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Preface and Acknowledgements 

The Second Congress of the European Association for Veterinary Pharma
cology and Toxicology (EA VPT) 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 (FRO), Dr P. Lees (UK) and 
Dr F. Sanz (Spain), in close co-operation with the organizing local committee 
comprising the staff members from the host institutions (ENV: Ecole 
Nationale Veterinaire, INRA: Institut National de la Recherche Agro
nomique, and 1ST: Institut de Serotherapie 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, 1ST 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 Colloques de 
nNRA') 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 
tPharmacologie et Toxicologie Veterinaires, 1982', ISBN - 85340-439-0) is 
still available from the Service des Publications de I'INRA, Route de Saint
Cyr, 78000 Versailles, France. 

The programme of the congress started out with the official opening by 
Dr Lautie (ENV) and Dr Mauleon (lNRA). 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, metociopramide, 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 EA VPT 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 Terre (Director of 1ST), the 
dean of the ENVT (Dr Lautie) 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 Generale de I'Enseignement et de la Recherche (Dr M. Gervais) and the 
Mission Interministerielle de l'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 General de la Haute-Garonne, Ie Credit Agricole, 
la Ville de Toulouse, and the firms listed below for special financial support: 
Boehringer-Ingelheim, Reims, Clin-Midy, Montpellier, Elanco (Div. Vet. of 
Eli Lilly), Saint-Cloud, Pierre Fabre (Centre de Recherches), Castres, Licotal 
(Div. Vet. of Wellcome), Paris, Madaus, K61n, Pfizer Int., Orsay, Specia 
(Rhone-Poulenc), Paris, Sanofi Sante Animale, St-Jean-Ia Ruelle, Institut de 
Serotherapie, Toulouse and Vetoquinol, 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. 
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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,VetMB,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 oj 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 oj Small Animal Medicine 
and The Physiological Basis oj 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 EA VPT. 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 'Tierarztliche 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 Y oxall was elected as 
first president of EA VPT. 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 oj 
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 Y oxall was an active participant in the first EA VPT 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 EA VPT 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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Section I 
Developmental 
Pharmacology 



1 
Perinatal pharmacology in 
ruminant models 
Y. Ruckebusch 

The primary physiological concern of the newborn is simply to survive35 • 

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 pregnancy27 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 mother45 • 

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 10. Relevant data 
are scant on the pharmacological effect of reversibly-acting drugs on fetal 
development and postnatal behaviour3• 

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 

3 
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Figure 1.1 Relationship between birth weight and mortality. The mortality reached 15010 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 40010 for 2kg v. 5010 for 3 kg 

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: 0.5 kg 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 ligationSO or by introduction of emboli into the maternal 
cotyledonary circulation9 • The ovine uterine blood flow increases from 
0.5 mllmin per g placenta at 80 days gestation to approximately 3 mllmin 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 50070 of the C02. Relative to weight, the 
placental glucose utilization rate is 35 times the maternal rate and 10 times 
the fetal glucose consumption rate4 , 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 3 days of severe maternal underfeeding during the last 
60-70 days 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 0.12 m2/kg in a 1 kg lamb, and 0.07 m2/kg 

4 



PERINATAL PHARMACOLOGY IN RUMINANT MODELS 

(a) 
Utero - placental 

Neu tral unit 

I. 0.245 
basic mmall min 

amino 0.27 

10.04 

I 0015 Glutamate acid 

I, 0.01 0.03 
I NH3 

..J 
.. 

I I 
~o 006 .. I I Urea .. 0.06 
Zo 

0.06..l-L Lactate .J....J. 0.09 ..JO a:o 
UJ..J 

CO 2 ....L.l..- I. 10 
<to 

, I !;tID 2.00 

I ::E 

02 2.10 

Glucose 0.28 I 

( b) 

f units/ml 

35 
o Control 

Z 

..J 

25 

~ 15 
Z 

5 

I 

0 

o •• 

0 
o· 

0 

. .. . . . 
0 

0 o 0 
000 

I 
I 

Small 
sized 

I 
2 

GLUCOSE ( umol/ml) 

I 1-0 
W..J 

I 
I I lJ..1D 

0.91 i 120 
: 0.20 C . 

0.08 
mmal / min 

kg 
4 

3 
l-
I 
(!) 

~ 2 
~ 

..J 

f:! 
UJ 
LL. 

0 

0 0 

0 

0 

• o. 0 

0 

•• 
••• 
• • 

0.5 I 1.5 

GLUCOSE (mmol/l) 

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 mmollmin for other substrates4 • (b) Relationship 
between mean plasma insulin concentration and mean plasma glucose in control (e) and small 
size fetuses (0)36, and between body weight at birth and glycaemia! in large (0) and small size 
fetuses(e) 

in a lamb. A tendency to hypothermia is usual as the maximum metabolism 
approximates 20 W Ikg 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"70 of control weight) is much lower for insulin 
(and prolactin) than in the controls and is accompanied by hypoglycaemia37 

and poor pancreatic {3 cell growth14• 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±0.07kg in the controP9.31. As in hypothyroidism21, 
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 age25 • 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 125 days of 
gestation47 • 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 activity5. 

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 (eNS), 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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eNS development 

During the last decade, to gain insight into fetal eNS 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, L VF A) and wake
fulness (A W)39. The percentage of time the fetus spends near term in the 
HVSA state is 53% and 41.4070 for the LVFA state, but no more than 5.6% 
in the A W state. The monosynaptic reflex induced by electric stimulation of 
the fibular nerve is enhanced during both L VF A and A W in utero as after 
birth20. 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 cycles41 or, like 5-HTP, modify breathing 
movements34 • 
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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 (L VF A 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 LVFAiO 

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 behaviourS 

Adrenaline Imipramine 

Alcohol Iproniazid 

Amphetamine Isocarboxazid 

Cannabinol Meprobamate 

Chlorpromazine Morphine 

Corticosteroids Penfluridol 

Cytotoxics Pentobarbital 

Fenfluraniine Phenobarbital 

Haloperidol Phenytoin 

7 

Pimozide 

Propoxyphene 

Reserpine 

Salicylate 

Sex steroids 

Sodium bromide 

Somatotrophin 

Thyroxine 

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 reported18 • 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 survivaJ2. 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 lungs 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 pC02. Increase in arterial p02 
initiates the closure of the ductus arteriosus, but asphyxia may lead to its re
opening. Only 4-5 min of anoxia are compatible with survival in species 
born in a mature state15 • 

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 fluid53 • 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 p02 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/mI22. However, study of the response to KCN infusion suggests a 
postnatal maturation of the 02 sensitive chemoreceptors in the first 10 days 
of life in newborn lambs 7• The study of factors able to modify breathing in 
utero suggest that endogenous opioid peptides could participate in the 
physiological suppression of breathing in fetallife3o• 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 skin15 • 
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Cardiac o:Jr pur 
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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 
(26070) of the inferior vena cava towards the left auricle (foramen ovale, F.O.) 

(2) The adverse effect of pC02 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 movements8 • Naloxone invariably stimulates breathing in 
apnoeic fetuses and facilitates the fetal breathing response to C02 as 
expressed by a decreased CO2 threshold and by an increased fetal sensi
tivity of C02. Since naloxone influences both threshold and sensitivity 
to C02, whereas somatic stimulation affects threshold alone, these 
effects of naloxone might be caused by displacement of endogenous 
opioids from their natural receptor sites30 • 
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Figure 1.5 Survival rate (4/6 and 014) after clamping the umbilical cord during 4 and 8min 
and blood gas (p02 and pC02) and lactate levels of the umbilical blood in 15 calves near term IS 

(4) The possible role for serotoninergic pathways in the maturation of the 
ventilatory control. In utero, several long periods of breathing lasting up 
to 14h have occurred following an infusion of 5-HTP (30mg/kg) when 
the fetus was made hypoxic for 5-15 min 2 days after the infusion (by 
giving the ewe a mixture of 9070 O2 and 3% CO2 in nitrogen to breathe 
from a plastic bag tied over the head). The fall in fetal P{h 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 mIl 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 p.g/ml in the ewe and 0.8 p.g/ml in the fetus, 
but the duration of (3 blockade is 3 h in the pregnant ewe vs. 8-10 h in the 
fetus24 • 
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In the neonate, the low-resistance umbilical-placental circulation is altered 
and the cardiac output of about 450 mllkg 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 possible52. 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 
age l6. The 02 consumption which is about 5-6 mllmin per kg for a blood 
flow to the body of about 225 mIl kg per min in the fetus rises to 
16-18 mllmin per kg, the blood flow becoming nearly twice that before 
birth (figure 1.6). The percentage of fetal haemoglobin which is 80070 in the 
immediate postnatal period drops to 400/0 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 O2 equilibration curve of the blood towards 
the right (Figure 1.6), hence a higher quantity of 02 can be delivered to the 
tissues for 02 tension between 5.3 and 13.3 kPa34 . The blood volume is 
strongly correlated with body weight: 116 mllkg in the feto-placental unit 
(50mllkg for [5lCrlred cell) and 81 mIl kg (30mllkg for red cell) in the 
newborn33 • 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 anaemia 17. 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 responses22 . 
Recently, the reactivity to autonomic agonists after chemical sympathectomy 
using 6-hydroxydopamine (1 mllkg followed 12 h later by a weekly dose of 
20 mllkg) has shown a minor role for the a 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 bed46. In the emergency state of 
hypoxia the role of the a-adrenergic system becomes predominant36. 

