboratories and within the establishments of the
pharmaceutical industries’.

Andrew Yoxall was an active participant in the first EAVPT congress
which was held at Woudschoten Conference Centre in Zeist in September
1979; he was the sole organizer of the first International Conference on
Veterinary Pharmacology, Therapeutics and Toxicology, held in Cambridge
in July 1980 and prepared at that time with Dr Ruckebusch the programme
of the Second EAVPT Congress specially devoted to the ruminant species.
It is not for me to judge the success or otherwise of these meetings, not least
because the success of any meeting must be judged by each individual in terms
of the benefits that he hoped to obtain from attending the meeting, and the
extent to which these hopes were fulfilled. One clear benefit that did arise
from these conferences, however, was the possibility to contact other
workers. Most participants did gain some benefit from personal contacts,
and did come away with some sense of stimulation.

In January 1981, Andrew Yoxall wrote me a letter in which he requested
to be relieved of his task as president of EAVPT and also of his editorship
of the Journal of Veterinary Pharmacology and Therapeutics. A protracted
illness had forced him to give up many of his professional duties.

Dr Andrew Yoxall was a tireless worker, often overcommitted, but always
dedicated to the discipline covered by the umbrella title of ‘Veterinary
Pharmacology, Therapeutics and Toxicology’. He perhaps accomplished
more in a few short years than many do in a lifetime and will be sadly missed
by his many friends and colleagues.

It is fitting that Andrew Yoxall and his outstanding contribution to veter-
inary pharmacology be both remembered and honoured by this Congress.
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1
Perinatal pharmacology in
ruminant models

Y. Ruckebusch

The primary physiological concern of the newborn is simply to survive.
This is achieved only by the onset of a vast air-blood interface for gas
exchange, the separation of pulmonary and systemic circulations, the
maintenance of body heat which supplies the energetic cost for moving, and
the development of immune responsiveness.

Use of drugs during pregnancy?’ may produce adverse effects on the
neuroendocrine factors during fetal development, and on the potential for
functional adjustments at birth. The intensity of pharmacological effects
depends on the magnitude of their pharmacodynamic actions on the fetus,
and the extent of fetal exposure to the drug administered to the mother*.

The chronic pregnant ewe model has been widely used to study the dis-
position and elimination of drugs in the ovine maternal-fetal unit by serial
determinations over time during the last weeks prior to birth!?. Relevant data
are scant on the pharmacological effect of reversibly-acting drugs on fetal
development and postnatal behaviour?.

The objective of this chapter is to show the pregnant ewe model as a tool
to stress the key points of fetal growth and functional adjustments at birth
susceptible to be involved in expected drug effects. It may be a way to bridge
the gap between specialized disciplines concerned with developmental
physiology and pharmacology.

FETAL GROWTH AND BIRTH WEIGHT

A positive relationship between neonatal mortality, the major form of repro-
ductive loss in ruminants, and birth weight below the breed norms, has been
recognized for many years (Figure 1.1). The birth weight of lambs, unlike
that of human infants, is very sensitive to the level of maternal nutrition and
to heat stress in the last third of pregnancy. In both cases, the weight of
cotyledons is reduced. Hence, the idea has arisen of the surgical removal of
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Figure 1.1 Relationship between birth weight and mortality. The mortality reached 15% in
intrauterine growth retarded calves weighing 25 kg. Difficulties at birth are involved in the

mortality of large size neonates. In growth-retarded lambs, the percentage of mortality is related
to the birth weight with 40% for 2kg v. 5% for 3kg

cotyledons prior to conception in order to reduce fetal growth!. That the
placenta may limit fetal growth, particularly near term, is supported by (1)
the high degree of association of fetal and placental weight in sheep
(4.5:0.5kg with a correlation coefficient of 0.84 between animals at 146-
149 days of gestational age), (2) the intrauterine growth retardation obtained
by surgically reducing the number of caruncles prior to conception, and (3)
the occurrence during the last weeks of pregnancy of infectious abortions as
a result of placental insufficiency. Hypotrophy has also been obtained by
uterine artery ligation’® or by introduction of emboli into the maternal
cotyledonary circulation®. The ovine uterine blood flow increases from
0.5 ml/min per g placenta at 80 days gestation to approximately 3 ml/min per
g placenta near term. The estimated growth rate during the last 30 days of
pregnancy is 70 g per day and 3.7 times faster after birth26,

Maternal nutrition

The sensitivity of the fetus to maternal nutrition is linked to the supply of
glucose to the utero-placental mass, which consumes two-thirds of the
glucose and produces about 50% of the CO,. Relative to weight, the
placental glucose utilization rate is 35 times the maternal rate and 10 times
the fetal glucose consumption rate*, hence the strong influence of the size of
placenta on birth weight (Figure 1.2). A decrease of fetal growth rate by 40%
occurs within 3days of severe maternal underfeeding during the last
60-70days of pregnancy. Change in birth weight is negligible when ewes
are fed again after 9-16 days of undernutrition. In contrast, refeeding after
21 days has reduced growth rate of the fetus, suggesting the occurrence of
a factor limiting the utilization of substrates by the fetus26,

Low fetal growth rate is paralleled at birth by physical weakness. Thyroid
and thymus glands are particularly small, and the emergency reservoir of
blood in the spleen, blood glucose, the size of the liver and hepatic energy
reserves are reduced. Lower thermal insulation at birth is related to the ratio
of surface area to mass, e.g. it is 0.12m2/kg in a 1kg lamb, and 0.07 m?/kg

4
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Figure 1.2 (a) Fluxes of substrates into and out of the utero-placental unit of sheep near term,
in nitrogen mEq/min for amino acids, and in mmol/min for other substrates*. (b) Relationship
between mean plasma insulin concentration and mean plasma glucose in control (e) and small
size fetuses (0)*9, and between body weight at birth and glycaemia! in large (o) and small size
fetuses(e)

in a lamb. A tendency to hypothermia is usual as the maximum metabolism
approximates 20 W/kg body weight.

The quest for hormones involved in fetal growth strongly implicates
insulin rather than pituitary hormones. The concentration of circulating
hormones in small fetuses (60% of control weight) is much lower for insulin
(and prolactin) than in the controls and is accompanied by hypoglycaemia3’
and poor pancreatic 8 cell growth!#. It may be that the primary limitation
to growth is a reduced transport of glucose to the fetus that in turn keeps the
plasma insulin concentration low. A common feature of growth retardation
after birth is also hypoglycaemia, suggesting a lowered postnatal glyco-
genolysis and a decreased capacity for gluconeogenesis.
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Fetal thyroidectomy

Fetal thyroidectomy in the latter half of pregnancy affects the viability of the
newborn which fails to establish normal breathing and dies soon after birth.
It also retards growth, e.g. a mean body weight with 144 days gestation of
2.34+0.09kg vs. 3.5+0.07 kg in the control!’®:3!, As in hypothyroidism?!,
long bones are shorter than in the control animals due to a lack of ossification
in the epiphyseal centres. However, an earlier effect of thyroidectomy is
apparent since reduction of the size has been recorded with fetal thyroidec-
tomy between 50 and 60 days gestational age?’. Total body length was less
than 50 cm, and hydroencephaly and arthrogryposis developed in three out
of 36 operated lambs.

Substantial reduction in amniotic fluid volume, pulmonary hypoplasia,
microcephaly and reduction in weight rather than in size, has also been
observed after bilateral nephrectomy between 105 and 125days of
gestation?’. In addition, the transplacental gradients of ionized calcium and
inorganic phosphate in favour of the fetus disappeared after nephrectomy.
The endocrine changes which follow nephrectomy are similar to those
described in children with chronic renal failure, with a significant elevation
of (1) the placental lactogen levels in the plasma, and (2) the somatomedins
and their binding proteins. These proteins may limit the movement of
somatomedins across the blood-brain barrier, thereby explaining growth
retardation despite high levels of somatomedin-like activity®.

Effects of perinatal drugs

Major aspects of perinatal pharmacology linked to fetal growth and birth
weight which must be stressed in ruminants are: (1) the use of antithyroid
drugs which readily cross the placenta with subsequent inhibition of the
thyroid—pituitary axis, and (2) the lower therapeutic and toxic thresholds of
many drugs in the low birth weight neonate. Adverse effects are to be
expected with all drugs involved in: carbohydrate metabolism of the feto-
placental unit, blood flow to the utero-placental mass, fetal iodine uptake
even at the stage which coincides with the phase of neuroblast multiplication,
and renal functions (involved in calcium and phosphate homeostasis). The
timing and duration of the insult may be of importance when considering the
heavy nutritional demands during the last third of gestation.

FUNCTIONAL ADJUSTMENTS AT BIRTH

Functional deficits at birth and alterations in postnatal developmental
behaviour (lack of vitality, weak calf syndrome) may result from many
disturbances. The development of the central nervous system (CNS), the
altered maturation of the lung, the effective closure of the special vascular
channels of the fetus (foramen ovale, ductus venosus and ductus arteriosus),
the differentiation of the gut, and the development of the thermoregulatory,
inflammatory and immune systems may be impaired.

6
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CNS development

During the last decade, to gain insight into fetal CNS development as term
approaches, research has studied fetal respiratory and body movements
(Figure 1.3), and the differentiation of the different states of sleep (high
voltage slow activity, HVSA and low voltage fast activity, LVFA) and wake-
fulness (AW)?°. The percentage of time the fetus spends near term in the
HVSA state is 53% and 41.4% for the LVFA state, but no more than 5.6%
in the AW state. The monosynaptic reflex induced by electric stimulation of
the fibular nerve is enhanced during both LVFA and AW in utero as after
birth?®, Accordingly, all substances able to cross the placenta and to reach
the fetus at an effective dose, such as pethidine, acepromazine, and thio-
pentone, disrupt the fetal sleep cycles*! or, like 5-HTP, modify breathing
movements34,

Figure 1.3 Increased kinesis expressed as the log of gross movements per day as term
approaches in four fetal lambs. These movements correspond to periods of low voltage fast
activity (LVFA or NREM sleep) which alternate with periods of high voltage slow activity
(HVSA or REM sleep). A short-lived synchronization of the electrocorticogram (e) without
changes in heart rate (HR) indicated the placental passage of pethidine (meperidine) injected
intravenously to the mother at the dosage of 1 mg/kg at the time of a period of fetal LVFA!0

The extent to which such transient pharmacological effects produce more
persistent changes in a developing brain is important. Postnatal changes,
including altered locomotor activity, growth retardation and susceptibility to
audiogenic siezures, have been observed with the drugs listed in Table 1.1, in

Table 1.1 Alterations of postnatal development and behaviour®

Adrenaline Imipramine Pimozide
Alcohol Iproniazid Propoxyphene
Amphetamine Isocarboxazid Reserpine
Cannabinol Meprobamate Salicylate
Chlorpromazine Morphine Sex steroids
Corticosteroids Penfluridol Sodium bromide
Cytotoxics Pentobarbital Somatotrophin
Fenfluramine Phenobarbital Thyroxine
Haloperidol Phenytoin Vitamin A
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relation with cortical synaptogenesis (somatotrophin, thyroxin), with DNA
synthesis (corticosteroids), and with sexual differentiation of the brain (sex
steroids). For salicylate and vitamin A, the nature of their interactions with
the CNS to produce behavioural abnormalities is poorly understood3. Brain
and behavioural defects due to maternal hyperthermia and maternal diabetes
have also been reported!®. Possible influences of drugs on postnatal
behaviour might be overestimated, however, since low birthweight lambs are
inadequately groomed, cool quickly, show delayed standing sucking times,
and have a reduced chance of survival?. An approach could be the study of
longterm effects of drugs on the fetal sleep and wakefulness states of
organization.

Onset of breathing

During the final minutes of lambing, the expansion of the Iungs leads to a
marked fall in pulmonary vascular resistance with subsequent increase in
pulmonary blood flow and functional closure of the foramen ovale. Separ-
ation of the pulmonary and systemic circulation is then obtained by closure
of the ductus arteriosus (Figure 1.4). The degree of hypoxia required to
initiate the first gasp is modulated by the pCO;. Increase in arterial pO,
initiates the closure of the ductus arteriosus, but asphyxia may lead to its re-
opening. Only 4-5min of anoxia are compatible with survival in species
born in a mature state!s.

Surface active substance (surfactant) is a prerequisite to lung maturation;
its deficiency leads to the respiratory distress syndrome (RDS). Cortisol
stimulates the synthesis of surfactant, and adrenaline its release together with
resorption of alveolar fluid33. The near-term fetal lamb is fully capable of
manifesting a profound catecholamine response to hypoxaemia,
noradrenaline being the predominant component. A decrease from 23 to 12
in fetal carotid arterial pO, with bradycardia and systemic arterial hyper-
tension produced by umbilical cord constriction is accompanied by an
exponential increase in catecholamine concentrations from 250 to
2000 pg/ml?2. However, study of the response to KCN infusion suggests a
postnatal maturation of the O; sensitive chemoreceptors in the first 10days
of life in newborn lambs’. The study of factors able to modify breathing in
utero suggest that endogenous opioid peptides could participate in the
physiological suppression of breathing in fetal life30. At birth, the presence
of fluid in the upper respiratory airways inhibits ventilation (see Thermo-
regulatory responses).

Neonatal pharmacology can be summed up into four major points.

(1) The necessity of early oxygenotherapy. In the dog and cat, born in a
relative immature state, up to 15 min may elapse between hysterotomy
and delivery. In the bovine fetus only 4 min of anoxia (compression or
rupture of the umbilical cord) are compatible with survival (Figure 1.5).
A concomitant feature of anoxia is the release of meconium and staining
of the skin?®,
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Figure 1.4 Diagram of the circulation in the fetal lamb with the channels involved in the shunt
of the umbilical blood flow through the liver (ductus venosus, D.V.), in the shunt of 62% of
the right ventricle output towards the descending aorta (ductus arteriosus, D.A.), and of a part
(26%) of the inferior vena cava towards the left auricle (foramen ovale, F.O.)

(2) The adverse effect of pCO; in the re-opening of the ductus arteriosus and
thus the necessity to stimulate breathing to maintain the separation of the
pulmonary and systemic circulation by the so-called analeptics.

(3) The relevance of opiate antagonists in stimulating the central control of
respiratory movements®. Naloxone invariably stimulates breathing in
apnoeic fetuses and facilitates the fetal breathing response to CO; as
expressed by a decreased CO, threshold and by an increased fetal sensi-
tivity of CO,. Since naloxone influences both threshold and sensitivity
to CO,, whereas somatic stimulation affects threshold alone, these
effects of naloxone might be caused by displacement of endogenous
opioids from their natural receptor sites*.

9
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Figure 1.5 Survival rate (4/6 and 0/4) after clamping the umbilical cord during 4 and 8 min
and blood gas (pO: and pCO;) and lactate levels of the umbilical blood in 15 calves near term!$

(4) The possible role for serotoninergic pathways in the maturation of the
ventilatory control. In utero, several long periods of breathing lasting up
to 14 h have occurred following an infusion of 5-HTP (30 mg/kg) when
the fetus was made hypoxic for 5-15min 2 days after the infusion (by
giving the ewe a mixture of 9% O, and 3% CO, in nitrogen to breathe
from a plastic bag tied over the head). The fall in fetal PO, which in
normal fetuses would be associated with arrest of breathing, is then
accompanied by pronounced stimulation34.

Fetal and neonatal circulation

In the fetus, the work of the right ventricle, ejecting two thirds of the com-
bined ventricular output, exceeds that of the left ventricle. The fetal body
receives about half of the combined ventricular output (225 ml/kg per min),
the remaining being distributed to the umbilical-placental circulation with
6% to the lungs (Figure 1.4). Following their transfer across the placenta,
drugs enter the umbilical vein and must pass the liver prior to reaching the
inferior vena cava or fetal right heart. Negligible hepatic drug metabolism
and/or bypass from the liver via the ductus venosus may be of major
significance in increasing the concentration of pharmacologically active
material presented directly to the fetal heart and central nervous system. For
example, a slow infusion of propranolol (1 mg/kg over 10 min) has produced
peak plasma concentrations pf 2 ug/ml in the ewe and 0.8 ug/ml in the fetus,
but the duration of 3 blockade is 3h in the pregnant ewe vs. 8~10h in the
fetus®4.
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In the neonate, the low-resistance umbilical-placental circulation is altered
and the cardiac output of about 450 ml/kg per min is no longer a combined
ventricular output. The abrupt decrease of blood flow and blood pressure
in the umbilical sinus causes the orifice of the ductus venosus to retract and
narrow, resulting in functional closure of the vascular shunt. In addition, a
selective effect of noradrenalin at birth is possible’2, Permanent structural
closure, consisting of connective tissue deposition within the entire lumen of
the ductus, starts within days after birth and is completed by 1-3 months of
agel®, The O, consumption which is about 5-6 ml/min per kg for a blood
flow to the body of about 225ml/kg per min in the fetus rises to
16-18 ml/min per kg, the blood flow becoming nearly twice that before
birth (figure 1.6). The percentage of fetal haemoglobin which is 80% in the
immediate postnatal period drops to 40% by 3 weeks and it is almost com-
pletely replaced by adult haemoglobin by about 8 weeks after birth. The
effect of this change is to shift the O equilibration curve of the blood towards
the right (Figure 1.6), hence a higher quantity of O, can be delivered to the
tissues for O, tension between 5.3 and 13.3kPa*. The blood volume is
strongly correlated with body weight: 116 ml/kg in the feto-placental unit
(50ml/kg for [*!'Crlred cell) and 81 ml/kg (30ml/kg for red cell) in the
newborn?3. In the latter a high resting cardiac output results in a decreased
reserve response to volume loading and in the tolerance of a left to right shunt
of small magnitude. A frequent phenomenon which accompanies low birth
weight seems to be anaemial’. While the neonate responds like the adult with
tachycardia and increased cardiac output to hypoxia, the fetal lamb develops
bradycardia with a fall in the combined ventricular output corresponding to
a redistribution of the circulation (umbilical-placental blood flow is main-
tained, but blood flow to the fetal body is reduced). A reduction of total
cardiac output associated with bradycardia is also recorded in acute fetal
haemorrhage and in severe maternal stress. In these cases, both placental and
body blood flows are reduced. Such fetal cardiac responses have occurred
near term despite fully developed plasma catecholamine responses2.
Recently, the reactivity to autonomic agonists after chemical sympathectomy
using 6-hydroxydopamine (1 ml/kg followed 12 h later by a weekly dose of
20 ml/kg) has shown a minor role for the o adrenergic system to maintain
the resting tone of peripheral circulation in the fetus and neonate: the super-
sensitivity of fetal circulation to acetylcholine and isoproterenol is secondary
to changes in the pulmonary vascular bed*. In the emergency state of
hypoxia the role of the a-adrenergic system becomes predominant3®,

At least three of the therapeutic considerations in relation to perinatal
cardiovascular adjustments deserve attention:

(1) The fetal ductus seems to be kept patent by a relaxant prostaglandin,
probably PGE**. The persistence of a left to right shunt after birth may
be reduced by prostaglandin synthetase blockade by indomethacin
(1.9-2.5mg/kg).

(2) The haemolysis and anaemia in low birthweight lamb are possibly
related to erythrocyte membrane or enzyme defects. In this case, no
rise in 2,3-diphosphoglycerate blood level occurs within 10 days after
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Figure 1.6 (a) At birth, the cardiac output rises to about 480 ml/min per kg of body weight
during the first week after birth and the O, consumption increases from 6 ml to 14 ml/min per
kg. The cardiac output in relation to body weight falls to levels of 320 and 160 ml/min per kg
by 3 and 6 weeks, after birth*!. Oxygen equilibration curves for fetal and maternal blood show
that the delivery is only 4 ml/dl of O, when the pO, decreases from 24 to 12 in the fetus (e) and
8 ml/dl of O, when the pO, decreases from 100 to 40 in the neonate (o). For similar pO, levels,
blood with fetal haemoglobin would provide only one fourth the amount of O (a). (b) Fetal
bradycardia in response to maternal stress induced by painful stimuli (application of rubber-
covered clamp to the ewe’s ear lobe for 15 min) and its suppression following the intravenous
administration of 0.2 ml/kg of diazepam to the ewe2?

birth32. The therapeutic usefulness of a-tocopherol requires further
investigations.

(3) The transient decrease in fetal heart and oxygenation occurs in response
to a major reduction in uterine blood flow during maternal stress.
Substances other than autonomic antagonists seem to be indicated.
Among the sedatives, diazepam has been found to be able to prevent both
maternal tachycardia and fetal bradycardia following severe stressful
conditions?® (Figure 1.6).
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Digestion and absorption during development

In the fetal lamb, stimulation of the perioral region at 0.8 of term is accom-
panied by gastric filling, a phenomenon which seems to correspond to daily
swallowing of 60-400ml of amniotic fluid and full development of the
bovine intestinal mucosa. No motor activity of the small bowel is detected
before 40 and 90 days of fetal life in dogs and sheep, respectively, thus

Figure 1.7 (a) Ontogenesis of the slow wave activity of the proximal jejunum in fetal and
newborn dogs and sheep. Broken lines indicate intermittent presence of slow waves. They were
always present (solid lines) by 0.9 of term in the fetal lamb. In the dog, slow-wave frequency
remained low and their presence intermittent until birthé. (b) Fetal and MMC (adult) patterns
of spiking activity. Unorganized spiking activity was converted in the fetal lamb at 0.8 of term
to a fetal pattern characterized by cyclic 3-4min periods of regular spiking occurring at
10-20 min intervals and propagated along a short intestinal segment. The MMC pattern which
corresponds to myoelectric complexes, occurred during the last 10days of fetal life. In dogs,
the fetal pattern was recorded from 5 days before to 15 days after birth.
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suggesting that movement of contents prior to these times, if any, must
depend on a pressure gradient rather than on intestinal motility. In both dogs
and sheep, a progressive increase in the incidence of slow waves is recorded
before the increased duration of spiking activity*C. A striking feature is that
birth is not accompanied by acute changes in the motor profile because the
fetal pattern persists 10-15days after birth in the dog, whereas in sheep
typical MMCs were detected from 5 to 10 days prior to birthé. The patterns
seen in the last third of fetal life are seemingly related to the functions of
mixing and absorption but not expulsion of the intestinal contents (Figure
1.7).

The passage of meconium-stained amniotic fluid during parturition is a
sign of potential fetal distress. Meconium-stained fluid noted at the time of
rupture of the fetal membranes and thick meconium passed at this time
suggest fetal asphyxia, hence the effects of low pO, on the propulsion of
digestive contents.

Major changes in intestinal absorption occur at birth in ungulates since
they are part of a unique group of mammals which deliver young that are
agammaglobulinaemic; thus the newborn is dependent upon colostrum, not
only for nutrients, but also for antibodies?®. Changes in gut growth, motility
and gut enzyme activities, together with dramatic adjustments in inter-
mediary metabolism, may be induced by intermittent enteral feeding. Small
quantities of food in the gut seem to be the trigger for the gut hormonal surges
of motilin, neurotensin and GIP. Phasic changes in enteroglucagon, gastrin
and secretin also occur following feeding, but progressively decrease with
postnatal age. Among the factors affecting the duration of the transfer of
intact proteins, a possible shortening factor might be cortisone whereas star-
vation prolongs the period of protein absorption*3.

Since depriving non-sucking neonates from colostrum could have per-
manent consequences in terms of lack of trophic hormonal stimulation of the
gut mucosa, the recommended administration of small quantities of col-
ostrum to improve their resistance to infectious diseases might also have
special significance for adaptation to extra-uterine nutrition!!.

A final consideration is the ingestion of milk containing drugs, most often
antimicrobial, by nursing offspring. Although ruminants have considerable
excretory competence, fetal intoxication can occur in the absence of signs by
the mother.

Thermoregulatory responses

The neonatal lamb is equipped with adequate defense mechanisms against
decreasing body temperature to the cold ambient air below thermal neutrality
when released from immersion. The Oz consumption increases almost
threefold during the first 24 h after birth. A rise in the general level of sym-
pathetic activity in arterial pO; and in blood flow and in tone of skeletal
muscles may contribute to this phenomenon. The principal metabolic fuel,
i.e. carbohydrate from the liver (20%) and skeletal muscles, changes pro-
gressively to free fatty acids. The reserves of fat at birth are relatively small
and in the sheep the rate of transfer of long-chain free fatty acids across the
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syndesmochorial placenta is very low. However, on the basis of the
triglyceride contents of milk (6.2%), it can be calculated that about 2.1 g of
linoleic acid is secreted daily by the ewe and that, in one day of postnatal life,
the sucking lamb ingests more essential fatty acids than it accumulates during
the whole of fetal development.

The state of total immersion of the fetus in its warm amniotic fluid
environment strongly inhibits its respiration!3. The respiratory ability of a
tracheotomized lamb, subjected to cord occlusion and immersed, was com-
promised so severely that survival did not occur. The role of a cool vs. warm
environment is demonstrated by the production of greater ventilatory depres-
sion by immersion in a warm water bath (Figure 1.8). Similar ventilatory
depression is observed when water is introduced retrogradely into the trachea
and nasopharynx.

Figure 1.8 Effect of immersion of a lamb 10 min after delivered by hysterotomy and with a
baseline minute volume of 2020ml in either warm (39-40°C) or cool (23-24°C) water
decreased the ratio of air inspired to the baseline with a more rapid recovery from the respiratory
depression when emerging from cool water. The immersion of the head alone shows more
marked depression

The implications of such observations are that:

(1) The maintenance of adequate respiration at birth outweighs any advan-
tage of conservation of heat.

(2) Endotracheal intubation in respiratory distress is less important than the
removal of fluid in the upper respiratory passages.
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Ontology of inflammatory and immune responses

The importance of inflammation as a fetal defense mechanism is largely
unknown. Inflammatory processes in the ruminant fetus occur in a variety
of infectious diseases, and the responses of a fetus to a particular agent differ
from the responses of the adult. In most instances, the fetal response involves
primarily monocytes and macrophages, while the adult response is pre-
dominantly a polymorphonuclear leukocyte reaction. Neutrophils and
monocytes are observed in peripheral blood as early as 58-60days of ges-
tation, but constitute only 3-8% of the total white blood cell count until
135 days of gestation. Two weeks before birth, neutrophil numbers increase
dramatically, but these cells lack lysosomal esterase and lipase enzyme
activity until shortly before birth. The earliest fetal responses have been to
bacteriophage at 41 days, ferritin at day 46, chicken erythrocytes at 58 days,
and graft rejection at 76 days. The factors influencing the immune responses
are to be considered during pregnancy and postmortem.

(1) A variety of factors operating during pregnancy and in the immediate
perinatal period may influence the immune capabilities of the conceptus.
They include maternal-fetal hormones and passive transfer of immunity
to the newborn. An important role of oestrogen in the maternal system
is to facilitate the selective transport of IgG and complement into
colostral secretions. The lymphopenia, due to elevated corticosteroids at
birth, could contribute to the extreme susceptibility of the newborn to
infectious agents.

(2) The mammary gland is part of the local immune system since, among the
important immunological ingredients in colostrum for the newborn,
large quantities of IgG; are selectively transported into colostrum. The
other immunoglobulins IgM,, IgA, IgG; are in the same relative
quantities as found in serum. Successful transfer of colostrum to the
newborn and its subsequent absorption seem to involve a variety of
factors'!. Organ weight/bodyweight ratios of all lymphoid organs except
the thymus are highest in the fetus or young animals after which they
decrease (somewhat irregularly) with. age?3.

Modulation of immunity is accomplished by a wide variety of sub-
stances including microbial, biological, and pharmacological agents —
roughly divided into immunosuppressants and immunostimulants. For
example, levamisole, which enhances the protective effect of vaccines
against virulent species of Brucella, seems to have an effect similar to the
thymic hormones used to restore immune responsiveness. Of importance
is that glucocorticoids fail to inhibit the absorption of colostral antibody
from the gut, except in the case of too young a gestational age at the time
of parturition33.

THE PREGNANT EWE MODEL

Criteria that should be used in evaluating the pharmacological effect and
relative safety of a drug for a fetus are the amount of fetal uptake after
an intravenous bolus, and the ratio of the steady state drug concentration
in the fetus to that in the mother.
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Fetal drug elimination

In the chronic pregnant ewe model, the fetal urine is excreted into the
amniotic sac via the urethra, and into the allantoic sac via the urachus. Thus
indirect evidence for renal clearance of drugs can be obtained by the presence
of drug in these fluids or by cannulation of the bladder of the fetal lamb
(Figure 1.9). For example, pethidine is detectable in allantoic fluid as early
as 3min after its administration and is not found in amniotic fluid until
30 min after injection. A final route of drug elimination from the fetal com-
partment is diffusion across the chorio-allantoic membrane®’.

Figure 1.9 (a) Semi-logarithmic plot of data obtained in a pregnant ewe with fetal bladder
catheterization following intravenous injection of pethidine (meperidine) (2.5 mg/kg). (b) The
cumulative urinary excretion of pethidine by the fetus supports a pharmacokinetic model where
the disposition of pethidine can be described by a four-compartment open model with elimin-
ation from both maternal and fetal compartments after exchange between the amniotic and
allantoic fluid*s
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Maternal-fetal drug distribution

The rate of distribution of a drug to fetal tissues may not be uniform, hence
the pharmacokinetic necessity of a fetal peripheral compartment*®. For
example, there is little correlation between the incidence of neonatal
respiratory depression and the concentration of pethidine in fetal blood. The
time-course of pethidine concentration in the brain, as estimated by measur-
ing the arterio-venous concentration difference across the fetal brain, indi-
cates, in the chronic pregnant ewe model, a time lag between peak plasma
and peak brain concentration. In addition, the brain peak concentration was
3-4 times greater after i.v. than i.m. administration and occurred within
60 min for i.v. instead of 25 min for i.m.*.

The distribution of drugs between ewe and fetus at steady state always
shows a fetal/maternal concentration ratio of less than one (Table 1.2). Drug

Table 1.2 Ratio of fetal drug concentration to maternal concentration?

Negligible binding in both fetus and mother
Morphine =0.13
Antipyrine = 0.90

Lesser binding in the fetus
Methadone=0.15 (90 day)
Meperidine = 0.30

Similar binding in both fetus and mother
Methadone =0.18 (near term)
Acetylsalicylic acid =0.22
Dexamethasone = 0.67
Indomethacin=0.28
Lidocaine =0.76

binding in plasma is usually less in the fetus than in the mother, and cannot
account for the concentration gradient. Both fetal and placental drug
clearance are involved. The steady state compartmental method which
requires maternal and fetal isotope labelled drug infusions shows that the
blood clearance rate of aldosterone was 981/h or 41 ml/kg per min in the
pregnant ewe and 24 1/h in the fetus. A small percentage (4%) of the maternal
production rate of aldosterone is due to the fetus and 29% of the fetal
production rate is assumed by the maternal compartment. The liver blood
flow (46 ml/kg per min) seems the main determinant of the clearance in the
sheep and also in the fetus for which the liver blood flow is approximately
124 ml/min per kg3

Fetal responses to autonomic drugs

The pregnant ewe model has been one of the earliest used to demonstrate the
small and transient blood pressure responses of the fetus to autonomic agents
compared to that of the mother*3. Intravenous administration of progress-
ively increasing doses of noradrenaline has produced a rise in the arterial
pressure and a fall in the heart rate in the fetus, neonate, and adult. The
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bradycardia is most likely related to baroreceptor stimulation produced by
the rise in pressure. The changes produced by a given dose are significantly
greater in the adult and neonate than in the fetus. Taking the effect of
0.4 ug/kg as an example, the average pressure rise is 25% in the fetus, 37%
in the neonate and 50% in the adult (Figure 1.10).

Figure 1.10 (a) Autonomic drug effects on the fetal circulation. Dose-response relationships
to noradrenaline of arterial pressure and heart rate in the chronically instrumented fetus,
neonate and adult?6. (b) Changes in arterial blood pressure of the fetus after the administration
of serotonin (100 ug/kg) in the mother and in the fetus. Note the more sustained responsiveness
of the fetus to the maternal administration of serotonin. Preparation under chloralose
anaesthesia*®

The pregnant ewe model has been also used to detect the amount of
autonomic agents which reach the fetal circulatory system. For example,
similar fetal hypotension and bradycardia follow the maternal blood
pressure changes after the injection of 10 ug/kg of adrenaline and of 5 ug/kg
of acetylcholine (after injection of physostigmine, 100 pg/kg) in the ewe. Of
interest is the comparison of the changes in fetal arterial pressure which are
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more marked after the maternal administration of 100 ug/kg of serotonin
than after the same dosage to the fetus (Figure 1.10). In addition, the model
could be useful in detecting the role played by some systems in emergency
situations. For example, hypoxaemia causes a redistribution of cardiac out-
put with an increase in blood flow to some organs (brain, heart, adrenal
glands), no change in blood flow to the placenta, and a decrease in blood flow
to organs like lungs, kidney, spleen, gut, and somatic muscles. This redistri-
bution is by an increase in the vascular resistances of some organs and a
decrease in others; the net effect is to augment systemic arterial blood
pressure. The effect of « adrenergic blockade, minimal during normal oxy-
genation, allows increases in blood flow to the brain, the heart and placenta
to occur without a change in cardiac output. Blocking with phenoxybenz-
amine during hypoxia decreased the calculated vascular resistances of the
gut, spleen, liver, and lungs, demonstrating that «-adrenergic activity was
necessary to maintain vasoconstriction and shift blood flow away from these
organs36,

Finally, the pregnant ewe model has furnished the most complete infor-
mation on specific drugs

(1) For the study of an appropriate route of administration,

(2) For the selection and design of safer and more effective dosage regimens
during pregnancy, and

(3) For the evidence of hormonal factors involved in their activity!? 37,47,

CONCLUSION

Pregnancy is a dynamic process with rapid growth of a fetal compartment.
If a pregnant subject, be it animal or man, is exposed to pharmacologically
active chemicals, one can assume that the compounds will also reach the
conceptus. However, the rate and the extent of both transfer and pharma-
cological toxic effects vary depending upon the gestational period.

Birth brings about dramatic physiological changes in the internal environ-
ment which can be modified by pharmacologically active chemicals.

The relevant questions that arise concern the nature of the effects of drugs
on the increasing metabolic needs of the rapidly growing fetus and the
homeostatic mechanisms which began to operate at birth. Clinicians should
be provided with enough data to permit rational use of innocuous drugs in
both pregnant and newborn animals. A more positive approach is that of
therapeutical intervention in late pregnancy to prevent impairment of im-
mune and other regulatory systems at birth. This includes exposure of the
neonate to drugs transferred through the placenta and the mammary gland
during the perinatal period.
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2
Placental transfer of drugs in
ruminant animals

L. E. Davis and G. D. Koritz

The exchange of drugs and other xenobiotics between the maternal circu-
lation and the conceptus is of clinical significance because of possible adverse
effects of these chemical on development and function of the fetus in utero.
Following fertilization, the gestational period can be divided into three
unequal segments of differing pharmacological significance: (1) the period
from fertilization to implantation of the blastocyst, (2) implantation to the
end of metamorphosis, and (3) period of growth. These periods comprise the
following respective proportions of the gestation period: 12%, 4% and 84%
in the cow; 10%, 11% and 79% in the doe and ewe. The transfer of drugs
and the potential consequences of exposure of the conceptus will differ
depending on the stage of pregnancy in which administration takes place.
Exposure of the blastocyst to toxic materials prior to implantation will cause
death of the conceptus and termination of pregnancy. After implantation,
the embryo develops and organogenesis takes place. It is during this time that
the embryo is most vulnerable to teratogenic effects. After metamorphosis
has been completed the fetus grows in size and the fetal organs become func-
tional. In the latter three-quarters of pregnancy, drugs entering the fetal
circulation may exert effects on maturation of the nervous system,
withdrawal of the umbilical hernia and a few other aspects of organ develop-
ment. The primary effects, however, are as pharmacological agents acting
on placental or fetal functions. The purpose of this chapter is to discuss the
processes by which xenobiotics enter the female genital tract and fetus.

PREIMPLANTATION

The ovum is fertilized in the segment of the oviduct nearest the ovary and
proceeds to divide as it passes, floating in intraductal fluid, through the duct
toward the uterus. This sojourn lasts for 4 days. During this time drugs can
diffuse from capillaries in the wall of the oviduct into the intraductal fluid.
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This fluid has a pH higher than that of blood plasma?’. Acidic drugs attain
higher concentrations and basic drugs lower concentrations in this fluid than
in plasma due to ion trapping'¢. Highly polar compounds and drugs which
are highly bound to serum albumin would be excluded by the epithelium and
endometrium. Caffeine, nicotine, thiopental, DDT and isoniazid attained
concentrations in the luminal fluid which were 50% greater than their con-
centrations in blood plasma of pregnant rabbits3?. Al-Guedawy et al.* were
able to measure concentrations of gentamicin in the lumen of the bovine
uterus within 15-30 min following intramuscular injection (4 mg/kg) of the
drug. We observed that oxytetracycline administered intravenously attained
concentrations in the wall of the uterus of the cow which were equivalent to
plasma concentrations!S. Drugs present in luminal fluids can diffuse into the
developing zygote or blastocyst during migration and early implantation.
This corresponds with the period of time during which much of embryonic
development takes place in ruminant animals. In the cow, implantation
occurs at 35 days post-oestrus while the end of the embryonic period is 30
days and the end of metamorphosis is 45 days; while the corresponding times
for the ewe and doe are 15, 21 and 32 days, respectively!’. The uptake of
drugs by the blastocyst has been studied?!. Caffeine, nicotine, DDT, barbital,
thiopental, isoniazid, antipyrine, sulphanilamide, thalidomide and salicylate
were taken up rapidly by rabbits’ blastocysts. Compounds which exceeded
60000 molecular weight did not penetrate the blastocyst. Rates of pene-
tration of the blastocyst were a function of the lipid solubility of the drugs.

PLACENTAL TRANSFER

On about the 35th day of pregnancy in the cow and 15th day in the ewe and
doe, the trophoblast attaches to the maternal caruncles and placentomes are
formed?2. There are 30-80 cotyledons forming attachments to the caruncles
of ruminant animals. The placentation of ruminant animals is of the
syndesmochorial type which means that there are five tissue layers separating
the maternal and fetal blood. These are the maternal endothelium and con-
nective tissue and the fetal trophoblast, connective tissue, and endothelium®.
The maternal and fetal capillaries are intermingled in the placentomes in
close apposition3! which permits exchange of gases, nutrients, hormones,
waste products and xenobiotics.

The placentomes are continually changing during pregnancy and reach
their maximum weight halfway through gestation (Table 2.1). During the
latter half of pregnancy they decline in weight up to term®. These morphe-
logical changes are accompanied by increasing permeability of the mem-
branes separating the maternal and fetal circulations. This apparently is
associated with a decrease in thickness of the trophoblastic epithelium with
aging of the placenta?®. The placentomes are complex structures which serve
as endocrine organs and as a means of protecting the internal milieu of the
growing fetus. By maintaining a differential permeability to salts and
nutrients the placenta maintains osmotic equilibrium. This is accompanied
by a potential gradient of 30 mV across the placentome (the fetal circulation
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Table 2.1 Changes in weights of the fetus, cotyledons and membranes during the last half of
pregnancy in sheep (mean +SE). From reference 18

Gestation

age (days) Number Fetus (kg) Cotyledons (g) Membranes (g)
86-98 21 0.65 562 +25 125+7
110-127 23 2.29 409 +23 167 +£13
130-143 30 3.54 402+9 224 11

is negative)'®. This could serve to limit migration of drug anions into the fetal
circulation (e.g. heparin).

Most drugs are weak electrolytes of moderate molecular weight
(600-800). As with other membranes of the body, drugs traverse the
placental membranes by simple diffusion. Thus, permeability to drugs is
determined by lipid solubility, ionization state and molecular size of the drug;
placental blood flow; placental metabolism of drugs; and aging of the

Figure 2.1 Circulatory system of the fetal goat
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placentomes?5. Blood flow to the uterus of sheep at term was observed to be
within the range of 186-260ml/min’. Ahlquist found that epinephrine,
norepinephrine, pitressin, and pitocin decreased blood flow to the pregnant
uterus of the bitch and phenoxybenzamine, tolazoline, histamine, pento-
barbital and acetylcholine caused vasodilation?. These effects were con-
firmed in the ewe!. For lipid soluble drugs, exchange between the maternal
and fetal blood would be expected to be flow-limited rather than diffusion-
limited.