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 PGE44. The persistence of a left to right shunt after birth may 
be reduced by prostaglandin synthetase blockade by indomethacin 
(1.9-2.5 mg/kg). 

(2) The haemolysis and anaemia in low birth weight lamb are possibly 
related to erythrocyte membrane or enzyme defects. In this case, no 
rise in 2,3-diphosphoglycerate blood level occurs within lOdays after 
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Figure 1.6 (a) At birth, the cardiac output rises to about 480 mllmin per kg of body weight 
during the first week after birth and the 02 consumption increases from 6 ml to 14 mllmin per 
kg. The cardiac output in relation to body weight falls to levels of 320 and 160mIlmin per kg 
by 3 and 6 weeks, after birth41. Oxygen equilibration curves for fetal and maternal blood show 
that the delivery is only 4 mlldl of O2 when the p02 decreases from 24 to 12 in the fetus (.) and 
8 mlldl of 02 when the p02 decreases from 100 to 40 in the neonate (0). For similar p02levels, 
blood with fetal haemoglobin would provide only one fourth the amount of 02 (~). (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 mIlkg of diazepam to the ewe29 

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 
conditions29 (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 60-400 ml 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 
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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 birth6• (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 3-4 min 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 10 days 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"°. A striking feature is that 
birth is not accompanied by acute changes in the motor profile because the 
fetal pattern persists 10-15 days after birth in the dog, whereas in sheep 
typical MMCs were detected from 5 to 10 days prior to birth6 • 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 p02 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 antibodies28 • 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 absorption43 • 

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 11. 

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 02 consumption increases almost 
threefold during the first 24 h after birth. A rise in the general level of sym
pathetic activity in arterial p02 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 (6.2070), 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 13. 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. 
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Figure 1.8 Effect of immersion of a lamb 10 min after delivered by hysterotomy and with a 
baseline minute volume of 2020 ml 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 58-60 days of ges
tation, but constitute only 3-8070 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 IgO! are selectively transported into colostrum. The 
other immunoglobulins IgM2, IgA, IgG2 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 weightlbodyweight ratios of all lymphoid organs except 
the thymus are highest in the fetus or young animals after which they 
decrease (somewhat irregularly) with. age23 . 

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 parturition38 . 

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 3 min 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 membrane45 • 
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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 fluid45 
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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 compartment49. 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 Lv. than i.m. administration and occurred within 
60 min for i.v. instead of 25 min for Lm.44. 

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

Table 1.2 Ratio of fetal drug concentration to maternal concentration3 

Negligible binding in both fetus and mother 
Morphine = O. I3 
Antipyrine = 0.90 

Lesser binding in the fetus 
Methadone=O.l5 (90day) 
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 98l1h or 41 mllkg per min in the 
pregnant ewe and 24l1h 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 mllkg 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 mll min per kg51 • 

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 mother48• 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 j.tg/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). 
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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 adult46 • (b) Changes in arterial blood pressure of the fetus after the administration 
of serotonin (100 ltg/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 
anaesthesia48 

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 j.tg/kg of adrenaline and of 5 j.tg/kg 
of acetylcholine (after injection of physostigmine, 100 j.tg/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 {tg/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 a 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 a-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 activityI2,37,47. 

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%, 4070 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 plasma25 • Acidic drugs attain 
higher concentrations and basic drugs lower concentrations in this fluid than 
in plasma due to ion trapping16• 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 50070 greater than their con
centrations in blood plasma of pregnant rabbits30 • AI-Guedawy et al. 4 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 concentrations15 • 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, respectively17. The uptake of 
drugs by the blastocyst has been studied 21. 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 
formed22 • 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 endothelium6 • 

The maternal and fetal capillaries are intermingled in the placentomes in 
close apposition31 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 term8• These morpho
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 placenta26• 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 30mV 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 ±: II 

is negative)18. 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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placentomes26 • Blood flow to the uterus of sheep at term was observed to be 
within the range of 186-260 mllmin 7 • 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 vasodilation2 • These effects were con
firmed in the ewel. 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).60-85070 of the blood flow in the umbilical vein enters the portal vein 
while 15-40% passes through the ductus venosus into the vena cava26 . 
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 fetallungs l9. 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 urine3 • 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 

PI = In (1 - -.S...) 
C2R 

at various times (PI = the permeability coefficient for the drug, Cl = concen
tration in fetal blood, C2 = concentration in maternal blood and R = the ratio 
of drug concentration in fetal blood to that in maternal blood at the steady 
state)29. 

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 
ulero5• 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 (3 Tl/2~ Ri Pt 
Drug pKa (mg/kg) (h - I) (h) (mgkg-1h- l ) 

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 11 0-115 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 2 h 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 n.2±2.8% and in the fetal blood was 50.4±1.9%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 4 h. 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 120 min 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 4 h following termination of the infusion. The ratios of concentrations 
at 60 min were similar to those observed for sulphanilamide and were12: 
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 2 h. 
This is a drug which has a long halflife in the goat in contrast to salicylate or 
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Figure 2.5 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 
were12: 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 
4 h 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 ratios13 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 16070 of those in the doe. Throughout the study the fetal: maternal 
ratio increased continuously because of the declining concentration in 
maternal blood 13 . 
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Figure 2.6 Concentrations of phenylbutazone in maternal blood, fetal blood and amniotic 
fluid. The values are the 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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Figure 2.7 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 l2 • Diazoxide concentrations were maintained at 
fairly constant values in maternal and fetal blood throughout the treatment 
period1o• 

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 (}Lg/ml) in various tissues of goats following 
administration of an intravenous bolus (4.4 mg/kg) to seven pregnant does!2 

Time (min) 

Tissue 0 10 30 60 90 120 150 24h 

Maternal blood 0 1.9 1.7 O.S trace trace trace NO 
Fetal blood 0 0.7 O.S O.S trace trace trace NO 
Amniotic fluid 0 0.1 0.5 0.9 1.1 1.2 2.2 NO 
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 O.S· 

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 venosus27 • Cholinergic receptors, acetylcholine and 
acetylcholinesterase are present in embryos at a very early stage which 
antedates the innervation of developing tissues23 • ACTH, vasopressin, renin 
and angiotensin are all present in the fetus by the middle of gestation and 
appreciable quantities of prostaglandins are present28 • Drugs which modify 
their functions could be deleterious to the fetus. Prostaglandin E1 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 14 , an effect which could be deleterious to the fetus in 
utero. The fetal thyroid gland may be affected by drugs administered to the 
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dam during the last half of gestation. Neonatal goitre may be produced by 
iodides, methimazole, propylthiouracil, chlorpromazine, lithium, phenyl
butazone, sulphonamides, theophylline, and radioactive iodine24 • 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 7 h 
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 1 r; h and in the 
cow20 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 animals23. 45, 49. 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 Bu, Zn, Se). 

(For other substances the reader is referred to the extensive review articles 
mentioned previously23,45,49.) 