After drugs enter the umbilical vein they are distributed in the fetus (Figure
2.1). 60-85% of the blood flow in the umbilical vein enters the portal vein
while 15-40% passes through the ductus venosus into the vena cava2S.
Thus, the fetal liver may be exposed to large amounts of drug following entry
into the fetal circulation. The blood enters the right heart and 46% passes
through the foramen ovale, 35% goes through the ductus arteriosus into the
aorta and only 10% perfuses the fetal lungs!®. The distribution of drugs to
specific tissues or organs of ruminant animals is unknown.

The fetus grows within an environment in which it is surrounded by
amniotic fluid. The fluid is formed during the latter half of gestation by fetal
elimination of hypotonic urine®. The fluid is swallowed by the fetus and
absorbed from the intestinal tract. Drugs could enter the amniotic fluid via
the fetal circulation and renal excretion or by diffusion from the amniotic
membrane into the fluid. Substances in amniotic fluid could enter the fetus
by intestinal absorption or by diffusion through the fetal skin. These
relationships are uncertain at this time.

STUDIES OF PLACENTAL TRANSFER IN GOATS

Most studies of placental transfer of drugs have been conducted by sampling
from maternal artery and umbilical vein during caesarotomy in women, by
studying perfused isolated placentas and studying placental sections in vitro.
When one attempts to relate pharmacokinetic data obtained from sampling
the maternal blood after bolus doses to the time-course of drug concen-
trations in the fetal circulation, the problem becomes extraordinarily
complex. However, if one maintains constant drug concentrations in the
maternal circulation and measures changes in concentration in the fetal circu-
lation one should be able to determine relative permeability characteristics
of the placenta by evaluating the equation

Pt =In(1 —C1—>
- C:R

at various times (Pt = the permeability coefficient for the drug, C; = concen-
tration in fetal blood, C> = concentration in maternal blood and R = the ratio
of drug concentration in fetal blood to that in maternal blood at the steady
state)??.

In order to use this approach we developed a technique for placing
catheters in the vena cava of fetuses of goats and into the amnionic fluid in
utero®. The catheters were exteriorized through the abdominal wall. Eight
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Table 2.2 Pharmacokinetic parameters for several drugs studied in pregnant goats

Dose B T2 Ri Pt
Drug pKa (mg/kg) (=1 (h) (mgkg~'h~1)

Sulphanilamide 1.04 150 0.154 4.5 23 0.70
Salicylate 3.0 44 0.984 0.7 43 0.75
Pentobarbital 8.1 22 0.889 0.78 19.7 —
Phenylbutazone 4.4 33 0.037 19.0 1.2 —
Antipyrine 1.4 110 0.347 2.0 38 0.76
Thiocyanate — 20 0.043 16.0 0.9 0.39
Diazoxide — 5 0.058 12.0 2.9 —

drugs were studied: sulphanilamide, chlorpromazine, pentobarbital, sali-
cylate, phenylbutazone, diazoxide, antipyrine and thiocyanate. In order to
calculate infusion rates to maintain constant drug concentrations in the
maternal plasma we first determined values for pharmacokinetic parameters
in does. These results are shown in Table 2.2. The dose of each drug listed
was administered to pregnant does at about 110-115 days of gestation and
the drug was infused at a constant rate into the jugular vein of the doe (Figure
2.2). Samples were collected simultaneously, at periodic intervals, from the
opposite jugular vein, the fetal vena cava and the amniotic fluid.

Figure 2.2 Arrangements for the study of placental transfer of drugs in the goat
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The results of experiments with salicylate infused into six pregnant does
for a period of 2h are shown in Figure 2.3. Concentrations of salicylate
increased rapidly in fetal blood and amniotic fluid with concentrations in the
amniotic fluid exceeding those in fetal blood throughout the period of study.
Following cessation of drug administration the maternal plasma concen-
trations declined more slowly than would be expected from the preliminary
data following a single bolus dose. The difference between maternal and fetal
concentrations at equilibrium might be explained on the basis of differential
protein binding. The extent of salicylate binding to plasma proteins in
maternal blood was 72.2+2.8% and in the fetal blood was 50.4 +1.9%°.
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Figure 2.3 Concentrations of salicylate in maternal blood, fetal blood and amniotic fluid. The
points are mean =+ SE values from six does

Experiments with sulphanilamide were performed in four does. The results
are shown in Figure 2.4. The drug was infused for a period of 4h. In this
case we observed different relationships than in the case of salicylate. Equili-
bration occurred at about 90-120 min with the plateau in concentration in
amniotic fluid lagging behind that seen in the fetal blood. The concentration
in amniotic fluid persisted somewhat while the maternal and fetal blood
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Figure 2.4 Concentrations of sulphanilamide in maternal blood, fetal blood and amniotic
fluid. The values are mean +SE values from four does

concentrations were declining. The ratios observed!! at 120min were
fetal : maternal 0.62, amniotic fluid : fetal 0.65 and amniotic fluid : maternal
0.36.

Pentobarbital was studied in ten does and the results are shown in Figure
2.5. The drug was infused for 60 min because of short halflife in the goat and
its prominent pharmacological effect on the doe. Concentrations in fetal
blood increased more rapidly than those in the amniotic fluid during the
infusion period. Following infusion, while the maternal and fetal blood con-
centrations were falling, the concentration of pentobarbital continued to
increase in the amniotic fluid and remained high at 24 h. During the infusion
of pentobarbital, the maternal and fetal electrocardiograms were monitored.
The doe developed bradycardia and the fetus had tachycardia which persisted
for 4h following termination of the infusion. The ratios of concentrations
at 60 min were similar to those observed for sulphanilamide and were!?:
fetal : maternal 0.56, amniotic fluid: fetus 0.62 and amniotic fluid : maternal
0.35.

Phenylbutazone was studied in six does and the drug was infused for 2h.
This is a drug which has a long halflife in the goat in contrast to salicylate or
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Figure2.5 Concentrations of pentobarbital in maternal blood, fetal blood and amniotic fluid.
The values are the means from ten animals

pentobarbital (see Table 2.2). Concentrations of phenylbutazone increased
rapidly in fetal blood and attained equilibrium at 30min (Figure 2.6).
The drug continued to accumulate in the amniotic fluid for 2 h after cessation
of infusion, then slowly declined over the next 2 days. The concentration of
drug remained high in the fetus at 48 h. The ratios at the end of infusion
were!2: fetal:maternal 0.55, amniotic fluid:fetus 1.1, amniotic fluid:
maternal 0.61.

Antipyrine is a pyrazolon-derivative similar to phenylbutazone except that
it has a very low extent of binding to plasma proteins. It was infused for a
4h period and the results appear in Figure 2.7. Equilibrium between the
maternal and fetal blood occurred rapidly (30 min). After termination of the
infusion, concentrations in the fetus declined more slowly than those in
maternal blood. The concentrations in amniotic fluid were more erratic.
After an apparent equilibrium during the first hour, concentrations increased
and remained higher than those in maternal or fetal blood after the infusion
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was terminated. Concentration ratios!? at 60 min were: fetal : maternal 0.61,
amniotic fluid:fetal 0.61, and amniotic fluid : maternal 0.37.

Thiocyanate is an ion which is commonly employed to estimate the volume
of the extracellular space. It was studied in six animals following a single dose
of 20mg/kg. Concentrations were not measured in the amniotic fluid. The
results are shown in Figure 2.8. Concentrations were attained rapidly in fetal
blood and remained fairly constant for 8 h but the fetal concentrations were
only about 16% of those in the doe. Throughout the study the fetal : maternal
ratio increased continuously because of the declining concentration in
maternal blood!3.

300

200 |

Phenylbutazone Concentrations ug/ ml
¥

Figure 2.6 Concentrations of phenylbutazone in maternal blood, fetal blood and amniotic
fluid. The values arethe means from six animals

Two other studies which were performed involved the intravenous
administration of chlorpromazine (4.4 mg/kg) to seven does as a bolus and
diazoxide administered intravenously to seven ewes (5 mg/kg), every 8 h for
4 days. These were of interest because of the widespread use of phenothiazine
derivatives in veterinary practice and diazoxide is an antihypertensive drug
which also inhibits insulin-release in insulinoma which would make the
information useful relative to pregnant women. The concentrations of chlor-
promazine are shown in Table 2.3 and the results for diazoxide are shown
in Figure 2.9. Concentrations of chlorpromazine disappeared rapidly from
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Figure2.7 Concentrations of antipyrine in maternal blood, fetal blood and amniotic fluid. The
values are the mean =+ SE from six animals

the maternal and fetal blood plasma but persisted in the amniotic fluid and
tissues of the doe and fetus!2. Diazoxide concentrations were maintained at
fairly constant values in maternal and fetal blood throughout the treatment
period!®.

IMPLICATIONS TO VETERINARY THERAPEUTICS

There is probably no aspect of drug therapy in veterinary medicine which is
surrounded by greater uncertainty than the administration of drugs to female
animals following breeding. If at all possible, it is prudent to avoid drug treat-
ment for the first 45 days following breeding in cow and for the first month
in ewes or does. These periods comprise the time during which the conceptus
is most vulnerable to lethal or teratogenic effects of chemicals.
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Figure 2.8 Concentrations of thiocyanate in maternal and fetal blood. Values are mean +SE

from six animals

Table 2.3 Concentration of chlorpromazine (ug/ml) in various tissues of goats following
administration of an intravenous bolus (4.4 mg/kg) to seven pregnant does!?

Time (min)

Tissue 0 10 30 60 90 120 150 24h
Maternal blood 0 1.9 1.7 0.8 trace trace trace ND
Fetal blood 0 0.7 0.8 0.5 trace trace trace ND
Amniotic fluid 0 0.1 0.5 0.9 1.1 1.2 2.2 ND
Maternal liver 1.1
Maternal kidney 0.9
Maternal heart 0.6
Maternal brain 0.4
Fetal liver 0.9*
Fetal kidney 0.8*
Fetal heart 0.8*
Fetal brain 0.3*

* Three fetuses were aborted
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Figure 2.9 Concentrations of diazoxide and dextrose in maternal and fetal blood. Each point
is the mean value from seven ewes

Later in pregnancy, the principal hazard is tissue toxicity in the fetus or
adverse effects related to alterations in function within the fetus or placenta.
Both alpha and beta adrenergic receptors are present in the fetal lamb by the
middle of gestation. Injection of isproterenol, epinephrine, levarterenol or
methoxamine into the fetal circulation will elicit characteristic cardiovascular
effects and norepinephrine is known to cause constriction of the ductus
arteriosus and ductus venosus?’. Cholinergic receptors, acetylcholine and
acetylcholinesterase are present in embryos at a very early stage which
antedates the innervation of developing tissues?*. ACTH, vasopressin, renin
and angiotensin are all present in the fetus by the middle of gestation and
appreciable quantities of prostaglandins are present?®. Drugs which modify
their functions could be deleterious to the fetus. Prostaglandin E; constricts
the umbilical-placental blood vessels, dilates the pulmonary vasculature
and maintains the patency of the ductus arteriosus. Indomethacin will induce
closure of the ductus!4, an effect which could be deleterious to the fetus in
utero. The fetal thyroid gland may be affected by drugs administered to the

34



PLACENTAL TRANSFER OF DRUGS IN RUMINANT ANIMALS

dam during the last half of gestation. Neonatal goitre may be produced by
iodides, methimazole, propylthiouracil, chlorpromazine, lithium, phenyl-
butazone, sulphonamides, theophylline, and radioactive iodine?*. The goitre
may result in neonatal respiratory distress, difficult delivery or mental
retardation of the offspring.

In usual circumstances, drugs are administered in discrete doses at periodic
intervals, so the concentrations in maternal blood rise and fall during the
interval and the fetus may not experience exposure to high drug concen-
trations. Rapid biotransformation and excretion of a drug from the maternal
blood prevents the attainment of steady-state concentrations of the drug in
the fetus. Higher proportions of the maternal cardiac output perfuse the liver
and kidneys than pass through the uterine vasculature during pregnancy.
This would tend to protect the fetus from being exposed to more than a small
fraction of the drug dose.

In our studies we had the opportunity to observe what happens when this
is not the case. When the drug concentrations were maintained constant in
the maternal blood an inordinate incidence of adverse effects on the fetus was
observed. Three fetal deaths occurred among the seven does given chlor-
promazine. Histopathological study revealed major liver damage in these
fetuses. During the study the fetal heart rate increased markedly for 7h
following administration of the drug. In the study of phenylbutazone, two
kids had signs of renal insufficiency following birth. These animals were
sacrificed and examined. Sections of the kidneys, which were swollen,
revealed swelling of the glomeruli and polymorphonuclear cellular infil-
tration of the interstitium. Diazoxide had no effect on the ewes, but caused
a marked hyperglycaemia in the fetus within 30 min of administration of the
drug to the ewe. Lambs were either aborted or died by the fifth day following
delivery. At necropsy tissues were collected and examined histologically. The
cells of the pancreatic islets had degenerated and one lamb had bilateral
cataracts and complete fibrosis of the gastrocnemius and popliteus muscles.

Clinical situations in which these observations might be relevant are renal
insufficiency in the pregnant patient, presence of hepatic disease or
microsomal enzyme inhibitors or the administration of drugs having excep-
tionally long halflives in the ruminant animal. Phenylbutazone might be of
concern within this context. Its halflife in sheep and goats is 15h and in the
cow?0 is 32-61 h. The drug has not had widespread use in these species so it
is not possible to evaluate whether its use in pregnant ruminant animals might
be contraindicated. It is probable that under normal conditions of clinical
use, most drugs which have been approved for use in ruminant animals are
safe to use for treatment during pregnancy. Still the veterinarian should be
conservative about using drugs in pregnant animals and remain alert to the
possibility of adverse effects on the fetus.
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3
Drug disposition in the fetus

L.-E. Appelgren

The fetotoxic and teratogenic properties of several drugs and other
substances have been extensively studied in small experimental animals. The
mechanisms behind the effects caused by these agents are not always known.
Distribution studies, e.g. using whole body autoradiography, is one route
which together with many others may finally lead to a better understanding
of the influence of chemicals on fetal development.

Reviews of the distribution of drugs and other substances in the fetus have
recently been published, but they are almost entirely confined to small experi-
mental animals??:45:4%, Data on the distribution of drugs in the fetuses of
ruminants rarely occur in the literature and therefore most data presented
here will be from other species. Attempts to apply these data to the ruminant
fetus will, however, be made when specific teratological and/or other effects
on the fetus have been reported for ruminants.

This review is mainly confined to results obtained from whole body
autoradiographic studies of pregnant experimental animals. The following
groups of drugs and other compounds have been selected since they may have
significance for ruminants:

(1) Environmental contaminants (polybrominated biphenyls (PBB), poly-
chlorinated biphenyls (PCB), DDT, fluorine, toxic plants),

(2) Mycotoxins (aflatoxin, ochratoxin, zearalenone),

(3) Hormones (gestagens, corticosteroids),

(4) Vitamins and trace elements (Vitamins A and B2, Zn, Se).

(For other substances the reader is referred to the extensive review articles
mentioned previously?3:4%:49))

ENVIRONMENTAL CONTAMINANTS

Autoradiographic studies of PCB2%, PBB and DDT have shown that these
substances are selectively localized in the fetal adrenal cortex (Figure 3.1).
An uptake of these substances in the adrenal cortex may indicate a risk for
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an interference in steroid production as has been shown for diphenylethenes
which inhibit A3-38-OH steroid dehydrogenase in the corpora lutea as well
as in the adrenal cortex?-4. It is a known fact that disturbances of the hypo-
thalamic-pituitary-adrenal cortex-axis may cause a defect in the mechanism
for the termination of normal pregnancy in ewes and cows3%3! and that
glucocorticoids from fetal adrenals cause the induction of oestrogen syn-
thesis from progesterone*2. It is, therefore, very tempting to correlate the
uptake of ['*CIPBB in the adrenal cortex of mice fetuses with the reported
prolonged pregnancy in cows accidentally exposed to Fire Master in which
the used polybrominated biphenyl is a major component?3.

Figure 3.1 Detail of a whole body autoradiogram of a mouse in late pregnancy (17 days) 24 h
after i.v. injection of ['“Clhexachlorobiphenyl showing the selective uptake of radioactivity in
the fetal adrenal cortex?°

Autoradiography using 3F in pregnant mice has shown that although the
fluoride ion passes poorly to the fetus, it is selectively accumulated in the
mineralized hard tissue’. Fluorine can be expected also to pass the placental
barrier in ruminants. The environmental pollution of fluorine is a reality in
some industrial areas?! and fluorosis in cows can therefore be expected to
affect dental and skeletal development in the fetuses.

No autoradiographic or other distribution studies on the alkaloids from
Veratrum californicum have been found. These alkaloids are known to cause
prolonged gestation and malformations (hypophysial aplasia and thyroid,
adrenal and gonadal hypoplasia) in the ovine species®>. The structures of
some of the teratogenic alkaloids in V. californicum have been determined
to be 11-deoxyjervine, jervine and cycloposine36.
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DRUG DISPOSITION IN THE FETUS
MYCOTOXINS

The fetotoxic and teratogenic properties of the mycotoxins aflatoxin
Bi, ochratoxin A and zearalenone have been studied in different
species!?:13.24,29,38,39 The risk of fetal disturbances in the ruminant species
from mycotoxins ingested by the mother is not known, but field observations
of pancreatic hypoplasia in calves from cows that had been fed aflatoxin-
contaminated feed have been reported®!. Our findings using whole body
autoradiography of pregnant mice after injection of labelled
mycotoxins® % 1! indicate what should be looked for when analysing cases of
abortions and malformations in ruminants where aflatoxin B;, ochratoxin
A and zearalenone might be involved. After injection of [**Claflatoxin in
mice in late pregnancy!!, a pronounced uptake of *C was seen in the pig-
mented layer of the eye (Figure 3.2). The pigment affinity of [*Claflatoxin
does not seem to be as irreversible as that of chloroquine3’, known to cause
damage in the eye. In addition, a rather high concentration of radioactive
material was found in the nasal mucosae of the fetuses (Figure 3.2). In the
fetal liver and kidney, however, no radioactivity was found although these
organs had taken up considerable amounts of the radioactivity in the dams
and are known target organs for aflatoxin B;-toxicity!©.

Figure 3.2 Detail of whole body autoradiogram of a mouse in late pregnancy (17 days) 20 min
after i.v. injection of [“Claflatoxin. Note the high concentration of C in the pigment layers
of the fetal eyes!!
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When [*Clochratoxin was injected in 9day pregnant mice, the radio-
activity concentration in the uterine wall was higher than that of the blood
and still higher concentrations were seen in the ectoplacental cone and in
some fetal structures most likely corresponding to the allantois and the gut
(Figure 3.3). The corresponding 10 day pregnant animal showed lower con-
centrations in the uterine wall and placental structures, but in some fetuses
a high concentration of 14C could be detected in allantois. 17 days after con-
ception, the concentration was very low in the fetuses, indicating that very
small amounts of radioactivity passed the placental barrier. When the corre-
sponding sections were studied under ultraviolet light, the blue fluorescence

Figure 3.3 Details of whole body autoradiogram (a) and corresponding section (b) of a 9day
pregnant mouse 20 min after i.v. injection of [*Clochratoxin. Note the radioactivity in the
ectoplacental cone and in the embryo8
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of ochratoxin showed the same pattern in the pregnant uterus and
embryo/fetus as was shown by autoradiography®. The distribution pattern
of labelled ochratoxin seems to be similar to the distribution patterns of
cadmium and trypan blue in mice. These substances were taken up by the
visceral yolk sac and the embryonic endoderm up to the time of closure of
the vitelline duct at about 9 days after the conception but not in the fetuses
in late gestation??. According to Dencker?? an accumulation of teratogens in
the (gut) endoderm could explain a disturbed interaction between the
ectoderm and endoderm, and later between the neuroepithelium and the gut,
causing, e.g. exencephaly. Exencephaly was the most frequent malformation
registered when ochratoxin was given on day 8 and 9 and not later!3.

When [3Hlzearalenone was given to mice in different gestation states
specific localization was found in oestrogen target organs of the dams but
in the fetuses radioactivity was found only in late pregnancy, mainly in the
kidney, bile and connective tissue®. In the 8, 9 and 10 day pregnant animals,
no radioactivity was registered in specific embryonic tissues, but in the
placental tissue and uterine fluid®. Remarkably, there was an accumulation
of radioactivity in the follicular fluid in the ovaries of the adult mice; it is
tempting to correlate this to reports that zearalenone causes malfunction of
the ovary in sows and that the oocyte dies in the Graafian follicle*6-48,

It must be remembered that the radioactivity registered by the auto-
radiograms does not necessarily show the injected compound unchanged.
Synthesis of aflatoxin B; by incubation of Aspergillus flavus in the presence
of sodium-[1-1*Clacetate yields ring-labelled aflatoxin B;!8-3!. This means
that the major metabolites known to be formed in the body of mammals
would still be labelled. Thus, the radioactivity in our autoradiograms most
probably represents the unchanged compound and/or its major metabolites

Figure 3.4 Sections from an ovary from a non-pregnant cow showing the A’-33-hydroxy-
steroid dehydrogenase activity using pregnenolone as a substrate. B shows the inhibitory effect
on enzyme activity of medroxyprogesterone added to the incubation medium. A is the
corresponding control section®

C 43



VETERINARY PHARMACOLOGY AND TOXICOLOGY

with the ring structure intact. Regarding ochratoxin, radiochromatographic
investigations® have shown that the radioactivity in the fetuses corresponds
to the reference substance ['*Clochratoxin A. [3H]zearalenone, on the other
hand, was extensively metabolized and, according to our radiochroma-
tography studies, only minute amounts represented unchanged zearalenone
in the mouse fetuses®.

The differences observed regarding the distribution of ochratoxin and
zearalenone are reflected in the teratogenic effects of the two substances;
ochratoxin caused malformations to high extent on day 8 and 9 but no such
effects were registered when zearalenone was administered during these
pregnancy stages'?. A protective effect of zearalenone against ochratoxin-
induced malformations has also been demonstrated?, but this effect can
only be correlated to the distribution of [3H]zearalenone and/or its metab-
olites in uterine and placental tissues®. The protective effect of zearalenone
seems to be caused by its oestrogenic properties, since equipotent doses of
diethylstilboestrol had the same protective effect against ochratoxin induced
malformations*°.

HORMONES

['“Cl4-progesterone accumulates in the human fetal adrenal cortex!” where
it probably is used as a precursor for steroidogenesis. It is also found in fetal
testes, pituitary, parts of the brain, thyroid and thymus'’.

Synthetic gestagen compounds have been used both as oral contraceptives
and for oestrus synchronization in cattle. The hypothalamic-pituitary system
is regarded as the main target for the contraceptive action of the gestagens,
but also the ovaries, oviducts, uterus and cervix should be considered. The
local effects of gestagens on the ovaries might be due to impaired steroid syn-
thesis. This is supported by the large accumulation of medroxyprogesterone
and chlormadinone® in the corpora lutea of mice and the ability of medroxy-
progesterone to decrease enzyme activity in these structures in mice ovaries
as well as in bovine ovaries® (Figure 3.4). Also, in the adrenal cortex of the
mother as well as of the fetus an accumulation of these gestagens was shownS.
Medroxyprogesterene has been shown also to interfere with the steroid
synthesis in the adrenals.

Weak oestrogenic compounds, diphenyl derivatives, were also shown to
be selectively localized in the ovarian corpora lutea?” where they were found
to interfere with progesterone formation ¢, The small amount which
penetrated into the fetus localized mainly in the adrenal cortex. The natural
oestrogen, oestradiol, showed a marked fetal accumulation while the placen-
tal passage of diethylstilboestrol was partially blocked!6:-43,

Natural and synthetic corticosteroids have also been shown to penetrate
into the fetuses of mice?® and sheep!-14. A synthetic corticosteroid (Draco
371/28) has been shown to be localized selectively in the fetal adrenal cortex
of the mouse, but the risk for disturbance of the adrenal cortex of the
ruminant fetus is probably unimportant compared to the abortive effect of
corticosteroids in these species.
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DRUG DISPOSITION IN THE FETUS
VITAMINS AND TRACE ELEMENTS

Vitamin A has been studied from a teratological point of view since an excess
or a deficit are both known to produce malformations. In the early mouse
embryo, vitamin A (retinyl acetate) was found to be localized in
neuroepithelial tissues (parts of the brain, spinal cord and retina) and its
metabolite retinoic acid showed an even higher uptake than vitamin A in the
neuroepithelium?3. Both vitamin A and retinoic acid are known to par-
ticipate in the synthesis of glycoproteins and overproduction as well as under-
production of these substances may be hazardous for normal embryonic
development?3. Data on the concentrations of vitamin A in the fetuses of
cows (blood serum and liver) have shown that they were significantly lower
than in the blood serum and liver tissue of cows*’.

[(°Colvitamin B;» accumulates in the mouse fetus more than a hundred-
fold after an initial high concentration in the placenta if a low dose is given
to the mother**. There seems to be an active transport process mediated via
carriers or receptors; this placental ‘pump’ is saturable and the transport is
depressed by vitamin B;, analogues*’. In the bovine species there seems to
be no risk of vitamin B;; deficiency as long as the cobalt content of the feed
is sufficient3!. Disturbances of normal pregnancy are reported (abortion)
when cobalt is missing in the feed®!. Fetal damage may also be caused by a
disturbance of the mechanism for transport of vitamin B;» to the fetus.

Zinc has been shown to be required for normal fetal development and
severe malformations are reported under deficiency conditions32. It is
transferred rapidly to the fetus and accumulated in all the embryonic
structures of mice and hamsters, especially in the neuroepithelium?2, In the
late fetuses of mice the liver and skeleton showed?? a high uptake of 6°Zn
which can be compared with reports of high contents of ®Zn in the liver and
bone of sheep fetuses3?. According to the same author??, no fetal skeletal

Figure 3.5 Whole body fluorogram from a pregnant mouse 5 h after i.v. injection of demethyl-
chlortetracycline. Light areas indicate the yellow fluorescence of the tetracycline compound.
Note the high concentrations in both the fetal and maternal skeleton!®
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malformations associated with zinc deficiency have yet, however, been
observed in the ruminant fetus.

Selenium has been reported to cause malformations of the extremities and
eyes of lambs whose mothers had been kept on seleniferous pastures!s, but
it is well-known that if ewes and cows receive their selenium supply in
therapeutic doses, it will provide protection against muscle degeneration in
the lambs and calves3®. Autoradiography in mice of [75Se]sodium selenite
and ["*Selselenomethionine?®: 33 showed that more selenium was transported
through the placenta when the organic compound was administered. Also,
the distribution within the fetuses differed when the different compounds
were given. The organic selenium reached the highest concentration in the
fetal pancreas while the inorganic selenium was mainly confined to the liver.
Also in sheep, a larger amount of selenium was transmitted through the
placenta when [7°Se] was given as selenomethionine than when it was given
as sodium selenite34,

CONCLUSIONS

It is apparent from the examples given that some drugs have been found to
accumulate in specific fetal tissues where they caused certain damage.
Fluorine and tetracycline? (Figure 3.5) which are known to cause enamel
spots, are localized selectively in the fetal hard tissues and especially in the
developing teeth. In other cases, however, substances known to be terato-
genic or fetotoxic are not found specifically in the embryo or fetus but in the
visceral yolk sac or chorioallantoic placenta, perhaps causing disturbance of
the nutrition of the fetus. It is important to consider that the species dif-
ferences which we know from drug metabolism and pharmacokinetic studies
can result in different concentrations of drugs and active metabolites and
thus change the action on the fetus. Also, differences in placentation should
be considered. The specific findings on drug distribution in the fetus/embryo
of small experimental animals can, however, as mentioned earlier, indicate
what we should look for when analysing cases of abortion and malformation
in the ruminant species.
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4
Drug disposition in the newborn

R. Reiche

During the prenatal period drug actions on the fetus are nearly always
undesired effects of the medication to the mother. In contrast, drug effects
on the newborn organism are of high therapeutic interest since many diseases
occur during early postnatal life which make drug treatment mandatory.
Drug therapy of the neonate is often accompanied by adverse drug effects
which may be due to its higher sensitivity to drugs but more often to dif-
ferences in drug disposition!. Thus it is necessary to gain knowledge of the
pharmacokinetics of drugs during this period of life in order to obtain a
pharmacological basis of drug treatment.

Most of the physiological changes dealing with drug disposition in the
neonatal period are of functional nature. Thus, the limited metabolic and
excretory capacity of drug elimination leads to a prolongation of halflives
of drugs during the first weeks of life. Furthermore, the reduced degree of
binding to plasma proteins, the relative volumes of body fluid compartments
and the permeability of the blood-brain barrier influence the distribution
of the drug and sensitivity to the effects. Moreover, gross anatomical alter-
ations are involved such as in the case of ruminants in which the development
of the rumen influences the extent of drug absorption.

Itis well-known fact that in newborn animals there is a deficiency in certain
drug-metabolizing enzymes in liver microsomes. The immaturity of the
enzyme system after birth includes nearly all oxidative and reductive
reactions and the conjugation to glucuronic acid!® 13, The activity of these
enzymes rapidly increases with age and in small rodents the enzyme activities
reach the level of the adult at 3-4 weeks of age3-16,

A review of the literature about the elimination pattern of drugs in
newborn and adult large animals shows, in general, a prolonged elimination
time in the newborn animal. Only a limited number of studies have been
undertaken in which drug-metabolizing capacity was determined by measur-
ing plasma halflives of drugs administered to newborn calves.

The elimination halflives of different drugs in newborn calves and adult
cattle are summarized in Table 4.1. In the neonatal ruminant mainly anti-
biotic and chemotherapeutic agents were studied. The age of the calves was
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Table 4.1 Elimination halflives (¢,,) of different drugs in newborn calves and cows

Calves Cows
Age ti2 tiz
Drugs (weeks) (h) (h) References
Penicillin G 5-7 2.5 0.7 26, 27
Gentamicin 4-5 3.9 1.9 28, 29
Oxytetracycline 5-7 10.0 4.1 27, 28
Chloramphenicol 5-7 9.0 3.5 27, 30
Ampicillin 2-6 1.7 1.2 26, 31
Amoxycillin 2-6 1.6 1.3 31, 32
Streptomycin 5-7 3.0 2.0 27, 33
Kanamycin 2-4 2.2-2.7 3.5 34, 35

in the range of 2-7 weeks of life. In comparison to adult cattle, the halflives
in calves of penicillin G, gentamicin, oxytetracycline and chloramphenicol
were increased by a factor of 2-3.5. On the other hand, the halflives of
ampicillin, amoxycillin and streptomycin were only slightly prolonged and
in the case of kanamycin the halflife was even shorter in the newborn.

Similar findings were noted in newborn piglets (Table 4.2). The halflives
of sulfadimethoxine and sulphadimidine were significantly prolonged in
piglets and a more marked prolongation was observed for chloramphenicol
and hexobarbital.

There is a wide variation in the ability to metabolize different drugs in
newborn calves and piglets. It should not be concluded, therefore, that all
metabolic pathways are deficient to the same degree. However, these pro-
nounced differences make it necessary to find a dosage regimen only on the
basis of individual evaluation of each drug in each species.

In recent experiments in our laboratory, the pharmacokinetics of chlor-
amphenicol during the initial weeks of life were studied until values valid for
adult cattle had been reached??. It was demonstrated that the pharmaco-
kinetics of chloramphenicol in calves depends on age, at least during the first
weeks of life. After intravenous injection, the halflife of the drug was nearly
15 h on the first day of life, and then fell rather rapidly to an average of 6.5h
on day 7. Further decline of the elimination halflife proceeded more slowly

Table 4.2 Elimination halflives (¢,,) of different drugs in newborn piglets and growing pigs
(8-12 weeks of life)

Piglets Pigs
Age ti2 ti2
Drugs (days) (h) (h) References
Sulfadimethoxine 7-14 16.1 9.4 9
Sulphadimidine 1-2 12.9 9.1 10
Chloramphenicol 1-2 6.1 0.8 10
Hexobarbital 1-2 5.0 1.7 10
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to 5.5h at the age of 3weeks. Even at the age of 10-12 weeks there re-
mained a slight difference from the values obtained in adult animals (4.2 h
vs. 4.8 h). The results seem to predominantly reflect a lack of or at least a
deficiency in the ability to form the glucuronide of chloramphenicol which
is the main metabolite. Thus, one could suggest that the ability of calves to
form glucuronides develops mainly during the first 3 weeks of age.

Similar results were obtained by other groups in in vitro studies with liver
homogenates of pigs at different ages?3-26. In these studies the development
of enzyme activity appeared to be most rapid during the first 3-4 weeks
after birth and reached a plateau between 4 and 6 weeks of life. In vivo
pharmacokinetic studies support the assumption that the age-related change
in the enzyme activities occurred in the immediate postnatal period up to an
age of 3-4 weeks??>27, Thereafter only slight differences from adult values
would be expected.

It seems remarkable that the rate of development of liver enzyme systems
in large animals like calves and piglets equals that of small rodents.
Therefore, it is possible that this pattern is universal among all mammalian
species, regardless of such factors as the size of the species and the maturation
time and normal life span of the animal.

For drug therapy of the newborn, the delayed metabolism deserves special
consideration if drugs are given which are inactive per se and must be con-
verted into the biologically active form throughout the body.

In our laboratory, newborn calves and adult cattle were injected intra-
venously with chloramphenicol as the monosuccinate which has to be
hydrolysed in order to release free chloramphenicol?. It was demonstrated
that the rate at which the monosuccinate was hydrolysed to free chlor-
amphenicol was age-dependent. The halflife of the intact ester fell from
33 min on the first day of life to 14 min in adult cattle. Free chloramphenicol,
on the other hand, reached its maximum concentration 2-3h after the
injection of the ester in newborn calves, whereas the peak occurred in less
than 15 min in cows.

It must therefore be taken into account that the time at which therapeutic
concentrations are reached could be somewhat delayed in newborn animals
if inactive drug forms were given.

In contrast, the risk of drug overdosage in the postnatal period may be
enhanced if drugs are administered which are eliminated in a dose-related
manner. An example of such a drug is the antiepileptic phenytoin. The dose-
dependent elimination of phenytoin is apparent at high plasma concen-
trations, because a genetically determined saturation phenomenon inhibits
the drug’s metabolism. In the neonatal animal this saturation may occur at
lower concentrations because of the immaturity of the liver enzyme systems.
In order to test this possibility we studied the pharmacokinetics of phenytoin
in newborn calves and cows!!,

It can be seen from the individual curves in Figure 4.1 that in a newborn
calf, after the intravenous injection of 10mg/kg phenytoin, a plateau was
reached which lasted for nearly 2days, whereas in the adult animal the
plasma concentrations declined rapidly after injection. Even at the dose of
5mg/kg the plateau lasted for 12 days in a newborn calf before plasma
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Fig. 4.1 Plasma concentrations of phenytoin after intravenous administration of 5 and
10mg/kg (0.02 and 0.04 mmol/kg) in a newborn calf at an age of 1day and in a cow

concentrations began to decrease. Thus, it could be concluded that a subse-
quent drug injection during the first 2-3days after the initial dose of
phenytoin would elevate the plasma level to toxic concentrations.

Next to metabolic degradation, renal excretory capacity is decisive for the
termination of drug action. In most mammalian species, renal functions are
limited in the postnatal period?:1!-12, This leads to augmented and prolonged
drug levels. In contrast to other newborn animals, the neonatal calf has
efficient renal function*:3, therefore, excretory function of the kidney should
only play a minor role for age-related changes in drug disposition in the
newborn calf.

Besides elimination, drug disposition is influenced by changes in body
composition in the growing animal. In cattle, the total body water declines
from 74% of body weight in newborns to 58% in adults. In contrast, in the
same period of time the fat content increases from 2.8% to nearly 18% of
body weight. In addition, differences in the compartmentalization of total
body water must be considered. There is a decrease with age of the extra-
cellular fluid volume which parallels the decline of the total body water,
whereas the proportion of intracellular water remains constant® 4:18, Thus,
changes in water and fat content of the body may cause age-dependent
differences in drug distribution.

For example, the apparent volume of distribution of sulphadimidine in
pigs and chloramphenicol in cattle decreases from 80% in newborns to 60%
of body weight in adults, which probably reflects the decline of total body
water2%-27, Furthermore, the volume of distribution of sulfadimethoxine in
pigs and Na-salicylate in pigs, dogs and cats ranged from 30% to nearly
50% of body weight in newborn animals and from 20% to more than 30%
in adults suggesting that these drugs distribute mainly in extracellular
fluid®7-22. In contrast, the distribution of hexobarbital in pigs slightly
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increases with age?’. Taking into account that hexobarbital is partly concen-
trated in the body fat, the age-related increase in fat content explains the
observed difference.

Generally, this specific pattern of body composition results in a greater
volume of distribution with correspondingly low plasma levels in the
neonatal animal.

Besides differences in body composition, the distribution of drugs depends
on the extent of plasma protein binding. In newborns there is a greater frac-
tion of free drug available for distribution due to lower binding to plasma
proteins!”-20, This is certainly one of the reasons for stronger effects or even
side-effects of drugs in the neonate. For instance, in the case of centrally
active agents the lower binding results in higher brain concentrations and this
effect is intensified by the underdevelopment of the blood-brain barrier!.

Finally, the oral absorption of drugs in ruminants deserves special con-
sideration. The characteristics of digestive physiology in adult ruminants
limit the absorption of certain drugs, but newborn ruminants are func-
tionally monogastric in the first weeks of life. Thus, drug absorption may
be comparable with non-ruminants. This offers the chance to administer
drugs via the oral route which is often impossible at a later age.

When acetylsalicylic acid and chloramphenicol were administered orally
to calves at different ages, the maximum plasma concentrations attained
differed markedly. With doses recommended for monogastric mammals and
man, near therapeutic plasma concentrations can be reached during the first
week of life, but during the following weeks these concentrations decline
rapidly paralleling the development of the ruminant stomach®24, The reason
for the reduced rate of absorption in older calves is either an inactivation by
ruminal content or a change of the pH gradients between plasma and
gastrointestinal fluid!-22,

In conclusion, drug disposition in the newborn differs markedly from
adults and therefore special therapeutic implications should be considered.
In general, when quantitative data are not available, the initial dose may be
increased, especially in the case of antibiotics, with respect to the greater
volume of distribution. On the other hand, since drug elimination is delayed,
a larger dose interval should be used or the maintenance dose should be
decreased to avoid accumulation. These general recommendations should be
considered for the first 3-4 weeks of life. Thereafter the dose for adults
may be given per unit of body weight.
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5
Postnatal development of
renal function in goats

C. Friis

It is well established that the efficiency of the kidney is lower in newborn than
in adult animals. In the newborn, renal blood flow and glomerular filtration
rate (GFR) are low, concentrating and acidifying functions are restricted and
the capacity to secrete organic compounds is limited!!. However, the level
of maturity in renal function at birth varies widely from one species to
another. In most laboratory animals such as rats!2, rabbits!¢, and dogs! the
functional values increase several times from birth to adulthood, whereas
relatively small rises are reported for infants®, pigs® and sheep?:!. The aim
of the present study was to extend our knowledge of renal maturation to a
second ruminant, the goat.

METHODS

Clearance of inulin (GFR) and clearance of p-aminohippurate (PAH) were
measured in nine unanaesthetized female goats ranging in age from 1 to
78 days. The animals were studied serially at two or three different ages.
After a subcutaneous administration of inulin (200mg/kg) and PAH
(120 mg/kg), an equilibration period of 50 min was allowed before three 20-
or 30-min urine samples were collected through a Foley catheter. Blood
samples were obtained from the jugular vein 5 min before the midpoint of
each urine collection period to correct for urinary dead space.