ENVIRONMENTAL CONTAMINANTS 

Autoradiographic studies of PCB20, 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 ,;l5-3{3-0H steroid dehydrogenase in the corpora lutea as well 
as in the adrenal cortex3 • 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 COWS35 • 51 and that 
glucocorticoids from fetal adrenals cause the induction of oestrogen syn
thesis from progesterone42 • It is, therefore, very tempting to correlate the 
uptake of [14C]PBB 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 component25 • 

KIDNEY FETAL ADRENAL CORTEX 

LIVER FETAL LIVER 

Figure 3.1 Detail of a whole body autoradiogram of a mouse in late pregnancy (17 days) 24 h 
after i.v. injection of [14Clhexachlorobiphenyl showing the selective uptake of radioactivity in 
the fetal adrenal cortex20 

Autoradiography using 18F in pregnant mice has shown that although the 
fluoride ion passes poorly to the fetus, it is selectively accumulated in the 
mineralized hard tissue7 • Fluorine can be expected also to pass the placental 
barrier in ruminants. The environmental pollution of fluorine is a reality in 
some industrial areas21 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 species35 • The structures of 
some of the teratogenic alkaloids in V. californicum have been determined 
to be ll-deoxyjervine, jervine and cycloposine36 • 
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MYCOTOXINS 

The fetotoxic and teratogenic properties of the mycotoxins aflatoxin 
B1, ochratoxin A and zearalenone have been studied in different 
species l2 , 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 reported51 . Our findings using whole body 
autoradiography of pregnant mice after injection of labelled 
mycotoxins8, 9,11 indicate what should be looked for when analysing cases of 
abortions and malformations in ruminants where aflatoxin B1, ochratoxin 
A and zearalenone might be involved. After injection of [14Claflatoxin in 
mice in late pregnancy11, a pronounced uptake of 14C was seen in the pig
mented layer of the eye (Figure 3.2). The pigment affinity of [14Claflatoxin 
does not seem to be as irreversible as that of chloroquine37 , 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 B1-toxicitylO. 

LI VER 

FETAL LIVER 

KIDNEY 

NASAL MUCOSA 
OF FETUS 

FETAL EYES 

Figure 3.2 Detail of whole body autoradiogram of a mouse in late pregnancy (17 days) 20 min 
after i. v. injection of [14Claflatoxin. Note the high concentration of 14C in the pigment layers 
of the fetal eyes" 

41 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

When [14Clochratoxin was injected in 9 day 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 

INTESTINAL 
CONTENTS 

EMBRYO 

Figure 3.3 Details of whole body autoradiogram (a) and corresponding section (b) of a 9 day 
pregnant mouse 20 min after i. v. injection of [14Clochratoxin. Note the radioactivity in the 
ectoplacental cone and in the embryo8 

42 



DRUG DISPOSITION IN THE FETUS 

of ochratoxin showed the same pattern in the pregnant uterus and 
embryo/fetus as was shown by autoradiography8. The distribution pattern 
of labelled ochratoxin seems to be similar to the distribution patterns of 
cadmium and try pan 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 gestation23 . According to Dencker22 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 later13 • 

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 tissue9 • In the 8,9 and IOday pregnant animals, 
no radioactivity was registered in specific embryonic tissues, but in the 
placental tissue and uterine fluid9 • 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 follicle46. 48. 

It must be remembered that the radioactivity registered by the auto
radiograms does not necessarily show the injected compound unchanged. 
Synthesis of aflatoxin BI by incubation of Aspergillusjlavus in the presence 
of sodium-[1-14Clacetate yields ring-labelled aflatoxin B118. 31. 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 

CORPUS LUTEUM CORPUS LUTEUM 

>. 

A B 

Figure 3.4 Sections from an ovary from a non-pregnant cow showing the .1,s-3i1-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 
correspondfng control sectionS 
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with the ring structure intact. Regarding ochratoxin, radiochromatographic 
investigations8 have shown that the radioactivity in the fetuses corresponds 
to the reference substance [14Clochratoxin A. [3Hlzearalenone, on the other 
hand, was extensively metabolized and, according to our radiochroma
tography studies, only minute amounts represented unchanged zearalenone 
in the mouse fetuses9 • 

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 stages12 . A protective effect of zearalenone against ochratoxin
induced malformations has also been demonstratedSO , but this effect can 
only be correlated to the distribution of PHlzearalenone and/or its metab
olites in uterine and placental tissues9 • 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 
malformationsso . 

HORMONES 

[14C14-progesterone accumulates in the human fetal adrenal cortex17 where 
it probably is used as a precursor for steroidogenesis. It is also found in fetal 
testes, pituitary, parts of the brain, thyroid and thymus17 • 

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 chlormadinone6 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 ovariess (Figure 3.4). Also, in the adrenal cortex of the 
mother as well as of the fetus an accumulation of these gestagens was shown6. 
Medroxyprogestemne 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 lutea27 where they were found 
to interfere with progesterone formation3,4. 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 blocked16, 43. 

Natural and synthetic corticosteroids have also been shown to penetrate 
into the fetuses of mice26 and sheep l,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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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 
neuroepithelium23 . 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 
development23 . 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 COWS47 . 

[6°Colvitamin B12 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 mother44. 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 BJ2 analogues45 . In the bovine species there seems to 
be no risk of vitamin BJ2 deficiency as long as the cobalt content of the feed 
is sufficient5!. Disturbances of normal pregnancy are reported (abortion) 
when cobalt is missing in the feed5!. Fetal damage may also be caused by a 
disturbance of the mechanism for transport of vitamin B!2 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 neuroepithelium22 . In the 
late fetuses of mice the liver and skeleton showed22 a high uptake of 65Zn 
which can be compared with reports of high contents of 65Zn in the liver and 
bone of sheep fetuses 3o . According to the same author3o, no fetal skeletal 

BRAIN LIVER 

RIBS RIBS OF 
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HIP BONE 
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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 19 
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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 pastures15 , 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 calves30• Autoradiography in mice of [7SSelsodium selenite 
and [75Selselenomethionine28, 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 [75Sel 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 tetracycline2 (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 I. 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. 

It is 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 acid1o ,15. 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 (t v,) of different drugs in newborn calves and cows 

Calves Cows 
Age (112 (112 

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 reached20 • 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 6.5 h 
on day 7. Further decline of the elimination halflife proceeded more slowly 

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

Piglets Pigs 
Age (112 (112 

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 5.5 h at the age of 3 weeks. 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 ages25 ,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 weeks22 ,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 chi or ampheni co po . 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 2-3 h 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 anti epileptic 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 ll • 

It can be seen from the individual curves in Figure 4.1 that in a newborn 
calf, after the intravenous injection of lOmg/kg phenytoin, a plateau was 
reached which lasted for nearly 2 days, whereas in the adult animal the 
plasma concentrations declined rapidly after injection. Even at the dose of 
5 mg/kg the plateau lasted for 1 Yz days in a newborn calf before plasma 
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Calf ( I day) lOmg / kg I.V 

10 
005 

Z 
0 
f- OOl 
~ 
Z 

~ 1 
Cl. 

0.1-'----,------,-----.,....--.,....----,.------...,,..-----,---.J 
12 24 36 46 72 96 120 (Ill 

Fig. 4.1 Plasma concentrations of phenytoin after intravenous administration of 5 and 
10 mg/kg (0.02 and 0.04 mmollkg) in a newborn calf at an age of 1 day and in a cow 

concentrations began to decrease. Thus, it could be concluded that a subse
quent drug injection during the first 2-3 days 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 period2.11.12. This leads to augmented and prolonged 
drug levels. In contrast to other newborn animals, the neonatal calf has 
efficient renal function4.s, therefore, excretory function of the kidney should 
only playa 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 74070 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 constant9.14.18. 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 
water20.27 . 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 
fluid6,7,22. In contrast, the distribution of hexobarbital in pigs slightly 
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increases with age27 . 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 
proteinsl7 ,2o. 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 barrierl. 

Finally, the oral absorption of drug~ 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 stomach8,24. 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 1 ,28. 

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 11. However, the level 
of maturity in renal function at birth varies widely from one species to 
another. In most laboratory animals such as ratsl2 , rabbitsl6 , and dogs14 the 
functional values increase several times from birth to adulthood, whereas 
relatively small rises are reported for infants6 , pigs8 and sheep3.1. 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 (200 mg/kg) and P AH 
(120mg/kg), an equilibration period of 50min 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 
(25 mg/kg i. v.) and prepared surgically for the study as described previously8. 
A priming dose of inulin (40 mg/kg) and P AH (30-60 mg/kg) was adminis
tered followed by constant infusion of inulin (0.6mgkg- 1min -1) and PAH 
(0.4-1.0 mg kg - 1 min - 1) in physiological saline at a rate of 0.2-0.5 mllmin. 
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 method21 and 
for P AH by the method of Bratton and Marsha1l4 • 
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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 PAR, after subcutaneous administration, plotted 
on a semilogarithmic scale. 0, v: I day old goat; e, T: 66 day old goat. The arrows indicate 
the period during which clearance measurements were performed 

58 



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<O.OOl) (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 lOweeks 
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 (CPAH) 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 CPAH than in GFR 
the ratio CPAH/GFR increased with age (Table 5.1). (The ratio was calculated 
for each subject.) 