Six kids aged 2-82 days and one adult goat were subjected to renal PAH
extraction studies. The animals were anaesthetized with sodium pentobarbital
(25mg/kgi.v.) and prepared surgically for the study as described previously?.
A priming dose of inulin (40 mg/kg) and PAH (30-60 mg/kg) was adminis-
tered followed by constant infusion of inulin (0.6 mg kg~ *min ~!) and PAH
(0.4-1.0mgkg ~ 'min ~ ') in physiological saline at a rate of 0.2-0.5 ml/min.
After an equilibration period of 30 min three 20-min urine samples were
collected. At the midpoint of each period arterial and renal venous blood
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samples were obtained simultaneously. Systemic arterial blood pressure was
monitored continuously by means of a Statham transducer P 23 AA.

Urine and plasma were analysed for inulin by the hexokinase method?! and
for PAH by the method of Bratton and Marshall?.
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Figure 5.1 (a) Kidney weight as a function of body weight during the neonatal period in the
goat. (b) Plasma concentrations of inulin and PAH, after subcutaneous administration, plotted
on a semilogarithmic scale. 0, v: 1day old goat; e, ¥:66day old goat. The arrows indicate
the period during which clearance measurements were performed
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POSTNATAL DEVELOPMENT OF RENAL FUNCTION IN GOATS
RESULTS

Relationship between kidney weight and body weight

The kidney weight and body weight were closely correlated over the age range
studied (r=0.97, p<0.001) (Figure 5.1 (a)). In order to present the results
per gram of kidney, the kidney weight was calculated for each subject using
the equation:

Kidney wt. (g) = 1.12+5.65 X body wt (kg)

Glomerular filtration rate and clearance of PAH in
unanaesthetized goats

As illustrated in Figure 5.1 (b) the subcutaneous administration of inulin
caused a constant plasma concentration during the urine collection periods.
Glomerular filtration rate (GFR) increased slightly from birth to 2 weeks of
age whether comparisons were made on basis of body weight or kidney
weight (Table 5.1). At 2 weeks GFR was similar to that found at 10 weeks
suggesting that the mature level was reached during the first 2 weeks of life.

The absorption of PAH was rapid with maximal plasma concentration
obtained within 20-30min following injection. Accordingly, the plasma
PAH concentration declined during the experiments (Figure 5.1 (b)). Clear-
ance of PAH (Cpan) per kg body weight or per g kidney weight increased
twofold from birth to adult level attained at 2 weeks (Table 5.1).

As a consequence of the more pronounced increase in Cpan than in GFR
theratio Cpau/GFR increased with age (Table 5.1). (The ratio was calculated
for each subject.)

Table 5.1 Glomerular filtration rate (GFR) and PAH clearance (Cpan) in unanaesthetized
goats aged 1-78 days (mean +SD)

Age Body wt. GFR Cpan Cpan
mlmin~'kg”™! mlmin~'g~! mlmin~'kg™' mimin~'g~!

days kg Body wt. Kidney wt. Body wt. Kidney wt. GFR

1-3 2.6+0.4 2.1+0.6 0.35+0.09 5.5+0.5 0.90+0.08 2.76+0.82

N=5

14-20 4.9+0.8 3.3+0.2 0.56+0.04 10.2+0.8 1.74+0.14 3.15+0.36
N=5

64-78 12.5+1.0 2.8+0.5 0.48+0.09 12.8+2.9 2.22+0.51 4.66+0.90
N=9

PAH extraction and renal blood flow in anaesthetized goats

Renal PAH extraction (Epan) appeared to increase with age in parallel with
Cpan, reaching the mature value within the first 2 weeks of life (Table 5.2).
In general, the values for GFR and Cpau measured simultaneously with Epag
were a little lower than those found in unanaesthetized goats (Tables 5.1 and
5.2).
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Table 5.2 Renal PAH extraction (Epan) and renal blood flow (RBF) in anaesthetized goats
of different age

Age Body wt. GFR Cpan RBF FF MAP
mlmin-!g-! mlmin!g™! mlmin~!g™!
days kg Kidney wt. Kidney wt. Epan  Kidney wt. F mmHg
2 34 0.39 0.62 0.42 2.25 0.26 65
16 4.0 0.43 1.03 0.84 1.89 0.35 115
16 4.8 0.49 1.49 0.87 2.52 0.29 90
36 9.0 0.47 1.43 0.71 2.89 0.23 100
74 18.0 0.33 1.50 0.68 4.03 0.15 105
82 17.0 0.33 1.06 0.62 2.83 0.20 120
adult 20.0 0.41 1.89 0.88 3.12 0.19 135

Renal blood flow (RBF) was calculated by applying the formula:
RBF = (Cpan/Epran)/(1 — venous haematocrit)

RBF related to kidney weight tended to increase with age (Table 5.2)
Mean arterial blood pressure (MABP) was markedly lower at birth than
found after the 2nd postnatal week (Table 5.2).
The fraction of plasma filtered (FF), measured as GFR/(Cpan/Epan)
varied from 0.26 to 0.35 during an early postnatal age and from 0.15 to 0.20
at the end of the period under study.

DISCUSSION

The observed maturational changes in GFR, Cpanu, and Epan in goats are
compared with those previously reported for various species in Table 5.3.
The rise in GFR corrected for kidney weight in goats corresponds well with
findings in sheep? and cattle!® 20 but is somewhat smaller than that observed
in pigs® and much smaller than those seen in dogs'4, rabbits!®, and rats!2. The
different levels of maturity in GFR at birth may partially be attributed to the
different degree of anatomical development between species. In sheep?? and
cattle’ the formation of new nephrons terminates during fetal life, whereas
it continues until 3 weeks after birth in pigs®, dogs!?, rabbits!'®, and rats!’.
No study has been published on the anatomical development of the goat
kidney. Several factors including enlargement of the filtering area!s:!®,
changes in the permeability of the filtering membrane!4, increases in effective
filtration pressure?* and glomerular blood flow?:3 are considered to contri-
bute to the development in GFR. In the newborn sheep the glomerular blood
flow appears to be the main determinant of the rise in GFR?22,

During the early postnatal period, the filtration fraction increases in dogs!*
and rats!2, while it remains constant in infants® and pigs®. The few experi-
ments in the present study do not allow any conclusions to be drawn concern-
ing the age-related change in the filtration fraction in goats. However, the
data seem to present a conflict in that the filtration fraction declines after
the renal functions have reached adulthood. This paradox may partly be
explained by the variation in Epan.
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Table 5.3 Postnatal development of glomerular filtration rate (inulin clearance), clearance of
PAH and PAH extraction in various species

Species Age GFR Cpan Epsn Reference
mlmin-'kg-! mlmin-'g-! mlmin-'kg-! mlmin-'g-!
days Body wt. Kidney wt. Body wt. Kidney wt.

Rat 1-3 0.3 0.04 2.6 0.36 0.21 12
16-18 2.0 0.33 5.6 0.94 0.74
Rabbit 10 0.3 0.04 1.2 0.15 0.29 16
28 1.6 0.31 5.1 0.96 0.72
Dog 2-8 1.5 0.18 1.8 0.22 0.23 14
60-77 5.0 0.90 12.4 2.21 0.77
Pig 1-3 2.2 0.27 8.4 1.02 0.75 8
56-79 3.0 0.59 8.7 1.72 0.87
Goat 1-3 2.1 0.35 5.5 0.90 0.42  Friis
64-78 2.8 0.48 12.8 2.22 0.73
Sheep 2-4 2.7 0.32* 5.5t — — *2
53-79 2.6* 0.54* 12.7F — — 1
Cattle 1-3 1.8 0.47 6.2 1.61 — 10
adult 1.8 0.87 — — — 20

As for GFR the age-related increases in Cpan and Epay are less pro-
nounced in goats than found in dogs!4, rabbits!®, and rats!2. Factors
considered to account for the developmental changes in Cpay and Epany
include increases in tubular mass!? 23, intrinsic transport capacity!!>23, and
peritubular blood supply’. Recently, Evan ef al.” have shown that the young
puppy kidney does not possess peritubular capillaries, but instead sinusoidal
vessels that connect directly to the venous system. This creates a shunt in that
the blood flow from the efferent arteriole would be directed into the venous
system, thus bypassing the proximal tubule. Accordingly, only a small load
of PAH may reach the developing proximal tubule, resulting in a low
secretory rate and subsequently a low extraction ratio.

The age-related increase in the ratio Cpau/GFR observed in the present
study indicates a greater postnatal rise in the tubular than in the glomerular
function. This increase may be related to the above mentioned change in
intrarenal vascular structure as well as to a demonstrated morphological
imbalance between glomerular and tubular growth!322,

In summary, the present study demonstrates a postnatal rise in GFR, Cpay
and Epan in goats. Mature values are reached within the first 2 weeks of life.
The observed changes agree well with findings in other ruminants but are less
pronounced than those seen in most laboratory animals.
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6
Developmental patterns of
penicillin G excretion

C. R. Short

The old adage reminding us that ‘the newborn infant is more than a miniature
version of the adult’ is never more important than when considering drug
therapy. Indeed, during the immediate postnatal period, the infant is
biochemically, physiologically and microbiologically distinct from the adult
of its species. Since drug therapy is designed to manipulate biochemistry,
physiology, or flora, it is not unexpected that the approach to treatment of
disease in the newborn has unique features.

Almost all drugs, or their metabolites, are removed from the body to some
extent via renal excretion. The mechanisms operative in renal excretion are
glomerular filtration, active proximal tubular secretion, and passive tubular
reabsorption. Since the fetus produces only very small amounts of urine, if
any (depending on species), it is obvious that profound changes take place
at birth. Of particular interest are the (a) increase in renal plasma flow, (b)
functional development of glomeruli, (c) the maturation of active secretory
processes in the proximal tubule and an increase in tubular mass, and (d)
changes in urinary pH which affect the reabsorbability of drugs in the lower
nephron. These processes change at different rates in different species, as do
the elimination profiles of most drugs that have been studied to date.

Since many antibiotics are eliminated primarily via renal excretion, it is
apparent that there may be substantial age-related changes in halflife for
these agents in the early postnatal period. Very few studies, however, have
examined the pharmacokinetics of antibiotics in the newborn, particularly
the offspring of domestic agricultural species. Two recent papers!® 2* have
reported marked age-related changes in chloramphenicol halflives in the pig
and calf, respectively. Both of these groups observed marked declines in
halflife during the first week, with smaller decreases in the ensuing weeks.
Since chloramphenicol is also extensively metabolized, principally by
glucuronidation, the rate of maturity of this function (and biliary excretion)
in the liver will influence these changes in halflife.

In order to evaluate the influence of renal maturation on excretion, we
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have chosen to study the developmental pharmacokinetics of penicillin G.
This antibiotic is rapidly excreted via active tubular secretion in the adult.
Thus, its excretion would be affected as much as that of any antibiotic by
deficiencies in the newborn kidney. These studies were conducted in the pig
because it has a very marked deficiency in hepatic drug metabolizing
mechanisms at birth!%:20.21 and we were interested in whether or not the
active renal acidic secretory system developed in parallel with drug
metabolism. We have also studied the calf, because of its precocious develop-
ment of inulin and p-aminohippuric acid (PAH) clearances®, which suggest
a very rapid development of renal function.

ANATOMICAL DEVELOPMENT

Numerous studies have described the morphological character of the rat
kidney at birth, and its development over the first several weeks of life.
Postnatal nephrogenesis has been found to be a marked feature of the rat
kidney3. The number of nephrons tripled between birth and 28 days. The
peripheral neogenic zone developed slowly with age and did not appear to
contain functional nephron units at birth. Many of the proximal tubules,
even of the inner cortex, were characterized by poorly developed microvillae.
At birth, the glomeruli of the rat are in various stages of formation, and the
tubular system is likewise not fully formed*. The brush border of the
proximal tubules is very poorly developed and the loop of Henle is weakly
differentiated. Renal papillae are short, and the collecting tubules are few in
number. The mitochondria of the proximal tubule are round rather than
elongated, as in the adult, and they do not have the basal orientation
characteristic of the adult. We have confirmed the embryonic state of the rat
kidney at birth by scanning and transmission electron microscopy??.

The kidney of the rabbit has been shown also to be quite immature at
birth, from a morphological standpoint!®. The kidney of man, however, has
been reported to be highly differentiated at birth’8-13:26 and it is well known
that the human fetus produces urine as early as the mid-trimester. It is
also well established that the full-term human infant possesses a full comple-
ment of glomeruli, and that the number of nephrons does not increase after
birth. Indeed, the presence of a subcapsular neogenic zone is indicative of
prematurity of the newborn!3, There is, instead, a considerable increase in
tubular tissue and tubular volume in each nephron® with age. The proximal
tubules in the full-term infant are small in relation to their corresponding
glomeruli, and glomerulotubular balance develops over a period of several
months. There is also a decrease in the heterogeneity of glomerulotubular
units, which is quite prominent at birth’.

We have examined the morphological development of pig kidney for com-
parison with man and the rat, which are at opposite extremes with regard to
the extent of neogenesis after birth. It is apparent that the pig is more similar
to man, although there is a distinct subcapsular neogenic zone in the newborn
piglet, which is evident for at least 3 weeks.
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Figure 6.1 Scanning electron micrograph of a glomerulus of a 12-24h old pig. Kidney was
perfused with 4% formal-1% gluteraldehyde solution, dehydrated in an alcohol series, critical
point dried, and sputter coated with gold-palladium alloy. High magnification provides an
evaluation of podocyte cell body (CB) and filtration slit (FS)

The glomeruli of the inner cortex are considerably larger and contain more
podocytes on the first day than those of the rat. Higher magnification (Figure
6.1) provides an evaluation of the degree of podocytic branching, which is
also more advanced than in most glomeruli of the rat. While not all cells show

Figure 6.2 Glomerulus of a 4day old pig. Specimen prepared as described above illustrating
extensive interdigitation of podocytic feet. Filtration slits (FS)
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this degree of differentiation, filtration slits surrounding the glomerular
capillaries are evident. Figure 6.2 shows a higher degree of organization at
4 days of age. Under high magnification, primary, secondary and tertiary
branches are observed on nearly all podocyte cell bodies. Between 4 and
21days (the oldest age examined) it was difficult to distinguish morpho-
logical differences in glomerular structure by scanning electron microscopy.

Transmission microscopy, however, reveals that the endothelial cells of the
capillary vasculature within the glomerulus have not yet developed a lumenal
character (Figure 6.3). While the podocytic feet are observed attached to the
basilar lamina, forming filtration slits, there are few clear fenestrations on

(a)

(b)

Figure 6.3 Transmission electron micrograph of a portion of a glomerulus within the inner
renal cortex of a 12-24h old pig. (a) Kidney was perfused, osmicated, dehydrated and em-
bedded in Epon/Araldite resin. Podocyte nucleus (PN), filtration slits (FS), basilar lamina (BL),
enclothelial cell nucleus (EN) ( x 4900). (b) Cross-section of a proximal tubule from the inner
renal cortex. Nucleus of tubular epithelial cell (N), microvillae (Mv), mitochondria (Mi) ( x 3100)
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the capillary side of the membrane. Moreover, the nucleus and cytoplasm of
the cell fill the intracellular space, and there is little or no lumen present.
There was very little heterogeneity in the degree of endothelial cell imma-
turity within any single glomerulus examined. Larger lumens were observed
in other glomeruli, but in no case was a typically mature endothelial cell
observed. By 3 weeks of age, nearly all glomerular capillaries in the inner
cortex are of characteristic adult morphology.

The proximal tubular segment of the typical nephron from the pig also
appears to be more mature than that of the rat. A prominent ‘brush border’
of microvillae is present in nearly all cross-sections, and can even be observed
under light microscopy. As seen in Figure 6.3, the nuclei also have a basilar
orientation, and the mitochondria are numerous and elongated as in the
mature kidney. By 4 days of age, however, the cells lining the tubule clearly
show more organization, increased nuclear density, and increased membrane
development. By 3 weeks of age, a more obvious tubular lumen is evident.

To summarize, the kidney of the newborn pig is, from a morphological
point of view, much more mature than that of the rat, but shows structural
characteristics which would suggest functional immaturity. Particularly
striking is the lack of capillary endothelial cell differentiation, and it is
tempting to propose that the postnatal decrease in renal resistance observed
in the pig® is at least partly a function of increase in endothelial cell lumen.

FUNCTIONAL STUDIES

Two commonly studied parameters of renal function are the measurement
of inulin clearance and the clearance of para-aminohippuric acid (PAH). The
former is useful as an estimate of glomerular filtration rate (GFR), while the
latter provides an estimate of active tubular secretion and effective renal
plasma flow. Clinical studies!® in human infants indicate that GFR increases
rapidly in the newborn human infant, reaching the normal adult range of
values within 5-10days after birth when calculated on the basis of cell
mass. Rapid increases in mannitol clearance (Cy,) per unit surface area are
observed over the first 2 weeks of life2¢. However, marked species differences
in the rate of GFR increase, as measured by inulin clearance (Cin), have been
reported. Therat at 1 day of age is reported to have a very low GFR compared
to the dog!!, the sheep?!, and the cow®. The calf, in particular, is reported to
increase Cin very rapidly, achieving an essentially mature filtration rate by
the second day after birth. Comparable data has not been found in the
literature for the pig.

PAH clearance (Cpan), likewise, varies among species in their postnatal
development. In contrast to the relatively rapid increase in Cix in human
infants, tubular secretory activity (Cpan) increases slowly, and does not fall
within the adult human range of values for at least 1 month of age!®. A
relatively slow increase in Cpay is reported?® compared to Cp,.

Indeed, the filtration fraction (Cm/Cpan) decreased slowly during the first
few months after birth. The maximal tubular excretory capacity (Tmpan)
increased slowly for approximately 30 weeks. The Cpan/Tmpay ratio fell
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rapidly to a value which did not change from that point to 2 years of age,
suggesting a proportional increase in renal blood flow accompanying
development of the tubules. The initially high values could be explained by
an anatomic imbalance between glomerular and tubular development, the
former being favoured by a disproportionally large glomerular surface or
increased glomerular pressure. The imbalance might also be caused by a
decreased PAH extraction ratio®.

In the human infant, the apparent anatomical imbalance between
glomerular and tubular development probably explains the rapid increase in
filtration rate, relative to body surface area, and the slower development of
tubular excretory function and effective renal plasma flow. Once again,
however, substantial species variations are apparent, as studies in the rat,
dog, sheep and cow have shown developmental profiles similar to those for
Cin in these species. The most rapid increase in Cpau has been reported in
the calf® where adult values are observed by the second day after birth. The
only data available on the pig?® indicates that PAH excretion is limited to
the proximal tubule in both the neonate and the adult.

Renal blood flow has been measured as a function of postnatal age in the
pig, and found to increase over 18 fold in the first 45 days of life®. To avoid
the possibility of lower PAH extraction efficiency in the newborn pig, the
flow was measured with scandium-96 nuclide microspheres. A 7.2 fold
increase in cardiac output was calculated over this period, and an 86% drop
in renal vascular resistance, which together could largely account for the
increase in renal flow.

Another method which has been developed to study the active tubular
secretion of organic acids is the renal cortex slice-binding experiment. This
in vitro assay measures renal cortical slice uptake of an acidic substrate, such
as PAH or penicillin, or a base, which is commonly tetraethylammonium
(TEA). The inference made is that binding occurs to a transport protein, and
may be an index of the activity of the acidic or basic secretory mechanisms
in the proximal tubule. For example, it has been shown that the binding of
both PAH and TEA increased over the first several weeks after birth in the
dog!”. Studies in the pig show that with both substrates, binding increases
with age in the subcapsular cortex, but remains fairly constant in the deeper
cortex. This is reasonable to expect if there is some degree of nephrogenesis
occurring during the first several weeks in the pig. The exact meaning of these
studies is, however, difficult to define, as binding of PAH was shown to be
higher in the near-term fetal pup than at birth. A similar finding was reported
in rabbits!4, and mitigates against a correlation between binding and active
secretion.

EXCRETION OF PENICILLINS

Deficiencies in filtration and tubular secretion at birth would be expected to
cause prolonged elimination of most antibiotics. If effective renal plasma
flow is low at birth, one would expect that the excretion of penicillin would
also be reduced, as it is actively secreted by the proximal tubule in the same
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manner as PAH. Several studies in the human infant indicate that this is the
case, i.e. that the clearance of penicillin roughly parallels Cpau during the
first 2-3 months after birth. Comparing clearances of penicillin G in prema-
ture infants and children, it was found that the infants, which weighed
approximately 2.3 kg and were 4-8 days old, had clearances of about 10
ml/min compared to almost 400 ml/min in children aged 8.5-11.6 years?.
Corrected for surface area (1.73 m?), the difference became 102 ml/min vs.
596 ml/min. Penicillin clearance is correlated with prematurity and postnatal
age and much lower clearances are reported in infants weighing less than
2.0kg who are less than 7 days of age than those over 2kg and over 1 week
old!2, Similar findings have been reported for the semi-synthetic penicillins,
and the reader is referred to a review!? for further details on human clinical
studies.

Although penicillin has been a standard for bacterial therapy in the
newborn for several decades, there have been no discrete pharmacokinetic
analyses reported in any species which have described the developmental
changes in penicillin G clearance.

A pharmacokinetic analysis of penicillin G excretion in the newborn pig,
and in 5, 10 and 15 day old pigs is presented in Table 6.1. In this study, Na
penicillin G was injected intravenously (45451U/kg) and plasma samples
were drawn at varying intervals from 5 to 100 min postinjection. Plasma was

Table 6.1 Summary of Ty,23 and body clearance values (Cls) for penicillin G injected intra-
venously at a dose of 4400 IU/kg in pigs of the Landrace breed of either sex and in male calves
of the Holstein breed

AGE
Parameter Units ha—
12-24 h 5d 10 d 15 d
[one compartment
Tisp min 25.5 22.3 20.2* | 21.4
CL g ml /min/kgq 2.08 2 50 3.61* 37 *
»
o
E two compartment
Tisy p min 47.42 28.1 25.7 257
CLg ml/ min/kg .71 2.06 3.47% 3.23*
.
L({J)P
S T/ min 29.7 25.7 27.6 235
d
g CLg m!/min/ kg 2.98 4.83 3.1 4.65*

» #= from 12-24nh at PLO.05
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analysed for penicillin by the cylinder plate method, using Sarcinia lutea as
the test organism. Data were analysed by a least-squares non-linear method.

Data for all pigs appeared to fit a two-compartment model in the 12-24h
old animals, but a gradual shift to a one-compartment profile was noted with
age. For this reason, data are presented which represent both one- and two-
compartment analysis. By one-compartment analysis, there was a significant
decrease in the T;,5 between the day of birth and 10 days after birth. This
was also reflected by an increase in body clearance, which had increased by
75% at 10days of age.

By two-compartment analysis, there were no significant changes in T1,2g,
even though the newborn pigs had a higher mean value (and a high vari-
ability). Clearance values increased by 10 and 15days, as in one-
compartment analysis, and had doubled by 10days.

Even though it is possible to observe a significantly deficient Clg for
penicillin on the day of birth, the newborn pig must be credited with a highly
efficient mechanism for excreting penicillin. In spite of the appearance of
glomerular capillary cells and the previously mentioned report that effective
renal blood flow increases 18 fold in 45 days, there is obviously enough renal
capillary flow to present penicillin to an active and relatively mature tubular
penicillin secreting mechanism. One other interpretation that must be con-
sidered, and may play a partial role, is that very low plasma albumin levels,
characteristic of the newborn pig?3, may allow a much higher fraction of
penicillin to be filtered (because of lower fractional plasma protein binding).

We have recently conducted a similar study in the calf. As noted above,
it is known that Cix and Cpanu develop very rapidly after birth, or at least
that adult range values are apparent by the second day in this species. Our
preliminary studies indicate that the calf kidney is more mature than that of
the pig on the day it is born, in that there is little or no subcapsular neogenic
zone. We anticipated that the newborn calf would be capable of excreting
penicillin, and as seen in Table 6.1, we were essentially correct. The Ty, did
not change significantly over the 15days of the study, although clearance
values were higher by the 5th (and 15th) days of age.

CONCLUSIONS

The kidney of the pig has a high degree of morphological maturity at birth,
but still undergoes considerable glomerular development, and probably an
increase in tubular mass. It is known that large increases in renal blood flow
occur over a period of 1-2months, and that part of this increase results
from reduced renal resistance. In spite of these developmental changes,
however, the newborn pig has a remarkable ability to excrete penicillin, as
does the neonatal calf. While we have not attempted to measure age-related
changes in the tubular maxima for penicillin, the elimination rate constants
for a therapeutic dose of the drug approach those of the adult very soon after
birth in the pig and calf.

It is tempting to attribute this maturity to the efficiency of the proximal
tubular secreting mechanisms, but this interpretation cannot be substan-
tiated at present. In the pig, it is quite possible that low plasma albumin levels
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play some role. Additionally, competition studies (as with probenecid) would
be necessary to relate changes in plasma decay to the active proximal tubular
secretory mechanism known to exist in the adult.
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7
Drug effects during development
and carcinogenicity

G. M. Williams

Animals in early developmental stages differ substantially from their mature
counterparts in susceptibility to the adverse effects of xenobiotics. In the
response to some agents that require biotransformation for activity, develop-
ing animals can be more resistant than adults because of undeveloped
xenobiotic biotransformation enzyme systems. More often, developing
animals are more sensitive to adverse effects because of one or more of
several characteristics, including undeveloped xenobiotic detoxification
enzyme systems, vulnerability of replicating cells to injury, susceptibility of
regulatory systems to modulation and susceptibility of systems concerned
with differentiated function.

Perinatal exposure of animals to chemicals can produce adverse effects
specific to the developing animal including malformation and permanent
enzyme and endocrine modulation. Other perinatal adverse effects which
also occur in mature animals are physiological disturbances, a variety of toxic
effects including perturbations of the immune and endocrine systems,
behavioural disorders, and cancer.

The response of the developing animal to drugs is a complex function of
the drug-recipient interactions, the biological effects of the drug and the
developmental status of the organism.

PERINATAL XENOBIOTIC INTERACTIONS

The interactions of xenobiotics with developing animals are determined by
the same factors that influence interactions in mature animals. These consist
principally of the type of exposure, absorption, distribution, biotrans-
formation and excretion of the chemical. The contribution of each of these
factors to xenobiotic effects in developing animals has special characteristics.
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Xenobiotic exposures and absorption

The nature of xenobiotic exposures differ during three distinct states of
development - in utero, postnatal preweaning and postweaning develop
ment. In utero exposures to xenobiotics result from exposure of the mother
and are dependent upon placental transfer of the compound or products of
maternal metabolism. During the neonatal period, ingestion is the main route
of exposure to xenobiotics.

Most xenobiotics absorbed by pregnant females rapidly traverse the
placenta of various species® 2! in spite of the fact that species differ markedly
in the structure of the placenta®. For example, in pigs and horses, the
epitheliochorial-type placenta possesses the maximum six tissue layers
separating maternal and fetal blood, while in rodents and primates, the
absence of the three maternal layers in the haemochorial-type placenta
permits maternal blood to bathe the chorion directly.

The movement of xenobiotics across the placenta occurs primarily by
diffusion, although it has an active transport system for concentrating
molecules in the fetus®. In particular lipid-soluble compounds, hormones
and most drugs are readily transferred across the placenta by this mechan
ism!-3, Thus, the major rate-limiting factor in placental transfer seems to be
blood flow to the placenta’.

The placenta possesses many types of xenobiotic biotransformation
enzymes®, particularly those involved in oxidation reactions. Biotransform-
ation of a compound by maternal or placental enzyme systems to polar
conjugates retards placental transfer, but placental biotransformation does
not constitute a significant impediment to passage of xenobiotics®.

Maternal-fetal pharmacokinetics have been studied mainly in the pregnant
ewe?! because of the relatively large size of the fetal lamb. Xenobiotics are
carried from the placenta to the fetus by the umbilical vein and as much as
50% of this blood flow is distributed to the fetal liver while the remainder
is shunted systemically. For most drugs that have been studied, transfer to
the fetus is very rapid, but under steady state conditions, the fetal concen
tration is lower than the maternal!.

Following birth, exposures of the developing animal can occur as a result
of transfer in maternal milk or by direct exposure. A variety of xenobiotics
have been found to be carried in milk!?-13, The composition of milk differs
between species'? and accordingly, exposures of neonates to xenobiotics by
this route are probably different.

For xenobiotics that are ingested by postnatal animals, the extent of
absorption from the gastrointestinal tract determines the systemic exposure.
Certain factors may affect absorption during developmental stages. In
newborns, the gastric acidity is often not as high (or the pH not as low) as
in adults, which permits bacterial colonization, and thus the presence of
bacterial enzymes such as nitroreductases, or azo dye reductase, capable of
metabolizing appropriate substrates leading to products whose absorption in
the small intestine may differ from that of the parent compound. Absorption
of xenobiotics in the gastrointestinal tract could presumably be different in
newborns as a consequence of distinct metabolism by bacterial or intestinal
enzymes, but this has not been documented.
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Exposures to xenobiotics during postweaning development are direct and
similar to those of mature animals. For exposures by the oral route, absorp-
tion is more similar to that of adults than is absorption in newborns because
of more advanced development. However, significant species’ differences in
absorption are well established. For example, an oral dose of the simple polar
compound nitrilotriacetic acid, a chelating agent, is absorbed by 80% in
dogs, 70% in rats and 23% in rabbits!’,

Xenobiotic disposition

In the passage of xenobiotics from the umbilical vein or intestine to the
systemic circulation, they may be biotransformed (see below) by the liver or
intestinal epithelium, liver and lung, respectively, resulting in presystemic
elimination. This ‘first pass’ effect reduces bioavailability. The disposition
of the fraction of a xenobiotic that gains access to systemic circulation is
further determined by tissue distribution, biotransformation and excretion.

The initial systemic distribution of a xenobiotic reflects cardiac output and
regional blood flow. A second phase of distribution is determined by subse-
quent diffusion of the chemical into tissues. Accumulation in tissues is
further affected by factors such as pH gradients, partitioning into fat, and
binding to intracellular constituents.

Tissue distribution of xenobiotics has been elegantly studied by the
technique of whole body autoradiography developed by Ullberg and co-
workers!. Using this approach, a variety of patterns of distribution have been
observed, mainly in the fetal mouse. For example, the antibiotic benzyl
penicillin is uniformly distributed in fetal tissues whereas thiouracil, a thyro-
static agent which has been used to promote growth in cattle, sheep and
swine, shows marked accumulation in the thyroid. The protozoacide, chloro-
quine, is accumulated in the uvea of the eye of pigmented mice?*.

Xenobiotic biotransformation

The biotransformation of xenobiotics in tissues is carried out by a variety of
enzymes depending upon the nature of the substrate. The reactions per-
formed on xenobiotics can be categorized into two types (Table 7.1), phase
I reactions in which the substrate is altered and phase II reactions in which
a specific group is conjugated to the substrate, often producing a product
with a sizeable increase in molecular weight and polarity or hydrophilicity.
Liver has the greatest capacity for xenobiotic biotransformation?®, but
kidney?®, lung!!, the gastrointestinal epithelium’and intestinal bacterial
flora?® are also involved.

Xenobiotic biotransformation in developing organisms is distinctly dif-
ferent from that of mature animals because of undeveloped enzyme
systems!-10-16_ The fetus develops xenobiotic biotransformation capability
early in gestation; in the human fetal liver it is present by the first trimester!?,
Generally, most organ enzyme activities are lower in fetuses and newborns
than in mature animals. However, some organ activities, such as liver uridine
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Table 7.1 Major pathways of enzyme-catalysed xenobiotic biotransformation reactions in
mammals

Phase I reactions

(1) Oxidation

(@) Mono-oxygenation
(i) Cytochrome P-450-dependent
(ii) Flavoprotein-dependent

(b) Dehydrogenation

(c) Other oxidation reactions
(i) Monoamine oxidation
(ii) Cyclooxygenase (endoperoxide synthetase)

(2) Reduction
(@) Azo linkages
(b) Nitro groups
(c) Carbonyl groups

(3) Hydrolysis
(a) Carboxylic acid esters
(b) Amides-peptides
(c) Sulphate esters
(d) Glycoside esters
(e) Epoxides

Phase II reactions

(1) Conjugation
(a) Glycosylation
(i) Glucuronide formation
(i) Riboside formation
(iii) Glucoside formation
(iv) N-Acetylaminoglycoside formation
(v) Xyloside formation
(b) Acylation
(i) Acetylation
(i) Amino acid conjugation
(c) Sulphation
(d) Glutathione conjugation
() Methylation

diphosphoglucuronyltransferase, which functions in biotransformation to
form water-soluble glucuronic acid conjugates, show a marked increase
following birth with eventual decline to lower yet substantial adult levels?>.

Biotransformation activities are similar in neonates of both sexes, but with
puberty in rats, sexual differentiation occurs in the activities of several types
of enzymes!4- 15, The sex differences in some of these enzyme activities have
been eliminated by hypophysectomy!3, which taken together with the expres-
sion of sex differences at puberty, suggests that control mediated by the
pituitary-hypothalamic axis is programmed during early development. The
development of this sex-dependent differentiation in domestic animals has
not been determined.

The effect of enzymatic biotransformation on tissue-xenobiotic inter-
actions depends upon whether the xenobiotic is active as the parent
compound or requires biotransformation to an active metabolite. For
compounds that are active in their parent form, biotransformation usually
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produces an inactive metabolite(s). For this type of agent, undeveloped
enzyme systems would permit greater persistence of the active compound,
enhancing the biological effects. In contrast, xenobiotics that require
biotransformation for activity may display less action in developing animals
because of undeveloped enzyme systems. In many instances, however, both
types of metabolism occur and it is the ratio of activation/detoxification,
which can differ with age and between species, that determines the biological
effect. Thus, the relative rate of development of type I enzyme systems
including those concerned with biochemical activation reactions, and of type
II enzyme systems, most often related to conjugation and hence detoxifi-
cation, is important. For many substrates, activation systems develop earlier,
accounting for the fact that newborn animals are often exquisitely sensitive
to adverse drug effects.

Xenobiotic excretion

Excretion of xenobiotics occurs in the fetus by diffusion into the maternal
blood bathing the placenta or by renal clearance. For reverse transfer of
xenobiotics from the fetal to the maternal compartment, the same factors
that determine fetal uptake (see above) govern excretion.

Chemicals cleared by the fetal kidneys are excreted in the urine and thence
into the amniotic fluid. In the neonate, and by inference in the prenate, renal
blood flow, and glomerular filtration rate are low and the capacity to excrete
organic compounds is limited®. Thus, organic anions, such as penicillin,
are poorly excreted. Because of low renal transport, newborns display
resistance to the nephrotoxicity of the antibiotic cephaloridine?®. Interest-
ingly, renal organic anion extraction can be stimulated by exposure to
substrates for transport. Such stimulation then enhances the nephrotoxicity
of cephaloridine.

In postnatal animals, xenobiotics or their metabolites are excreted primarily
by the kidneys into urine or by the liver into bile. Excretion is qualitatively
similar to that in mature animals although quantitative differences exist,
both for renal clearance as noted and liver clearance, primarily as a con-
sequence of immature mechanisms for excretion. As a generalization, for
compounds with a molecular weight of more than 350, the predominant
pathway is in the bile in rabbits and probably larger species, whereas com-
pounds with lower molecular weights are preferentially excreted in urine.
However, substantial species differences exist!®.

For compounds that are excreted in the bile as conjugates that can be split
by bacterial enzymes (sulphate esters, glucuronides, bile acid conjugates), the
liberated aglycone is partially or totally reabsorbed. Further liver-mediated
metabolism (enterohepatic cycle) then occurs.

PERINATAL RESPONSES TO XENOBIOTICS

The response of a developing animal to a xenobiotic is a complex function
of the xenobiotic-animal interactions discussed above, the biological effects
of the xenobiotic, and the developmental status of the animal. Of particular
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importance during development is the rate of cell proliferation in growing
tissues. Cells that are actively dividing are generally more susceptible than
resting cells to the toxic effects of xenobiotics. Thus, developing animals can
display either reduced or enhanced responses to xenobiotics depending upon
the contribution of several factors.

Two responses which are specific or enhanced in developing animals are,
respectively, permanent enzyme and endocrine system modulation and
carcinogenesis.

Permanent enzyme modulation (imprinting)

Imprinting or programming of enzyme activity is a form of permanent
modulation of enzyme activity that results from neonatal exposure to
hormones or homonally active agents. This effect was first delineated by
Einarsson et al.3 for sexual differentiation of hepatic steroid metabolism.
Subsequently, imprinting of drug metabolizing enzymes was described!4.

The imprinting effect produced by hormones is manifested only in
postpubertal animals when sexual differentiation of enzyme activities (see
above) occurs. For enzyme activities that are normally higher in adult males
than in females, such as uridinediphosphoglucuronyl-transferase and many
oxidative activities, neonatal exposure of males to hormones such as
diethylstilboestrol or testosterone abolishes sexual differentiation (Table
7.2).

Table 7.2 Effects of neonatal diethylstilboestrol or testosterone proprionate on the sexual
differentiation of rat hepatic enzymes

Adult male/female specific activity ratios

Neonatal Neonatal
Enzyme Control diethyistilboestrol testosterone
Ethylmorphine demethylase 4. 1.3 1.6
Cytochrome P-450 1.1 1.0 1.0
Uridinediphosphoglucuronyl 1.9 1.2 1.4
transferase

Adapted from Lucier!’

Exposure of newborn rats to hormones alters their response later in life
to carcinogens that are biotransformed in the liver?’. Also prenatal or
neonatal exposure of animals to oestrogens and hormones generally pro-
duces a disturbance in the hypothalamo-pituitary axis resulting in persistent
oestrogenic stimulation? 4 such that animals are more suceptible to carcino-
genic effects in hormonally-responsive organs later in life!®.

Perinatal carcinogenesis

The transplacental induction of tumours and the sensitivity of neonatal and
infant animals to carcinogens is well documented!8:22:23_ The features of
perinatal carcinogenesis are summarized in Table 7.3.
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Table 7.3 Features of perinatal carcinogenesis

(1) No known carcinogen is active exclusively in the fetus or neonate.

(2) The sensitivity of the fetus or neonate varies from 100 times that of the adult to considerably
less.

(3) Low perinatal susceptibility often results from low biotransformation in the fetus or
neonate.

(4) Virtually no transplacental carcinogens are dependent upon maternal or placental
biotransformation for their activity.

(5) * Most tumours produced by perinatal exposure to carcinogens are histologically identical
to tumours occurring in adults.

For chemicals that require metabolic activation in order to exert their
carcinogenic effects?®, undeveloped xenobiotic biotransformation enzyme
systems can render younger animals resistant or at least with low sensitivity?3.
Nevertheless, many carcinogens are active transplacentally (Table 7.4) and
in the neonatal period. Some of these, including urethane which was used as
an anaesthetic in veterinary medicine, diethylnitrosamine and polycyclic
aromatic hydrocarbons such as benzo(a)pyrene, are more carcinogenic with
perinatal exposures than in adults. Importantly, all transplacental car-
cinogens except diethylstilboestrol and all carcinogens that are more active
in neonates than adults are of the type that damage DNA and hence are refer-

red to as genotoxic?’.