Table 5.1 Glomerular filtration rate (GFR) and PAR clearance (CPAH) in unanaesthetized 
goats aged 1-78 days (mean ± SD) 

Age Body wI. GFR CPAH CPAH 

mlmin -lkg- 1 mlmin-1g- 1 ml min - 1 kg - 1 mlmin-1g- 1 
days kg Body wI. Kidney wI. Body wI. Kidney wI. GFR 

1-3 2.6±0.4 2.1 ±0.6 0.35±0.09 5.5 ±0.5 0.90±0.OS 2.76±0.S2 
N=5 

14-20 4.9±0.S 3.3±0.2 0.56±0.04 1O.2±0.S 1.74±0.14 3.15 ±0.36 
N=5 

64-78 12.5 ± 1.0 2.i!±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 (EpAH) appeared to increase with age in parallel with 
CPAH, reaching the mature value within the first 2 weeks of life (Table 5.2). 
In general, the values for GFR and CPAH measured simultaneously with EPAH 
were a little lower than those found in unanaesthetized goats (Tables 5.1 and 
5.2). 
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Table S.l Renal PAH extraction (EPAH) and renal blood flow (RBF) in anaesthetized goats 
of different age 

Age Body wI. GFR CPAH RBF FF MAP 
mlmin-1g- 1 mlmin-1g- 1 mlmin-lg- 1 

days kg Kidney wI. Kidney wI. EPAH Kidney wI. F mmHg 

2 3.4 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 = (CPAH/EpAH)/(l- 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/(CPAH/EpAH) 

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, CPAH, and EPAH 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 sheep2 and cattle10. 20 but is somewhat smaller than that observed 
in pigs8 and much smaller than those seen in dogs14, rabbits16, and rats 12 • The 
different levels of maturity in GFR at birth may partially be attributed to the 
different degree of anatomical development between species. In sheep22 and 
cattleS the formation of new nephrons terminates during fetal life, whereas 
it continues until 3 weeks after birth in pigs9, dogs13 , rabbits19, and rats17 . 
No study has been published on the anatomical development of the goat 
kidney. Several factors including enlargement of the filtering area1S. 18, 
changes in the permeability of the filtering membrane14, increases in effective 
filtration pressure24 and glomerular blood flow2. 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 GFR2.22. 

During the early postnatal period, the filtration fraction increases in dogs14 
and rats12 , while it remains constant in infants6 and pigs8. 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 EPAH. 
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Table 5.3 Postnatal development of glomerular filtration rate (inulin clearance), clearance of 
P AH and P AH extraction in various species 

Species Age GFR CPAH EPAH Reference 
ml min - 1 kg - 1 mlmin-1g- 1 ml min - 1 kg - 1 ml min - 1 g - 1 

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* 12.7t t1 

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 CPAH and EPAH are less pro
nounced in goats than found in dogs 14 , rabbits16 , and rats12 . Factors 
considered to account for the developmental changes in CPAH and EpAH 
include increases in tubular mass 12 ,23, intrinsic transport capacityll,23, and 
peritubular blood supply? Recently, Evan et 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 P AH 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 CPAH/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 growth13 ,22. 

In summary, the present study demonstrates a postnatal rise in GFR, CPAH 
and EPAH 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 papers16 ,24 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 birth19, 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) clearances6, 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 formed4 • 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 ofthe rat 
kidney at birth by scanning and transmission electron microscopy22. 

The kidney of the rabbit has been shown also to be quite immature at 
birth, from a morphological standpoint 10. The kidney of man, however, has 
been reported to be highly differentiated at birth7 , 8,15, 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 newborn15 . There is, instead, a considerable increase in 
tubular tissue and tubular volume in each nephron8 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 7 • 

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 12-24 h old pig. Kidney was 
perfused with 4070 formal-l % 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 4 day 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 
21 days (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 12-24 h old pig. (a) Kidney was perfused, osmicated, dehydrated and em
bedped in Eponl 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 31(0) 
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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 pig9 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!8 in human infants indicate that GFR increases 
rapidly in the newborn human infant, reaching the normal adult range of 
values within 5-10 days after birth when calculated on the basis of cell 
mass. Rapid increases in mannitol clearance (Cm) per unit surface area are 
observed over the first 2 weeks of life26 • However, marked species differences 
in the rate of GFR increase, as measured by inulin clearance (CIN), have been 
reported. The rat at 1 day of age is reported to have a very low GFR compared 
to the dog ll , the sheep!, and the cow6 • The calf, in particular, is reported to 
increase C IN 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 (CPAH), likewise, varies among species in their postnatal 
development. In contrast to the relatively rapid increase in CIN in human 
infants, tubular secretory activity (CPAH) increases slowly, and does not fall 
within the adult human range of values for at least 1 month of age!8. A 
relatively slow increase in CPAH is reported26 compared to Cm. 

Indeed, the filtration fraction (Cm/CPAH) decreased slowly during the first 
few months after birth. The maximal tubular excretory capacity (TmPAH) 
increased slowly for approximately 30weeks. The CPAH/TmpAH 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 P AH extraction ratios. 

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 CPAH has been reported in 
the calf6 where adult values are observed by the second day after birth. The 
only data available on the pig2S indicates that P AH 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 life9 • 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 86070 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 P AH and TEA increased over the first several weeks after birth in the 
dog!7. 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 P AH 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 CPAH 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 
mllmin compared to almost 400mllmin in children aged 8.5-11.6years2• 

Corrected for surface area (1.73 m2), the difference became 102 mllmin vs. 
596 mllmin. Penicillin clearance is correlated with prematurity and postnatal 
age and much lower clearances are reported in infants weighing less than 
2.0 kg who are less than 7 days of age than those over 2 kg and over 1 week 
01d12• Similar findings have been reported for the semi-synthetic penicillins, 
and the reader is referred to a review13 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 (4545 IV/kg) and plasma samples 
were drawn at varying intervals from 5 to 100 min postinjection. Plasma was 

Table 6.1 Summary of Tl/2~ and body clearance values (CIB) for penicillin G injected intra
venously at a dose of 4400 IV Ikg in pigs of the Landrace breed of either sex and in male calves 
of the Holstein breed 

AGE 
Parameter I Units 

12 - 24 h 5 d 10 d 15 d 

one compartment 

T 1/2 ~ min 25.5 22.3 20.2* 21.4 

CL B ml/min/kg 2.08 2.50 3.61* 3.17 * 
(f) 

(!) 

a.. two compartment 

TI/2 P mi n 47.42 28. I 25.7 25.7 

CL B ml/ min/kg 1.71 2.06 3.47* 3.23* 

~[ TI/2 ~ min 29.7 25 7 27.6 23.5 

CL B ml/min/kg 2.98 4.83 3.11 4.65* 

* ~ from 12- 24 h at P~OO5 
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analysed for penicillin by the cylinder plate method, using Sarcinia [utea 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 12-24 h 
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 112/3 between the day of birth and 10 days after birth. This 
was also reflected by an increase in body clearance, which had increased by 
750/0 at 10 days of age. 

By two-compartment analysis, there were no significant changes in T 112/3, 

even though the newborn pigs had a higher mean value (and a high vari
ability). Clearance values increased by 10 and 15 days, as in one
compartment analysis, and had doubled by 10 days. 

Even though it is possible to observe a significantly deficient CIB 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 playa partial role, is that very low plasma albumin levels, 
characteristic of the newborn pig23 , 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 CIN and CPAH 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 T 112/3 did 
not change significantly over the 15 days 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 speciess, 21 in spite of the fact that species differ markedly 
in the structure of the placenta6• 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 fetuss. In particular lipid-soluble compounds, hormones 
and most drugs are readily transferred across the placenta by this me chan 
ism1. s. Thus, the major rate-limiting factor in placental transfer seems to be 
blood flow to the placentas. 

The placenta possesses many types of xenobiotic biotransformation 
enzymes9 , 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 xenobiotics9 • 

Maternal-fetal pharmacokinetics have been studied mainly in the pregnant 
ewe21 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 
500/0 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 maternaJ21. 

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 I2 • 13 • The composition of milk differs 
between species12 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 80070 in 
dogs, 70% in rats and 23% in rabbits l7 • 

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 ofaxenobiotic 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 1• 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 mice24 • 

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 biotransformation26, but 
kidney26, lungll , the gastrointestinal epithelium 7 and intestinal bacterial 
flora2o are also involved. 

Xenobiotic biotransformation in developing organisms is distinctly dif
ferent from that of mature animals because of undeveloped enzyme 
systems1,IO,16. The fetus develops xenobiotic biotransformation capability 
early in gestation; in the human fetal liver it is present by the first trimester lO • 

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 

(I) Oxidation 
(a) Mono-oxygenation 

(i) Cytochrome P-450-dependent 
(ii) Flavoprotein-dependent 

(b) Dehydrogenation 
(c) Other oxidation reactions 

(i) Monoamine oxidation 
(ii) CycIooxygenase ( endoperoxide synthetase) 

(2) Reduction 
(a) 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 
(ii) Riboside formation 

(iii) Glucoside formation 
(iv) N-Acetylaminoglycoside formation 
(v) Xyloside formation 

(b) Acylation 
(i) Acetylation 

(ii) Amino acid conjugation 
(c) Sulphation 
(d) Glutathione conjugation 
(e) 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 l5 • 

Biotransformation activities are similar in neonates of both sexes, but with 
puberty in rats, sexual differentiation occurs in the activities of several types 
of enzymesl4 • 15. The sex differences in some of these enzyme activities have 
been eliminated by hypophysectomyl5, 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 limited8 • Thus, organic anions, such as penicillin, 
are poorly excreted. Because of low renal transport, newborns display 
resistance to the nephrotoxicity of the antibiotic cephaloridine28 • 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 exist16 • 

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 at. 3 for sexual differentiation of hepatic steroid metabolism. 
Subsequently, imprinting of drug metabolizing enzymes was described 14. 

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 proprio nate on the sexual 
differentiation of rat hepatic enzymes 

EnzYme 

Ethylmorphine demethylase 
Cytochrome P-450 
Uridinediphosphoglucuronyl 

transferase 

Adapted from Lucier lS 

Adult malelfemale specific activity ratios 

Neonatal Neonatal 
Control diethylstilboestrol testosterone 

4.2 1.3 1.6 
1.1 1.0 1.0 
1.9 1.2 1.4 

Exposure of newborn rats to hormones alters their response later in life 
to carcinogens that are biotransformed in the liver27 • 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 stimulation2,4 such that animals are more suceptible to carcino
genic effects in hormonally-responsive organs later in life 19 • 

Perinatal carcinogenesis 

The transplacental induction of tumours and the sensitivity of neonatal and 
infant animals to carcinogens is well documented 18,22,23. The features of 
perinatal carcinogenesis are summarized in Table 7.3. 
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Table 7.3 Features of perinatal carcinogenesis 

(I) 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 effects26 , undeveloped xenobiotic biotransformation enzyme 
systems can render younger animals resistant or at least with low sensitivity23 • 

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 genotoxic25 • 

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 

Adapted from Tomatis et al. 22 
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Triazines 
Diethyltriazine 
1-Phenyl-3, 3-diethyltriazine 
1-Phenyl-3 ,3-dimethyltriazine 
1-pyridil-3, 3-diethyltriazine 

Others 
Aflatoxin Bl 
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-I-oxide 
Safrole 
Urethane 

Hormone 
Diethylstilboestrol 
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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 18• 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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7 
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 animals3, 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 197811 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 18, 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: 

(I) 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 
(I) 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 
(I) 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 DP A 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 consequences14 • 

Briefly, carcinogens can be divided into two principal categories, geno
toxic and epigenetic 12. 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 co carcinogenic 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 Not directly genotoxic, leads to 

changes in DNA by selective 
alteration in fidelity of DNA 
replication 

(4) Cytotoxic Chronic tissue injury Nitrilotriacetic acid 
(5) Solid-state Mechanism unknown; usually Polymer or metal foils, 

material affects only mesenchymal cells asbestos 
and tissues; physical form vital 

(6) Hormonally-active Alters endocrine system balances Oestradiol, 
and differentiation; often acts as diethylstilboestrol 
promoter 

(7) Immunosuppressor Mainly stimulates 'vir ally Azathioprine 
induced', transplanted, or 
neoplasms 

(8) Cocarcinogen Enhances effect of type 1 or Phorbol esters, pyrene, 
type 2 agent when given at the catechol, ethanol, 
same time. May modify n-dodecane, S02 
conversion of type 2 to type 2 

(9) Promoter Enhances effect of type 1 or Phorbol esters, phenol, 
type 2 agent when given anthralin, bile acids, 
subsequently tryptophan metabolites, 

saccharin 

Based on Weisburger and Williams 12 

(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 sub chronic 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 systems6 , 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 
in the 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 18 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 1'-gluta
my I 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 1'-glutamyl transpeptidase from foci into the serum provides 
a facile means of monitoring hepatocarcinogenic effects. 

(2) Skin tumour 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 viv.o 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 years4. In addition, however, testing should include 
approaches to develop data on possible carcinogenicity through epigenetic 
mechanisms. Also, multi species 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 13. 

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 action l6 . 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 l9 • 

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 13 ,19. 

APPLICATION OF DECISION POINT APPROACH TO 
EVALUATION OF VETERINARY DRUGS 

The DP A 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 DNA5. DES 
has been reported to produce genetic effects in some systems, but is inactive 
in most in vitro tests 1• 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 humans15 . 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 playa 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 lO • Therefore, two others, 
carbadox and olaquindox, were tested in the Salmonella/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 

Carbadox 

Olaquindox 

TA 100 

+ 

+ 

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

+ 
+ 

+ + 

+ 

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 p.g/kg. Thus, an individual consuming 100 g of pork 
might ingest 3 p.g or less than 0.06 p.g/kg body weight. Tucker10 observed 
carcinogenicity of quinoxaline l,4-dioxide at 10 mg/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 0.001070 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 DP A 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 l . 

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 sheepI4, 15, 19,21 but not in pigs IO; 
oxfendazole is also teratogenic in sheep4, but not for cattle I6 . Griseofulvin 
is active in cats8 , 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, 13 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/kglB, very weak 'in some cases' at 400 mg/kg17, of 26070 at 100-
200 mg/kg23 , and finally of 37070 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 pregnancy12. 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 dog3 

between day 8 and 20, IO-methyl-folic acid is teratogenic in the cat22 between 
day 5 and day 11, and cyclopamine from Veratrum californicum is terato
genic on day 14 in the sheep2. 
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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 

Day 14 

Day 16 

Day 17 

Day 21 

Day 22 

Day 24 

Exencephaly (albendazole) 

Cyclopia (V. californicum) 

Microphthalmia, fused vertebrae (parbendazole) 

Hare-lip, uterus aplasia, fused ribs, eye lids defects (oxfendazole) 

Thoracic amelia, kidney ectopia, scoliosis (cambendazole) 

Dysmelia (parbendazole) 

Arthrogryposis (parbendazole) 

95 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

day 21 in the sheep after about 18 h of drug stimulation, i.e. 11200 of the 
length of the embryofetal development in this species, or 1120 of the terato
genic period. 

DISTINCTION BETWEEN GENERAL AND SPECIFIC TERATOGENS 

This distinction 1 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 period2 • 

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 febantel 6, 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 demonstrated9 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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9 
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 reviewed4 • 12.21. 

The studies on its application in veterinary practice, and specially in bovine 
practice, have been partly reviewed6• 15 • 

Levamisole modulates the immune function at 2-3 mg/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 eificient than 
continuous treatment in restoring the immune responsiveness. 

f , 

(-) - (S) - HCL 
N 

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-Iymphocytes 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-Iymphocyte 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-Iymphocytes and 
phagocytes. 

(2) Stimulation of precursor T-Iymphocytes 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 l8 • 

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 ll • 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
ment9, 16-17. 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 rhinotracheitis10, 14, herpes2, 3 and 
foot-and-mouth disease virus20 have been reported. The anti-Brucella ag
glutinin titres have1 or have notS increased after levamisole treatment, while 
favourable results have been obtained when immunodeficient cattle were 
used in the experiments 13 • 

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 endometritis6, 8,19. 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 levamisole7 , 8, 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 13.1070 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 2.5 mg/kg or a 'pour-on' application at 5 mg/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 

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 

I 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 32.2070 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, ex, {3 and 'Y globulins in the colostrum of treated 
(n = 39) 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 10-11 g/ 1 00 ml and this drops to about 9 g/ 
100 ml in the course of the first 24 h. According to Furugouri et al. 6, 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/100ml, the erythrocyte count is 8.1-8.9x 106 per mm3 and the 
haematocrit is 38-400/07,13. These all decline in the course of the following 
2 weeks. Gurtler et al. 8 observed a decrease in the blood iron in calves of the 
German Black-and-White breed from 159±52p.g/l00ml to 69±25p.g/ 
100 ml in the course of the first 96 h after birth. The erythrocytes in pigs at 
birth contain less fetal haemoglobin (1Ll g/100 ml) 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 mP2. 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, respectivelyl5. 