Table 7.4 Chemical carcinogens active with prenatal exposure

Alkylating agents

Diethyl sulphate

Dimethyl sulphate

Methyl methanesulphonate
1,3-Propane sultone

Aromatic amines
o-Aminoazotoluene
Benzidine

3,3’ -Dichlorobenzidine

Polycyclic aromatic hydrocarbons
Benzo(a)pyrene
7,12-Dimethylbenz(a)anthracene
3-Methylcholanthrene

Nitrosamines
Nitrosodiethylamine
Nitrosodimethylamine

Nitrosamides
Ethylnitrosobiuret
Ethylnitrosourea
Ethylnitrosourethane
Methylnitrosourea
Methylnitrosourethane
n-Propylnitrosourea

Triazines

Diethyltriazine
1-Phenyl-3,3-diethyltriazine
1-Phenyl-3,3-dimethyltriazine
1-Pyridil-3,3-diethyltriazine

Others

Aflatoxin B,

Azoethane

Azoxyethane

Azoxymethane

Crude cycad material (Methylazoxymethanol)

1,2-Diethylhydrazine

1-Methyl-2-benzylhydrazine

N-Isopropyl-a-(2-methyl-hydrazino)-
p-toluamide HCI (Procarbazine, Natulan)

Elasiomycin

4-Nitroquinoline-1-oxide

Safrole

Urethane

Hormone
Diethylstilboestrol

Adapted from Tomatis et al.22
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The greater susceptibility of perinatal tissues to genotoxic carcinogens is
largely due to the high rates of cell replication during development. The DNA
damage produced by genotoxic carcinogens can be repaired, but if it is not
and the cell replicates using the damaged DNA for a template, permanent
alterations in DNA result. These genetic alterations appear to lead to
neoplastic conversion of the cell. The higher rates of cell proliferation in
growing animals allow less opportunity for repair of DNA damage in divid-
ing cells and therefore increase the probability that a cell with damaged DNA
will replicate and give rise to an abnormal progeny.

A different type of transplacental carcinogen is the hormonally-active
substance diethylstilboestrol (DES), which produces adenosis and vaginal
cancer in experimental animals and humans!8. DES is non-genotoxic and the
restriction of its carcinogenic effects to hormonally responsive tissues sug-
gests that hormonal effects underly its carcinogenicity. The appearance of
DES-induced tumours at puberty may indicate abnormal functioning of the
endocrine system due to imprinting (see above) thereby leading to the
expression of neoplasia in cells altered by the in utero exposure.

CONCLUSIONS

A variety of characteristics render the developing organism different from
its mature counterpart in its response to drugs. These can result in adverse
effects such as permanent alteration of differentiated systems or increased
susceptibility to cancer. Thus, the special hazards of drugs in developing
organisms necessitate careful consideration of their use.
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APPENDIX

Assessment of carcinogenic
properties of veterinary drugs

Domestic animals are clearly susceptible to the carcinogenic effects of
chemicals, as shown by the production of experimental cancer in dogs and
rabbits and the development of bladder cancer in cows consuming bracken
fern. Also, tumours are regularly found in meat-producing animals?-7-8 in
spite of the fact that they are slaughtered at a young age. Nevertheless, the
potential carcinogenicity to recipient animals of veterinary drugs does not
appear to be the subject of regulatory concern, at least in the United States,
probably because of the generally short durations of usage of drugs in
domestic animals relative to their lifetime or to their maintenance prior to
slaughter. Situations exist, however, such as the administration of drugs to
long-lived household pets or to experimental animals being used to assess the
effects of other agents, where carcinogenic effects could be manifested.

The major concern regarding the potential carcinogenicity of veterinary
drugs involves residues in consumable tissues of food-producing animals. In
the United States, under the Federal Food, Drug and Cosmetic Act, the Food
and Drug Administration (FDA) is charged with determining whether a com-
pound to be given to food-producing animals may be carcinogenic and
whether its use may leave carcinogenic residues in edible tissues. The regu-
lations that were proposed by the FDA in 1979 to establish the criteria by
which data on carcinogenicity would be collected generally required lengthy
data collection. This was perceived to be unnecessary for certain drugs and,
therefore, revised guidelines were proposed in 19822,

The new guidelines (Table 7.5) utilize a ‘decision-tree approach’ for the
determination of whether a sponsored compound should be evaluated as a
carcinogen. These guidelines correspond closely to the first steps in the
Decision Point Approach (DPA) (Table 7.6) proposed by Weisburger and
Williams in 1978!! for evaluating chemical carcinogens. The major differ-
ence is that the FDA guidelines do not include limited in vivo bioassays as
a step intermediate between in vitro short-term tests and chronic bioassay.
The validity of such assays is well established!8, in addition to which they
provide a means of reducing the costs of testing and the use of experimental
animals. Therefore, the decision point approach to carcinogen testing is
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Table 7.5 1982 Food and drug administration factors for assessment of potential carcinogenic
significance

Compounds are assigned to four categories A-D reflecting increasing carcinogenic potential
of veterinary drugs based upon:

(1) Chemical structure,

(2) Data from short-term genetic toxicity tests,

(3) Other biological, physiological or pharmacological data,
(4) Data from subchronic or chronic feeding studies.

Food and Drug Administration, Federal Register, 47, 4972-7, 1982

Table 7.6 The decision point approach for evaluation of carcinogens or promoters

A. Structure of chemical

B. Battery of in vitro short-term tests
(1) Hepatocyte DNA repair,
(2) Bacterial mutagenesis,
(3) Mammalian cell mutagenesis,
(4) Mammalian cell chromosome effects,
(5) Mammalian cell transformation (optional).

C. Panel of limited in vivo bioassays
(1) Induction of altered foci in rodent liver,
(2) Skin tumour induction in mice,
(3) Lung tumour induction in mice,
(4) Breast cancer induction in rats,
(5) Tests for promoting effects.

D. Chronic bioassay

E. Final evaluation

recommended as a means of effectively and reliably evaluating the carcino-
genicity of veterinary drugs.

THE DECISION POINT APPROACH TO CARCINOGEN TESTING

The DPA involves five sequential steps in the evaluation of the potential
carcinogenicity of chemicals (Table 7.6) which take into account new ad-
vances in chemical carcinogenesis. Of prime importance is the concept that
chemicals can increase the tumour incidence in treated animals, and thus be
called carcinogenic, by several distinct mechanisms, each with different
theoretical and practical consequences!4.

Briefly, carcinogens can be divided into two principal categories, geno-
toxic and epigenetic!?2. Genotoxic carcinogens are those with the capacity,
either in their parent form or following biotransformation, to operate as
reactive species and to damage DNA. Such carcinogens are active in genetic
toxicity tests. Epigenetic carcinogens do not form electrophilic reactants or
damage DNA. Rather, they operate by a variety of indirect mechanisms,
including chronic toxicity, solid state effects, hormonal effects, immuno-
suppression and cocarcinogenic or promoting effects. Thus, carcinogens can
be classified mechanistically (Table 7.7).

This concept of diverse mechanisms of action of carcinogens is addressed
in the DPA in two ways:
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Table 7.7 Classes of carcinogenic chemical

Type of agent Mode of action Example
Genotoxic
(1) Activation- Electrophile, interacts Ethylene imine
independent with DNA
(2) Activation- Requires conversion through Vinyl chloride,
dependent biotransformation by host to benzo(a)pyrene
type 1 2-naphthylamine,
dimethylnitrosamine
(3a) Inorganic Interact with DNA Hydrazine, nickel,
chromium

Epigenetic
(3b) Inorganic

(4) Cytotoxic

(5) Solid-state
material

(6) Hormonally-active

(7) Immunosuppressor

(8) Cocarcinogen

(9) Promoter

Not directly genotoxic, leads to
changes in DNA by selective
alteration in fidelity of DNA
replication

Chronic tissue injury
Mechanism unknown; usually
affects only mesenchymal cells
and tissues; physical form vital
Alters endocrine system balances
and differentiation; often acts as
promoter

Mainly stimulates ‘virally
induced’, transplanted, or
neoplasms

Enhances effect of type 1 or
type 2 agent when given at the
same time. May modify
conversion of type 2 to type 2
Enhances effect of type 1 or
type 2 agent when given
subsequently

Nitrilotriacetic acid
Polymer or metal foils,
asbestos

Oestradiol,
diethylstilboestrol

Azathioprine

Phorbol esters, pyrene,
catechol, ethanol,
n-dodecane, SO,

Phorbol esters, phenol,
anthralin, bile acids,
tryptophan metabolites,
saccharin

Based on Weisburger and Williams!2

(1) Genotoxic carcinogens are identified by effects in a battery of short-
term tests for genetic effects. In addition, in vitro systems are becoming

available to identify agents that operate via epigenetic mechanisms.

(2) A stepwise approach to testing provides a guide to minimal testing, but
with the recognition that all forms of subchronic testing may not detect
chemicals that can induce tumours in animals under specific conditions

upon chronic administration.

The battery of short-term tests utilized in the DPA may either eliminate
the need for further testing of the chemical or enable the verification of
carcinogenic potential in one of four limited in vivo bioassays for genotoxic
carcinogens. Thus, the DPA is a systematic stepwise approach to the reliable
evaluation of the potential carcinogenicity of chemicals which provides a
framework in which to minimize and optimize the necessary testing and, at
the same time, develop an understanding of the mechanism of action of a

test chemical.
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A. Structure of chemical

The evaluation starts with assessment of structure/activity relationships.
Present knowledge permits prediction of formation of possible electrophilic
intermediates with fair success within certain structural classes. In addition,
substituents that block carcinogenicity have been identified. Structure also
provides a guide to the selection of the most appropriate limited in vivo bio-
assay at stage C and should eventually be similarly useful in selecting in vitro
short-term tests at stage B.

B. In vitro short-term tests

A battery of in vitro tests is recommended since, as a consequence of the com-
plexities of metabolism and mechanism of action of chemical carcinogens,
no single test has detected all genotoxic carcinogens. Moreover, with positive
results in tests that are complementary in their metabolic parameters or end-
points, strong supporting evidence of carcinogenic potential is obtained.

An essential component of the battery is a microbial mutagenesis test since
such tests have been the most sensitive, effective and readily performed
screening tests thus far. The Salmonella/microsome test of Ames (see
Haroun and Ames, ref. 9) is the most widely used.

Mutagenesis of mammalian cells is also part of the battery because it is a
sensitive endpoint like bacterial mutagenesis, but involves the more highly
organized eucaryotic genome. Appropriate tests include assays for muta-
genesis at the hypoxanthine-guanine phosphoribosyl transferase locus in V79
or CHO cells (see Hsie in ref. 17) and mutagenesis at the thymidine kinase
locus in mouse lymphoma cells (see Clive in ref. 17).

Tests for DNA damage provide direct evidence that a chemical can alter
genetic material. Indicators of DNA damage that have been proposed include
DNA binding, DNA fragmentation, inhibition of DNA synthesis, and DNA
repair. Of these, DNA repair is a specific response to DNA damage that is
simple to measure and, unlike DNA fragmentation and inhibition of DNA
synthesis, cannot be produced by general toxicity. Thus, a DNA repair test
provides an endpoint of high specificity and biological significance. The
system of Williams (see Williams in ref. 9 and in ref. 17) which assesses DNA
repair in freshly isolated hepatocytes offers a test with intact cell metabolism
in the cell type with the broadest capability for xenobiotic biotransformation.

A chromosomal test is included to detect effects at the highest level of
genetic organization. Such tests, however, may respond to non-genotoxic
agents through effects on DNA replication, chromosome separation, etc.
Sister chromatid exchange (SCE) can be readily monitored and is therefore
recommended for a chromosomal level test. The best validated system at
present is that using CHO cells (see Wolff in ref. 9).

Cell transformation is considered for inclusion in the battery because this
alteration may be directly relevant to carcinogenesis. The correlation be-
tween production of transformation and carcinogenicity of chemicals
appears to be good in several systems®, but transformation assays are diffi-
cult and less widely available that the other systems described. Therefore, at
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present the performance of the first four tests is recommended with the use
of a transformation assay only if the battery results require amplification.

Decision point 1

Completion of the six steps (A plus B, 1-5) provides a basis for primary
decision making. If definite evidence of genotoxicity in more than one test
has been obtained, a chemical is highly suspect of carcinogenicity. In parti-
cular, because of the complementary nature of the biotransformation and the
endpoints in the mutagenesis test of Ames and the DNA repair test of
Williams, positive results in both systems provide strong and possibly certain
evidence of carcinogenicity. Since there is some redundancy between bac-
terial and mammalian mutagenicity, these two systems support rather than
extend the significance of positive results. An agent that is DNA damaging,
mutagenic, and clastogenic is virtually certain to be carcinogenic and, regard-
less, represents an unequivocal toxic hazard.

On the other hand, genotoxicity found in only one test requires interpre-
tation with caution. For example, mutagenicity has been obtained in bacteria
with compounds such as flavones having phenolic structures. In vivo, such
compounds are conjugated and excreted readily and thus far have not been
carcinogenic. Similarly, positive results only for mammalian mutagenesis or
SCE must be interpreted with caution. On the other hand, evidence of DNA
damage in the hepatocyte/DNA repair test strongly indicates covalent
binding to DNA, an established property of carcinogens. Any positive results
inthe in vitro battery can be extended through limited in vivo bioassays (stage
C).

A wide variety of structurally different organic chemicals capable of
forming reactive electrophiles are readily detected in genetic toxicity tests.
Other substances, such as solid state materials, possibly some metal ions,
hormones, and promoters, are negative in such tests and appear to operate
by indirect and complex mechanisms.

Most promoters are effective mainly on one tissue and thus require special-
ized protocols for detection. Potential promoters can be detected through
newly developed in vitro systems (Trosko et al. in ref. 9) or in vivo by expo-
sure to animals pretreated with a limited amount of a genotoxic carcinogen
for a specific target organ (stage C).

If the results in the battery of short-term tests yield no indication of geno-
toxicity, the priority for further testing depends on two criteria: (1) the struc-
ture and known physiological properties (e.g. hormone) of the material, and
(2) the potential human exposure. If substantial human exposure is likely,
careful consideration should be given to the necessity for additional testing.
The chemical structure and the properties of the material provide guidance
on the proper course of action.

C. Limited in vivo bioassays

This stage of testing is designed to yield further evidence of the potential car-
cinogenicity of chemicals with limited or equivocal evidence of genotoxicity,
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without the necessity of undertaking a costly and time-consuming chronic
bioassay.

The limited in vivo tests recommended!® are those that will provide defini-
tive evidence of carcinogenicity, including cocarcinogenicity and promotion,
in a relatively short period (i.e. 30 weeks or less). Unlike the in vitro tests,
these are not applied as a battery, but rather are used selectively according
to the information available on the specific properties of the chemical. An
important feature of limited bioassays is that positive results are definitely
significant, but negative results cannot be taken as evidence of lack of
carcinogenicity.

(1) Altered foci induction in rodent liver. In rats several distinct hepato-
cellular lesions, altered foci and hyperplastic (neoplastic) nodules
precede the development of hepatocellular carcinomas. The earliest
appearing of these, the altered focus, can be visualized by sensitive
histochemical techniques, including reactions for the enzymes y-gluta-
myl transpeptidase, glucose-6-phosphatase, adenosine triphosphatase,
and resistance to iron accumulation. Thus, the rapid production of foci
and nodules has been used for carcinogen screening. The sensitivity of
this approach for detecting genotoxins can be enhanced by subsequent
administration of a tumour promoter such as phenobarbital.

Since the number of ‘preneoplastic’ liver lesions produced by a
carcinogen is very great relative to the eventual numbers of tumours,
only small numbers of animals are required. Moreover, this approach,
unlike others to be described, can be applied to any species. Also, the
release of y-glutamyl transpeptidase from foci into the serum provides
a facile means of monitoring hepatocarcinogenic effects.

(2) Skintumour induction in mice. The carcinogenicity of a limited number
of chemicals and crude products can be revealed. readily upon con-
tinuous application to the skin of mice, producing papillomas or
carcinomas, or upon subcutaneous injection, yielding sarcomas.
Activity as initiating agents can be rapidly revealed by the concurrent
or sequential application of a promoter such as phorbol ester.

(3) Pulmonary tumour induction in mice. Certain mouse strains, especially
the A/Heston and related strains such as A/J, are extremely sensitive
to the induction of lung tumours by chemicals. The test must be con-
ducted with young mice to avoid the complication of the high incidence
of spontaneous tumours that develops later in life. Results are expressed
as the percentage of animals with tumours compared to controls, and
the multiplicity of tumours is an additional parameter indicative of
potency.

(4) Breast cancer induction in female Sprague-Dawley rats. Certain classes
of chemicals rapidly induce cancer in the mammary gland of young,
female Sprague-Dawley rats. These animals are most sensitive to the
effects of carcinogens with exposure at about 55 days of age. Multi-
plicity of tumours is an additional parameter of potency.
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(5) Assays for promoters. In addition to providing evidence of carcino-
genicity, limited in vivo bioassays can be adapted to specifically test for
promoting substances. For this purpose, small doses of a genotoxic
carcinogen active at specific target organs, such as skin, breast, colon,
urinary bladder, or liver, are applied, followed by the test substance.
The liver of certain commonly used mouse strains reacts as if it already
has an abnormal genome, and thus responds positively to promoters for
liver carcinogenesis.

Decision point 2

Positive results in two of the limited in vivo bioassays are considered un-
equivocal evidence of carcinogenicity. Also, positive results in two or more
of the in vitro tests reliably indicating genotoxicity, together with a definite
positive result in a limited in vivo bioassay, would indicate potential carcino-
genicity. Positive results in only one in vitro test and/or one in vivo test must
be considered equivocal.

The demonstration of promoting activity in any of the modified assays in
the absence of genotoxicity indicates a specific type of hazard of the chemi-
cal, deserving investigation as an epigenetic phenomenon.

D. Chronic bioassay

The DPA reserves a chronic bioassay as a last resort for confirming question-
able results in the more limited testing. Chronic bioassay would also be
applied for compounds that are inactive in the preceding stages but where
extensive human exposure is likely.

The requirements for the conduct of a chronic bioassay have been estab-
lished over a number of years*. In addition, however, testing should include
approaches to develop data on possible carcinogenicity through epigenetic
mechanisms. Also, multispecies and dose response data are most important
to permit the results to be realistically applied to human risk assessment. The
elimination of unnecessary chronic testing of many chemicals by application
of the DPA makes more extensive testing of suspected epigenetic agents
economically feasible.

E. Decision point 3 or final evaluation

Chronic bioassays as an endpoint in the DPA should yield definitive data on
carcinogenicity. The production of tumours in high yield in multiple organs
and with a short latency is indicative of a genotoxic effect, whereas a low yield
of tumours in select organs, particularly only liver, kidney or endocrine
glands, after lifetime exposure, suggests an epigenetic basis for the onco-
genicity.

Nonetheless, the results of the in vitro short-term tests must be taken into
account for an assessment of mechanisms of action and risk extrapolation

88



DRUG EFFECTS DURING DEVELOPMENT AND CARCINOGENICITY

to humans. Thus, convincing positive results in the in vitro tests together with
documented in vivo carcinogenicity permits classification of the chemical as
a genotoxic carcinogen. Such a chemical would be regarded as a qualitative
carcinogenic hazard!3,

In the absence of convincing evidence for genotoxicity of a chemical but,
nonetheless, indication of carcinogenicity in certain animal bioassays, it is
possible that the chemical is an epigenetic carcinogen. The reliability of this
conclusion depends upon the relevance of the in vitro tests. For example, the
failure of some stable organochlorine pesticides to show genotoxic properties
in the same liver cell systems as the in vivo target cell for these agents is a
powerful argument for an epigenetic mechanism of action6. The nature of
the epigenetic mechanisms are poorly understood, but are probably distinct
for different classes of carcinogens and may involve chronic tissue injury,
immunosuppressive effects, hormonal imbalances, stimulation of cell
proliferation, release of existing altered cells from growth control, or pro-
cesses not yet known. In any case, most types of agents acting via epigenetic
mechanisms have carcinogenic characteristics different from genotoxins!®.
Thus, these types of agents, in contrast to genotoxic carcinogens, may repre-
sent only quantitative hazards to humans and, with information from appro-
priate toxicological dose-response studies, safe levels of exposure may be
formulated!3. 1%,

APPLICATION OF DECISION POINT APPROACH TO
EVALUATION OF VETERINARY DRUGS

The DPA is a systematic process for evaluation of the carcinogenicity of any
type of chemical. Moreover, since the DPA provides mechanistic data for
human risk assessment, it is highly appropriate for evaluation of veterinary
drugs where the major concern is secondary human exposure.

Among drugs used in food-producing animals, hormonally-active com-
pounds which increase body weight and compounds to combat microbial
infections and parasitic infestations are widely used. An important example
is diethylstilboestrol (DES), a synthetic oestrogen which has been used as a
feed additive for cattle and sheep.

DES possesses a stilbene double bond and, therefore, has been suggested
to be capable of forming a reactive species that could damage DNAS. DES
has been reported to produce genetic effects in some systems, but is inactive
in most in vitro tests'. According to the mechanistic concepts underlying the
DPA (i.e. the classification of carcinogens detailed in Table 7.7), a non-
genotoxic agent with hormonal activity would have to be evaluated for the
possibility of production of tumours by a hormonal mechanism. Evidence
does exist that hormonal effects are the basis for the carcinogenicity of DES
both in animals and in humans!®. For example, with chronic exposure to
adult mice, DES produces mammary tumours only in mice carrying the
mammary tumour virus. Thus, its hormonal effects may exert a promoting
action on the mammary gland that facilitates the development of tumours
from cells initiated by the virus. Likewise, with high level exposure to
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neonates, tissue changes are produced in the hormonally-sensitive vaginal
epithelium. Neoplasia, similar to that in humans exposed in utero, occurs
only later in life when alterations produced in the endocrine system during
development may play a role. Therefore, the lack of convincing genotoxicity
in the battery and the dependence of carcinogenicity upon hormonal effects
permits the conclusion that DES is a type of epigenetic carcinogen that
requires a risk evaluation distinct from that of genotoxic carcinogens.

For hormonal substances there is a definite threshold below which they do
not perturb the endocrine system and hence are not carcinogenic. No evi-
dence exists that DES residues in food would result in the sustained levels in
adults or the extremely high levels in fetuses required for carcinogenicity.
Therefore, the data base provided for in the DPA, and the understanding of
the mechanisms of carcinogenesis that are integral to it, lead to the conclu-
sion that trace residues of DES in food do not represent a carcinogenic hazard
to humans. Similarly, other hormonal agents used in food-producing
animals such as trenbolone, zeranol and sex steroids hormones, can be ascer-
tained not to pose a threat to human health.

Several quinoxaline-type compounds are used for growth promotion and
the treatment of enteric diseases in swine. One of these, quinoxaline-1,4-
dioxide, produces liver and nasal tumours in rats!°. Therefore, two others,
carbadox and olaquindox, were tested in the Sa/monella/microsome test and
hepatocyte/DNA repair test. Both compounds were positive (Table 7.8).
Thus, as recommended in the DPA, they should be considered as potential
carcinogens. Moreover, since a structurally related compound is an estab-
lished carcinogen, support is added to this conclusion from structural con-
siderations. Regarding risk evaluation, these agents are carcinogens of the
genotoxic type, and therefore, they must be presumed to be a hazard at any
significant level of exposure.

Table 7.8 Genotoxicity of quinoxalines

Salmonella/microsome Hepatocyte/
TA 100 TA 1535 TA 98 TA 1537 TA 1538  DNA repair

Carbadox + - + + -
Olaquindox + - + - -

Carbadox is rapidly metabolized to several compounds including quin-
oxaline-2-carboxylic acid which is the most persistent residue. Quinoxaline-
2-carboxylic acid is therefore designated as the marker substance with a
regulatory level of 30 ug/kg. Thus, an individual consuming 100 g of pork
might ingest 3 ug or less than 0.06 ug/kg body weight. Tucker'® observed
carcinogenicity of quinoxaline 1,4-dioxide at 10mg/kg body weight con-
tinuously, but not at 1 mg/kg. Given this rather steep dose-response curve,
potential episodic exposures from residues representing less than 0.001% of
the carcinogenic dose would appear not to represent a hazard. However,
exposure of individuals engaged in feed preparation would require a different
evaluation.
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CONCLUSIONS

The DPA for carcinogen testing is applicable to the evaluation of veterinary
drugs and is compatible with FDA guidelines in the United States.

Using the data base that would be acquired under the DPA and the inter-

pretations derived from the mechanistic concepts incorporated into the
DPA, non-genotoxic hormonal substances used for growth promotion are
seen not to represent a human carcinogenic hazard whereas human exposure
to genotoxic veterinary drugs must be minimized.
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8
Chemical induced teratogenesis

P. Delatour

Teratology, a descriptive science until the 19th century, has entered an ex-
perimental phase, with pharmacological as well as biochemical approaches!.
Many substances are teratogenic for man (thalidomide, aminopterin,
diphenylhydantoin) and laboratory animals. Teratological accidents in
domestic animals reported since 1960 have not been from genopathic origin
but rather induced by drugs or food factors.

This chapter aims to demonstrate not only the diversity of incriminated
substances, and the species most sensitive, but mainly to illustrate the basic
laws of chemical teratogenesis in domestic animals. The main factors influ-
encing embryotoxic induction include (1) species sensitivity, (2) low ampli-
tude of the teratogenic stimulus, (3) concept of the critical period, (4) effect
of single dosage, and (5) distinction between general and specific teratogens.

SPECIES SENSITIVITY

The degree of sensitivity among animal species is not identical; some are even
refractory. Parbendazole is teratogenic in sheep'4: 13- 19:21 but not in pigs!?;
oxfendazole is also teratogenic in sheep?*, but not for cattle!é. Griseofulvin
is active in cats® 11-20 but does not seem teratogenic in dogs.

THE LOW AMPLITUDE OF THE TERATOGENIC STIMULUS

By definition, the ideal teratogenic agent is a substance which causes devi-
ations from the normal course of embryonic development without affecting
the health of the mother. The range of dosages at which the agent is effective
is such that it does not harm the adult, e.g. parbendazole is a teratogen in
sheep between 30 and 60 mg/kg whereas the maximum tolerated dosage in
adults is 1000 mg/kg. For thalidomide, the corresponding figures?: !3 are 30
and 1500 mg/kg respectively. There is a very narrow margin between the
posology which is teratogenic and that which is embryolethal. The optimal
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teratogenic dosage is often one which induces a moderate embryolethal
effect, e.g. for dogs, the teratogenic incidence of thalidomide is unnoticeable
at 500 mg/kg!8, very weak ‘in some cases’ at 400 mg/kg!’, of 26% at 100-
200 mg/kg?3, and finally of 37% at 30 mg/kg3. At high dosages the embryo-
lethal effect may cover the teratogenic effect or limit its expression by
provoking the death of the sensitive embryos.

CONCEPT OF THE CRITICAL PERIOD

Studies have shown that the teratogenic effect occurs only during organo-
genesis. At the initial stages corresponding to the ‘refractory period’ the
embryo expresses an all-or-nothing response to the aggression of the toxic
substance: embryolethality or a process of ‘regulation’ will occur giving rise
to normal further development. In the latter stages of histogenesis or ‘fetal
period’ the opposite occurs, malformations of dys- or aplastic type are no
longer possible and only functional troubles of tissular differentiation
appear. Table 8.1 lists data concerning experimental teratology.

Table 8.1 Implantation and teratogenic periods during the pregnancy of species of laboratory
and veterinary interest

Animal Implantation period Teratogenic period Length of pregnancy
species (day) (day) (days)

Mouse 5 5-15 21

Rat 5 5-15 22

Rabbit 7 8-16 29

Cat 13 5-20 55-63

Dog 17 8-25 55-70

Pig 15 10-24 115

Sheep 15-16 10-25 148

The data shows a long and delayed period in the histological and structural
differentiation of the reproductive organs and the nervous system. For
instance, trichlorfon in the pig is responsible for an ataxia syndrome, when
administered between day 45 and day 63 of pregnancy!?. It should be pointed
out that, contrary to what has been shown for laboratory animals, the terato-
genic period does not always occur after implantation, e.g. albendazole
causes exencephaly in sheep on day 12, thalidomide is active in the dog?
between day 8 and 20, 10-methyl-folic acid is teratogenic in the cat?2 between
day 5 and day 11, and cyclopamine from Veratrum californicum is terato-
genic on day 14 in the sheep?.
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Figure 8.1 Thoracic amelia in the sheep; cambendazole, single oral dose of 75 mg/kg, on day
21 of pregnancy

EFFECT OF SINGLE DOSAGE

It is understood from the laws of embryology that teratogenesis is a form of
acute toxicity since it can appear after a single administration of drug (Figure
8.1). Within the critical period the preliminary form of the different organs
does not develop synchronously and the nature of the abnormality produced
depends on the timing of the treatment. This concept is called the ‘terato-
logical calendar’. This calendar had been established for humans through
epidemiological research, and for laboratory animals through experiment.
For domestic animals, our knowledge is limited in this respect. The terato-
logical calendar for sheep is given in Table 8.2.

Severe abnormalities happen in the early teratogenic stage (head and face,
day 12-17; spinal column, day 16-21) whereas the less important malform-
ations occur at later stages (limb distortions, day 22-25). In the case of
cambendazole, taking into account the halflife in blood and the value of the
maximum no-effect level, it can be confirmed that thoracic amelia occurs on

Table 8.2 Teratological calendar of the sheep

Day 12 Exencephaly (albendazole)

Day 14 Cyclopia (V. californicum)

Day 16 Microphthalmia, fused vertebrae (parbendazole)

Day 17 Hare-lip, uterus aplasia, fused ribs, eye lids defects (oxfendazole)
Day 21 Thoracic amelia, kidney ectopia, scoliosis (cambendazole)

Day 22 Dysmelia (parbendazole)

Day 24 Arthrogryposis (parbendazole)
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day 21 in the sheep after about 18 h of drug stimulation, i.e. 1/200 of the
length of the embryofetal development in this species, or 1/20 of the terato-
genic period.

DISTINCTION BETWEEN GENERAL AND SPECIFIC TERATOGENS

This distinction! is a limitation in the concept of the teratological calendar.
The general agent harms all sensitive organs, and produces a variety of
damages. The specific agent has a precise target and strikes with an all-or-
nothing response depending on chronological considerations. For instance,
in sheep and rats, parbendazole, cambendazole and albendazole act as
general teratogens whereas cyclopamine produces a specific effect on day 14
but is not effective at any other period?.

ROLE OF METABOLISM

This concept is not related specifically to chemical teratogenesis but to
general pharmacology. It explains why, among anthelmintics from the benzi-
midazole family, fenbendazole and oxibendazole are not teratogenic,
whereas parbendazole, mebendazole, oxfendazole and albendazole are. The
latter are teratogenic in themselves or indirectly by a metabolite which by its
nature and kinetics is responsible for the effect. It is also true for febantel5 7.

These facts may eventually explain the different degree of sensitivity
among inter-species. Thalidomide is active in mice, rabbits, monkeys, dogs,
pigs and humans but not in rats. It has been recently demonstrated® that the
mechanism of the teratogenic action of this compound implies the micro-
somal creation of an arene oxide reactive metabolite. This latter compound
is produced from samples of monkey and rabbit liver but not from those of
rats. Nevertheless, in the present state of our knowledge, these observations
do not take into account all the experimental evidence available. For
instance, in the case of albendazole, the metabolism in cattle coincides with
that in sheep although the bovines are refractory to the teratogenic effect.

In fact, if we disregard the horse for which we lack embryological infor-
mation and teratological data, it would appear that the basic laws of embryo-
toxic induction defined for laboratory animals are also applicable for
domestic animals. This new concept helps us to make more prudent use of
incriminated drugs and improve prevention for similar manifestations seen
in vegetable toxins and inducible drugs as well.
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Levamisole as an immunomodulator
in the prevention of neonatal disease

L. Desplenter

Disease in newborn calves is mainly of enteric origin. Both morbidity and
mortality of calves with diarrhoea have been related to low postcolostral
serum immunoglobulin concentration. The IgM is considered as the principal
immunoglobulin giving immune protection against enteric disease. En-
hanced susceptibility to infection can result from agammaglobulinaemia or
hypogammaglobulinaemia, defective cellular immune responses, disorders
of complement metabolism and functional defects in the phagocytic cell.

Levamisole (Figure 9.1), an anthelmintic used world-wide in man and
animals, has proved to act as an immunomodulator in experimental models
and in a number of selected human and animal immunodeficiencies with
related pathology. These properties have been extensively reviewed?* 12-2!,
The studies on its application in veterinary practice, and specially in bovine
practice, have been partly reviewed® 13,

Levamisole modulates the immune function at 2-3mg/kg of body
weight, in contrast to the greater anthelmintic dosage. When administered
in amounts above the immunotherapeutic dose, levamisole may even
suppress immune function. Intermittent treatment is more ¢ificient than
continuous treatment in restoring the immune responsiveness.
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Figure 9.1 Structure of levamisole
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In vitro and in vivo levamisole is able to restore to normal the major
functions of effector cells of the cell-mediated immune response. There is
evidence that the maturation of granulocytes and of precursor cells into
functioning T-lymphocytes is induced in vivo but not in vitro. Levamisole
also induces a serum factor which, when transferred into untreated animals,
mimics the effect of levamisole on immune functions.

The restoration to normal of the major functions of the effector cells
involved in cell-mediated immune responses is most pronounced and con-
sistent in compromised hosts, whose T-lymphocytes or phagocyte functions
are below normal. Usually an adequate immune response is not increased.
The B-lymphocyte activity is not directly stimulated: the proliferative
response to mitogens is not increased and there is no direct effect on antibody
production. The evidence of the maturation of T-lymphocytes and granulo-
cytes is provided by the experiments in nude and thymectomized mice.

The serum factor, induced by levamisole, is a dialysable factor and seems
not to be a complement factor or a levamisole metabolite. It is not found in
animals that fail to respond to levamisole, or in untreated animals. Serum
from levamisole-treated rabbits or mice mimics the effect of levamisole on
immune functions, when injected in untreated animals. In summary, the
regulation of the cell mediated immune function by levamisole, directly or
by release of a serum factor, is dual:

(1) Restoration of effector functions of peripheral T-lymphocytes and
phagocytes.
(2) Stimulation of precursor T-lymphocytes into mature T-cells.

The accumulated data suggest that levamisole behaves physiologically as
a thymomimetic agent on the cellular arm of the immune system. The bio-
chemical mechanism of action remains a matter of speculation. The various
mechanisms by which levamisole might act are not mutually exclusive and
it is still not clear which are the more important mechanisms for its thera-
peutic actions.

However, one should keep in mind that the responses to levamisole are not
always predictable, even if it is used in appropriate conditions. For example,
there are responders and non-responders in every animal species, experi-
mental model or disease tested. The responsiveness of mice to levamisole
seems to be related to the ability to produce a serum factor. In addition, there
are variables such as immune repulsion by pathogens or humoral blocking
factors, which may inhibit responsiveness to the drug.

The therapeutic potential of levamisole as immunomodulator in human
medicine has been well defined. It is used in combination with vaccinations
and has been proven to have a favourable effect in recurrent and chronic
infections. Important indications are also its application in inflammatory
diseases, such as rheumatoid arthritis, and in cancer patients!8.

In veterinary medicine, levamisole has been used as immunomodulator in
nearly all animal species for a variety of indications. The results, described
in the reported experiments, are fluctuating between highly favourable and
no effect. In cattle, for example, protective effects have been obtained in the
prevention or reduction of complications associated with shipping fever!!-23,
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An increase in resistance to re-infection or challenge with parasites, such as
Trichostrongylus axei and Dictyocaulus viviparus, has also been reported
when the primary infection had been eliminated by levamisole treat-
ment® 1617, The potentiating effects of levamisole in combination with
antiviral vaccination or the increase in resistance to viral challenge are rather
variable, depending on the method applied for evaluation of the trials. In
cattle, experiments with infectious bovine rhinotracheitis!® !4, herpes?:3 and
foot-and-mouth disease virus?® have been reported. The anti-Brucella ag-
glutinin titres have! or have not?® increased after levamisole treatment, while
favourable results have been obtained when immunodeficient cattle were
used in the experiments!3.

The largest experience with levamisole in cattle, including the highest
number of animals, has been the treatment of cattle during the last stage of
pregnancy. This treatment results in the prevention or reduction in the
incidence of clinical postpartum mastitis and endometritisé 819, Trials in
Belgium to confirm this effect have not been successful (Symoens and
Tuyttens: personal communication).

The most consistent results have been obtained and reported in the pre-
vention of neonatal disease, morbidity and mortality in newborn calves after
treatment of the pregnant cows with levamisole’-#-22, The experiments on
calf mortality are summarized in Table 9.1. The cattle farms involved in these
trials are selected farms with a known history of high calf mortality, in spite
of the routine use of electrolytes and antibiotics. The mortality is reduced
from 13.1% in 987 control calves to 2.3% in 657 calves from levamisole-
treated cows. Levamisole treatment in these pregnant cows is an i.m.
injection at 2.5mg/kg or a ‘pour-on’ application at 5mg/kg once weekly
during 4 consecutive weeks before parturition.

In experiment 4 not only was mortality recorded, but also the number of
diseased calves (Table 9.2) and the duration of their disease (Table 9.3). In
the control group of 369 calves, 50.9% were ill during one or more days,

Table 9.1 Prevention of calf mortality by pretreatment of pregnant cows with levamisole

Calves
Experiment Investigator Treatment Born Died

1 Tamarin Control 20 4
Levamisole 20 0

2 Flesh Control 32 8
Levamisole 16 0

3 Marsboom Control 117 7
Levamisole 104 2

4 Marsboom Control 369 8
Levamisole 323 2

5 Antoine Control 70 8
Levamisole 69 5

6 Flesh Control 379 94
Levamisole 125 6

Total Control 987 129

Levamisole 657 15
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Table 9.2 Number of diseased calves (Experiment 4)

Cow Total number Number of

treatment of calves diseased calves % p-value
Placebo 369 188 50.9 0.001
Levamisole 323 104 32.2

Table 9.3 Duration of disease (Experiment 4)

Days of Control (188 calves) Levamisole (104 calves)

disease number of calves % number of calves % p-value
1 51 27.1 38 36.5 n.s.
2 40 21.3 30 28.8 n.s.
3 97 51.6 36 34.6 0.007

compared to 32.2% in the 323 calves from treated cows. Analysed in function
of the duration of illness, the number of calves that were sick for 1 or 2 days
was similar in both groups, but the number of animals that were sick for
3 days or more was significantly higher in the control group.

In order to evaluate the possibility of establishing a profile on the immune
status of the animals, some samples were taken in experiments 4 and 5 to
determine the immunoglobulin levels in serum and colostrum or the meta-
bolic activity of the lymphocytes in calves. In experiment 4, lymphocytes
from six control calves and six calves from treated cows were incubated with
Con A, PWM or PHA. After determination of the glucose consumption in
the cultures, no difference between these two groups was observed. By means
of the zinc sulphate turbidity test, the total immune globulin level was deter-
mined in the serum of 12 control and 12 treated cows and in the serum of
13 control calves and 13 calves from treated cows. No statistical difference
was obtained between the cows or the calves of the two groups. By the same
method the increase in serum immunoglobulin level before and after col-
ostrum uptake was compared in six control calves and six calves from treated
cows. The increase was comparable in both groups. The same results have
been obtained by comparing IgG, IgM and IgA in the serum and IgG in the
colostrum of control and treated cows (Nelkin: personal communication). In
experiment 5, Antoine (personal communication, 1979) compared the
albumin, total protein, «, 8 and v globulins in the colostrum of treated
(n=139) and control (n =44) cows. A statistical difference was not observed
for any of these parameters.

This means that with this limited number of samples and determinations,
it is impossible to provide an explanation for the observed clinical effects.
From the experience in the human medicine, we learn that the effects
observed with levamisole are reproducible only if populations of patients are
studied. Usually, there is no correlation between clinical improvement and
restoration of immune functions, as measured by the current parameters.
This statement is confirmed in veterinary medicine by the experiments
reported here.
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10
Development and prophylaxis
of anaemia in calves and lambs

P. H. Dilov

Certain changes take place in the composition and volume of the blood of
newborn animals that are of species- and age-specific character and that are
most clearly expressed during the perinatal period. Most important are the
changes in the red blood cells. The content of haemoglobin in the blood of
newborn pigs is greater than 10-11g/100ml and this drops to about 9g/
100ml in the course of the first 24 h. According to Furugouri et al.®, this
decrease is due to dilution of the blood resulting from the absorption of
colostrum. The haemoglobin content in the blood of the newborn calves is
12.5-13.5g/100 ml, the erythrocyte count is 8.1-8.9 x 106 per mm? and the
haematocrit is 38-40%7-13, These all decline in the course of the following
2 weeks. Giirtler et al.? observed a decrease in the blood iron in calves of the
German Black-and-White breed from 159+52ug/100ml to 69+25ug/
100 ml in the course of the first 96 h after birth. The erythrocytes in pigs at
birth contain less fetal haemoglobin (11.1g/100ml) and more adult type
haemoglobin. At the 6th hour following birth the level of fetal haemoglobin
drops to 6.7 g/100 ml and on the 3rd day to 3.3 g/100 m1!2, The erythrocytes
in calves and lambs at birth contain only fetal haemoglobin which is replaced
by adult haemoglobin by the 9th and the 2nd week, respectively!s.

According to Shalm!4, calves are considered anaemic when the haemo-
globin content drops below 8 g/100 ml and the erythrocyte count is less than
5% 108 per mm?3, according to Biinger et a/.? when the haemoglobin content
is below 10.5g/100ml and the haematocrit below 33.5%. Bremmer and
Dolgarno! established a decrease in plasma iron to 20 xg/100ml to denote
anaemia in calves. According to most authors, anaemia in calves is hypo-
chromic and microcytic® ! and is related primarily to iron deficiency?’.
Hyperchromic anaemia in newborn calves suffering from gastroenteritis of
non-specific aetiology has also been described!. Anaemic animals have a
reduced resistance to respiratory and gastrointestinal diseases, poorly utilize
feed and their growth is arrested*!7. Under the conditions of extensive
animal breeding, however, anaemia in calves and lambs does not constitute
a serious veterinary problem.
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We have made it our aim to carry out investigations on the following:

(1) Ontogenetic changes in the blood of calves born on dairy farms of the
industrial type;

(2) Species differences in the absorption and metabolism of the ferro-
dextran complex (calves and lambs); and

(3) Prophylaxis and therapy of anaemia (calves and lambs).

ONTOGENETIC CHANGES IN THE BLOOD OF CALVES

Investigations have been carried out on 17 dairy farms of the industrial type
with a total of 788 calves of up to 30 days of age and of the following breeds:
Black-and-White, Simmenthal, and Bulgarian Brown and their crosses.
Calves born in the winter-spring and summer—autumn months have been
taken from every dairy farm. Changes in the blood have been followed with
regard to the content of haemoglobin (as cyanmethaemoglobin), the iron in
the serum (after Ramzi’s method), the erythrocyte and leukocyte counts (by
the camera method or with a computer) and the haematocrit (by means of
a microcentrifuge or with a computer). The significance of the differences
has been determined by the Student-Fisher’s test.

It has been ascertained that anaemia in sucking calves based upon blood
haemoglobin content is a comparatively common disease with an incidence
of 28.1% during the winter-spring months and 19.4% during the summer-
autumn months. Higher haemoglobin and haematocrit values were observed
during the summer-autumn months (9.81+0.40g/100ml and 41.9+1.8g/
100 ml respectively); the differences, however, were not significant. The same
trend was observed in serum iron concentrations (137 +7.6 ug/100ml vs.
123 +8.41 ug/100 ml). There was no significant difference in the erythrocyte
count in the blood of calves born during the two mentioned periods. The
number of leukocytes was significantly higher (» <0.001) in calves born in
the winter-spring months (8137 +504 vs. 6579 + 369 per mm?). However,
there were no significant differences in the haematological values of the
female vs. male calves as has been reported by some authors®. Certain breed
differences, however, have been found. The calves of the Simmenthal breed
and crosses in comparison with the Black-and-White breed and Bulgarian
Brown calves and their crosses showed significantly lower values of haemo-
globin, erythrocytes and haematocrit. It is known that there are breed differ-
ences with respect to blood haemoglobin content. Subphysiological values
for haemoglobin and erythrocytes were observed in calves of the Simmenthal
breed and their crosses born in the winter-spring months (47.9% with
haemoglobin below 8 g and 36.7% with erythrocytes below 5 x 106 per mm?).
Comparatively frequent cases of anaemia were observed in twin calves which
were about 50% of the calves studied and in calves born to dams giving birth
for the first time (about 40% and 20%, respectively). In regard to the calving
season and the breed, changes occurred in the haemoglobin and less consider-
able changes occurred in the erythrocyte count, haematocrit and blood iron
concentration.
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A comparative high percentage of the day-old calves showed subphysio-
logical values for haemoglobin and for the remaining values but to an insig-
nificant degree. The percentage of such animals rose in the following 7 days,
then dropped. Vajda et al.l¢ reported that anaemia was more frequently
observed in calves within 14 days after birth. An interesting finding is that
calves were very often born with anaemia. Furugouri® also mentions a con-
genital iron deficiency anaemia in calves.

These haematological investigations showed that anaemia in newborn
calves exists, although it is less pronounced than anaemia in pigs. It is likely
that the anaemia aggravates gastrointestinal and respiratory diseases, thus
affecting the economics of cattle breeding. It should be duly considered, and
regular prophylactic and therapeutic measures should be taken.

In contrast to pigs, calves were often born with hypochromaemia, sidero-
penia and erythropenia which did not progress significantly within the
following 2-3 weeks. On the contrary, as the calves begin comparatively
early consumption of starter mixtures and hay, and as their rate of weight
gain decreases, an improvement in the haematological values without treat-
ment is sometimes observed. On the other hand, the changes in the blood
under the influence of therapeutic drugs take place more slowly than in pigs.
The concept put forward by some authors® 8, that factors influencing the
fetal development of calves do affect the presence of anaemia, is confirmed;
however, studies on this particular question are insufficient.

SPECIES-SPECIFIC DIFFERENCES IN IRON RESORPTION
AND METABOLISM

Using *°Fe and some other methods, we determined that Dextrofer-100
S.E.A. Pharmachim, containing 100 mg Fe3+/ml) was well absorbed follow-
ing i.m. administration to calves and lambs. In calves, peak levels of
sideraemia were reached at the 8th and 12th hour and at the 24th and 48th
hour in lambs. Radioactive iron appeared in the blood of calves and lambs
at the Ist hour (Figure 10.1). Until the 24th hour, radioactivity was found
primarily within the blood plasma and later it entered the erythrocytes. In
calves on the 5th and 10th day, the highest levels of radioactive iron were
found in the liver and spleen (the percentage difference was insignificant).
No radioactivity was found in the heart and kidneys. In lambs, the highest
radioactivity was observed in the spleen with lower levels in the liver, heart
and kidneys.

There is, however, a species-specific peculiarity in the absorption and
distribution of iron in calves and lambs treated with Dextrofer-100. It is
known!® and we have also demonstrated:® that pigs treated i.m. with
Feridextran complexes store a higher percentage of iron in the liver and a
considerably lower percentage in the spleen. Both in calves and pigs, we
found more iron in the reticuloendothelial organs on the 5th day after treat-
ment, while in lambs considerably more iron was found on the 10th day. The
difference in iron metabolism after i.m. injection of Feridextran prep-
arations in pigs, lambs and calves is most likely due to physiological
peculiarities and to the need for iron.
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Figure 10.1 Dynamics of °Fe in the blood of calves (a) and lambs (b)

PROPHYLAXIS AND THERAPY OF ANAEMIA

The following preparations were used in the tests: Dextrofer-100, Dextrofer-
100 with Bi2 (R & D Dept., Chemical and Pharmaceutical Works, Troyan,
SED Pharmachim) containing 100 mg Fe** plus 80 ug cyanocobalamin per
ml; Ferizin (laboratory batches) containing Feridextran, zinc and some
vitamins; Biofer (laboratory batches) containing Feridextran, bovine v-
globulin, copper sulfuricum cobalto-chloride, cyanocobalamin and protein
hydrolysate; Antianemin, a vitamin mineral premix; ferrisulphate containing
8% iron; iron glycerophosphate containing 10% iron; and Sucsal (IST,
France). .

Studies were carried out with pregnant cows and newborn calves. The
content of haemoglobin and iron in the blood (by the bethophenanthroline
method and with Boehringer’s tests), the erythrocyte and leukocyte count (by
means of a computer) and the haematocrit were followed up in the calves
born by 23 cows treated 15-25days before calving with the preparation
Ferizin injected i.m. with 20 ml twice at an interval of 5 days, and in another
15 non-treated cows (controls).

A favourable but insignificant trend was observed with regard to the blood
content of haemoglobin and iron, erythrocyte and leukocyte counts and
haematocrit in the calves from cows treated with Ferizin when pregnant
(Figure 10.2(a)). In five of the calves (30.3%) born by the control dams, the
iron content was below 80 ug/100ml; in six of the calves (26.3%) born by
treated dams, it was also below 80 ug/100 ml which made us believe that in
cows, as in sows, as shown by a number of authors, the placental transport
of iron is limited.
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Figure 10.2 (a) Changes in haemoglobin and erythrocyte content in calves treated with
Dextrofer-100. (b) Calves born from dams treated with Ferizin and not treated (control)

The erythropoietic effect of Dextrofer-100 was tested on calves up to
20 days of age with ascertained anaemia. The preparation was injected at 400
and 800 mg Fe3+ . The greatest number of the calves were born by dams giving
birth for the first time and not adequately fed during pregnancy (food-beet,
maize silage, and concentrate feed and straw without hay).

Data in Figure 10.2 (b) show that before Dextrofer-100 administration,
subphysiological levels for haemoglobin and erythrocytes were ascertained
in the blood of the test animals. A number of young erythrocytes (poly-
chromasia) and, in individual animals, reticulocytes were found.

Increased haemoglobin content and erythrocyte count were noted follow-
ing the injection of the preparation (haemoglobin was more favourably
influenced by the 800mg Fe3+), while in the control animals during the
20days of observation, haemoglobin and erythrocytes either declined or
remained at the same level. Almost all calves on the farm were affected with
enteritis during the first days after birth. Among the calves treated addition-
ally (30-40 calves) for prophylactic purposes with Dextrofer-100 (in a dose
of 800 ml Fe**), not so many cases of enteritis were reported or the reported
cases were mild and the calves developed favourably.

In 33 calves aged up to 7 days (Black-and-White breed and crosses), the
antianaemic effect of Dextrofer-100 and Sucsal was studied. The changes in
the haemoglobin content, erythrocyte count, serum iron level, and iron-
binding capacity (by the method of Ramsay) were followed for 30days.
Dextrofer-100 in a dose of 8 ml (800 mg Fe3+*) was injected i.m. in seven of
the calves; 16 calves were treated simultaneously with Dextrofer-100 at the
same dose and Sucsal i.m. at a dose of 100 ml; ten of the calves were used
as controls. Calves with anaemia were selected for the trial; almost all of them
were suffering from gastrointestinal diseases in varying forms.

Dextrofer-100 increased the quantity of haemoglobin, the erythrocyte
count and the level of iron in comparison to the control calves (Figure 10.3).
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On the 15th day, the effect produced in the test animals treated with a
combination of Dextrofer-100 and Sucsal was not better than the effect in
those treated with Dextrofer-100 only. On the 30th day, however, the effect
with regard to haemoglobin and the erythrocyte and leukocyte counts was
better in the calves treated with Dextrofer-100 and Sucsal.

The influence of Biofer was followed on the blood composition of 21
calves of the Black-and-White breed and crosses up to 10 days of age. Biofer
in a dose of 0.6 ml/kg body weight (20 mg Fe3*/kg body weight) was injected
i.m. in seven calves. Dextrofer-100 at 0.2 ml/kg body weight (20 mg Fe3+/kg)
was injected in seven other calves; and the remaining seven calves were used
as controls. Higher levels for haemoglobin, haematocrit, erythrocytes and
leukocytes (counted by a computer) and growth rate were reported on the
30th day for the calves treated with Biofer, and the lowest levels were
reported for the control animals (Figure 10.3). The content of serum iron was
lower in the calves treated with Biofer, while there was no significant differ-
ence in the total protein content. We referred the better effect of Biofer to
the introduction of copper, vitamins B;, and Be¢, and normal bovine -
globulin together with iron. Good results were obtained in Czechoslovakia
through the application of a similar preparation?®.

The effects of the application of 3 g of iron glycerophosphate mixed with
the milk and given twice daily for 9 consecutive days or 6 days with interrup-
tion were compared with the effects obtained after the i.m. administration

Figure 10.3 Changes in the blood of calves treated with 8 ml/kg Dextrofer-100 (D) vs.
Dextrofer-100 (8 m! i.m.) plus Sucsal (100ml i.v.) (DS), and 0.2mg/kg body weight i.m.
Dextrofer-100 (DX) vs. 10.6 mg/kg Biofer (B)
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of Dextrofer-100 and Biofer. Iron glycerophosphate mixed well with the milk
and was consumed readily by the calves, but the results were less satisfactory
than those obtained with the i.m. preparations.

Iron suphate mixed with the milk was not readily consumed by the calves.
Therefore, it was excluded from the test.

Antianemin (trace element and vitamin premix) combined with the milk
was readily consumed by the calves, but its effect on the blood morphological
composition was insignificant.

These investigations suggest that iron-containing drugs produce a favour-
able effect on the red blood cell picture in calves; this effect was better when
the drugs were combined with other trace elements, vitamins and amino-
acids. The drugs administered parenterally proved to be more useful as the
effect occurred earlier than that of the oral drugs. Treatment per os was
effective when suitable iron polysaccharide complexes were given in the first
hours after birth; for this purpose Ursoferan-150 is recommended!. Of
course, it must be taken into consideration that in the first weeks after birth
calves usually suffer from inflammation of the intestinal mucous membrane,
which reduces to a great extent the absorption of oral drugs.

According to our observations, anaemia in 10-15% of the calves was not
adequately influenced by the application of iron preparations only.

Figure 10.4 Changes in the blood of lambs treated with iron glycerophosphate 1 g/1 milk (I),
Dextrofer-100 0.7 ml/kg body weight i.m. (D), Dextrofer-100 with By, 0.7 ml/kg body weight
i.m. (D-B12), and control
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Observations were also made on the changes in the blood of twin lambs
of both sexes (Black-faced Pleven breed and crosses) weaned in the first
3-5days after birth and given milk replacer and starter mixtures. The study
was done with 72 lambs divided into four groups of 18 lambs each (Figure
10.4). Haemoglobin, haematocrit, erythrocyte and leukocyte count, iron
concentration, and the weight and growth rate of the test and control animals
were determined twice at intervals of 15 days.

The results show that the animals not treated with iron preparations
suffered from anaemia and required iron therapy. There was no significant
difference in the effect produced by Dextrofer-100 and that of Dextrofer-100
with Bi;. Good results in lambs were obtained from the administration of
iron glycerophosphate (1 g/l of milk replacer in the course of the entire
period) both with regard to blood composition and growth rate.

Hypochromaemia gradually occurred in the early-weaned lambs fed milk
replacer. This hypochromaemia could be successfully overcome by adding
iron glycerophosphate to the milk replacer or by injecting Ferodextran
complexes.

CONCLUSIONS

Newborn calves on farms of the industrial type are very often affected with
anaemia which is observed more frequently in twin calves, calves born by
dams giving birth for the first time, and in the calves from 2 to 7 days of age.
A comparatively higher percentage of anaemia occurs in calves on the 1st day
following birth. With regard to haematological values in the calves, there are
no differences between sexes but certain differences are reported between
breeds.

Administered i.m. to calves (800-1200 mg Fe3*) and to lambs (50~70 mg
Fe3+), Dextrofer-100 is quickly absorbed and included in the erythrocytes as
early as the 24th hour. The iron stored in the liver and spleen of calves is
approximately equal (expressed in terms of percentage); in lambs a higher
quantity of iron (per gram of fresh tissue) is deposited in the spleen.

The administration of Ferizin to pregnant cows produces an insufficient
effect on the erythropoiesis of newborn calves.

Dextrofer-100 injected i.m. in calves in doses of 800-1000 mg Fe** im-
proves erythropoiesis. The influence is more favourable when combined with
i.v. injection of Sucsal or with bovine y-globulin, copper, cobalt and
vitamins B2 and Bg (Biofer).

Iron glycerophosphate, copper sulphate and a mineral-vitamin premix
(Antianemin) given orally mixed with milk are slightly effective in the
prophylaxis and therapy of anaemia in newborn calves.

Lambs weaned in the first 3-4days after birth and fed milk replacer
without trace elements develop anaemia, which is favourably influenced by
the oral administration of iron glycerophosphate or the i.m. injection of
Dextrofer-100.
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11
Oral fluid therapy: some concepts on
osmolality, electrolytes and energy

R. W. Phillips

In veterinary medicine, a principal requirement for fluid therapy is in the
treatment of neonatal diarrhoeal diseases. Restoration and maintenance of
fluid and electrolyte balance, as well as energy support, are necessary con-
siderations. Effective fluid replacement therapy for diarrhoeic neonates
should fulfil several basic needs. First, the dehydration must be reversed and
adequate fluid input provided to compensate for normal body water turnover
plus increased fecal losses. From the standpoint of the animal’s requirement,
the best therapeutic approach would be a continuous fluid input at a rate
equal to body losses, a condition best provided by continuous intravenous
administration?* 38, This is not a practical approach under many conditions.
In some situations subcutaneous fluid administration can also be effective
in providing a sustained fluid input, as subcutaneous fluids are slowly
absorbed over a period of several hoursS.

Currently, the major emphasis on fluid and electrolyte therapy for diar-
rhoeic calves is focused on the use of oral fluids. A principle basis for this
approach is the outstanding success of oral glucose electrolyte therapies for
the treatment of Vibrio cholera diarrhoea in humans. Associated with this
beneficial effect is the recognition that the mechanism by which Escherichia
coli enterotoxin induces diarrhoea is analogous to the mechanisms of V.
cholera as well as other enterotoxigenic bacteria. Increased secretory activity
is responsible for the diarrhoea, yet absorption may continue and even be
increased? 3:33:57, However, the general assumption, that during diarrhoea
absorption is normal or increased as is seen with many bacterial diarrhoeas!?,
may be fallacious when considering the spectrum of diarrhoeal aetiologies.
There is also speculation regarding the role of motility in diarrhoea*’. Both
increased motility, as with parasympathetic stimulation or flaccid paralysis,
creating an open tube, can conceivably cause more rapid transit and diar-
rhoea. Malabsorption of sugars and lipids are well recognized in diarrhoeal
diseases*3. It could be anticipated that viral diseases which cause significant
changes in both individual epithelial cells and in villus morphology?-3345,46,59
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would be associated with inhibited absorptive capacity. Most evidence
supports the thesis that decreased absorption is the basis for viral
diarrhoeas!» 7: 26,31,

The use of oral antibiotics has been linked to malabsorption syndromes
(diarrhoea) in domestic and laboratory animals, and in man. Several of these
antibiotics are commonly used in veterinary medicine as prophylaxis or
therapy of neonatal diarrhoeas. For example, oral chloramphenicol in calves
can cause a malabsorptive diarrhoea with villus atrophy and epithelial cell
dysfunction?® 4?2, When malabsorption causes the diarrhoea, particularly if
glucose absorption is limited3!, then oral therapies will be ineffective, and
may actually exacerbate the diarrhoea by providing an increased supply of
energy-rich substrate for bacteria, particularly in the large intestine. A
secondary consequence of bacterial fermentation is the creation of excessive
osmolality in the lower bowel. A number of the antibiotic-induced mal-
absorption syndromes in humans are associated with colonic overgrowth of
Clostridium difficile and other Gram-positive enterotoxigenic organisms2°.

DIARRHOEAL LOSSES AND IMBALANCES

Therapy composition should be based on several factors, a major one being
the extent of fluid and electrolyte loss. It can be considered that, regardless
of the route of administration, diarrhoeic animals that require fluid, electro-
lyte and energy support will have the same requirements. As animals become
diarrhoeic they also become dehydrated. It is not uncommon to find that neo-
natal calves have lost 6-12% of their body fluids. Therefore, therapeutic
provision of large quantities of water is necessary. Water losses are not evenly
distributed through body water pools33. The greatest loss is from the extra-
cellular fluid (ECF) and blood volume is most severely depleted??:36.38,
Blood volume may be decreased as much as 50% causing peripheral vaso-
constriction and hypovolaemic shock. The rest of the ECF is also decreased
but not to the same extent%. Only small changes are seen in the intracellular
water pool, and it may in fact be increased in volume3?, presumably due to
decreased cellular metabolism and cellular swelling>3. The ionic composition
of oral fluid replacement therapy should, therefore, be designed to approxi-
mate the composition of the ECF3*5. This approach is necessary so that
crystalloids will remain after energy substrates are utilized, otherwise there
will not be sufficient water retention.

Significant fecal losses of sodium, potassium, chloride and bicarbonate
occur during diarrhoea?’:33.34.49.50_ Routine clinical assessment of electro-
lyte status is dependent on measurement of plasma or serum ion concen-
trations but these values are not necessarily indicative of fecal losses. Further,
they may give false impressions of whole body electrolytes. This is particu-
larly true for potassium which may be significantly increased in the blood,
reaching cardiotoxic levels!?:29.30,35,41,52 " yet a whole body potassium
deficit occurs during diarrhoea (Figure 11.1)!9:28.52_ Potassium accumu-
lation in extracellular fluids is a complex phenomenon associated with
developing acidosis and cellular energy imbalances. Fecal bicarbonate loss,
accumulation of lactic acid in the blood, and decreased renal function are all
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Figure 11.1 Changes in extracellular fluid (EC) and intracellular fluid (IC) potassium pools
as a result of diarrhoea. Both pools decrease in total potassium content but the EC change is
masked by an increase in plasma potassium concentration.
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Figure 11.2 (a) Maintenance energy required as a function of increasing body size from 15 to
70 kg using metabolic body size (140kcal/kg-7%) and straight line method (50kcal kg ~!day 1)
from ref. 27, 37. (b) Effectiveness of the straight line (50kcalkg~!day - !) method of energy
provision as a percentage of metabolic body size determination of energy requirements. In
smaller animals (15kg), only 70% of maintenance is provided. At approximately 60kg, they
are equivalent

involved. Potassium-hydrogen ion shifts occur across cellular membranes
and the decrease in intracellular potassium with a resultant increase in
extracellular potassium cause myocardial and skeletal muscle dysfunc-
tion!%:28:29.55 There is a whole body potassium deficit, but an increase in
potassium concentration in the vascular pool'®: 28, Since the volume of the
vascular pool is decreased due to extracellular dehydration, the total plasma
potassium content as well as intracellular potassium content are often
diminished (Figure 11.1).

The metabolic rate of neonatal calves for maintenance, without growth or
consideration of febrile-induced metabolic increases, may be calculated as a
function of body weight (W). Using Kleiber’s general formula for metabolic
body size for maintenance, metabolic requirement may be calculated (Figure
11.2 (a)). Maintenance?’ (kcal/day) equals 140x W/kg75. Data from
Alexander et al.? indicate that the resting metabolic rate of growing calves
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less than one week of age is 2213 kcal/day, while using the Kleiber formula
(140 kcal/kg'"%) for these same calves it would be 2226 kcal/day. Both esti-
mates are adjusted to a 40 kg calf. An alternative, simple, but less accurate,
estimate of metabolic rate is also shown in Figure 11.2 based on a straight
line derivation of 50 kcal/kg which is a reasonable approximation in the size
range of neonatal calves3”. Figure 11.2 (b) is a plot of the straight line method
as a ratio with metabolic body size requirements. The straight line method
underestimates in smaller animals. Both methods would underestimate
actual metabolic rate or dietary energy requirements in rapidly growing or
febrile calves.

During diarrhoea many animals have a decrease in food intake, a
decreased net absorptive function, and an increase in metabolism associated
with fever. In neonates these are potentially more serious manifestations as
they have relatively meagre energy reserves. Only about 1.8% of the body
weight of neonatal calves is adipose tissue and a significant proportion of that
is brown adipose tissue (BAT)2. BAT is helpful in maintaining normal body
temperature in neonates but is not an effective source of free fatty acids
(FFA) for general body metabolism. Neonatal calves do not have high levels
of circulating FFA except in the peripartum period!4. Also, plasma FFA are
not increased in diarrhoeic calves with hypoglycaemia due either to the low
reserves or an inability to mobilize!s,

In severely diarrhoeic calves, hypoglycaemia and lactic acidosis are an
almost constant finding!!-15:49.4% Hypoglycaemia and lactic acidosis are
also pathognomic signs of endotoxaemia??. Similar blood levels of glucose
lactate and potassium are seen in diarrhoeic and in endotoxaemic
calves!!. 15,35,38,40.49,51 These similarities have led to the tenet that diar-
rhoeal damage to the intestinal epithelial barrier allows both bacteria and
endotoxin to enter the bloodstream in increased quantities and that endo-
toxaemia is a common sequelae to diarrhoea. The hypoglycaemia, hyper-
lactataemia and hyperkalaemia seen in diarrhoeic neonates may represent a
combination of altered epithelial transport and developing endotoxic-septic
shock. However, the relative role of each dysfunction is now known.

During diarrhoea, dehydration occurs with the greatest losses from the
extracellular pool. Acidosis is seen due to bicarbonate loss and increased
lactate levels, hypoglycaemia is common and major losses of Na, Cl and K
occur. Intracellular-extracellular potassium imbalance may become severe
resulting in reduced resting membrane potential, altered cardiac and general
muscular function3s.

INTESTINAL FUNCTION

Some current concepts of normal gastrointestinal function are a helpful
prelude to developing a basis for oral therapy. The intestine is a major trans-
port system in that absorption and secretion are continually occurring across
the mucosal epithelial barrier. Enterocytes are formed in the crypts and move
rapidly up the villi, particularly in young animals. In calves, the lifespan of
an epithelial cell, from formation in the crypt to sloughing at the tip3?, is
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about 48 h. Intestinal epithelial cells have several functions. They serve as the
barrier limiting entry of organisms and toxins and as the barrier preventing
loss of body substance. In the small intestine this barrier is somewhat leaky,
as water and some solutes can pass in a paracellular manner. The junctional
complexes between epithelial cells are functionally important structures.
They are similar to a fence, in that they serve as a barrier; to a gate, in that
they allow certain substances to pass; and to a bridge in that adjacent cells
may interact directly via gap junctions!’. Like any barrier, it is not absolute,
and normally some bacteria and bacterial toxins enter the portal blood?s.
During diarrhoea, significant changes in the integrity of the barrier permit
the loss of fluids and body constituents, an increase in the gate function.
Also, with barrier modification, it is edsier for intestinal micro-organisms
and toxins to enter the body at an increased rate, a decreased fence function.
This may lead to septicaemia and endotoxaemia with potentially lethal
consequences.

Most absorption occurs in the small intestine, and intestinal epithelial cells
transport many nutrients. For this discussion, nutrients will include water,
electrolytes and energy-yielding substrates such as carbohydrates, amino
acids and lipids. Absorptive transport is primarily via the more mature cells
near the villus tip which also have the greatest degree of contact with intes-
tinal contents.

The villus, with its vessels and surrounding absorptive epithelial cells, is
the functional unit of the small intestine. The vessels are arranged so that a
countercurrent flow pattern is established?2. The central arteriole in each
villus is like a fountain and sprays capillaries which descend toward the base
of the villus adjacent to the epithelial cells (Figure 11.3)*%. Absorbed nutri-
ents enter descending capillaries causing an increase in osmolality. The
diffusion pattern is such that water leaves the arterioles and enters capillaries
and absorbed nutrients diffuse from capillaries to arterioles. Together these
effects create an increasing concentration gradient in the ascending arteriole
and increased osmolality at the villus tip?2. During active absorption, this
gradient may reach an osmolality of 600 mOsm or roughly twice body fluid
osmolality. An additional osmotic gradient develops between epithelial cells
when they are absorbing, which aids solute flux to the capillaries. These two
osmolar gradients are believed to enhance nutrient absorption.

During absorption, nutrients cross the microvillus brush border, enter the
cytoplasm and leave via the lateral cellular membrane. The mechanisms
involved are similar for glucose, galactose, amino acids and short peptides,
although peptides are hydrolysed in the epithelial cell. Glucose transport has
been most extensively studied and will be used as an example3!. A microvillus
membrane receptor binds both sodium and glucose. They enter the epithelial
cell together based on the sodium diffusion potential. These cells, like others,
have only a minimal intracellular Na* concentration, and a constant diffu-
sion gradient exists for sodium to move from the intestine into the epithelial
cell. Electrochemical neutrality is maintained by cotransport of a negative
ion, generally Cl~ or HCO73 . Sodium is then pumped by active transport
into the lateral intercellular space below the junctional barrier. Again, the
anion follows, maintaining electrochemical neutrality. Glucose is believed to
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Figure 11.3 (a) The villus vascular network is such that a central arteriole ascends to the tip
and branches into a ‘spray’ of capillaries which descend toward the base of the villus creating
a countercurrent flow system X 350. (b) The villus countercurrent multiplier system is depicted.
During absorption there is net water diffusion from the ascending arteriole to the descending
capillary. Some solute diffuses in the opposite direction. The result is an increasing osmotic
gradient at the villus tip (modified from ref. 22)

diffuse out with minimal metabolism occurring during the absorptive pro-
cess. Sodium, anion and glucose increase in concentration in the lateral inter-
cellular space causing a concomitant increase in osmolality. Water diffusion
follows both from the cell and also by paracellular movement across the leaky
junctional complex directly from the intestine. Figure 11.4 represents resting
and absorbing intestinal epithelial cells in relation to both transepithelial and
vascular fluxes?!-22, Osmolality in the lateral intercellular space at the apex
of the cell near the villus tip would normally achieve the highest intestinal
osmolality. The continuing solute and solvent movement into the lateral
space near the apex of the cell causes a flow from apex to base carrying the
absorptive products!”-2!, In the lamina propria at the base of the cell, absorp-
tive products diffuse into the descending capillary network and help develop
the villus countercurrent osmolar gradient system?2. As depicted in Figure
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Figure 11.4 (a) In a resting intestinal epithelial cell, there is no net absorptive cellular flux. The
lateral intercellular space is collapsed. Lymph flow is present due to capillary leakage. (b) In
active intestinal epithelial cells, net absorption causes a solute and solvent flow from cell apex
to base. There is net uptake by capillaries, and due to increased hydrostatic pressure, an increase
in lymph formation (modified from ref. 21)
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11.4 (b), absorption across the epithelial cells also increases tissue hydrostatic
pressure and lymphatic flow. The input of absorbed lipid and chylomicrons
(not shown) would additionally increase lymphatic flow.

THE CALF

In the normal calf, nutrient presentation to the intestine and subsequent
absorption rate is controlled in large part by gastric emptying. Bell and
Razig# 3 have studied factors modifying abomasal emptying in calves. They
found that highly hypertonic pure solutions of electrolytes or cdrbohydrates
will delay emptying. Their data indicates that maximal gastric emptying of
NaCl and NaHCO; solutions in calves occurs at an osmolality of 400-
600 mOsm/1 (Figure 11.5), well above body fluid osmolality (290 mOsm/1),
but similar to the villus vascular osmolality previously presented* 5. In a
study with young adult pigs it was found that duodenal osmolar equilibration
of fluid diets ranging from 250 to 700 mOsm/1 was at 450-500 mOsm/1
with declining osmolality further down the intestine!2.
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Figure 11.5 The effect of varying osmolality of NaCl or NaHCO; on rate of abomosal
emptying (calculated from refs. 4, 5).

Although gastric emptying may be slower with a hypertonic glucose-
electrolyte solution, more total carbohydrate is provided to the small intes-
tine over a longer period* 3. Rapid gastric emptying may not be of benefit;
in fact, one is tempted to ask why it should be considered beneficial, if a
sustained fluid input to the absorptive surface of the small intestine is a valid
therapeutic goal. Delayed gastric emptying by feeding hypertonic solutions
would also provide more total nutrients and energy, if tonicity is increased
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Figure 11.6 (a) Intestinal osmolality of normal calves 6h after a milk meal. (b) Intestinal
osmolality of diarrhoeic calves 6 h after a milk meal (modified from ref. 56)

by adding energy-yielding absorbable nutrients. In another study, the addi-
tion of 80mOsm/1 of NaCl to a 10% glucose solution enhanced glucose
absorptive rate in calves, yet increased osmolality from 555 to 715 mOsm/113.
Cow’s milk is an isosmotic fluid when secreted. During digestion, the break-
down of milk protein and lactose causes an increase in luminal osmolality.
6h following milk ingestion by normal or diarrhoeic calves, upper small
intestine osmolality was greater than blood osmolality (Figure 11.6 (a), (b))%¢.
Finally, it has been reported that increasing the dry matter content of calves’
diets, which presumably increased gastrointestinal osmolality, resulted in a
decreased incidence of diarrhoea*4.

Based on the absorption rates of glucose following either oral glucose or
lactose administration and calculated rates of glucose transport?:%: 54, the
small intestine in the normal calf can absorb larger quantities of glucose and
presumably amino acids than are presented by most oral therapies. Further,
to achieve a necessary provision of energy substrates to the young calf, the
most appropriate approach physiologically is to have a slow constant pro-
vision of nutrients from the stomach.

Two conclusions can be made:

(1) During absorption, the environment of the upper small intestine, both
contents and mucosa, is hyperosmotic compared to body fluids, and
hyperosmolar gradients which develop during absorption are normal
and beneficial to the absorptive process.

(2) Therate of gastric emptying is in part controlled by gastric and intestinal
osmolality, and increased osmolality of ingested fluid will provide a
prolonged input to the intestines.
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The use of fluid therapy during diarrhoea represents a combination of
replacement and maintenance. Replacement fulfils the need to reverse the
dehydration and ion losses. The quantity administered is based on the
estimated degree of dehydration. For instance, a 40kg calf that was 10%
dehydrated would require 41 of fluid. In addition, if diarrhoea is still present,
daily net loss must be considered. It may range from negligible quantities to
7.5% of body weight/day, which can result in a 31 daily loss in a 40 kg calf.
Fluid required for replacement plus maintenance for 3 sizes of calves with
varying degrees of initial dehydration and a continuing loss of 50 ml/kg daily
is plotted in Figure 11.7. If dehydration is cured the required volume will be
less on succeeding days.
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Figure 11.7 Daily fluid requirements for a calf with moderate fluid loss

Many of the oral therapies currently on the market in Europe and in the
United States have been formulated on the hypothesis that it is desirable for
such solutions to be reasonably isosmotic with regard to body fluids. The
basis for this view is that hyperosmotic fluids will remove water from the
body by increasing gastrointestinal secretory activity. In my opinion, this is
fallacious and has resulted in the preparation of a great many products that
provide only minimal energy input (Figure 11.8). This figure presents the
available energy nutrient source in a number of products currently being
marketed in Britain, France and the United States. Table 11.1 lists the osmo-
lality, volume and total energy provision of a number of oral therapies. With
the exception of one product (Suradavo), mean osmolality was 348 mmol.
The majority provide sufficient water to combat dehydration if used at the
manufacture’s maximum recommended level (Table 11.1). The greatest
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Figure 11.8 A summation of maximum energy yield by substrate from several commercial
therapies currently marketed in Britain and the United States (a) and in France (b). Resorb is
also marketed as Lectade and Biodiet. The minimal maintenance requirement of neonatal calves
is listed at the top and the percentage of maintenance provided
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Table 11.1 A comparison of osmolality, volume and energy content of some oral therapies
available in Britain, France and the United States

Energy
Osmolality Volume* content
Product Country (mOsm/1) (ml/day) (kcal/day*)
Aminolac France 160 8000 362
Electex France 318 6000 518
Glycostress France 290 3000 122
Hydroral France 352 4000 384
Ionidiar France 482 6000 811
Orohydra France 256 4000 64
Rehydrant 2412 France 305 800 78
Suradavo France 2284 1500 780
Electroplus A USA 323 6000 387
lonaid USA, Britain 515 3784 536
Lifeguard USA 490 5676 984
Resorbt USA 390 4000 382

* Maximum dosage per calf/day or per 40 kg calf/day

+ Also sold in Britain (Lectade) and France (Biodiet)

Osmolality and energy content have been calculated from label ingredients. Energy content is
based on the manufacturer’s maximum recommended dosing schedule

deficit isin energy provision. Even using a conservative maintenance estimate
for a 40kg calf of 2000 kcalkg~'day~! vs. the calculated and measured
values of over 2200kcal kg —!day !, the highest energy provision (Life
Guard) provides only 49% of required energy (Figure 11.8).

A word of caution regarding oral therapy - the gastrointestinal tract may
not be capable of absorbing when villus atrophy has occurred3? and the villus
countercurrent flow system is destroyed, not when there are changes in
epithelial cell transport function' 4243, The use of oral therapies during a
malabsorptive diarrhoea may exacerbate the problem by providing an addi-
tional growth media to intestinal microbes. However, the assumption that
oral fluids are of benefit is sound, as general clinical results indicate that most
diarrhoeic neonates can absorb significant quantities of nutrients from the
gastrointestinal tract. The final question is what should be included in
therapies? From a theoretical standpoint, several points may be considered.

(1) Absorbability,

(2) Fluid maintenance

(3) Ion replacement
(a) Na*,K+*
(b) Cl-, HCOg,

(4) Acid-base correction HCO35 or bicarbonate equivalent, such as
acetate, citrate, or l-lactate, and

(5) Energy maintenance with glucose, amino acids, lipids.

On the basis of fecal losses and changes in the size of the ECF pool, the
fluid should be essentially an ECF replacement, i.e. it should contain sodium
at 120-140mEq/1, chloride at 30-40mEq less than sodium, and either
bicarbonate or a bicarbonate equivalent such as acetate, citrate or lactate.
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Both acetate and citrate can be recommended as they can be more readily
utilized than lactate which is an isomeric mixture, one half of which d-lactate
is poorly utilized. Further, the diarrhoeic calf is often suffering from
hyperlactataemia with a decreased lactate utilization rate!l. Reports have
been published of the beneficial effect of both acetate!® and citrate® 1° on
intestinal absorption rates in calves. Studies on optimal concentrations of
either ion are not available. However, the rationale for their inclusion seems
valid, if they are present in sufficient quantities. For instance, provision of
4 g of Na acetate to a 40 kg calf would only yield an increase of 2-3 mEq of
HCOyj if every molecule of carbon was converted to HCOj5 . It is more likely
that one half as much could be gained, i.e. one HCO3 /Na*. This quantity
would not materially affect acid-base status and HCOj3 deficit. Similar
calculations can be made for citrate or lactate but they contain even less
sodium and are potentially less efficient sources of bicarbonate buffer on a
gram basis.

Potassium should be present to restore whole body potassium deficits as
hyperkalaemia is corrected. An available energy supply in the form of
glucose is an important component for several reasons. Diarrhoeic calves are
hypoglycaemic, glucose is readily absorbed in most cases, and following
absorption, glucose will facilitate movement of potassium into cells, correct-
ing the hyperkalaemia. Other carbohydrate sources may be of less value.
Neonatal calves do not have sucrase nor significant quantities of maltase in
the brush border’? so that sucrose and maltose will not be digested and
absorbed!?. Their inclusion is of negligible value. Lactose would seem to be
alogical choice but lactase in the brush border is a particularly fragile enzyme
and it tends to be severely diminished in activity in many diarrhoeal diseases.
Therefore, glucose appears to be the carbohydrate of choice for inclusion in
therapies.

Glycine has also been shown to stimulate overall intestinal absorption of
sodium and water, and in addition may provide a protein-sparing effect by
increasing available amino nitrogen. Lipids could be considered of possible
benefit due to their high energy content. However, lipids are less stable and
little information seems available on their absorbability during diarrhoeal
diseases.