According to Shalml4, calves are considered anaemic when the haemo
globin content drops below 8 g/ 1 00 ml and the erythrocyte count is less than 
5 x 106 per mm3, according to Bunger et al. 3 when the haemoglobin content 
is below 10.5 g/lOOml and the haematocrit below 33.5%. Bremmer and 
Dolgarno 1 established a decrease in plasma iron to 20 p.g/ 1 00 ml to denote 
anaemia in calves. According to most authors, anaemia in calves is hypo
chromic and microcytic9• 11 and is related primarily to iron deficiency2. 7. 

Hyperchromic anaemia in newborn calves suffering from gastroenteritis of 
non-specific aetiology has also been described 15. Anaemic animals have a 
reduced resistance to respiratory and gastrointestinal diseases, poorly utilize 
feed and their growth is arrested4 • 17. 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 28.1070 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 ± 0.40 g/100 ml and 41.9 ± 1.8 gl 
100 ml respectively); the differences, however, were not significant. The same 
trend was observed in serum iron concentrations (137 ±7.6Ilg/100ml vs. 
123 ± 8.411lg/1OO 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 (p < 0.001) in calves born in 
the winter-spring months (8137 ± 504 vs. 6579 ± 369 per mm3). However, 
there were no significant differences in the haematological values of the 
female vs. male calves as has been reported by some authors9 • 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 mm3). 

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. 16 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. Furugouri6 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 authors6 , 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 59Fe and some other methods, we determined that Dextrofer-100 
S.E.A. Pharmachim, containing 100 mg Fe3+ Iml) 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 1st 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 lO and we have also demonstrated3,5 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 59Fe 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 B12 (R & D Dept., Chemical and Pharmaceutical Works, Troyan, 
SED Pharmachim) containing 100 mg FeH plus 80/-tg cyanocobalamin per 
ml; Ferizin (laboratory batches) containing Feridextran, zinc and some 
vitamins; Biofer (laboratory batches) containing Feridextran, bovine "(
globulin, copper sulfuricum cob alto-chloride, cyanocobalamin and protein 
hydrolysate; Antianemin, a vitamin mineral premix; ferrisulphate containing 
80/0 iron; iron glycerophosphate containing 100/0 iron; and Sucsal (1ST, 
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 15-25 days before calving with the preparation 
Ferizin injected Lm. 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 1O.2(a». In five of the calves (30.3%) born by the control dams, the 
iron content was below 80/-tg/100ml; in six of the calves (26.3%) born by 
treated dams, it was also below 80/-tg/100ml 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-IOO. (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-loo administration, 
subphysiologicallevels 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 800 mg Fe3+), while in the control animals during the 
20 days 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-loo (in a dose 
of 800 ml Fe3+), 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-IOO 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 30 days. 
Dextrofer-IOO 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-loo 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-IOO 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 ofthe Black-and-White breed and crosses up to 10 days of age. Biofer 
in a dose of 0.6 mIl kg body weight (20 mg Fe3+ Ikg body weight) was injected 
Lm. in seven calves. Dextrofer-100 at 0.2mllkg body weight (20mg 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 B12 and B6 , and normal bovine "(
globulin together with iron. Good results were obtained in Czechoslovakia 
through the application of a similar preparation16 • 

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 Lm. administration 
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Figure 10.3 Changes in the blood of calves treated with 8 mllkg Dextrofer·IOO (D) vs. 
Dextrofer-l00 (8ml i.m.) plus Sucsal (IOOml i.v.) (DS), and 0.2mg/kg body weight i.m. 
Dextrofer-IOO (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 recommended16 • 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 10-15070 of the calves was not 
adequately influenced by the application of iron preparations only. 
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Figure 10.4 Changes in the blood of lambs treated with iron glycerophosphate 1 gil milk (I), 
Oextrofer-100 O.7mllkg body weight i.m. (0), Oextrofer-100 with B12 O.7mllkg body weight 
i.m. (O-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 
3-5 days 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-IOO and that of Dextrofer-l 00 
with B12. Good results in lambs were obtained from the administration of 
iron glycerophosphate (1 gil 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-IOO 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-IOO injected i.m. in calves in doses of 800-1000mg Fe3+ im
proves erythropoiesis. The influence is more favourable when combined with 
i. v. injection of Sucsal or with bovine ')I-globulin, copper, cobalt and 
vitamins B12 and B6 (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 3-4 days after birth and fed milk replacer 
without trace elements develop anaemia, which is favourably influenced by 
the oral administration of iron glycerophosphate or the Lm. injection of 
Dextrofer-lOO. 
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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 
administration24 , 58. 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 hours6. 

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 
increased3, 8, 33, 57. However, the general assumption, that during diarrhoea 
absorption is normal or increased as is seen with many bacterial diarrhoeas 18 , 

may be fallacious when considering the spectrum of diarrhoeal aetiologies. 
There is also speculation regarding the role of motility in diarrhoea47 • 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 
diseases43 • It could be anticipated that viral diseases which cause significant 
changes in both individual epithelial cells and in villus morphology7,33,45,46,59 
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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 1 , 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 
dysfunction39,42. When malabsorption causes the diarrhoea, particularly if 
glucose absorption is limited31 , 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 organisms2o. 

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 6-12070 of their body fluids. Therefore, therapeutic 
provision of large quantities of water is necessary. Water losses are not evenly 
distributed through body water pools3s. The greatest loss is from the extra
cellular fluid (ECF) and blood volume is most severely depleted28, 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 extent38 . Only small changes are seen in the intracellular 
water pool, and it may in fact be increased in volume38 , presumably due to 
decreased cellular metabolism and cellular swellingSs . The ionic composition 
of oral fluid replacement therapy should, therefore, be designed to approxi
mate the composition of the ECF3s. 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 diarrhoea27, 33, 34,49, so. 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 levelsI9,29,30,3S,41,S2, yet a whole body potassium 
deficit occurs during diarrhoea (Figure 11.1)19,28, S2. 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 (lC) 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 (l40kcallkg·7S) and straight line method (50 kcal kg - 1 day- ') 
from ref. 27, 37. (b) Effectiveness of the straight line (50 kcal kg - 1 day - ') method of energy 
provision as a percentage of metabolic body size determination of energy requirements. In 
smaller animals (IS kg), only 70"10 of maintenance is provided. At approximately 60 kg, 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 19,28,29, SS. There is a whole body potassium deficit, but an increase in 
potassium concentration in the vascular poo}l9, 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». Maintenance27 (kcal/day) equals 140xW/kg·7s . Data from 
Alexander et al. 2 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·7S) 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 calves37. 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 1.8OJo of the body 
weight of neonatal calves is adipose tissue and a significant proportion of that 
is brown adipose tissue (BA T)2. BAT is helpful in maintaining normal body 
temperature in neonates but is not an effective source of free fatty acids 
(FF A) for general body metabolism. Neonatal calves do not have high levels 
of circulating FF A except in the peripartum period 14. Also, plasma FF A are 
not increased in diarrhoeic calves with hypo glycaemia due either to the low 
reserves or an inability to mobilize 15. 

In severely diarrhoeic calves, hypo glycaemia and lactic acidosis are an 
almost constant finding11, 15,40,49. Hypoglycaemia and lactic acidosis are 
also pathognomic signs of endotoxaemia23 . Similar blood levels of glucose 
lactate and potassium are seen in diarrhoeic and in endotoxaemic 
calves 11 ,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, CI 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 tip32, 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!7. Like any barrier, it is not absolute, 
and normally some bacteria and bacterial toxins enter the portal blood25 . 
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 ecfsier 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 established22. 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)48. 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 tip22. 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 CI- or HCOf. Sodium is then pumped by active transport 
into the lateral intercellular space below the junctional barrier. Again, the 
anion [ollows, 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 
imd absorbing intestinal epithelial cells in relation to both transepithelial and 
vascular fluxes21 , 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 l7 , 21. 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 system22 • 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 
Razig4, 5 have studied factors modifying abomasal emptying in calves. They 
found that highly hypertonic pure solutions of electrolytes or carbohydrates 
will delay emptying. Their data indicates that maximal gastric emptying of 
NaCI and NaHC03 solutions in calves occurs at an osmolality of 400-
600 mOsm/1 (Figure 11.5), well above body fluiq osmolality (290 mOsm/l), 
but similar to the villus vascular osmolality previously presented4, 5. In a 
study with young adult pigs it was found that duodenal osmolar equilibration 
of fluid diets ranging from 250 to 700mOsm/i was at 450-500mOsm/l 
with declining osmolality further down the intestine12 • 
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Figure 11.5 The effect of varying osmolality of NaCI or NaHC03 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 period4 , 5. 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 6 h 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/l of NaCI to a 10070 glucose solution enhanced glucose 
absorptive rate in calves, yet increased osmolality from 555 to 715 mOsm/l13. 
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. 
6 h following milk ingestion by normal or diarrhoeic calves, upper small 
intestine osmolality was greater than blood osmolality (Figure 11.6 (a), (b »56. 
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 diarrhoea44 • 