In conclusion, it is my thesis that (1) most available oral therapies for diar-
rhoea are woefully inadequate in energy, (2) that undue attention has been
given to providing isosmotic fluids, and (3) finally, based on these con-
clusions, more effective oral therapies can be provided for diarrhoeic neo-
nates, particularly calves.
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Drug bioavailability in the
developing ruminant

P. de Backer and M. G. Bogaert

Respiratory and gastrointestinal infections as well as systemic infections are
common in newborn and developing animals. In fact, immunodeficiency
makes the young animal more susceptible to disease, so there is often a need
for drug administration in the newborn and the young animal. Antibiotics
and chemotherapeutics will often have to be given!?47,

Increasing information about the fate of drugs in general, and also about
the bioavailability of drugs after oral administration during the early stages
of life, has become available in man?!:22. 28, 29,38 [t js known that the reduced
gastric acid secretion and the delayed gastric emptying, which are present in
the newborn human, influence drug absorption. For example, the oral bio-
availability of acid-labile drugs, such as benzylpenicillin and ampicillin, is
increased!?:37, Other factors affecting drug absorption in young humans are
the immaturity of the biliary function, the colonization rate of the intestine
by the microbial flora, the high level of 8-glucoronidase activity in the new-
born intestine, differences in blood perfusion of the gastrointestinal tract,
etc.

In view of the complex postnatal development of the gastrointestinal tract
in ruminants, one certainly expects also in these species differences in
absorption of drugs in the early age period as compared to adult life.
Experimental data in this field are scarce. In this review the data we have
found in the literature about bioavailability in the developing ruminant will
be summarized, with emphasis on our own data. This is preceded by a short
discussion of the mechanisms underlying the change of absorption with age.

Following oral administration in ruminants or in other species, most drugs
are absorbed through the membranes by passive, non-ionic diffusion. Active
transport mechanisms or carrier-mediated transport, which are of great
importance for the absorption of many ions, are only of very limited
importance. Presystemic drug elimination or the so-called first pass ex-
traction can influence the bioavailability of many drugs. The important
factors which can influence drug absorption are listed. All of them show
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age-dependent changes: anatomy of the gastrointestinal tract and structure
of epithelium, pH, gastrointestinal motility, blood circulation in gut wall and
splanchnic area, presence and localization of metabolic enzymes and estab-
lishment of an intensive microbial population.

ANATOMY

At birth, in lambs as in calves, all features of the adult ruminant digestive
tract are present, but in a juvenile state*3. The forestomachs are relatively
non-functional and are underdeveloped compared with the abomasum.
After birth, however, the rumen has the fastest growth rate, followed in that
order by reticulum, omasum and abomasum, and, at about 8 weeks of age
for lambs and 12 weeks for calves, the relative proportion of the four parts
of the stomach reach adult values. From a morphological point of view a
relatively adult** rumen function in ruminants is obtained at 8-12 weeks
postpartum. It was found that there was a great difference in anatomical
development of the reticulo-rumen between milk-fed and roughage-fed
calves'® 3 The postnatal rumen development has been divided into three
periods: the non-ruminant phase from birth to 3 weeks of age, the transition
phase from 3 to 8 weeks of age, and the adult phase from 8 weeks on 26:45,
With the increase in volume, there is also a large augmentation of surface
area which is mainly brought about by development of the papillae. In calves
at birth the ruminoreticular papillae are less than 1 mm. With the ingestion
of solid food they reach the adult size and form by 8 weeks of age?s-27,
This development of the ruminal papillae is related to the ability of pro-
ducing free fatty acids*®. The large number of fully developed papillae with
an intensive blood and lymph supply is very favourable for absorption.
It was believed previously that the squamous, stratified epithelium of the
reticulo-rumen precluded intensive absorption®. Now it is generally accepted
that the forestomach wall offers little resistance to the passage of most
molecules!.

pH CHANGES

It is clear that pH changes in the gastrointestinal tract affect non-ionic
diffusion of some drugs. In adult animals the pH of the rumen is usually in
the range of 5.5-6.5, while in 3 week old calves a pH between 6.0 and 8.0 is
recorded in the reticulo-rumen!. In the abomasum too, large pH fluctuations
can be registered during post-natal development: at birth the abomasal pH
is 7.5, but on intake of colostrum or milk it drops immediately to 4.018.
During the following 2 weeks, with the increase of pepsin activity, the
abomasal pH falls gradually to 2, with temporary rises on ingestion of milk
substitute. On change to solid food only, the average pH of the abomasum?3
is 3.6.

134



DRUG BIOAVAILABILITY IN THE DEVELOPING RUMINANT
MOTILITY

Another important factor which influences gastrointestinal absorption of
drugs is the motility of the gastrointestinal tract, more particularly of the
reticulo-rumen??. In newborn calves movements of the forestomachs are not
registered in the first 2 weeks of life. At 3 weeks of age slight movement of
the reticulum followed by slow movement of the rumen is noticed. Only at
6 weeks of age, and solely in roughage-fed calves, active diphasic contraction
of the reticulum and strong movement of the rumen have been noticed!. It
is obvious that the contents of the rumino-reticulum of the neonatal and
young ruminant are very poorly stirred. A lack of propulsive activity in the
forestomachs will also enhance the rate of transfer of endogenous and
exogenous substances to the omasum, abomasum and duodenum and will
affect the absorption and bioavailability of most drugs.

In adult ruminants, as in developing animals, it is possible to influence the
absorption of drugs by changing the gastrointestinal motility with
atropine3?: 42,

BLOOD FLOW

In the first weeks of life an important increase in blood flow in ruminal veins
and portal vein, favouring a faster absorption, was noticed!3.

MICROBIAL POPULATION

The establishment of an intensive microbial population in the forestomachs
during the first weeks of postnatal development also influences the absorp-
tion of certain drugs. Indeed, metabolization of drugs by the gastrointestinal
flora is possible; moreover, since there is a shortage of hydrogen acceptors
during the anaerobic fermentations in the rumen, reduction of orally-
administered substances can occur. All this can result in an important
presystemic drug elimination.

PUBLISHED STUDIES

Several studies about plasma concentrations after oral administration
and absorption in the newborn and young ruminant have been pub-
lished®- 712,17, 20,24,34-36,42,48-52 Hgwever, conclusions about the evolution
of absorption and the bioavailability of drugs in function of age have been
drawn only in a few studies.

Sulphadoxine and trimethoprim

In one study the plasma concentrations of sulphadoxine after oral adminis-
tration were followed in 1day old, 2weeks old and in adult goats!. In
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Figure 12.1 Plasma concentrations in function of time after oral administration of chloram-
phenicol, 50 mg/kg, in a calf at weeks 1-11 after birth

newborn kids the drug was very slowly absorbed. The absorption rate
increased with age and at 8 weeks it reached the adult value. The faster
absorption was not thought to be related to a change in pH of the gastro-
intestinal tract but was mainly due to an increase of blood flow in the
intestinal tract. The elimination rate for sulphadoxine was lowest in newborn
kids and increased with age.

In the same experiment, the authors studied the disposition of trime-
thoprim. Oral administration of equal doses of the chemotherapeutic
(20 mg/kg) to kids and goats of different ages resulted in lower plasma con-
centration of trimethoprim in the older age groups than in newborn kids. In
the adult goats the plasma concentrations of trimethoprim were extremely
low. A possible explanation is the development of metabolism in the liver of
the older goats, with a first pass effect. From in vitro experimental results
degradation of trimethoprim in ruminal fluid has been found possible.
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Figure 12.2 Plasma concentrations in function of time after intravenous (a) and oral (b)
administration of sulfamerazine, 100 mg/kg, in a lamb at weeks 1, 3, §, 7, 9, and 16 after birth

Chloramphenicol

The influence of age on the oral absorption of chloramphenicol in calves was
studied, because in adult ruminants with a fully developed rumen function,
it is reported that no plasma levels could be detected following oral adminis-
tration of the antibiotic® 114! while in monogastric animals adequate levels
are achieved!®-46, Once weekly an oral dose of 50mg/kg of the drug was
given from the first until the 11th week of life4-5, The plasma concentrations
of chloramphenicol obtained in one calf are shown in Figure 12.1. The
highest plasma levels were obtained in the first week of life but even then a
therapeutic level (5 pg/ml) was only obtained for a few hours. As the calves
became older, much lower plasma concentrations were obtained. It is
suggested that this evolution is probably due as well to the anatomical
development of the forestomachs as to the gradual appearance of the
microbial fauna and flora.

Sulfamerazine

The pharmacokinetics and bioavailability of sulfamerazine and antipyrine
have been studied in lambs3. Lambs were treated repeatedly from birth until
the 16th week of life, intravenously or orally with sulfamerazine at a dosage
of 100mg/kg. In some animals sulfamerazine was given intravenously in
order to better understand the complex absorption problems.

In Figure 12.2(a) the time course of sulfamerazine plasma concentrations
after intravenous administration of 100 mg/kg in one lamb at different times
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after birth is shown. An age-dependent evolution of the curve was noticed
in all animals. The older the animal, the faster the elimination of sulfa-
merazine. Halflife, distribution volume and clearance of the drug after intra-
venous administration in function of age were determined and are shown in
Table 12.1. A long elimination halflife and a low clearance were found in the
first week of birth. This is in accordance with the known immaturity of liver
and kidney function in newborn and young animals.

Table 12.1 Pharmacokinetic parameters of sulfamerazine after intravenous administration of
100 mg/kg in lambs in function of age (n=28)

Week ti/a Va Cl
(h) (I7kg) (mlkg-'h-1)
1 11.3 (9.0-13.9) 0.50 (0.43-0.60) 31 (22-38)
3 8.1 (7.1-8.8) 0.40 (0.30-0.50) 34 (24-41)
5 7.3 (6.1-9.1) 0.39 (0.30-0.47) 38 (28-51)
7 6.2 (5.3-7.4) 0.39 (0.36-0.48) 45 (34-55)
9 5.5 (4.1-6.6) 0.40 (0.36-0.47) 57 (42-79)
16 5.1 3.8-6.7) 0.41 (0.36-0.44) 66 (50-83)

Mean values and ranges are given

The clearance increased and the halflife then decreased gradually until the
9th week. The values obtained at 9 and 16 weeks were not different from
those found in adult animals?. The volume of distribution was high in the
first week, decreased in the next weeks and remained constant afterwards,
an evaluation which can be partly explained by the changes in plasma binding
of sulfamerazine. Indeed, in the newborn, plasma binding of the drug was
lowest, but increased together with the albumin concentration in function of
age (Table 12.2).

Table 12.2 Percentage plasma binding of sulfamerazine and albumin concentration in lambs
in function of age (n=38)

Week Binding Albumin concentration
% g/l
1 38.2 (10.6-55.1) 23.6 (22.2-25.3)
3 55.6 (44.7-65.5) 26.3 (23.0-31.1)
5 58.7 (42.6-68.2) 29.0 (24.4-32.1)
7 64.3 (60.8+70.4) 32.5 (28.8-36.4)
9 64.9 (60.9-71.7) 32.1 (30.3-34.9)
16 60.1 (58.0-64.9) 27.9 (24.5-32.0)

Mean values and ranges are given

In nine lambs, the same drug was administered orally at weeks 1, 2, 3, 5,
7, 9 and 16 after birth at a dose of 100 mg/kg. A semilogarithmic plot of
sulfamerazine concentrations vs. time after oral administration in one lamb
is shown in Figure 12.2(b). Here too, a pronounced change was seen in
function of age. A very slow decline in the plasma concentration in the first
and third week of life was found in all animals. From the 5th week on, a
marked change in the shape of the curve appeared.
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No attempt was made to calculate kinetic parameters after oral adminis-
tration as it was not possible to distinguish between absorption, distribution
and elimination phases. However, it is clear from the shape of the oral curves
that these profound changes with age cannot be explained solely by a slower
elimination but are also caused by changing absorption. Many factors such
as a delayed gastric emptying, a not yet developed mucosal surface, a limited
blood flow to and in the gastrointestinal tract, infavourable pH gradients,
etc. could be proposed as possible causes.

In order to study this problem further, antipyrine was administered orally
in the same animals (18 mg/kg). No suggestion of an age-dependent evolu-
tion of the absorption after oral administration was found for antipyrine.
Therefore, it is obvious that the evolution of absorption in function of age
seen for sulfamerazine is not a general feature for all drugs.

CONCLUSION

In conclusion, it can be said that there is a lack of information about the oral
bioavailability of drugs in the developing ruminant. Anatomical and
physiological changes in the gastrointestinal tract during postnatal develop-
ment certainly affect the absorption of pharmacological substances as shown
by the scarce studies performed.

It is necessary to carry out kinetic and bioavailability studies for each drug
for each period of life in order to find an accurate and correct dosage
regimen.
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13
Oral antibacterial therapy in
pre- and postweaning calves

W. L. Jenkins and L. G. Friedlander

A variety of primary and secondary microbial infections are known to occur
in young calves prior to weaning*. This is especially true during the neonatal
period?®. Specific and non-specific bacterial diseases are often precipitated
by a complexity of predisposing causes, mainly of managemental and
nutritional nature?>. However, primary viral infections are also frequently
responsible for secondary bacterial invasion. The inadequate immuno-
competence so often encountered in very young calves adds an extra
dimension to the pathogenesis of many of the disease syndromes that com-
monly occur at this age?’-3!. For convenience, the most prominent diseases
in young calves may be divided into the bacterial septicaemias and the
diarrhoea-respiratory disease syndromes. The septicaemic diseases usually
occur soon after birth and may be caused by many genera of bacteria but the
most common are Escherichia, Salmonella, Corynebacteria, Klebsiella,
Proteus and Streptococcus. Bacterial and/or viral induced diarrhoea-
respiratory disease syndromes are the most prevalent causes of preweaning
calf losses. Many different agents are involved in the pathogenesis of
diarrhoeal disease in the calf. Bacterial causes include enteropathogenic
Escherichia coli (colibacillosis), Salmonella typhimurium, Salmonella dublin
and other Salmonella spp. (Salmonellosis), occasionally other genera and
Chlamydia spp. Viral agents associated with pneumonenteritis include
adenovirus, parvovirus, coronavirus, rotavirus, enterovirus, bovine virus
diarrhoea and infectious bovine rhinotracheitis.

During the postweaning period respiratory diseases are more common
than gastrointestinal infections and usually result from stress-associated
management and handling procedures that impair the immune competence
of the calves. The bovine respiratory disease complex or shipping fever best
exemplifies this particular problem!?. In these cases a primary viral infection
(such as infectious bovine rhinotracheitis, parainfluenza type 3, adeno-
viruses, rhinovirus or bovine viral diarrhoea) commonly produces a pablum
favourable for secondary bacterial invasion (such as by Pasteurella
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haemolytica, Pasteurella multocida, Corynebacterium pyogenes, Haemo-
philus somnus, Myocoplasma spp. or Chlamydia spp.)*°.

Several preventative and therapeutic approaches are usually instituted in
order to control these destructive bacterial infections, that are capable of
substantially limiting the productivity and economic viability of veal or
feeder operations. Of great importance amongst these measures is the use of
antibacterial agents which are administered either orally or parenterally for
both prophylactic and therapeutic purposes?.

During the past 25 years this procedure has become a routine component
of many intensive calf-rearing and feedlot enterprises throughout the world.
Yet several questions remain unanswered regarding the ultimate benefit of
what would seem to be a logical approach to restricting infectious disease
losses in pre- and postweaning calves. It must also be noted that the employ-
ment of antimicrobial agents for these purposes is distinct from their use as
‘feed additives’ which are routinely included in rations at low levels to
promote growth. Considerable controversy still exists with regard to the
potential hazards associated with this latter practice’ 33 but the issues are
beyond the scope of this discussion except to note that several classes of anti-
microbial agents are used for both purposes, though at substantially different
dosage rates.

An array of antimicrobial compounds have been used to combat bacterial
infections in both pre- and postweaning calves. Those that may be admin-
istered orally and which either are, or might be used in the future, include
the following: (1) penicillins (ampicillin, amoxycillin), (2) cephalosporins
and cephamycins (cephalexin, cefachlor, cephamycin C), (3) aminocyclitols
(streptomycin, neomycin, framycetin, paromomycin, gentamicin, kana-
mycin, apramycin, spectinomycin), (4) tetracyclines (oxytetracycline,
chlortetracycline, tetracycline), (5) chloramphenicol, (6) macrolides
(erythromycin, tylosin, carbomycin), (7) polypeptides (bacitracin, poly-
myxin B, colistin), (8) sulfonamides (sulfamethazine, sulfabromomethazine,
sulfadiazine, sulphathiazole, sulfadimethoxine, sulfaethoxypyridazine,
sulfachloropyridazine and others), (9) potentiated sulfonamides (cotrimoxa-
zole, cotrimazine), (10) nitrofurans (furazolidone, nifuraldezone), and (11)
quinoxalines (carbadox) and quinolines (iodochlorhydroxyquin).

Several of these antibacterial agents are primarily indicated to prevent or
control gastrointestinal infections, whereas others are administered because
of their systemic disposition. They are also used either alone or in com-
binations of two or even three agents.

In the United States between 40 and 50% of the total antibiotics sold
(about 11.2 million kg in 1980) are given to animals either as feed additives
or for medical reasons. As is well known, this whole scenario has enjoyed
considerable scrutiny by regulatory agencies in many countries and great
concern is expressed periodically about the indiscriminate use of antibiotics
in the animal food sector by the veterinary profession. To date only a few
substantiated reports of serious potential hazards have emerged!®:2? and the
debate on the risk ratio: benefit ratio continues unabated. Perhaps it is only
right that the issue remains controversial, since the currently available
evidence remains somewhat equivocal.
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There are obvious concerns about the misuse of antibacterial agents in
calves and it behoves us as veterinary pharmacologists to pay attention to
what is happening in the field so that we too can contribute to the resolution
of this particularly difficult problem. Antibacterial therapy needs to be
rational in order to be acceptable and defensible. Based on this tenet, there
are a number of considerations that are of special concern when antimicro-
bials are administered to calves for either prophylactic or therapeutic
reasons. A few selected features will be briefly emphasized here, recognizing
at the outset that there is a notable paucity of specific information. This is
adeficiency which needs to be rectified as soon as possible, since recent public
statements such as, ‘The overuse of antibiotics, including their use in live-
stock, is now a worldwide health problem’, are becoming more and more
frequent and need to be either validated or discredited.

SELECTED PHARMACOTHERAPEUTIC FEATURES

There are a number of factors which will determine in large measure the
success or failure of the use of chemotherapeutic agents in calves to control
or eliminate bacterial infections. A few of these will be briefly reviewed in
order to emphasize some of the difficulties associated with this particular
field of veterinary medicine.

Clinical diagnosis

An accurate clinical diagnosis is the basis of sound therapeutics. Fortunately,
the septicaemic, enteric and pulmonary disease syndromes which occur in
calves are fairly easily recognized clinically but great care should be taken
always to clearly define the disease process. It is particularly important to
establish the physiopathological changes and any secondary complications
that occur. Septicaemia and endotoxaemia produce notable cardiovascular
responses as well as inhibition of rumino-reticular motility in older calves!.
The diarrhoeal syndromes lead to dehydration, acid-base and electrolyte
derangements and ultimately to cardiovascular collapse?*. Pneumonic con-
ditions principally lead to hypoxaemic responses and acid-base disorders.
In every instance, renal and/or hepatic involvement may also occur as a
secondary complication. The disturbed biochemical profiles which are
associated with these disease syndromes are quite well established*. Clearly,
many of these pathological components of the disease process are capable
of modifying the disposition and elimination kinetics of the antibacterial
agents that may be administered orally. This should always be borne in mind
when examining sick calves and when deciding on an appropriate therapeutic
regimen even though little specific information is available.

Aetiological diagnosis

A definitive bacteriological diagnosis, though the ideal, is not always attain-
able, especially when E. coli is incriminated as the possible causative
organism. Often the aetiological diagnosis remains presumptive even after
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the isolation and identification of a potential pathogen has taken place. In
addition, the possibility of a polymicrobial infection has to be considered in
many cases. Antibacterial sensitivity tests are proving to be of greater clinical
use, as many of the early difficulties experienced with these techniques have
been overcome. The modal minimal inhibitory concentration values (MIC)
for many members of specifically susceptible bacterial populations are now
available!” and can serve as the basis for antibiotic dosage schedules,
recognizing that many physiological and pharmacological characteristics
may have to be taken into account. Even minimal antibiotic concentration
values (MAC) are becoming available for those agents that possess residual
effects (on susceptible bacteria) at subminimal inhibitory concentrations.

Selection of antibacterial agents

Many factors govern the selection of the most appropriate antibacterial agent
or agents to be used to control disease episodes. These considerations have
been reviewed by Hjerpe and Routen!?, Burrows’, Amstutz2, Radostits?¢ and
Tennant et al.32. Only a few of special note will be covered here.

An accurate clinical and bacteriological diagnosis together with a sensi-
tivity test would be the ideal determinant of antibiotic selection, as was
mentioned earlier. However, surprising differences between in vivo res-
ponses and in vitro results may and do occur for a multitude of reasons.

The virulence of the pathogen, together with the acuteness of the infection
and the physiopathological changes that occur as a result of the disease pro-
cess, will also influence the choice of antimicrobial agents. Their intrinsic
modes of action and whether they produce bacteriostatic, bactericidal or
bacteriolytic effects may also have direct bearing on a case. The latter effects
often depend in large measure on the concentration of the drug at the site
of infection.

In addition, the disposition and fate of any orally administered anti-
bacterial need to be taken into account. This area, until recently, had enjoyed
little attention in cattle and the guidelines followed were often very arbitrary.
However, recent contributions have at last provided some of the data
necessary to place antibacterial therapy in pre- and postweaning calves on a
much sounder basis® 11,35,

Finally, the potential toxicities and side-effects associated with the array
of antibacterial agents listed earlier and used in calves need to be taken into
account, especially in relation to the disease process present.

Selection of dosage schedules

There are no single optimal dosage rates for any given antibacterial. There
are simply too many variables such as age, host resistance, bacterial
virulence, bacterial sensitivity, the site of infection and, especially, the
disease process with the lesions that are present. The nutritional status and
diet may also play a role.
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The aspect which will be emphasized here is that of the influence of the
pathological changes which occur on the kinetic fate of orally administered
agents. The majority of proposed dosage schedules are invariably determined
on pharmacokinetic data obtained from normal animals and, in the case of
the antimicrobial agents, on known MIC values for various pathogenic
micro-organisms. However, there is ever accruing evidence to suggest that
disease processes and associated physiopathological responses may markedly
alter the disposition and elimination kinetics of antibiotics and other anti-
microbial agents, such as the sulfonamides. Examples include fever and
endotoxaemia!?, enteritis and diarrhoea!, rumino-reticular atony!!, pneu-
monia*, and renal disease®. Until further evidence is available, dosage
regimens should be adjusted accordingly or plasma levels monitored in order
to control the dosage schedule.

It must be added that the bioavailability of a particular agent may also vary
with the diet3® or with age, in the specific case of chloramphenicol®.

Special concerns

There are a number of special considerations which should be borne in mind
when antibacterial agents are administered orally - either alone or in com-
bination with others.

The combined use of antibiotics always produces the potential for inter-
action between such agents and synergism, additive effects, antagonism or
indifference may result. Once again, so many factors may play a role that
only a few instances of interaction are clearly documented and general guide-
lines are all that are available at this time!”.

Colonization and suprainfection by opportunistic pathogens are a major
detriment to antibacterial therapy. The alteration of the host’s endogenous
flora by broad spectrum antibacterial agents, or combinations thereof, and
the subsequent emergence of resistant pathogenic organisms, is a clinical
phenomenon now being more frequently recognized. Antibiotic-induced
enterocolitis in the human caused by Clostridium difficile best exemplifies
this particular problem. How prevalent suprainfection is in treated diar-
rhoeic calves remains obscure.

Reinfection or clinical relapses may also occur if the instituted therapeutic
regimen is inadequate.

The final special consideration to be emphasized here concerns the very
real problem of plasmid-mediated or transmissible antibiotic resistance3°.
The potential hazards associated with the use of antimicrobial agents in
calves at either therapeutic or at subtherapeutic levels in feed have enjoyed
a great deal of attention in the past®-33 and continue to do so as more and
more instances are reported where identical antibiotic resistance patterns are
encountered in isolates from both calves and humans who have been in con-
tact with the animals23. Although the number of confirmed clinical cases is
still fairly limited, the fact is that the issue remains one of concern. It is diffi-
cult to theorize on a risk: benefit ratio at this time simply because insufficient
definitive data is available. However, it is at least necessary that the
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application of these antibacterial agents in veal and feeder calves be reason-
able and rational to prevent the widespread dissemination of R-factor-
bearing resistant strains of bacteria.

Supportive therapy

There is now ample evidence to suggest that the success or failure of treating
specific or undifferentiated diarrhoeic syndromes in calves often depends
only in small measure on the oral use of antibacterial agents!'® 23, In fact, it
is possible that oral antibiotic therapy may well be detrimental if oppor-
tunistic pathogens emerge as a result of suprainfection.

The physiopathological features of many of the enteric diseases of calves,
and especially of acute colibacillosis due to enterotoxin-producing strains of
E. coli, have been established? 2. Consequently, a rational therapeutic
regimen has become possible with several innovative concepts added in recent
years. It is beyond the scope of this presentation to review all of the aspects
of the treatment of neonatal diarrhoea and several pharmacotherapeutic
concepts will simply be outlined? 15 1: (1) fluid and electrolyte replacement,
(2) antimicrobial therapy - as anti-infective or as anti-adhesive agents, (3)
intestinal adsorbents and protectants, (4) antisecretory agents, (5) non-
steroidal anti-inflammatory drugs, (6) modulators of intestinal motility such
as anticholinergic agents and opiate derivatives, and (7) hyperalimentation
and nutritional support.

Supportive treatment for the bovine respiratory disease complex is less
well-established, although bronchodilator agents and mucolytics have been
employed at times. The correction of fluid, electrolyte and acid-base dis-
turbances is important in these cases as is the treatment of the secondary
rumino-reticular atony which frequently occurs. The use of corticosteroids
is probably contraindicated since they appear to prolong the course of the
disease and the incidence of relapses is often higher following corticosteroid
administration. This issue, however, remains controversial. Once again it
must be noted that the success rate of treating pneumonic calves with anti-
bacterial agents, especially by the oral route, is not always great, and
frequently this procedure simply prolongs the course of the disease with the
ultimate mortality rate not being significantly different from that in
untreated cases.

Immune competence

The success or failure of antibacterial therapy may depend in large measure
on the efficiency of affected calves’ defence mechanisms. This is particularly
true for the bacteriostatic agents and for bactericidal agents present at sub-
inhibitory concentrations. This is an often neglected consideration when sick
calves are treated with antibacterial agents and may well explain in part the
limited success often attained when managing enteric and/or pneumonic
syndromes* 25,
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Theincreased susceptibility of neonatal calves to infectious agents is a well-
recognized clinical phenomenon but the reasons for this vulnerability have
not been fully elucidated. Hypogammaglobulinaemia has been incriminated
as an important contributing factor. Newborn calves have very low levels of
immunoglobulin and passive immunity is acquired by absorption of
immunoglobulins from ingested colostrum®. The most frequent cause of
hypogammaglobulinaemia is failure of passive transfer of maternal immuno-
globulins.

Other differences in host defence factors of the calf, as compared to adult
cattle, have been reported. The newborn calf does not possess the capacity
to mount an active humoral immune response to all antigens that are
responded to by older animals®*. Cellular immune functions may also be
depressed in the calf as compared to the adult. Finally, the components of
the complement system have been found to be low in the neonatal calf?”.

A large number of psychological and somatic stressors are imposed on
feeder calves from the time of separation from their dams until they are satis-
factorily on feed in a lot. These stressors include weaning, castration,
dehorning, vaccination, deworming, spraying, rigorous handling, use of
persuaders, mixing of groups, overcrowding, transportation, exhaustion,
lack of feed and water, unfamiliar feed, inadequate nutrition, parasitism,
digestive disturbances, change of environment, exposure to inclement
weather, temperature extremes and, finally, subclinical bacterial and viral
infections. Preliminary evidence suggests that host defence factors and
especially pulmonary protective mechanisms are jeopardized under these
conditions. Thus, the development of infectious pneumonic syndromes in
feeder calves should not be unexpected!©.

There appear to be complex interactions between host defence mech-
anisms, antibiotics and infective micro-organisms and this area is currently
enjoying some attention. For example, tetracyclines readily penetrate
macrophages and leukocytes and may inhibit chemotaxis3. In addition, many
antibacterial agents penetrate alveolar macrophages quite readily, with
erythromycin and particularly clindamycin attaining remarkably high con-
centrations within these cells when compared with extracellular antibiotic
levels'#. Enhanced activity of leukocytes against pretreated bacteria also has
been recognized recently!®.

Tissue residues

Clearly, an inherent problem associated with the administration of anti-
bacterial agents to calves is the possibility of residues in the meat. Current
evidence seems to indicate that there have been few major human health
problems to date!? but the monitoring of meat for xenobiotic residues is
required by regulating agencies throughout the world. If residues are found,
serious economic sanctions may follow at great cost to the livestock pro-
ducer. Fortunately, the application of pharmacokinetics to this problem is
gradually making it possible to estimate and project drug withdrawal
intervals in food-producing animals?!. In addition, withdrawal times and
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limitations for use of certifiable antibacterials in food-producing animals are
usually legally defined by Public Health regulatory authorities.

Nevertheless, much additional quantitative information is still required in
order to avoid the contamination of meat products intended for human
consumption. Once again the presence of disease processes can substantially
alter the normally accepted withdrawal times, as was demonstrated by
Nouws and Ziv?2 in nephrotic animals.

CONCLUSIONS

It is evident from this general review of selected features of oral antibacterial
therapy in pre- and postweaning calves, that many pharmacological aspects
still require considerable investigation. The issues are complex and have
implications beyond the realm of veterinary medicine alone. It has become
imperative to resolve these issues and to establish a rational basis for the oral
treatment and control of bacterial infections in calves.
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Influence of ruminant gastrointestinal
physiology on the pharmacokinetics
of drugs in dosage forms
administered orally

G. D. Koritz

The complexity of the ruminant digestive tract in comparison to that of the
monogastric animal creates unique problems and opportunities as concerns
the absorption of drugs administered orally. Bioavailability studies and the
construction of pharmacokinetic models provide information concerning the
fate of a drug administered orally to a ruminant animal but provide little
comprehension of the factors which influence drug absorption. Such insight
is provided by an understanding of the physiology of the ruminant, par-
ticularly of its gastrointestinal tract.

BIOAVAILABILITY OF DRUGS ADMINISTERED ORALLY

Following oral administration of a solid drug formulation such as a bolus,
the processes leading directly to absorption of the drug are those of dis-
integration of the formulation, followed by dissolution of the drug particles
released from the formulation in the enteric fluids. A number of competing
mechanisms may lead to non-absorption or destruction of the drug in the
ruminant digestive system and thereby reduce the amount of drug ultimately
available for absorption. These processes are subject to modification by the
physiological state of the gastrointestinal tract.

Disintegration of a solid dosage form following its oral administration
may be controlled to a variable extent by the physical and chemical charac-
teristics of substances other than the drug in the formulation, for seldom
is a drug administered to an animal as a single chemical entity. Included in
most formulations are not only the biologically-active drug ingredient but
‘also inactive ingredients known as vehicles or excipients. These substances

161



VETERINARY PHARMACOLOGY AND TOXICOLOGY

include various fillers, binding agents, lubricants, protectants and coatings
which may perform a number of functions, the most important of which is
the control of the site and rate of dosage form disintegration. A dosage form
may be designed to disintegrate in a segment of the digestive tract in which
degradation of a particular drug is minimal, thus increasing the amount
of drug available for absorption. Through control of the rate of dosage
form disintegration, the rate that the drug is ultimately absorbed may be
influenced, as well as the subsequent duration and intensity of the drug’s
biological effect(s).

Drug particles released by disintegration of the dosage form generally must
dissolve next in the enteric fluids in order to be absorbed into the blood.
Dissolution is influenced by the chemical and physical properties of the drug
and the solvent, i.e. the enteric fluids. Important drug characteristics include
the salt form, crystalline structure, particle size, pK,, and both lipid and
aqueous solubilites. Drug absorption occurs primarily by passive diffusion
of the drug in solution from the aqueous environment of the enteric fluids
through the lipid phase of the cell membranes of the digestive tract mucosa.
Thus, both the aqueous and lipid solubilities of the drug influence its
absorption.

The principle physiological factors which modify the aforementioned
processes are gastrointestinal motility, pH, surface area and reactivity, i.e.
chemical, enzymatic, and microbiological. Physiological modification of
drug absorption will be considered in more detail later.

All of the previously mentioned processes may vary drug bioavailability,
i.e. the rate and extent to which the active drug ingredient is absorbed from
the formulation and becomes available at the site of drug action!4. If the rate
of drug absorption is slow, then effective blood concentrations of the drug
may not be attained, even if the extent of absorption is complete. Conversely,
if the fraction of an oral dose of drug absorbed is small then effective blood
concentrations may never be realized, regardless of the rapidity of drug
absorption. Figure 14.1 illustrates the importance of variable bioavailability
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Figure 14.1 (a) Influence of rate of absorption (A > B > C) on blood concentrations from three
drug formulations which are absorbed to the same extent. (b) Influence of extent of absorption
(D>E>F) on blood concentrations from three drug formulations which are absorbed at the
same rate
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upon the safety and efficacy of six hypothetical oral drug products which
contain identical amounts of the same drug but differ in formulation;
physiological effects are assumed to be constant?’. As shown in Figure 14.1,
the maximum safe drug concentration was exceeded by formulations A and
D whereas formulations C and F failed to produce effective blood con-
centrations.

Two methods are commonly used to determine drug bioavailability. These
employ the principles that the area under a blood concentration vs. time
curve and the amount of drug excreted in urine are both proportional to the
amount of drug absorbed. The ratio of the test formulation to the standard
formulation of the area under the blood concentration vs. time curves or of
the urinary drug recoveries determined, following equivalent doses of each
formulation in the same subject, provides an index of the drug’s bioavail-
ability. When both the test and standard formulations are administered
orally, the relative bioavailability is calculated. Comparison of an orally
administered test formulation with the intravenously injected, and therefore
completely absorbed, drug provides the absolute bioavailability of, or
fraction of the dose absorbed from, the test formulation. The rate of drug
absorption from an oral dosage form is represented by the time required to
produce the peak blood concentration. Pharmacokinetic analysis of blood
drug concentration vs. time data may be used to estimate rate constants for
the process(es) involved in the absorption of the drug. Practical application
of these concepts is well presented in an article concerning the absorption of
sulphamethazine as a solution, fast-release bolus, and sustained-release
bolus administered to cattle3.

RUMINANT GASTROINTESTINAL PHYSIOLOGY AND
DRUG ABSORPTION

The uniqueness of the ruminant digestive tract resides in the evolutionary
development of a series of three chambers, the rumen, reticulum, and
omasum, anterior to the true stomach, the abomasum. This anatomical and
physiological evolutionary adaptation allows the ruminant to thrive upon
products of the fermentation of cellulose-rich forages by commensalite
micro-organisms living within the rumino-reticular fluids. The environment
of the anterior ruminant digestive tract is thus very different from that of the
monogastric animals. Frequently, this accounts for the often dramatic
differences observed between ruminants and monogastrics in the oral
absorption of drugs.

The rumino-reticulum is usually the first enteric chamber encountered by
an orally administered drug. However, ingested fluids may partially bypass
the rumino-reticulum to enter the abomasum via the omasum following
closure of the reticular groove, a reflex especially well developed in the
nursing ruminant but inconsistently active in the adult. Thus, variable
portions of a drug solution administered orally may become divided between
the rumino-reticulum and abomasum, resulting in a complex absorption
process which may then contribute to unpredictable drug efficacy. Studies
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conducted with meclofenamic acid’-26 and febendazole?# 27, administered
orally or directly into the rumen or abomasum, have contributed a great deal
to an appreciation of the significance of reflex closure of the reticular groove
as a factor influencing drug absorption and efficacy.

The rumino-reticulum is not fully developed in the immature ruminant in
either relative volume or microbial activity. Since dilution of a drug in the
large fluid volume of the functional rumen and drug degradation by rumen
microflora both lead to decreased efficiency of drug absorption, it follows
that some drugs administered orally to ruminants would show dramatic
changes in both rate and extent of absorption between the time of birth and
the maturation of rumen function at 2-3 months of age. An appreciation
of the importance of this phenomena in regard to the absorption of drugs
by ruminants of various ages and the research conducted to elucidate the
mechanisms involved is best obtained by reviewing the excellent series of
papers investigating the fate of chloramphenicol administered orally to
ruminants®-13,37.39,

The functionally mature rumino-reticulum is essentially a fermentation
vat, the contents of which are bathed in copious alkaline saliva which acts
to buffer the acidic byproducts of microbial metabolism and maintain a
slightly acidic pH of 5.5-6.5 within the broth!. The contents are relatively
poorly stirred by rhythmic contractions of the rumino-reticular musculature,
which results in stratification of the ingesta with the less dense material in
the upper layers in the rumen and the heavier material in the lower layers and
in the reticulum. Periodically, small amounts of ingesta are regurgitated for
further mastication which results in a reduction in forage fibre size and a
more thorough mixing with saliva. The rate at which the ingesta flows into
the next enteric chamber, the omasum, is governed by fibre size and density
with the more rapid transit times exhibited by small, lighter fibres. The flow
rate of polyethylene glycol, a water soluble marker, from the rumino-
reticulum to the omasum in adult sheep?® is about 380-460 ml/h. If one
assumes a rumen volume of 41, this corresponds to a fractional rate of
emptying halflife of 7 h. The rumino-reticular retention of particles is longer.
Particles with a density of 1.2g/cm? and a volume of 20-30ml exhibited
the shortest retention time in the cow3>. More details concerning these and
other aspects of ruminant physiology may be found in the texts by Church®
and by Ruckebusch and Thivend?3,

The rumino-reticular environment does not favour drug absorption, al-
though drugs of sufficient lipid solubility do traverse the stratified squamous
epithelium of the mucosa by passive, non-ionic diffusion!:8 15-22.23,38 ' Ag
mentioned previously, the large fluid volume of the chamber causes dilution
of the drug, thus lowering the concentration gradient between the rumen
liquor and blood, which weakens the driving force for drug diffusion. The
drug may bind to the ingested forage or be destroyed by rumen microbes3*,
thereby further lowering its concentration. The slow mixing of the ingesta
may prolong the disintegration of a solid dosage form and thus retard the
rate at which the solubilized drug fraction comes into contact with the
absorptive surface of the ruminal mucosa. Finally, if the pH within the
rumino-reticulum is not conducive to non-ionic diffusion of the drug, the
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rate of flow to a more favourable pH in the lower digestive tract may further
slow the rate of drug absorption.

The influence of the rate of rumino-reticular flow on drug absorption has
been impressively demonstrated by the oral administration of sulphametha-
zine to sheep in the presence and absence of an intravenous infusion of
atropine*. Atropinic inhibition of rumino-reticular motility and, thus, of
flow to the more favourable sites for sulphamethazine absorption in the
abomasum and small intestine, resulted in peak sulphamethazine blood
concentrations of only one quarter of those observed in the control animals.
Therapeutic blood concentrations of sulphamethazine (greater than S mg/
100 ml) were maintained for 30 h in the control animals by a single oral dose
of sulphamethazine at 214 mg/kg but were never attained by the animals
which had also received atropine.

The limited capacity of the omasum results in a short retention time for
material passing from the rumino-reticulum to the abomasum. The omasum
appears to further reduce particulate size of the ingesta and to expel fluid
from the ingesta by compression within its leaf-like mucosal folds. The pH
of the omasum is slightly more acidic than that of the rumino-reticulum. The
stratified squamous epithelium of the omasal mucosa readily absorbs water,
small ions and nutrients®, but no information is available concerning the
absorption of drugs.

The abomasum or true stomach secretes a solution of pepsin and hydro-
chloric acid of pH 1.0-1.3, which results in a pH of 2-3 within the abo-
masal contents?®. Digestion and absorption of some nutrients occurs within
the abomasum. Unlike the monogastric animals, onward flow to the small
intestine is relatively continuous. Maximal flow occurs during food intake
then decreases soon after feeding to gradually increase to maximum again
at the time of the subsequent feeding. Although continuous over the long-
term, flow from the abomasum into the duodenum actually occurs in gushes
of 30-40 ml in sheep with an average flow?® of 400 ml/h. If one assumes an
average fluid volume of 400 ml for the abomasum, this flow rate corresponds
to an emptying halflife of 0.7 h.

A number of studies have indicated good absorption of drugs introduced
directly into the abomasum. Quite likely, this represents drug absorption
from both the abomasum and small intestine, considering the rapid rate of
abomasal emptying. Many of these studies were conducted with the primary
intention of investigating either the role of reticular groove closure in
directing some fraction of an orally administered drug solution past the
rumen to the abomasum, as with meclofenamic acid’ 2%, or the degradative
effect of rumen microflora on drugs such as chloramphenicoll0: 11, 13,39,

Large volumes of digesta can be transported by the small intestine.
Duodenal flow tends to be variable but continuous while that of the ileum
is intermittent. In adult sheep, duodenal flow rate varies from about 200 to
800 ml/h depending upon the nature of the diet and frequency of feeding®.
Flow rate then decreases progressively with distance aborally from the
pylorus as fluid is absorbed from the digesta. Particulate matter is trans-
ported from the pylorus to the large intestine in 2-4.5h.

The pH of the intestinal contents increases gradually from about 2.7 at the
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pylorus to 7.5 in the ileum®. Alkalinization of the acidic digesta from the
abomasum is achieved by both pancreatic and intestinal secretions.

It is anticipated that drug absorption from the abomasum and small
intestine of ruminants would be similar to that observed in monogastric
animals. The acidic environment of the stomach favours the absorption of
drugs which are weak acids. The nearly neutral pH of the intestine favours
the absorption of weakly basic drugs, while its tremendous surface area is
conducive to the absorption of all drugs of sufficient lipid solubility.

PHYSIOLOGICAL-COMPARTMENTAL PHARMACOKINETIC MODEL
OF RUMINANT DRUG ABSORPTION

The various types of pharmacokinetic models (empirical, compartmental
and physiological) as well as their relative advantages and disadvantages have
recently been reviewed4®, Such models have been used to describe the
pharmacokinetics of orally administered drugs and gastrointestinal flow
indicator substances in ruminants. Currently, a promising approach to the
pharmacokinetic analysis of drugs administered orally to ruminants utilizes
a combination of the physiological (gastrointestinal flow) and compart-
mental (drug disposition) models. :

The conceptual basis for a physiological-compartmental pharmacokinetic
model to study the absorption of drugs administered orally to ruminants has
been presented previously!’. Expansion of these concepts and inclusion of
average gastrointestinal pH values3? resulted in the model shown in Figure
14.2(a).

In this model, the flow of the liquid phase of the digesta and thus of an
orally administered drug in aqueous solution is determined with an indigest-
ible, unabsorbed marker such as chromium ethylenediamine tetra-acetic acid
(Cr-EDTA)!%: 18 or polyethylene glycol'®-2!, The drug and marker may be
administered orally or into specific enteric compartments by means of
surgically introduced fistulac. Samples of digesta obtained from these
fistulae allow the determination of regional pH and drug and marker
concentrations as a function of time. Pharmacokinetic analysis of these
concentration data then provides values for compartmental volumes and for
rate constants describing the disappearance of drug from the enteric
compartments by absorption (k.), destruction (kg), or flow to the next region
(kr, ko, kab, ke). Diffusion of the drug into the digestive tract from the blood
(central compartment) is studied by administering the drug intravenously and
then measuring its concentrations in both blood and digesta. Greater
complexity is added to the model if the drug is subject to first-pass metab-
olism or biliary recycling.

A number of these concepts have recently been applied in a study of the
pharmacokinetics of fenbendazole and thiabendazole administered intra-
ruminally to cattle simultaneously with Cr-EDTA to measure digesta flow
rates?3. Models such as this are especially useful when gastrointestinal flow
is a critical determinant of drug efficacy as is the case with the benzimidazole
anthelmintics. In the future, similar models may predict the effect of
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Figure 14.2 (a) Physiological-compartmental pharmacokinetic model of ruminant drug
absorption. (b) Simplified model of ruminant drug absorption

decreased gastrointestinal motility (as occurs with fever in the ruminant*! on
dosage form dissolution and subsequent drug absorption.

Depending upon the characteristics of the drug and the purposes for which
the pharmacokinetic model is intended, some of the rate constants (depicted
by dashed lines) and compartments in Figure 14.2 may not be required. In
pharmacokinetic analysis, it is generally accepted that the simplest model
which adequately explains the data is the ‘best’ model. For instance, if it is
established that (1) ruminal emptying rate is monoexponential and slower
than that of the omasum and abomasum, (2) drug degradation does not occur
within the gastrointestinal tract, (3) drug absorption occurs only within the
intestine, (4) drug diffusion from plasma to enteric fluids is negligible, (5)
first-pass metabolism and biliary recycling of drug do not occur, and (6) drug
disappearance following intravenous administration is monoexponential,
then the model in Figure 14.2(a) may be simplified to that in Figure 14.2(b).

In this model, flow from the rumen (k) to the intestine is determined by
intraruminal administration of an unabsorbable marker compound followed
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by pharmacokinetic analysis of the compound’s rate of disappearance from
the rumen. The absorption and elimination rate constants (k, and Ker,
respectively) are derived from analysis of drug concentrations in the central
compartment (blood). Unabsorbed drug is excreted in the faeces (k) and
absorbed drug is eliminated from the central compartment by metabolism
and excretion. The total of the amounts of unchanged drug and its metab-
olites recovered from the excreta should be equal to the dose administered.

A study recently completed by myself but not yet subjected to pharmaco-
kinetic analysis, illustrates many of these concepts. Six mature non-pregnant
ewes were administered single doses of prednisolone on separate days by dif-
ferent routes. Prednisolone succinate was given intravenously at 0.64 mg/kg
and into the duodenum via a surgically implanted 0.2 mm diameter cannula
at 2.56 mg/kg (equivalent to 0.5 and 2.0mg/kg, respectively, as predni-
solone); an aqueous suspension of finely ground tablets of prednisolone was
administered into both the fistulated rumen and abomasum at 2.0mg/kg.

The results of these experiments are summarized in Figure 14.3 (a). By
comparison of the areas (corrected for dosage) under the plasma drug
concentration curves of the enteral doses to the intravenous dose, the
absolute bioavailability of prednisolone administered into the rumen,
abomasum and duodenum was estimated to be 5%, 21% and 20%, respec-
tively. Apparently, prednisolone was extensively metabolized and/or
sequestered in the rumen and to a lesser extent in the abomasum and small
intestine. Metabolic degradation of the drug by the liver (first-pass effect)
may have occurred as well.

The influence of digesta flow rates from one gastrointestinal compartment
to the next is clearly demonstrated in Figure 14.3 (b). In the rumen,
prednisolone is diluted by the large fluid volume, probably degraded in or
bound to the ingesta and allowed to flow only slowly toward the more favour-
able site of drug absorption in the small intestine. The role of rumen flow
rate in controlling the intestinal absorption of prednisolone and its subse-
quent elimination (i.e. ‘flip-flop’ model) is supported by the flow of poly-
ethylene glycol from the rumen which parallels prednisolone disappearance
from plasma. The net result of these effects was that the administration of
prednisolone into the rumen at 2.0mg/kg resulted in low drug plasma
concentrations with a broad peak of about 15 ng/ml betwen 1.5 and 3 h.

Following the abomasal administration of prednisolone at 2.0mg/kg, an
abrupt peak plasma concentration of 151 ng/ml was observed at 1.0 h (Figure
14.4 (a)), while duodenal administration of an equivalent dosage of pred-
nisolone succinate resulted in an even sharper and earlier peak of 318 ng/ml
at 15 min. Since the bioavailability of prednisolone was essentially the same
by either the abomasal or duodenal route and since the peak plasma concen-
tration following abomasal administration was later and lower than that
following duodenal administration, this suggests that the small intestine was
the most efficient site for prednisolone absorption. The role of abomasal
emptying in presenting prednisolone to the small intestine for absorption is
supported by Figure 14.4 (b). The flow from the abomasum, as indicated by
the abrupt decline in polyethylene glycol concentrations, occurred with such
rapidity as to quickly present a large fraction of the abomasal dose of
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prednisolone to the small intestine where its subsequent rapid absorption
occurred. In fact, intestinal absorption of prednisolone was so rapid
following duodenal administration that a drug distribution phase is discern-
able in the plasma data and the drug elimination phase parallels that of the
intravenous dose.

Pharmacokinetic analysis of the data represented by Figures 14.3 and 14.4
will probably result in a physiological compartmental model of complexity
intermediate to the models in Figures 14.2 and 14.3. The rather low bioavail-
ability of prednisolone from all segments of the digestive tract suggests that
this drug is a poor candidate for the design of a special oral dosage formu-
lation for use in ruminants.

ORAL DOSAGE FORMS DESIGNED FOR RUMINANTS

Because the rumen functions as a large reservoir anterior to the abomasum
and small intestine which are the more important sites for drug absorption,
several possibilities exist for the manufacture of special oral dosage forms
for use in ruminants3!. Formulations which provide prolonged release of
drug, either from boluses or pellets of zero buoyancy or from devices which
lodge temporarily in the rumen, are suitable for drugs which are resistant to
or intended to act upon the ruminal microflora and for which persistent drug
concentrations are desirable32, Cobalt boluses for the prevention of cobalt
deficiency and sulphonamide boluses for the treatment of bovine bacterial
pneumonia are two examples of such products. On the other hand, it may
be desirable to prevent release of the drug in the rumen to avoid drug
degradation by the microflora as with chloramphenicol®?- 3¢ or, alternatively,
to prevent deleterious effects on the microflora by the drug as with the
penicillins and sulphonamides??- 34, Various dosage form coatings have been
developed which can protect a drug from microbial degradation in the rumen
and subsequently release the drug in either the abomasum or small intes-
tine?? 32, Further discussion of the objectives and design of oral drug formu-
lations for the provision of optimized drug delivery may be found in a recent
review?.

CONCLUSIONS

Adequate comprehension of the fate of drugs administered orally to
ruminants requires that both physiological and pharmacokinetic factors be
considered. Appropriately designed studies can provide drug concentrations
in plasma and enteric fluids as well as ingesta flow rates from one enteric
region to another. Physiological compartmental modelling of these data
should then provide for an improved understanding of ruminant drug
absorption and give insight to the means to improve the absorption of some
drugs through the design and administration of special oral dosage forms.
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15
Ruminal influences on drug action

R. H. Dunlop

Oral administration of drugs to ruminant animals has had a chequered
history. It might be summed up as having involved a lot of speculative
uncontrolled clinical use and little science. As a result, there has been little
evidence of efficacy, a substantial incidence of iatrogenic disease added as
atax on any pre-existing ailments, and a considerable amount of ineffectual
waste. Consequently, it is a thankless task to review the current status of the
pharmacology of drugs entering the rumen. It is more important to focus on
the nature of the biological systems that interact with chemicals introduced
to the rumen so that some relevant principles can be identified. Above all,
it is necessary to stress the urgency of the need for more sophisticated
pharmacological research in diseased animals followed by properly designed
clinical trials on drugs for oral use in ruminants.

There are two sides to the coin of drug administration into the rumen: one
is the effect of the forestomachs on the drug and its bioavailability, the other
is the effect of the drug on the various facets of these complex components
of the ruminant ‘ecosystem’. A further complication that must be addressed
is the impact of disease states on the subtleties of these functions. The failure
of the veterinary profession to identify the need for quantitative clinical
pharmacology long ago is one of the mysteries of professio:al evolution.
While great contributions were being made to the study of anatomical,
pathological, physiological, microbiological and parasitological science and
to clinical diagnosis, the discipline of clinical pharmacology or scientific
therapeutics failed to develop. Thus veterinary science failed to keep pace
with the industrial production of new products utilizing the great progress
in organic and synthetic chemistry. The new discipline, long overdue, is
slowly emerging at last and this Congress is a healthy sign of the change. It
is no consolation that our sister profession, that restricts its concerns to a
single species, has been similarly delinquent about clinical pharmacology
until recently.

Another area where inadequate attention has been paid to pathophysio-
logical changes and scientific evaluation is the art of formulation which aims
to dispense the drug or drugs into a dosage form that is convenient to
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administer and effective in meeting pharmacokinetic criteria while avoiding
side-effects such as toxicity or local irritation. Nevertheless, a great deal of
ingenuity has been applied to formulation manipulation during the last
decade to achieve protection from degradation or graded release of a drug.
This field, largely in the domain of industrial research and development, has
been reviewed*’. More recent developments have been largely in the field of
sustained release of anthelmintics®, sulfonamides*’, bloat preventatives*? or
nutrients*,

THE RETICULO-RUMEN (RR) SYSTEM

For absorption of a drug into the bloodstream to occur from any site of its
introduction into the body, a concentration gradient must exist for the drug
between that site and the local extracellular fluid. Also, it must be able to
penetrate any structural barriers in between.

An immediate problem confronting a drug administered orally to a
ruminant for systemic effect is the very large volume of the contents of the
reticulo-rumen as a proportion of total body weight. It cannot, therefore,
avoid being ‘disguised by dilution’!3,

In addition, the relatively slow and inefficient system of mixing the rumen
contents by the co-ordinated motility of the RR causes delays in attaining
uniform concentrations of a drug throughout the multiphasic ingesta.
Sampling errors are unavoidable during the first hour or so after adminis-
tration. Any subsequent additions of feed, water or saliva compound the
problem while the intermittent outflow of aliquots of the liquid ingesta to
the omasum further complicates the system. When the effects of the periodic
processes of regurgitation and eructation are allowed for as well, it becomes
understandable that those working on ruminant pharmacokinetics have
preferred to avoid the mathematical modelling of the influence of the RR
system. It is, in fact, a theoretician’s nightmare.

Some of the features of the RR system as they pertain to the study of drugs
introduced to it are illustrated in Figure 15.1. Although this system is familiar
to the physiologist, its complexity is alarming to the pharmacologist since the
figure is a gross over-simplification. It does not indicate the diversity of
metabolic processes that occur in the microbial inhabitants. It does not even
illustrate gross differences among these organisms such as protozoa, bacteria
and fungi, let alone the wide range of species represented in each of these
classes. Similarly, it does not indicate the complex neural and humoral
systems that regulate and co-ordinate the functions of the overall system. It
gives no indication of diurnal variations related to food intake or rumination
or of changes related to dietary alterations, starvation, stress, disease or drug
administration. However, it should be emphasized that the well-being of a
ruminant animal derives in the first instance from the function to which the
majority of its activity is committed, namely the filling and processing of the
forestomach contents. Any proposed formulation of drugs to be admin-
istered into this system must be assessed with an evaluation of the possibility
of a detrimental effect on its function.
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Figure 15.1 Diagram representing the main features of the reticulo-rumen system that may
influence bioavailability of a drug

THE FATE OF DRUGS INTRODUCED TO THE RR

Distribution of drug following administration

Drugs can be administered to the rumen in liquid form, such as solutions or
suspensions, as additions to the feed or water, or in solid form as tablets,
boluses, capsules or specialized delivery devices. Each of these dosage forms
leads to different sites of arrival in the rumen and variable distribution
patterns result.

It has been pointed out that liquids containing drugs arrive in greater
concentration in the reticulum and adjacent areas*?. Consequently, a dis-
proportionate amount may pass through the reticulo-omasal orifice before
mixing can occur. This allows part of the dose to escape ruminal degradation
and to present early for intestinal absorption. This process can be maximized
if the oesophageal groove can be induced to close prior to drug swallowing,
as occurs with milk bypassing the rumen in the sucking calf. Pretreatment
with atropine can be used to increase the chance of deposition of a dense
bolus, magnet or sustained-release device onto the floor of the reticulum.

Dissolution of drugs given in solid form

During a study in normal cows fitted with a rumen fistula® potential
ruminatoric drugs were identified. Among them, tartar emetic (antimony
potassium tartrate) was reported to be an effective stimulant of both the
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frequency and amplitude of reticulo-rumen contractions. This information
was extrapolated by some pharmaceutical companies to yield the assumption
that a bolus of tartar emetic would be effective as a stimulant to restore
motility in a static or sluggish rumen. It appears that they proceeded to the
formulation and marketing stage without further research or clinical trials.
For convenience of administration, some of the companies utilized a com-
pacted bolus form that could be readily given by a balling gun.

The author happened to observe the consequences of administering a
single bolus containing 45% of tartar emetic (20 g) to a fistulated cow that
had been engorged on grain 4 days previously. The reticulo-rumen was com-
pletely static. The day after the bolus was given, the atony persisted. Manual
examination via the fistula detected the bolus on the floor of the anterior
dorsal sac. A circumscribed lesion several inches in diameter was palpated in
the wall of the rumen beneath and around the bolus. Despite attempts to treat
the animal, it died in a few days. The necropsy revealed necrosis and severe
inflammation with thrombosis of the wall. This finding led to a research
study®® that showed that tartar emetic in bolus form caused phlegmonous
gastritis in four out of four calves whose reticulo-rumen had been rendered
static by prior starvation (36h) and dosing with atropine sulphate intra-
muscularly. The stasis was maintained for 6 h by additional doses of atropine
asrequired. Two calves treated identically except for the omission of atropine
sustained their rumen motility and suffered no apparent ill-effects. Lesions
similar to those seen in the engorgement case and other retrospective cases
were observed in the ventral area of either the reticulum or the anterior dorsal
sac of the rumen depending upon where the bolus had lodged.

The iatrogenic implications are obvious. Tartar emetic is soluble in water
about 1:12 and is extremely irritating to tissues. It is interesting to note that
Amadon’s original report? indicated that tartar emetic depressed the fre-
quency of RR motility when applied directly to the surface of the epithelium.
It was shown that the ruminatoric effect involved a lag time of about 90 min
after oral administration as a drench because it required delivery of the drug
to the abomasum leading to reflex stimulation of RR motility. Toxic signs
were described. Generous dilution of a dose of 90-150 grains was recom-
mended to ‘reduce the degree of irritation within the reticulum and facilitate
passage of the drug solution into the abomasum’. Alas, this sound advice
went unheeded.

Evaluation of local irritation in the static reticulo-rumen should be carried
out for every product administered in solid form. If normal mixing con-
tractions are present, irritation is unlikely to occur. Controlled rates of
release are often desired and great strides have been made in this area re-
cently. Drugs and trace nutrients formulated in prolonged-release boluses or
pellets have been made utilizing a variety of materials and techniques*S. The
goal of sustained bioavailability over a desired time period requires develop-
mental research. More complex hinged devices have been developed that
spring open to prevent regurgitation after a sealing adhesive has been dis-
solved or digested. These have been used to attain chronic delivery of sur-
factants to effect control of foaming as a means to preventing bloat3? but the
technique can be applied to other drugs such as anthelmintics®.
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Absorption of drugs from the RR

After the issue of whether or not absorption of the volatile fatty acids (VFA)
did occur through the lining skin of the rumen had been settled, definitive
experiments were performed to explain the relationship between rate of
absorption and physical chemical factors!4. The latter included ionization as
a function of pH, molecular size and concentration gradients. This elegant
work set the stage for modern theories of absorption from the gastro-
intestinal tract that are applicable to most nutrients and drugs?!. It demon-
strated that acetic, propionic and butyric acids are absorbed rapidly from the
closed RR in the unionized acidic form and more slowly in the ionized form
accompanied by a cation. The sodium salts are absorbed at rates in inverse
relationship to their molecular size. In all cases absorption of VFA occurred
down a concentration gradient for the molecular species.

Study of the absorption of drugs from the rumen has not attracted a large
following. The difficulty of maintaining physiological conditions in such a
complex organ, while avoiding errors due to inflow or outflow of material
via the cardia or the reticulo-omasal orifice, has plagued this field of
experimentation. This problem was addressed by inserting balloons into
these two orifices in goats, supplemented by a suction catheter in the
oesophagus to safeguard against salivary contamination®®. Rapid con-
tinuous mixing was achieved by a peristaltic pump and extracorporeal plastic
tubing. Bidirectional transfer of drugs across the rumen wall using this
system was reported later?®. The data on absorption indicated that the rate
of absorption from the rumen was dependent on the concentration of the
unionized form of the compound; this in turn was dependent upon the
concentration and pK, of the drug and upon the pH of the medium in the
rumen. Direct evidence for the absorption of the ionized forms was not
obtained in this study. When the same drugs were infused intravenously at
arate designed to sustain a steady state concentration in the plasma, transfer
into the rumen liquid could be measured. Using several different pH values
in the rumen so that the possibility of ion-trapping could be evaluated, clear
evidence was obtained to support this concept. Both pentobarbital and
salicylate (weak acids) concentrations in the rumen rose to exceed plasma
levels when the rumen pH was higher than that of the plasma, while an even
more marked relative increase occurred with the weak base, quinine, when
the rumen contents were more acidic than plasma. The principles underlying
the partitioning of acidic and basic drugs between plasma and rumen
contents or saliva have been illustrated?!®.

An alternative system for studying absorption from the rumen of the cow
was developed!”. It involved the insertion of a small tyre inner tube under
the cranial and caudal pillars to isolate the ventral sac of the rumen for
absorption trials?®. This model was used to study the absorption and
exchange of water across the epithelium with tritiated water as a marker. It
was found that water transfer was greater when the rumen contents were
either hypotonic or hypertonic (Figure 15.2). Very large changes in mucosal
bloodflow occurred with large departures from isotonicity in the rumen.
Further studies'® indicated that solute absorption changed dramatically
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Figure 15.2 Bidirectional movement of water as a function of the osmolality of bovine rumen
contents. Redrawn from ref. 18

when the rumen contents were over 30-40 mmol/kg hypertonic to plasma.
Even chromium ethylenediamene tetra-acetic acid (Cr-EDTA) became
absorbable under these conditions (Figure 15.3). It was suggested that the
increased permeability might be attributable to opening of the tight junctions
existing between the epithelial cells of the outer layer beneath the des-
quamating cells*®.
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Figure 15.3 Absorption of a ‘non-absorbable’ substance from markedly hypertonic solutions
in the bovine rumen. Redrawn from ref. 17
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It is not clear whether or not this phenomenon is of significance in practical
drug usage, but it should be tested because hypertonic conditions arise after
feeding and may become extreme in lactic acidosis when histopathological
changes are observed in the epithelium?. It was reported that thiamine was
not absorbed from pH 6.8 buffered solutions in the ovine rumen having
osmolalities over the range 240-360 mmol/1%¢.

The importance of differentiating between absorption from the fore-
stomachs and from the intestine has been stressed*?.

The bloodflow to the RR mucosa is an important variable that should
influence the rate of absorption of drugs from the reticulo-rumen. Recent
studies have reported the dramatic effect of feeding on foregut bloodflow in
sheep using the injection of 15-micron radioactive microspheres into the left
ventricle, followed by measurement of bloodflow by the reference organ
technique (Table 15.1)'9. This interesting finding will influence future drug
absorption studies. Using a similar technique, a dramatic reduction in
mucosal bloodflow was seen after infusion of adrenaline or noradrenaline
into the jugular vein*® at about 10 ug kg=! min~},

Table15.1 Theeffect of feeding and digestion on portal bloodflow and its foregut contribution
in sheep. Data from ref. 19

Portal blood flow Foregut contribution
(ml/g) (%)
Prefeeding 2.83 20.9
Feeding 2.76 26.2
2 h post-prandial 3.30 46.0
4 h post-prandial 2.81 37.3

Although several investigators have established the permeability of the
salivary gland*® and the rumen wall to the unionized forms of weak acids and
bases, there is much less certainty about the passage of ionized molecules
except for the lower volatile fatty acids and other small molecules. An inter-
esting example is the base, histamine, which has two pK, values, 5.97 and
9.80. The resulting ionization states are illustrated in Figure 15.4, along with
the proportions of each form at selected pH values. Introduction of a
solution containing polyethylene glycol 4000 (PEG) as a marker with
histamine in a buffered medium at pH 3.9 to the empty rumen allowed the
question of the absorption of ionized histamine to be investigated in a cow
fitted with a rumen fistula. Figure 15.5 indicates that there was no evidence
for absorption of histamine under these conditions in which most of its
molecules were in the doubly charged form with a small proportion having
a single charge and virtually none uncharged. The shape of the curve of
declining concentrations of both PEG and histamine is attributable to
outflow of rumen contents and replacement by saliva and any ingested water.
Exchanges of water across the rumen wall could have contributed.
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Figure 15.4 Ionization states of histamine as a function of pH with examples of situations
where selected pH values might occur

Figure 15.5 Non-absorption of histamine from acidic solution in the bovine rumen; starting
concentrations PEG 4000 4 mg/m!, histamine free base equivalent 100 pg/ml
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Figure 15.6 Absorption of histamine from alkaline solution in the bovine rumen; non-
absorption from the acidic abomasum; starting concentrations as for Figure 15.5

A similar experiment with a sheep fitted with ruminal and abomasal
fistulas involved use of a histamine-PEG solution buffered to a starting
pH of 9.72. Figure 15.6 shows that clear evidence was obtained of absorption
by the faster decline of the histamine concentration than that of PEG. The
flattening of the concentration curves suggests that salivation and rumen
motility may have been arrested or that the water absorption rate may have
increased. Even at the high pH range maintained in the rumen (8.3-9.7) in
this experiment, the majority of the histamine molecules would have carried
a single charge but a significant proportion of unionized base would have
been present to account for the absorption. Unfortunately, rumen volume
at the end of the experiment and rumen motility were not measured. Transfer
to abomasum did occur and it continued aftef the levelling of the rumen
concentration curves. Abomasal pH was about 3 and no absorption seemed
to occur under these conditions from this organ. The solutions used in these
experiments were isotonic at the start. It would be interesting to see if
absorption of ionized forms could be achieved from hypertonic solutions.

The effect of bypassing the rumen by means of stimulating the oesophageal
groove has, been studied with controversial results* 1246, In general, it
appears that such bypass techniques move a drug through the gastrointestinal
tract more rapidly. They may even have the opposite of the desired effect of
greater efficacy, as in the case of benzimidazole anthelmintics which were
reported to be more effective if given into the rumen than to the omasum
because of the longer exposure of worms to the drug*®, especially in cases
where nematodes have developed resistance to the drug.

Other studies comparing oral and parenteral administration in ruminants
have encompassed lithium?’, acetylsalicylic acid??, phenylbutazone® and
meclofenamic acid?3. ’
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One aspect of absorption of substances in rumen ingesta, that does not
seem to have been investigated, is the bucco-pharyngeal site during rumi-
nation. Since the pH of the oropharyngeal secretions is over 8, a completely
different environment exists from that in the rumen which may have a
concentration of hydrogen ion over one hundred times greater. Conse-
quently, the possibility of absorption of bases that would not be absorbed
from the rumen exists and should be examined. Also, the venous blood
draining this region would not go via the liver so it would pass to the tissues
without hepatic metabolism.

Volume turnover in the rumen

The halftime for emptying the RR by outflow through the reticulo-omasal
orifice is about 5-7h for the liquid component of the ingesta in mature
cattle having normal motility. Much higher values are observed for the
roughage component and after starvation or stasis. This dynamic process has
been the source of uncertainty about the site of absorption based on concen-
tration curves alone. A soluble drug introduced to the rumen may be
deposited in the reticulum. Part of the dose may pass rapidly to the omasum,
abomasum and small intestine. This allows rapid absorption to occur,
initiating a rapid rise in plasma concentration. The remainder passes back
into the rumen, slowly mixing with the ingesta via the mixing cycles. This
portion is passed to the omasum more gradually, because it will be dispersed
in the large rumen volume (over 401 in a cow), with each outflow through
the reticulo-omasal orifice. Consequently, curves of concentration of a drug
in the rumen liquor with time must be interpreted very cautiously. Its plasma
concentration may have arisen from intestinal rather than ruminal absorp-
tion. Experiments comparing drug concentration to that of a non-absorbable
marker are essential to determine whether or not ruminal absorption
occurred. The effect of gastrointestinal hormones on motility and outflow
is important?!,

Whereas therapeutic drugs are administered to diseased animals and since
sick animals frequently exhibit ruminal stasis, the pharmacokinetics of oral
remedies can change dramatically in illness. Examples have been reported by
several authors’-27-42, Typically, the plasma concentration is much lower
when the rumen is atonic. Several factors may contribute to this change. A
very marked reduction in rumen outflow rate occurred when atony was
present!. In one cow that experienced spontaneous rumen stasis, estimated
outflow rate dropped from 10.41/h to about 31/h. Although the authors
were concerned that their technique overestimated outflow by as much as
58%, it is likely that the proportional change may be appropriate. Flow fell
to 28% of the control value. This would have a very dramatic effect on the
pharmacokinetics of a drug in the system, particularly if the site of
absorption was the intestine rather than the rumen.

Another factor that may contribute to the reduced absorption is a likely
reduction in mucosal blood flow, although this has not been measured during
atonic states. If absorption normally occurs from the reticulo-rumen, other
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effects of stasis include failure to provide mechanical mixing in the diffusion
layer at the surface of the mucosa along with loss of movement of the
papillae, changes in the pH, temperature and osmolality of the medium,
alteration of microbial activity, cessation of rumination, and changes in
inflow of feed, water and saliva. Absorption also varies quite markedly with
changes in the diet and in starvation'!>2”. The outcome may depend upon
whether or not the drug is absorbable from the rumen and changes in rumen
pH.

Sulfonamides are widely used by oral administration in ruminants. Several
studies have reported on their pharmacokinetics32:38:45.51 and the effects of
rumen stasis’*42 but there have been very few reports on efficacious or
detrimental effects?®. A better situation exists with respect to anthelmintics
and where efficacy is more readily measurable. Levamisole? and benz-
imidazole anthelmintics?? have received special attention.

Microbial metabolism of drugs

The microbiota of the rumen is very complex and includes protozoa,
bacteria, yeasts and moulds. There are several groups of protozoa. Attempts
have been made to create defaunated animals by using detergents to destroy
all the protozoa. The different protozoal species vary in their sensitivity to
these agents which are also toxic for the host. The wetting agents tested in
sheep have included dioctyl sodium sulphosuccinate and nonyl phenol
ethoxylates (Terics). An alternative approach has involved emptying the
rumen and disinfecting the wall with formaldehyde 0.15% wt./vol. Com-
parison of these approaches?* indicated that it is difficult both to attain
complete defaunation and to maintain the defaunated state. Deaths occurred
in all three treatments with rumenitis and nephritis leading to electrolyte
imbalance and dehydration occurring in the detergent-treated animals. It
would be very valuable to have a dependable defaunated model so that the
contribution of protozoal metabolism to pharmacokinetics could be evalu-
ated. Better results were obtained with certain alkanates, particularly sodium
lauryl diethoxy sulphate, than with Terics. A large increase in propionate
concentration occurred at the expense of acetate®. It is interesting to note that
the propionate-enhancing drug, monensin, is also toxic to protozoa*. Since
protozoa returned in a few days after a single treatment with alkanates, the
authors saw a need-for a slow release device to maintain a near-defaunated
state for metabolic studies. This model awaits adoption for studies of drug
metabolism. The well-known inactivation of chloramphenicol by reduction
of its nitro group to an arylamine has been shown to be attributable to the
protozoal3.

The bacteria in the rumen populate three identifiably distinct environ-
ments, the rumen liquor, the solid particles and the epithelial wall where they
are tenaciously adherent. Many different species can inhabit these various
components of the system. Although there is a large literature on the effect
of drugs on the digestion of nutrients in the rumen, there is very little
published work on the metabolism of drugs by rumen bacteria. Defaunation
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and selective removal of bacterial species would be a useful technique for
such studies. Alternatively, the use of gnotobiotes inoculated with selected
strains of microbes would be valuable.

The wall-adherent bacteria in calves can be severely depleted by starvation
for 3 days with or without antibiotics (clindamycin and gentamicin) added
to the rumen solution!®. This reduction in attached bacteria is accompanied
by severe depression of the urease activity of the rumen wall and des-
quamation of epithelial cells. This system allows the distinguishing of tissue
activity from bacterial activity. It may also provide a clue to one mechanism
of a detrimental effect of certain chemotherapeutic agents in the rumen that
can be monitored. The ability to differentiate between microbial and
epithelial effects on drug metabolism would be a valuable tool.

The bacteria associated with the particulate matter include the cellulolytic
bacteria. Some of these adhere to the plant cells. Their role in drug metab-
olism does not appear to have been studied selectively. Because fibrous
particulate matter has a long retention time in the rumen, these bacteria
presumably persist there longer than those in the fluid component of the
ingesta.

Most studies that have been carried out on ruminal metabolism of drugs
have involved sampling the rumen liquor. In vitro studies also have tended
to be based on such samples. Consequently, an incomplete picture of the
rumen microbiota’s effect on chemical compounds results. Most of the
studies of microbial metabolism of drugs in the rumen have involved chemo-
therapeutic agents and potential toxicants. Newer technology, such as high
pressure liquid chromatography, is making possible more specific assay of
drugs and their metabolites. Pathways can be checked by isotope studies. A
recent study of the pharmacokinetics of albendazole and its major metab-
olites, the sulphoxide and the sulphone, in sheep is one example36. It was
interesting to note that, although the parent compound was barely detectable
in the plasma, substantial concentrations of the two major metabolites were
found after oral administration of albendazole.

The rumen bacteria are capable of a very wide range of biochemical trans-
formations. Drugs entering the system may have a profound effect on diges-
tive and nutritional processes. This field has been reviewed thoroughly*’.

Some recent developments relevant to the understanding and control of
detrimental nutritional disorders are worth noting. One is the identification
of skatole (3-methyl indole or 3MI) formed from L-tryptophane in the
rumen as a probable participant in the pathogenesis of ‘fog fever’ or acute
bovine pulmonary oedema and emphysemas2, Cattle grazing aftermath or
‘foggage’ and other lush feeds form 3MI in the rumen. It is said to be
absorbed and passed to the lung where further metabolism by mixed function
oxidase leads to pneumotoxicity, presumably mediated via reactive inter-
mediates. The 3MI is covalently bound in the lung preferentially. Prevention
by reducing conversion of tryptophane to skatole in the rumen has been
achieved experimentally using monensin orally3®,

The problem of nitrate toxicity in cattle involves ingestion of large
amounts of nitrate in a single feed. The nitrate is reduced rapidly to nitrite in

176



RUMINAL INFLUENCES ON DRUG ACTION

the rumen. The latter is absorbed and reacts with blood to form methaemo-
globin. Although adaptation to high nitrate intakes does occur, losses from
nitrite intoxication are important. A new approach to controlling the
problem has been proposed and tested3!. It was found that significant
inhibition of nitrate reductase in the rumen could be attained with orally
administered sodium tungstate at up to 6.6mg of tungsten per kg body
weight. Whether or not there are toxic side-effects involving other divalent
cations or enzymes needs further study. Nevertheless, this work is another
indication of application of biochemical knowledge to pharmacological
ends. The overall goal is to take the risk out of hazardous nutritional
situations. Further studies of this type are required in such conditions as urea
poisoning that involves ammonia toxicity and lactic acidosis.

A major challenge to the use of low level antibiotics as feed additives to
improve productive performance has arisen from the concern about its
implications for the spread of transferable antibiotic resistance among
bacteria in the digestive tract. A recent review of the evolution of antibiotic
resistance gene function evaluates current theories of persistence of resistant
strains®°. Since such strains have a profound influence on the metabolic fate
or the efficacy of antimicrobial compounds, the topic has considerable
relevance to the practical use of oral drugs in ruminants and the development
of policies governing such use.

Chemical reactions in the rumen

Because of the large array of chemicals present in the rumen liquor, many
chemical reactions may occur that do not involve micro-organisms directly.
One example of this type is the appearance of thiaminase I in the rumen
because of its presence in the feed or as an enzyme formed by bacteria that
escapes to the rumen fluid. This enzyme is a tranferase that requires amine
bases as cosubstrates, such as pyridine. It destroys thiamine and forms a new
derivative of pyrimidine after the thiazole moiety has been removed. The
product may be an antithiamine compound depending on the nature of the
exchanged base. In any event this process renders the animal deficient in
thiamine. This can lead to the clinical disease, polioencephalomalacia. The
pharmacological implication is that it would be virtually useless to administer
thiamine orally. It would be necessary either to deploy an inhibitor of
thiaminase I first or to use physiologically effective compounds related to
thiamine that are resistant to destruction by the enzyme, such as thiamine
propyl disulphide or thiamine tetrahydrofurfuryl disulphide.

Concerns about efficacy

The study of bioavailability of drugs introduced to the rumen is a question
of pharmacokinetics. However, in the zeal to generate tidy mathematical
models of such a system, the ultimate reason for giving the drug often gets
overlooked. It is notoriously easy to be misled by clinical impressions and
quantitative clinical trials are essential to determine if the medication has any
value on the one hand or a possible detrimental effect on the other.
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Table15.2 Oral treatment of experimental grain engorgement in sheep; all treatments initiated
24 h after dosing with ground barley 35 or 40gm/kg

Oral treatments No. Survivors % Survival
Untreated controls 12 4 333
Antacids

NaHCO; 1-2g/kgx3 12 3 25.0

Mg(OH), 1.1g/kg 8 2 25.0

CaCO; 1.9g/kg 3 2 66.7

NH,OH 1.5-3gx6 8 3 37.5
Antibiotics

Penicillin V 1.5-3gx3 9 1 11.1

Tetracycline 44mg/kgx2 4 0 0.0

Chloromycetin  1-2gmXx 1 6 5 83.3
Miscellaneous

Mineral Oil about 11x2 2 0 0.0

Creolin 0.2ml/kg 4 0 0.0

‘Anamas’t 21.3g 3 0 0.0
Surgical

Rumenotomy +

fresh ingesta 4 3* 75.0

Prophylaxis

Penicillin V 1.5¢

with the grain 1 1 1060.0

*The fatal case had surgery at 30h instead of 24.
tCommercial preparation containing aminopyrine, pyrocatechol, MgO, Na formaldehyde
sulphoxylate and charcoal.

In conclusion, one example that may illustrate the magnitude of the
problem in the rumen setting is offered. A standardized model of ruminant
lactic acidosis due to grain engorgement was developed. A variety of
treatments was tested in this model, including several combinations of oral
and systemic pharmacological approaches based on what appeared to be
tenable hypotheses. Pulling out all of the cases where oral medicaton were
involved, gave the results presented in Table 15.2. The trial was of the nature
of a large scale screening exercise seeking clues to effective therapy. The
animals received 35 or 40gm/kg of ground barley by stomach tube as a
slurry. Treatment was commenced at exactly 24 h after loading with grain.
In crude terms of survival vs. death, the only dependable treatments were (1)
rumenotomy with removal and replacement of the ingesta, and (2) oral
chloramphenicol. Calcium carbonate deserved further evaluation. However,
a closer look revealed that the rumenotomy animals recovered rapidly and
fully (except for the one in which surgery was delayed 6h) while the
chloramphenicol-treated animals were inappetant and unthrifty for several
weeks. _

The lesson in this frustrating study lies in the fact that many of the products
were in common use in clinical practice. Some were selected for use in the
trial because of the testimony to their value given by practitioners. Some are
still in widespread use. It is possible that some of the products used may be
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effective if given earlier in the condition. The conclusion should be that, at
least until better evidence is available, emptying the reticulo-rumen and
insertion of some fresh ingesta is the only treatment in which one can have
confidence in a severe case. How many other formulations in common use
for oral administration need similar evaluation? It is perhaps fortunate that
the functional forestomach complex is remarkably resistant to chemical
insults. When dysfunction is present, however, it becomes vulnerable and
special care must be exercised before introducing medications that might be
handled safely by a normal animal.
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16
Recent developments in the treatment
of metabolic diseases

W. M. Allen, B. F. Sansom, C. F. Drake and P. R. Moore

The classical metabolic diseases are non-infectious diseases such as milk
fever, hypomagnesaemia and ketosis. Recently the fatty liver syndrome?2 has
been shown to be associated with these conditions and also with several other
periparturient problems such as mastitis, retained placenta and infertility. In
addition, there are many metabolic diseases caused by nutritional de-
ficiencies of either the major or the trace mineral elements. In the past few
years new ideas or methods have been introduced for the treatment of all
these diseases. The purpose of this paper is to review these recent advances.