Based on the absorption rates of glucose following either oral glucose or 
lactose administration and calculated rates of glucose transportS, 9, 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: 

(I) 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) The rate 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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ORAL FLUID THERAPY 

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 40 kg calf that was 10070 
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 
7.5070 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 mllkg 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 
Jallacious 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 ILl). 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 

Osmolality 
Product Country (mOsm/l) 

Aminolac France 160 
Electex France 318 
Glycostress France 290 
Hydroral France 352 
Ionidiar France 482 
Oro hydra France 256 
Rehydrant 2412 France 305 
Suradavo France 2284 
Electroplus A USA 323 
Ionaid USA, Britain 515 
Lifeguard USA 490 
Resorbt USA 390 

"Maximum dosage per calf! day or per 40 kg calf! day 
t Also sold in Britain (Lectade) and France (Biodiet) 

Energy 
Volume" content 
(ml/day) (kcal/ day") 

8000 362 
6000 518 
3000 122 
4000 384 
6000 811 
4000 64 
800 78 

1500 780 
6000 387 
3784 536 
5676 984 
4000 382 

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

deficit is in energy provision. Even using a conservative maintenance estimate 
for a 40 kg calf of 2000 kcal kg - 1 day - 1 vs. the calculated and measured 
values of over 2200 kcal kg - 1 day - 1, the highest energy provision (Life 
Guard) provides only 49070 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 occurred33 and the villus 
countercurrent flow system is destroyed, not when there are changes in 
epithelial cell transport function 1,42,43. 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) CI-, HCOf, 

(4) Acid-base correction HCOf or bicarbonate equivalent, such as 
acetate, citrate, or I-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 120-140 mEq/l, chloride at 30-40 mEq less than sodium, and either 
bicarbonate or a bi'carbonate 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-Iactate 
is poorly utilized. Further, the diarrhoeic calf is often suffering from 
hyperlactataemia with a decreased lactate utilization ratel!. Reports have 
been published of the beneficial effect of both acetate l6 and citrate9 , 10 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 
HC03- if every molecule of carbon was converted to HC03- • It is more likely 
that one half as much could be gained, i.e. one HCOf INa + . This quantity 
would not materially affect acid-base status and HCOf 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 border53 so that sucrose and maltose will not be digested and 
absorbed 13. Their inclusion is of negligible value. Lactose would seem to be 
a logical 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 given10,47. 

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 man21 ,22,28, 29, 38. It is 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 19,37. 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 ~-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 thfe 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 state43 . 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 adult44 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!6. 39. 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 age25 , 27. 

This development of the ruminal papillae is related to the ability of pro
ducing free fatty acids40 . 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 absorptions. Now it is generally accepted 
that the forestomach wall offers little resistance to the passage of most 
molecules!4. 

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 4.0!s. 
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 abomasum23 
is 3.6. 
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MOTILITY 

Another important factor which influences gastrointestinal absorption of 
drugs is the motility of the gastrointestinal tract, more particularly of the 
reticulo-rumen32 . 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 1. 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 
atropine32. 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 13. 

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
lished6, 7.12,17,20,24,34-36,42,48-52. However, conclusions about the evolution 
of absorption and the bioav,ililability 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 1 day old, 2 weeks old and in adult goats31 • 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, lOOmg/kg, in a lamb at weeks I, 3, 5, 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 antibiotic9 • 11.41 while in monogastric animals adequate levels 
are achieved I5 •46• Once weekly an oral dose of 50mg/kg of the drug was 
given from the first until the 11 th 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 p,g/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 100 mg/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 = 8) 

Week 

1 
3 
5 
7 
9 

16 

t1l2 

(h) 

11.3 (9.0-13.9) 
8.1 (7.1-8.8) 
7.3 (6.1-9.1) 
6.2 (5.3-7.4) 
5.5 (4.1-6.6) 
5.1 (3.8-6.7) 

Mean values and ranges are given 

Vd 
(lIkg) 

0.50 (0.43-0.60) 
0.40 (0.30-0.50) 
0.39 (0.30-0.47) 
0.39 (0.36-0.48) 
0.40 (0.36-0.47) 
0.41 (0.36-0.44) 

31 (22-38) 
34 (24-41) 
38 (28-51) 
45 (34-55) 
57 (42-79) 
66 (50-83) 

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 animals2 • 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 = 8) 

Week 

1 
3 
5 
7 
9 

16 

Binding 
070 

38.2 (10.6-55.1) 
55.6 (44.7-65.5) 
58.7 (42.6-68.2) 
64.3 (60.8.70.4) 
64.9 (60.9-71.7) 
60.1 (58.0-64.9) 

Mean values and ranges are given 

Albumin concentration 
g/I 

23.6 (22.2-25.3) 
26.3 (23.0-31.1) 
29.0 (24.4-32.1) 
32.5 (28.8-36.4) 
32.1 (30.3-34.9) 
27.9 (24.5-32.0) 

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 lOOmg/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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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 weaning4 • This is especially true during the neonatal 
period29 • Specific and non-specific bacterial diseases are often precipitated 
by a complexity of predisposing causes, mainly of managemental and 
nutritional nature25 • 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 age27 ,31. 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 pre weaning 
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 10. In these cases a primary viral infection 
(such as infectious bovine rhino tracheitis , parainfluenza type 3, adeno
viruses, rhinovirus or bovine viral diarrhoea) commonly produces a pablum 
favourable for secondary bacterial invasion (such as by Pasteurella 

141 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

haem olytica , Pasteurella multocida, Corynebacterium pyogenes, Haemo
philus somnus, Myocoplasma spp. or Chlamydia Spp.)20. 

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 purposes28 • 

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 practiceS, 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 (cot rim ox a
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 18,23 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 
a deficiency 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 calvesll . 

The diarrhoeal syndromes lead to dehydration, acid-base and electrolyte 
derangements and ultimately to cardiovascular collapse25 • 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 established4 • 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 17 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 13, Burrows 7 , Amstutz2, Radostits26 and 
Tennant et a/Yo 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 basis9 • II, 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 playa role. 

144 



ORAL ANTIBACTERIAL THERAPY 

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 l!, enteritis and diarrhoea l , rumino-reticular atonyl!, pneu
monia34, and renal disease8 • 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 diet35 or with age, in the specific case of chloramphenicol9 • 

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 playa role that 
only a few instances of interaction are clearly documented and general guide
lines are all that are available at this time17. 

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 resistance3o • 
The potential hazards associated with the use of antimicrobial agents in 
calves at either therapeutic or at sub therapeutic levels in feed have enjoyed 
a great deal of attention in the past5 , 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 l6 • 25. 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 coli bacillosis due to enterotoxin-producing strains of 
E. coli, have been established8• 25. 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 outlined8• 15. 16: (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 
syndromes4. 25. 
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The increased 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 colostrum6 . 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 animals24 • 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 calf27 • 

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 10. 

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 l4 • Enhanced activity of leukocytes against pretreated bacteria also has 
been recognized recentlyl9. 

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 l2 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 animals21 • 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 Ziv22 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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14 
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 
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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, pKa, 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 14. 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 ofabsorption (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 constant25 • 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(!!s) 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 acid7,26 and febendazole24 , 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 
micro flora 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 
ruminants9-13, 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 l5 . 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 sheep35 is about 380-460 mllh. 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 1.2 g/cm3 and a volume of 20-30 ml exhibited 
the shortest retention time in the COW35 . More details concerning these and 
other aspects of ruminant physiology may be found in the texts by Church6 
and by Ruckebusch and Thivend36 . 

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 1,8,15,22,23,38. As 
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 microbes 34 , 
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 
atropine4 • 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 5 mg/ 
100 ml) were maintained for 30 h in the control animals by a single oral dose 
of sulphamethazine at 214mg/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 nutrients5, 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 contents29 • 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 30-40ml in sheep with an average flow29 of 400mllh. If one assumes an 
average fluid volume of 400 ml for the abomasum, this flow rate corresponds 
to an emptying halflife of 0.7h. 

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 acid7• 26 , or the degradative 
effect of rumen micro flora on drugs such as chloramphenicoPO. 11. 13. 39. 