MILK FEVER

The incidence of milk fever appears to be continuing to rise as the pro-
ductivity of the dairy cow increases; by 1975 the annual incidence in the UK
had risen to 9% whereas in 1960 it had been only 4%!7-23, Therapy has not
changed substantially? but there has been progress in preventive methods
based largely upon new knowledge of vitamin D metabolism and the identifi-
cation of predisposing factors?s.

The concentration in plasma of the most active metabolite of vitamin D,
1,25 dihydroxycholecalciferol (1,25(OH),;Ds), increases when there is a low
calcium concentration in the diet during pregnancy. Unfortunately, the
increase only occurs when the daily calcium intake is below 25-30g and
such a diet is impractical for use on farms. However, under experimental
conditions, when the daily intake of calcium was less than 25-30g, the
efficiency of calcium uptake from the intestine increased and so also did the
mobilization of calcium from body stores. Both processes helped to prevent
hypocalcaemia at the time of parturition. Recently, the effect of using diets
containing low phosphorus concentrations was investigated!®. Such diets also
prevent hypocalcaemia and the authors suggested that, rather than acting via

183



VETERINARY PHARMACOLOGY AND TOXICOLOGY

increased 1,25(OH),Dj3 synthesis, the low phosphorus diet increased the local
binding of the hormone to the gut wall and increased the efficiency of
absorption of calcium.

When the metabolites and analogues of vitamin D had been identified and
synthesized, their potential for preventing milk fever could be assessed.
These compounds include cholecalciferol (D3); its 25-hydroxylated metab-
olite (25-OH Ds); a synthetic analogue of this natural compound (1«-OH D3)
and the dihydroxylated metabolite (1,25(OH),D3) which is physiologically
the most active compound. The use of all of these substances is made difficult
by the need to treat cows before calving and the uncertainty of predicting
parturition accurately. Nevertheless, all the compounds have been tested and
the evidence suggests that in terms of efficiency and cost 1a-OH D3 is the
best available for preventing milk fever.

It is considered that 100 ug 1a-OH D3 protects cows against milk fever if
administered within 12 h of calving, but that larger doses are less effective!l.
It is reported that injections of 350 ug 1a-OH D3, provided that they were
administered more than 24 h before calving, prevented all cases of milk
fever*. However, in more extensive trials which involved several hundred
animals, it was concluded that 500 ug 1a-OH D3 administered more than 24 h
before calving, resulted in at best a 75% decrease in the incidence of milk
fever3: 27, Although 1,25(OH),D;s is the most active metabolite of vitamin D
it appears to be less efficient than 1a-OH Dj; for milk fever prophylaxis
because a single injection has a more short-lived effect®.

Cholecalciferol (D3) is now considered to be of limited value as a pre-
ventive and has been shown!® to be slower in action and less efficient than
1a-OH Ds!°. The dose required (107 units - 250 mg) is much greater than
the doses of the other compounds and a recent report has suggested that in
pregnant animals only slightly larger doses may be associated with irre-
versible toxic changes, principally metastatic calcification!®.

In addition to the effects of dietary calcium and the relationship between
vitamin D metabolism and milk fever, there are other factors which affect
the likelihood of milk fever occurring!2. One of the most important is the
magnesium status of the pregnant animal’. Subclinical hypomagnesaemia
(approx. 0.5-0.85 mmol Mg/1) decreases the ability of a cow to mobilize
calcium in response to hypocalcaemia and thus prejudices her ability to adapt
successfully to the greatly increased calcium requirements at the start of
lactation. It is therefore important to ensure that pregnant cows receive an
adequate intake of magnesium so that the concentration of magnesium in
blood does not decrease. The maintenance of normomagnesaemia is
especially difficult when the dry cows are at pasture and relying solely on a
diet of grass. To avoid the difficulty of feeding a concentrate rich in
magnesium, systems using medicated drinking water have recently been
developed. Sufficient magnesium acetate is added to the water troughs so
that, provided the weather is dry and no other water supplies are accessible,
each animal is provided with up to 20 g Mg/day. Rumen ‘bullets’ have also
been devised but they can carry only small amounts of magnesium and it is
released only slowly (approx. 1-3 g/day); furthermore, they may be regur-
gitated and lost soon after administration.
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ACUTE AND CHRONIC HYPOMAGNESAEMIA

Hypomagnesaemia can also be sufficiently severe to cause a clinical disease
which can be difficult to treat in its acute stages and difficult to prevent there-
after by maintaining an adequate intake of magnesium. In beef animals
supplementation may be provided from magnesium rich blocks laid on the
pasture as well as by the methods already discussed, but there have been few
other recent developments. The acute disease can be precipitated by stress,
usually in the form of sudden adverse weather or transient starvation. It is
therefore important, especially in beef animals, to ensure that they receive
an adequate energy intake and are not subjected to short periods of star-
vation or exposed to adverse weather conditions.

KETOSIS AND FATTY LIVER (OR FAT MOBILIZATION) SYNDROME

The realization that a fatty liver (>20% fat in the hepatocytes) predisposes
dairy cattle to a number of periparturient diseases including ketosis and
infertility has underlined the importance of feeding appropriate diets
throughout the complete reproductive cycle?¢. During pregnancy, par-
ticularly, the energy intake must be adequate for, but not exceed, the
animals’ requirements because if the cow is too fat before and at calving she
is more likely to develop fatty liver.

Table 16.1 The effect of body condition 4 weeks prepartum upon fatty liver, metabolic
diseases, fertility and milk yield

Controls Affected

Body condition score 4 weeks before calving 2.72 3.94
Mean % fat in liver cells 2 weeks postpartum 15.2 30.8
Diseases (no. of cases)

ketosis 2 5

mastitis 1 3

milk fever 1 2
Number of days calving to 1st oestrus 36.8 42.7
Milk yield (kg) in first 84 days of lactation 2567 2323

Data from ref. 26

Cows which store too much fat during pregnancy may begin to mobilize
these fat depots during late pregnancy and mobilize them even more rapidly
at the start of lactation. As a result, fat accumulates in all the rapidly metab-
olizing tissues, especially the liver, kidney and muscle; because of this wide
tissue distribution the term ‘fatty liver’ may be too restrictive. Fat accumu-
lates because the fat input into the tissues increases and because the tissues
use less fat. Therapeutic methods have aimed therefore to increase the rate
at which the affected tissues, especially the liver, catabolize fat. The com-
pounds which have been used for this purpose have also been tried prophyl-
actically. They include nicotinic acid (niacin), biotin and methionine, all of
which can be supplied as feed additives, and provided that the latter is
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protected from degradation in the rumen. Unfortunately, the initial results
from prophylactic feeding trials do not appear promising. The most suc-
cessful method of preventing ‘fatty liver’ is to maintain pregnant animals in
good but not fat body condition. The animal’s appetite (and therefore dry
matter intake) then remains high around the time of parturition and increases
rapidly thereafter, minimizing the need for the body stores to be mobilized.

TRACE ELEMENTS

The most important essential trace elements are copper, selenium, cobalt and
iodine. The successful prevention and treatment of diseases associated with
a deficiency of these trace elements still present a challenge because of the
world-wide extent of the deficiencies and the variety of extensive husbandry
systems which frequently use extremely low stocking densities. In the case of
severe and acute deficiencies of copper and selenium, parenteral injections
of a supplement probably remain the best method for restoring normal
mineral concentrations in the deficient animals’ tissues!. However, several
new methods for prevention and treatment have recently been introduced for
when supplementation is required throughout the grazing season.

One of these methods, the addition of the element to the drinking water,
has already been described for supplementation with magnesium (as a
solution of its acetate). More recently, compressed pellets, each containing
one trace element, have been designed for addition to drinking water troughs.
The solubility of the contained element is controlled so that the animals
drinking the water should be provided approximately with their daily needs.
However, the theoretical advantages do not always seem to be borne out in
practice. Copper-containing tablets failed to prevent the onset of hypo-
cupraemia in cattle!?. The tablets, which cannot be used in galvanized water
tanks, disintegrated and formed a copper-containing sludge on the bottom
of the water tank. The copper content of the water never exceeded 0.2 mg
Cu/1 although the tablets were designed to provide between 2.5 and 5mg
Cu/l water. Similar conclusions have also been reported but the manu-
facturers now claim to have improved the solubility of their copper pellets?°.

In the case of pellets containing selenium it is reported?® that they could
provide up to 3 mg selenium per cow per day from water containing up to
0.074mg Se/l. Observations suggest that selenium tablets added to the
drinking water of dairy cows may be of some value. However, their effect
on GSH-Px activities in blood was apparently so short-lived after the tablets
had been removed from the troughs, even though the biological halflife of
selenium is known to be of the order of 1-3 months, that these conclusions
should be treated with caution.

It is also reported that similar pellets containing cobalt failed to prevent
a decline of vitamin B;; concentrations in the plasma of calves?®. However,
B2 concentrations increased in calves which were supplied with water to
which cobalt had been added by means of a proportioning device. This device
can also be used for other trace elements.

With the ‘Rowett Water Proportioning Device’, it is claimed that the

186



RECENT DEVELOPMENTS IN THE TREATMENT OF METABOLIC DISEASES

addition of between 2.5 and 5 mg Cu/l of drinking water is as effective as
repeated injections of copper in preventing hypocupraemia in suckler cows
and growing heifers!3.

Unfortunately, this method of utilizing the water supply to act as a carrier
for trace elements has major disadvantages. It can be effective only when the
animals receive water from the treated source alone. If they have access to
extraneous or natural sources of supply the method is virtually useless.
Similarly, the efficacy of the method depends on the climate; high rainfall
reduces voluntary water intake and makes it impossible to predict trace
element intake.

Continuous release of the trace element directly into the digestive tract
would overcome these difficulties and methods of administering some trace
elements as long-lived ruminal boluses or bullets have been devised. The
method has most commonly been applied to cobalt, administered as a bullet
which contains 30% cobalt oxide with iron grit. This has been proved to be
effective both for therapy and for the longterm prevention of cobalt
deficiency in sheep. Unfortunately, the bullets do not appear to be as
effective in cattle. Our evidence suggests that the release of cobalt decreases
substantially after the bullet has been in the rumen for a short time, possibly
because of surface coating (Figure 16.1). Bullets containing 5% selenium also

Figure. 16.1 Weight loss in the rumen of cobalt bullets

dispersed in iron grit have been developed also for longterm prevention of
selenium deficiency!® but they, too, decline in solubility with time. This
behaviour has been ascribed?* to the use of certain sizes of selenium particles
or grains, particularly those less than 10 um. It is claimed that an effective
rate of release of selenium could be maintained provided that the selenium
grains were larger than 10 um, and that the optimum grain size was of the
order of 35-40 um. However, there are no field trial data available to sup-
port this claim.

Material of a quite different physical form has been used to provide
animals with longterm oral supplements of copper. After oral administration
copper oxide wire or needles lodge at sites either in the fore-stomachs or

187



VETERINARY PHARMACOLOGY AND TOXICOLOGY

abomasum®. They dissolve slowly and some of the released copper is
absorbed by the normal physiological processes. They can be recovered from
the sites of retention for several weeks after dosing and during this period
the reserves of copper in the liver, the principal storage organ, increase. The
copper stored in the liver then acts as a depot from which copper can be
slowly released to maintain normal concentrations of copper in the blood
during periods when the animal may be receiving an inadequate copper
intake. They have been used most frequently in sheep but they are also
effectivein cattle. Administration of 25 g of oxidized copper wire to cows and
calves has prevented the development of hypocupraemia for up to 33 weeks
thereafter!4. It is demonstrated that 4 g of copper oxide needles administered
to ewes during the first half of pregnancy protect their lambs from sway-
back??. Two grams of copper oxide needles administered to lambs provided
sufficient copper to prevent the development of hypocupraemia until the
lambs were weaned?3.

All methods for providing supplements of copper, cobalt or selenium so
far discussed supplement the animal’s requirements for periods of only a few
weeks to a few months. Methods to provide adequate supplements for at least
the length of the grazing season in the temperate zones still need to be
developed. Soluble glasses provide a type of physical system which could
provide controlled longterm supplementation. These soluble controlled
release glasses (CRG) are phosphate glasses into which many minerals and
trace elements can be incorporated, including sodium, potassium, mag-
nesium, copper, selenium, cobalt, zinc and iodine.

Copper and selenium containing CRG have been developed for use as
subcutaneous implants. Selenium-containing implants will slowly release
selenium over a period of 7 months without deleterious effect®, whereas
similar copper-containing CRG unfortunately produce unacceptable local
tissue reactions. Nevertheless, copper containing CRG have been developed
for subcutaneous use which are at least as effective in preventing copper
deficiency as other available therapeutic preparations! 22,
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Figure 16.2 Weight loss of magnesium CRG in the rumen of cattle
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For the simple and practical prevention of copper and cobalt deficiencies
CRG used as rumen boluses have greater potential>. CRG boluses continue
to release their trace element constituents at an almost uniform rate,
dependent upon surface area, for longer than 6 months. Copper-containing
CRG with four different rates of solubility have dissolved approximately
linearly for 190 days when suspended in dacron bags in the rumen of steers?!.
Figure 16.2 shows the rate of dissolution of a magnesium-containing CRG
over a similar period. Twelve boluses were administered and all were
recovered at slaughter up to 190 days after dosing.

/ Controlled Release Glass
Cobalt

/ Cows @
Sheep 4

A— . . "
80 100 120 140 ISB M 5

Time of recovery —days.

Figure 16.3 Weight loss of cobalt CRG in the rumen of sheep and cows

CRG containing cobalt also dissolve at a linear rate (Figure 16.3), and
recently boluses weighing approximately 65g have been shown to release
between 0.8 and 1.6 mg Co/day for at least 50 days, a quantity sufficient to
satisfy the requirements of growing and adult cattle. Smaller boluses would
provide enough cobalt for sheep.

These initial experiments with CRG as a source of trace elements suggest
that they do not suffer from the disadvantages of either arrested dissolution
or the development of insoluble surface coatings. They may, like the metallic
magnesium boluses, be liable to regurgitation from the reticulo-rumen but
in the experiments so far conducted more than 90% of the glass boluses
administered have been recovered after periods of up to 190 days. The mass
and density of the boluses appear to have surprisingly little influence on their
probability of retention. All the glasses administered have a density only
slightly greater than 2.5, and it has therefore been considered unnecessary
to interfere with the composition by adding material of high density. Boluses
weighing only between 5 and 6 g have also been recovered up to 134 days after
dosing.

CONCLUSION

The productivity of farm livestock in terms of milk and meat output con-
tinues to increase and, in consequence, the stresses imposed upon the animals
and their nutritional requirements also increase. The likelihood of imbalances
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between input and output will therefore rise and metabolic diseases will be
an increasingly important cause of losses unless new methods of treatment
and prevention can be developed. In this paper we have shown that signifi-
cant progress has been made during the past decade. However, while the
main objective of agriculture remains to increase productivity, it will con-
tinue to be essential to develop new, better and more practical methods for
preventing metabolic diseases.
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17
Drug excretion by the
mammary gland

J. Boisseau and J. P. Moretain

The chief aim of the legislation concerning veterinary pharmacy is to protect
the consumer’s health against the hazards of drug residues, which may
contaminate the foods of animal origin. Pharmacokinetic studies performed
in normal conditions cannot take into account all the particular situations
to which a veterinarian may be confronted. A good knowledge of the various
parameters likely to influence the mammary excretion of veterinary drugs is
required by (1) the manufacturer of veterinary drugs to improve his dosage
forms, and by (2) the veterinary practitioner to fix withdrawal times
according to the particular cases he has on hand.

Both literature data and personal results on the parameters likely to
influence the elimination of antibiotics into the milk will be presented, taking
into account factors depending on the drug, the treatment and the animal.

DRUG FORMULATION

Active ingredient

It is obvious that the physicochemical properties of the active ingredient
determine its elimination through the mammary gland. The capacity of a
drug to pass into the milk depends on its ability to penetrate the mammary
parenchyma by going through a biological membrane, the basic membrane
of the secretory cell of the mammary gland, which is in close contact with
the blood capillaries perfusing the gland? 7. The drug passage from blood to
milk might be explained by a mechanism of non-ionic passive diffusion which
depends on the percentage of ionization in the serum as well as in milk, lipid
solubility, percentage of binding to plasma proteins and molecular weight.

It is generally admitted that the non-ionic passive diffusion chiefly
accounts for the capability of an antibiotic to pass the blood-milk barrier.
This ability is all the greater if the molecular weight is low, the solubility in
lipids high, the drug ionized and unbound to serum proteins.
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Table 17.1 Influence of the ionization of drugs on their mammary excretion with theoretical
vs. experimental concentration’

Milk/serum concentration ratio

Drugs pKa Theoretical Experimental

Acids
Sulphanilamide 10.4 1.00 0.97
Sulphapyridine 8.4 0.94 0.86
Pentobarbital 8.0 0.9 1.1
Sulphadimidine 7.4 0.51 0.59
Sulphathiazole 7.1 0.37 0.35
Sulphadiazine 6.5 0.28 0.21
Sulphadimethoxine 6.0 0.19 0.20
Sulphacetamide 5.4 0.13 0.08
PAH acid 3.8 0.25 0.28
Salicylic acid 3.0 0.36 0.35
Penicillin 2.7 0.16 0.25

Bases
Urea 0.2 1.00 1.00
Antipyrine 1.4 1.00 1.00
Creatinine 3.6 1.00 0.92
Aminopyrine 5.0 1.00 1.10
Lincomycin 7.6 2.8 3.9
Trimethoprim 7.6 3.9 3.7
Ephedrine 9.6 7.9 7.9

Many experiments performed on several drugs having acid or base pK.
‘have confirmed this hypothesis®: 7. However, it is not possible to discard the
eventuality for some drugs of an active mechanism of secretion. Such a
mechanism of secretion would thus, as in the case of PAH acid, explain the
high ratio of milk/plasma concentration and the decrease of this ratio when
plasma concentration increases®.

Among the factors involved in the process of non-ionic passive diffusion,
the percentage of ionization of the drug in the serum has to be considered.
The compounds reacting as highly ionized acids in the plasma diffuse less
easily in the milk than compounds reacting as weak bases. The ratio of
concentrations of antibiotics in the ultrafiltrates of the milk and the serum
is less than 1 for acid compounds and greater than 1 for macrolides

Table 17.2 Percentage of recovery of the given dose of parenterally-administered antibiotics

Antibiotics PKa )
Penicillin 2.8 0.010
Amoxycillin 2.8-7.2 0.004
Ampicillin 2.8-7.2 0.002
Tylosin 7.1 0.5
Spiramycin 8.2 6.0
Dihydrostreptomycin 8.8 0.15
Colistin 10.0 0.20
Chloramphenicol — 0.07
Oxytetracycline — 0.3
Tetracycline — 0.3
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(Table 17.1). In the same manner, the percentage of recovery in the milk of
the parenteral administered dose is higher for antibiotics acting as weak bases
than for antibiotics acting as weak acids (Table 17.2).

The lipid solubility of drugs influences their mammary excretion by
determining their capacity to pass through the biological membranes. For
example, in the case of compounds having very similar pK,, such as
macrolides, aminoglycosides and colistin, a low lipid solubility leads to a
limited mammary excretion and, consequently, to a low percentage of
recovery in the milk. Experimental results are related to those expected from
the application of the concept of non-ionic passive diffusion, for drugs
having a high or moderate lipid solubility. When the lipid solubility is low,
the mammary excretion is still lower than that anticipated (Table 17.3).

Since the non-protein-bound plasma fraction is likely to diffuse, it is
necessary to ascertain the role of this parameter. The results compiled in
Table 17.4 show a limited influence. No significant differences between the
concentration and the percentage of recovery in the milk occurred for

Table 17.3 Influence of the lipid solubility of drugs on their mammary excretion!2. (mod -
moderate; h — high; 1 - low)

Milk/serum concentration ratio

Drugs PKa Solubility Theoretical Experimental
Acids
Sulphanilamide 10.4 mod 1.00 0.97
Sulphapyridine 8.4 mod 0.94 0.86
Sulphamethazine 7.4 mod 0.51 0.59
Sulphadiazine 6.5 mod 0.28 0.21
Sulphadimethoxine 6.0 h 0.19 0.20
Sulphacetamide 5.4 1 0.13 0.08
Penicillin G 2.8 mod 0.16 0.20
Penicillin V 2.8 mod 0.16 0.22
Cloxacillin 2.8 h 0.16 0.22
Ampicillin 2.8-7.2 h 0.26 0.26
Amoxycillin 2.8-7.2 h 0.26 0.26
Cephaloride 34 mod 0.25 0.26
Cephaloglycin 4.9 h 0.30 0.33
Cephacetril 2.4 mod 0.12 0.15
Rifampicin 7.9 h 0.85 1.10
Novobiocin 4.3 h 0.30 0.33
Bases
Penethamate 8.5 h 5.7 6.1
Neomycin 8.3 1 7.5 0.5
Colistin 10.0 1 8.0 0.3
Erythromycin 8.8 h 6.2 8.5
Tylosin 7.1 h 5.0 4.5
Spiramycin 8.2 h 4.8 4.6
Lincomycin 7.6 h 4.2 4.4
Chloramphenicol
(alcohol) — h 1.0 1.0
Tetracyclines
(amphoteric) — mod 0.4-0.8 0.6-1.4
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Table 17.4 Relation between the rate of binding to plasma proteins, the lipid solubility
(octanol/water partition), the concentration ratio milk/serum and recovery (%) of antibiotics!?

Unbound  Oct./H,O Milk/serum Recovery (%)
Antibiotic % coeff. concentration Theoretical  Experimental
Penicillin G 66 58 0.20 0.16 0.20
Penicillin V 20 102 0.20 0.16 0.22
Ampicillin 86 150 0.26 0.26 0.26
Cloxacillin 24 275 0.20 0.16 0.22
Neomycin 50 weak 0.4-0.6 7.5 0.5
Kanamycin 96 weak 0.6-0.8 7.5 0.5
Oxytetracycline 77 25 0.75 0.4-0.8 0.6-1.4
Tetracycline 64 36 1.25 0.4-0.8 0.6-1.4
Doxycycline 9.8 430 1.53 0.4-0.8 0.6-1.4

antibiotics with different rates of plasma protein binding but with close
ionization and lipid solubility characteristics.

Vehicle

Since the nature of the vehicle is related to that of the active ingredient, it
is therefore difficult to assess these two parameters separately. Both factors
may interfere with the bioavailability of active ingredients and, conse-
quently, influence the absorption rate of the drug at the site of injection and
thus influence the plasma drug concentration and indirectly the milk drug
concentration.

When colistin sulphate and colistin methane sulphonate are administered
at the same dosage of 25000 IU/kg, the mammary excretion of the first one
differs from that of the second by (1) a longer withdrawal time (four milkings
instead of two), (2) a higher maximum concentration in the milk (4.2 IU/ml
instead of 1.741U/ml), and (3) a higher percentage of recovery of the
administered dose (0.18% instead of 0.10%).

The influence of a sustained release salt on thé elimination of an antibiotic
in the milk is illustrated by the comparison of aqueous suspensions of pro-
caine penicillin and benzathine penicillin. The duration of excretion of the
latter persists for 34 milkings vs. eight milkings for the procaine penicillin.

The part played by the nature of the vehicle may be important. With
glycerol-formal and glycols in aqueous vehicles, the excretion of oxytetra-
cycline is of similar duration but the percentage of recovery is higher (0.40%
vs. 0.23%) and thus the maximal concentration of the antibiotic in the milk
reaches 1.14 parts/10¢ vs. 0.56 parts/10° with glycerol-formal.

When an oily vehicle was substituted for an aqueous one the duration of
excretion of procaine penicillin was lengthened by one milking!. For an equal
dosage (5 mg/kg), the replacement of an aqueous vehicle by an oily one had
the following effects: the withdrawal time of tetracycline was lengthened (13
vs. five milkings), the maximum concentration in the milk decreased (0.31 vs.
1.24 parts/10°, and the percentage of recovery of the administered dose
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declined (0.20% vs. 0.44%). By the intramammary route, the persistence of
mastitis and drying-off formations in the udder also depends on the vehicle
used in formulation.

TREATMENT

Dosage

The persistence of antibiotics increases when the administered dose augment-
s. When the dosage of procaine penicillin was doubled (6 x 10°IU instead of
3 per cow), the withdrawal time! was increased by 33%. A similar study
carried out with benzathine penicillin in an aqueous solution (20 000 IU/kg
daily vs. 10000) showed that the duration of excretion was nearly doubled
(31 instead of 21 milkings).

For oxytetracycline as an aqueous solution, dosages of 5, 10 and 20 mg/kg
require withdrawal times of four, six and ten milkings respectively. The
maximal concentration of oxytetracycline in the milk was 0.75 parts/10° for
Smgkg~1day-'and 1.85 parts/106 for 10 mg kg~! day~! (unpublished data).
Similar results were obtained with neomycin®.

Duration

Repeated administration of procaine penicillin in either an aqueous or an oily
vehicle did not modify the duration of elimination of the antibiotic in the
milk!®. Our own results confirm the limited influence of this parameter on
the excretion of antibiotics by the mammary gland. For example, the
administration of an oxytetracycline formulation as an aqueous solution at
a dose of 10mg/kg for 1, 2 or 3 days, did not affect the duration of excretion
of this antibiotic into the milk, the percentage of recovery (0.41%, 0.40%
and 0.33%) and the maximal concentration in the milk (1.73, 1.79 and
1.57 parts/106.

However, an injection after 24 h of 10000 IU/kg of benzathine penicillin
as an oily suspension increases the withdrawal time by 50% (21 vs. 15
milkings).

It is thus possible to conclude that repeated parenteral administrations do
not affect the mammary elimination of antibiotics so far as the absorption
and plasma clearance are fairly quick. In contrast, the administration of sus-
tained release drugs may prolong the duration of the elimination into the
milk.

Route of administration

The route of administration directly influences the bioavailability of a
veterinary drug and consequently the plasma concentration and the concen-
tration in the milk.

The comparison of the elimination of antibiotics by the intramuscular and
intramammary routes shows (Table 17.5) that, except for tetracycline, the
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Table17.5 Percentage of recovery during the withdrawal time indicated by number of milkings
from the administered dose of antibiotics via the intramuscular (i.m.) and intramammary (i.ma.)
routes

Milkings Recovery Max. conc.

Antibiotic Dosage number % parts/10°
R . im. 20x 10° U 7-8 0.01 0.17
Penicill m
emertiin procaine i.ma.  400x 1061U 6 15 86.1
. i.m. 3g 11 0.30 0.22
Tetracycline i.ma. 2.5¢ 5 47 57.2
. . i.m. 20g 2 0.1 1.3
Dihydrostreptomycin ima. 158 5 34 51.8
Colistin im. 37.5x 101U 4 0.18 4.5
i.ma. 0.5x10%1U 3 20.9 25.8
. i.m. 8g 1 0.08 0.9
Chloramphenicol i ma. 2g 1 11 22

duration of elimination into the milk is nearly the same or higher when the
antibiotic is administered by the intramammary route, even if the dose is
lower®, However, the percentage of recovery, which depends on the drug
formulation and the functional stage of the udder, differs with a ratio of 1500
for penicillin, 345 for dihydrostreptomycin, 150 for tetracycline, 100 for
colistin and 10 for chloramphenicol. Similarly, the ratio of maximal concen-
tration of antibiotics in the milk following intramammary vs. intramuscular
administrations is 500 for penicillin, 260 for tetracycline, 40 for dihydro-
streptomycin, 6 for colistin and 3 for chloramphenicol. The low percentage
of recovery of chloramphenicol after intramammary injection (1.1% vs. 15
and 47% for other antibiotics) indicates a good resorption by the mammary
gland, as already observed>.

A high percentage of recovery after intramammary administration cor-
responds to a concentration of antibiotics hazardous for public health and
the milk industry, especially for the manufacturing of yoghurts (Table 17.6).

The use of other criteria would provide a more sensitive detection of the
impairment.

Table 17.6 Hazards for the milk industry. Maximum concentrations of antibiotics subsequent
to the administration by the intramammary routé, minimum concentration of antibiotics
impairing the manufacture of yoghurts (IU/m! and parts/10)* and number of litres of milk to
be discarded after contamination by a 10litres milking

Antibiotic Maximum concentration Minikmum concentration Litres
Penicillin 861U/ml 0.011U/ml 86 000
Erythromycin 40 ppm 0.01 ppm 40000
Tetracycline 57 ppm 0.1 ppm 5700
Dihydrostreptomycin 52ppm 1 ppm 520
Chloramphenicol 2ppm 1 ppm 20
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Few studies have been devoted to the comparison of drug excretion in the
main species bred for milk. The percentages of recovery were 0.016% and
0.012% for neomycin, 0.012% and 0.015% for kanamycin, for cows and
ewes respectively!!. Pharmacokinetic studies of penicillins and cephalo-
sporins confirm the small difference between the two species. Nevertheless,
data remain too fragmentary to allow any extrapolation from one species to
another.

Following an intramammary application, a high milk yield is accompanied
by a quicker elimination for penicillins and aminoglycosides2. As far as
penicillin, dihydrostreptomycin, neomycin and tetracyclines are concerned,
it seems that the functional stage of the udder is of importance (8.1%)
regarding the absorption. For example, in the drying-off period, the absorp-
tion is slow but in the first postparturient months much faster absorption
results in shorter persistence in the udder. The results obtained under
laboratory conditions for penicillin, cloxacillin, dihydrostreptomycin,
neomycin, tetracycline, chlortetracycline, chloramphenicol, colistin and
bacitracin, do not suggest an influence of milk yield on either the duration
of elimination .or on the percentage of recovery.

After a parenteral administration, the influence of milk is well evidenced
(Table 17.7). The results confirm those of Rasmussen on the influence of
milk yield on the concentration of antibiotics’. The concentrations of a

Table 17.7 Influence of the milk yield on the quantity of antibiotics excreted by the mammary
gland

Milk Recovery Increase
Antibiotic (litres) (%) (%)
Penicillin 11 0.011

18 0.016 +45
Ampicillin 8 0.003

14 0.007 +130
Dihydrostreptomycin 12 0.080

18 Q.175 +120
Oxytetracycline 7.5 0.28

11 0.37 +30
Chloramphenicol 7 0.065

13 0.110 +70
Tylosin 8.5 0.37

14 0.91 + 145
Spiramycin 9.5 5.4

16 10.1 +90
Colistin sulphate 6.5 0.17

11.5 0.24 +41
Colistin methane sulphonate 11.5 0.075

15.1 0.110 +46
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parenterally administered sulphonamide are, however, the same in the
milkings of quarters containing 45, 85, 150, or 3200 ml of milk. The quick
and bidirectional diffusion between plasma and milk together with the
important vascular perfusion of a lactating udder might explain the lack of
effect of the level of milk yield on the drug concentration!?,

The influence of a pathological state on the mammary excretion of drugs
is of paramount importance, since many pharmacokinetic studies are carried
out on healthy animals while drugs are used in diseases when more or less
impairment of functions is involved in the fate of drugs. The modifications
of intestinal resorption and biliary or renal excretion will not be studied here.
In spite of their importance for the assessment of the elimination of anti-
biotics into the milk and the determination of withdrawal times, they do not
seem to affect the mechanism of mammary excretion but the persistence of
residues due to the modification of plasma concentration-time curve. It
must be noted, however, that for some antibiotics (cephalexin, lincomycin,
clindamycin and chloramphenicol), a decrease in plasma concentrations may
augment for these products the rate of passage through the biological
membranes!!. In contrast, the exchanges between the mammary gland and
the blood are severely impaired in the case of mastitis. During udder
inflammation the functional integrity of the lipoid barrier may be tempor-
arily deranged, leading to an accelerated leakage of drugs into the circulatory
system. It was also proved that the rate of binding of most antibiotics to milk
proteins (benzylpenicillin, tetracycline and chloramphenicol) rose from 10%
in normal milk to 25% in the milk of the mastitis case, a value near to the
rate of plasma protein binding (32-37%) of these substances!3.

In addition, the change in the pH of milk varying from 6.6 for a normal
milk to 7.4 in the case of mastitis affects the non-ionic passive diffusion of
antibiotics. However, this variation will not influence the antibiotics which
have an acid-type, such as those belonging to the lactam group, since their
pK, are far from this range of pH. Both van Os et al.? in the cow and Ziv
et al.'* in the ewe have recorded a small lengthening of the withdrawal time
in the case of mastitis. For several penicillins injected intramuscularly to
healthy and unhealthy animals, no significant differences were recorded in
the percentages of recovery in milk and in the ratio of concentrations in both
serum and milk. In contrast, the mammary excretion of weak bases such as
macrolides which have a pK,; between 7 and 9 is severely impaired. These
products, which are usually weakly ionized in the plasma (pH 7.4), diffuse
easily into the udder because of their high lipid solubility. The accumulation
of some antibiotics in the udder is related to a limited back diffusion. For
example, clindamycin (a macrolide-related antibiotic), tylosin and erythro-
mycin diffuse back easily but not spiramycin which is highly protein-bound.
Thus, only spiramycin accumulates in milk.

As shown in Table 17.8 the ratio of the areas under the curve in serum and
milk has an average growth for most antibiotics. Accordingly, the percentage
of recovery of the administered dose in the milk decreases. In contrast, the
mammary excretion of aminoglycosides and colistin, which behave as weak
bases, is unmodified because of their low solubility in lipids and hence poor
ability to penetrate the mammary gland. Finally, amphoteric or non-ionized
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Table 17.8 Pharmacokinetic parameters for antibiotics administered by the 1ntramammary
route to healthy and mastitic cows!?

Milk
Antibiotic AUC Serum Recovery (%)
normal mastitis normal mastitis

Penicillin G 20 5 0.001 0.001
Cloxacillin 15 55 0.001 0.001
Ampicillin 3 3 0.08 0.10
Cephaloridine 5 4 0.001 0.001
Streptomycin 25 15 0.001 0.001
Neomycin 30 20 0.02 0.02
Kanamycin 10 8 0.02 0.03
Gentamicin 15 8 0.006 0.01
Colistin 8 3 0.001 0.001
Erythromycin 0.1 0.4 3.80 2.20
Tylosin 0.3 0.5 2.60 1.40
Spiramycin 0.2 0.4 6.80 2.40
Lincomycin 0.3 0.5 1.40 0.80
Chloramphenicol 2 2 0.10 0.10
Oxytetracycline 3 2 0.07 0.08
Doxycycline 2 2 0.15 0.15

antibiotics are not affected by the modification of the milk pH and thus their
mammary excretion is not impaired.

CONCLUSIONS

The above results show that the process of non-ionic passive diffusion
explains the major part of the mechanism of drug mammary excretion.

The elimination of antibiotics into the milk depends firstly on the nature
of the formulation. The percentage of ionization and lipid solubility are
predominant regarding the rate of plasma and milk bindings. The pen-
etration of parenteral drug formulations into the mammary gland by passive
diffusion depends on their blood concentration and any modification in their
bioavailability alters their mammary excretion. In the case of a sustained
release, the elimination is linked to the nature of the salt of the active
ingredient and to the vehicle composition.

An increase in the dosage regimen generally increases both the withdrawal
times and the maximal concentration of antibiotics in milk while repetition
of treatment modifies only slightly the mechanism of mammary excretion.
The intramammary administration of drugs leads to high concentrations,
hence serious hazards to the public health and the milk industry. The volume
of milk seems to exert an influence but on the overall quantity of antibiotics
eliminated in the milk. In contrast, the duration of elimination and the drug
concentration in the milk after parenteral application are not modified.

The mechanism of mammary excretion is largely influenced by the patho-
logical states of the body as well as of the udder. The smaller difference
of pH between the milk and plasma in the case of mastitis reduces the
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concentration of macrolides by ion entrapment, an example of the influence
of the ionization rate of the antibiotics on their bidirectional non-ionic
passive diffusion between blood and milk.
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18
Pharmacology of uterine motility
and relaxation

0. Kern and H. Schill

Uterine motor activity is regulated in particular by hormonal mechanisms,
but neural or neurohormonal mechanisms are also involved. A selective
effect on these mechanisms can be achieved by the exogenous administration
of substances with a pharmacodynamic action.

MOTOR ACTIVITY IN THE OESTRUS CYCLE

The response of the myometrium to exogenous or endogenous pharmaco-
dynamic stimuli is largely dependent on whether oestrogens or progesterone
predominate. Up to the pro-oestrus period no or only ineffectual uterine
contractions are observed. As oestrogen production increases, pronounced
uterine contractions begin, first from the oviduct towards the cervix, and
then from the cervix towards the oviduct depending upon the ratio of oestro-
gen to progesterone. The contractions may be inhibited by adrenaline and
increased by oxytocin3?. Figure 18.1 shows electromyograms as examples of
the influence of hormonal status on uterine motility and the effect of
oxytocin?3.

During the oestrous cycle, sheep exhibit similar motor activity of the uterus
and Fallopian tubes to that of cattle?®, and the threshold response to oxytocin
during oestrus is reduced to one tenth of that found during the dioestrus
period®*.

MOTOR ACTIVITY AND UTERINE RESPONSE DURING PREGNANCY

Progesterone inhibits the readiness of the smooth musculature of the uterus
to contract (protection of pregnancy). This changes when the progesterone
level exhibits a rapid decrease (from about 36 h) while oestrogens increase
(from approximately the tenth day) before delivery.
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Figure 18.1 Integrated records of uterine activity and effects of oxytocin in the cow. The short
phases seen 24 h before oestrus are progressively replaced by prolonged phases of activity during
oestrus. Their strength and number are doubled following injection of oxytocin (from ref. 23)

For example, in the rat the ability of the uterus to react to oxytocin exhibits
a very sharp increase shortly before delivery, reaching one thousand times
that found during pregnancy?’®.

The results of numerous investigations in different animal species and in
man support the view that «- and 3-receptors are present in the uterus, and
also that the relationship of these to each other is species-specific (Review in
ref. 18). For example, in isolated strips of muscle from non-pregnant uteri
and those in the early stages of pregnancy, a functional predominance of 3-
receptors was observed in the cow, and of a-receptors in the mare. In later
pregnancy, 8-receptors predominate in both species!?.

Experiments in rabbits demonstrate the effect of sex hormones. Adminis-
tration of oestrogen brings about a pronounced increase in the number of
a-receptors but only a slight increase in 8-receptors. Subsequent treatment
with progesterone reverses these changes?2,

PERINATAL MOTOR ACTIVITY

In ruminants, labour is initiated when the secretion of fetal adrenocortical
hormones commences. In cattle and goats, fetal corticosteroids stimulate the
synthesis of PGF,,, in the chorion and endometrium, which abolishes the
protective effect of progesterone by luteolysis of the corpus luteum of
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pregnancy; in sheep this takes place due to the sharp increase in oestrogens
shortly before delivery?®.

Prepartum changes in the sex hormone status enable the uterus to react
adequately to oxytocin. In cattle (as in horses, sheep and goats), the oxytocin
plasma level does not increase until second stage labour, as soon as the fetus
enters the cervix and vagina®, As a result of stimulation of the dorsal pressure
receptors by the fetal head, a reflex increase in oxytocin release occurs
(Ferguson reflex). This brings about an increase in uterine contractions,
which have been initiated previously by other mechanisms.

During labour, four receptors are of considerable pharmacotherapeutic
importance!®: oxytocin, prostaglandin and «-adrenergic receptors for
stimulation of motor activity, and $-adrenergic receptors for inhibition of
motor activity.

The B-adrenergic agents which bring about tocolysis (relaxation of the
myometrium) have recently gained increasing importance in veterinary
medicine!# 16, Their effect on the uterus and interactions with ecbolic sub-
stances will therefore be examined in greater detail.

For uterine smooth muscle relaxation, 8-adrenergic agents which princi-
pally affect 8,-receptors are required, so that the undesirable cardiac (8:)
effect remains insignificant in comparison to the desired tocolytic effect!°.
N-AB 365 (clenbuterol, Planipart®) is a new specific 3;-adrenergic agent of
this type.

In the following discussion, some pharmacological and clinical eff