Large volumes of digest a 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 feeding6 • 

Flow rate then decreases progressively with distance aborally from the 
pylorus as fluitl is absorbed from the digesta. Particulate matter is trans
ported from the pylorus to the large intestine in 2-4.5 h. 

The pH of the intestinal contents increases gradually from about 2.7 at the 
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pylorus to 7.5 in the ileum6. 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 reviewed40 • 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 previouslyl7. Expansion of these concepts and inclusion of 
average gastrointestinal pH values32 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)16.18 or polyethylene glycoP9-21. The drug and marker may be 
administered orally or into specific enteric compartments by means of 
surgically introduced fistulae. 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 (ka), destruction (kd) , or flow to the next region 
(k" 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-EDT A to measure digest a flow 
rates33 . 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 ruminant41 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 (ka and kel' 
respectively) are derived from analysis of drug concentrations in the central 
compartment (blood). Unabsorbed drug is excreted in the faeces (ke ) 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 2.0 mg/kg, respectively, as predni
solone); an aqueous suspension of finely ground tablets of prednisolone was 
administered into both the fistulated rumen and abomasum at 2.0 mg/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 5070, 21070 and 20070, 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 <;ompartment 
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 2.0 mg/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 2.0 mg/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 gJycol 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 ruminants31 . 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 micro flora 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 micro flora as with chloramphenicoJ32. 34 or, alternatively, 
to prevent deleterious effects on the micro flora by the drug as with the 
penicillins and sulphonamides28. 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
tine30. 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 
review2. 

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 
a tax 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 reviewed4s • More recent developments have been largely in the field of 
sustained release of anthelmintics5 , sulfonamides45 , bloat preventatives33 or 
nutrients44 • 

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' 15. 

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 IS. 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 areas43 • 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 witp 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 fistula3 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 
studySO 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 (36 h) and dosing with atropine sulphate intra
muscularly. The stasis was maintained for 6 h by additional doses of atropine 
as required. 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 report3 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 mC\terials and techniques4s • 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 bloat33 but the 
technique can be applied to other drugs such as anthelminticss. 
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Absorption of drugs from the RR 

After the issue of whether or not absorption of the volatile fatty acids (VF A) 
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 14. 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 drugs21 • 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 VF A 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 contamination28 . 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 later29 • 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 pKa 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 
a rate 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 illustratedl6 . 

An alternative system for studying absorption from the rumen of the cow 
was developed 17. 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 trials20 • 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 
blood flow occurred with large departures from isotonicity in the rumen. 
Further studies l8 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 mmollkg hypertonic to plasma. 
Even chromium ethylenediamene tetra-acetic acid (Cr-EDT A) 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 cells49 • 
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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 epithelium2 • 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 mmollJ26. 

The importance of differentiating between absorption from the fore
stomachs and from the intestine has been stressed43 • 

The blood flow 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 blood flow in 
sheep using the injection of 15-micron radioactive microspheres into the left 
ventricle, followed by measurement of blood flow by the reference organ 
technique (Table 15.1 )19. This interesting finding will influence future drug 
absorption studies. Using a similar technique, a dramatic reduction in 
mucosal blood flow was seen after infusion of adrenaline or noradrenaline 
into the jugular vein40 at about 10 p,g kg- I min -I. 

Table 15.1 The effect of feeding and digestion on portal blood flow and its foregut contribution 
in sheep. Data from ref. 19 

Portal blood flow Foregut contribution 
(mllg) (070 ) 

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 gland48 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 pKa 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 15.6 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 of9. 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 aftel 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 results4, 12,46. 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 drug46, especially in cases 
where nematodes have developed resistance to the drug. 

Other studies comparing oral and parenteral administration in ruminants 
have encompassed lithium37 , acetylsalicylic acid22 , phenylbutazone6 and 
meclofenamic acid35 • . 
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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 5-7 h 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 40 I 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 important4l . 

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 authors7.27.42. 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 
presentl. In one cow that experienced spontaneous rumen stasis, estimated 
outflow rate dropped from lO.41/h to about 31/h. Although the authors 
were concerned that their technique overestimated outflow by as much as 
58070, it is likely that the proportional change may be appropriate. Flow fell 
to 28070 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 11,27. 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 stasis7,42 but there have been very few reports on efficacious or 
detrimental effects25 • A better situation exists with respect to anthelmintics 
and where efficacy is more readily measurable. Levamisole8 and benz
imidazole anthelmintics23 have received special attention. 

Microbial metabolism of drugs 

The micro biota 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 0.15070 wt./vol. Com
parison of these approaches34 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 acetate9 • It is interesting to note that 
the propionate-enhancing drug, monensin, is also toxic to protozoa24 • 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 aryl amine has been shown to be attributable to the 
protozoa 13 • 

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 10. 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 associa~ed 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 thoroughly47. 

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 emphysema52 • 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 orally39. 

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 
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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 tliat significant 
inhibition of nitrate reductase in the rumen could be attained with orally 
administered sodium tUf\gstate at up to 6.6 mg 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 
strains30 • 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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Table 15.2 Oral treatment of experimental grain engorgement in sheep; all treatments initiated 
24 h after dosing with ground barley 35 or 40 gm/kg 

Oral treatments No. Survivors 070 Survival 

Untreated controls 12 4 33.3 

Antacids 
NaHC03 1-2 g/kg x 3 12 3 25.0 
Mg(OHh 1.1 g/kg 8 2 25.0 
CaC03 1.9 g/kg 3 2 66.7 
NH40H 1.5-3gx6 8 3 37.5 

Antibiotics 
Penicillin V 1.5-3gx 3 9 I 11.1 
Tetracycline 44mg/kg x2 4 0 0.0 
Chloromycetin 1-2gmx I 6 5 83.3 

Miscellaneous 
Mineral Oil about II x 2 2 0 0.0 
Creolin 0.2mllkg 4 0 0.0 
'Anamas't 21.3 g 3 0 0.0 

Surgical 
Rumenotomy + 

fresh ingesta 4 3" 75.0 

Prophylaxis 
Penicillin V I.5g 

with the grain 100.0 

"The fatal case had surgery at 30 h 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 40 gm/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 6 h) 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 syndrome26 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 9070 whereas in 1960 it had been only 4%17.23. Therapy has not 
changed substantially23 but there has been progress in preventive methods 
based largely upon new knowledge of vitamin D metabolism and the identifi
cation of predisposing factors25 . 

The concentration in plasma of the most active metabolite of vitamin D, 
1,25 dihydroxycholecalciferol (1,25(OHhD3), 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 25-30 g and 
such a diet is impractical for use on farms. However, under experimental 
conditions, when the daily intake of calcium was less than 25-30 g, 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 15. Such diets also 
prevent hypocalcaemia and the authors suggested that, rather than acting via 
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increased 1 ,25(OH):zD3 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 (25-0H D3); a synthetic analogue of this natural compound (la-OH D3) 
and the dihydroxylated metabolite (1,25(OH)zD3) 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 la-OH D3 is the 
best available for preventing milk fever. 

It is considered that 100 ",g la-OH D3 protects cows against milk fever if 
administered within 12 h of calving, but that larger doses are less effective I I. 
It is reported that injections of 350 ",g la-OH D3, provided that they were 
administered more than 24 h before calving, prevented all cases of milk 
fever4. However, in more extensive trials which involved several hundred 
animals, it was concluded that 500 ",g la-OH D3 administered more than 24 h 
before calving, resulted in at best a 750/0 decrease in the incidence of milk 
fever8• 27. Although 1,25(OH)zD3 is the most active metabolite of vitamin D 
it appears to be less efficient than la-OH D3 for milk fever prophylaxis 
because a single injection has a more short-lived effect6 • 

Cholecalciferol (D3) is now considered to be of limited value as a pre
ventive and has been shownl9 to be slower in action and less efficient than 
1 a-OH D3 19. The dose required (l07 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 18. 

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 occurringl2. One of the most important is the 
magnesium status of the pregnant animaF. Subclinical hypomagnesaemia 
(approx. 0.5-0.85 mmol Mg/l) 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 20g 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"70 fat in the hepatocytes) predisposes 
dairy cattle to a number of peri parturient diseases including ketosis and 
infertility has underlined the importance of feeding appropriate diets 
throughout the complete reproductive cycle26 • 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 

Body condition score 4 weeks before calving 
Mean 1170 fat in liver cells 2 weeks postpartum 
Diseases (no. of cases) 

ketosis 
mastitis 
milk fever 

Number of days calving to 1st oestrus 
Milk yield (kg) in first 84 days of lactation 

Data from ref. 26 

Controls 

2.72 
15.2 

2 
1 
1 

36.8 
2567 

Affected 

3.94 
30.8 

5 
3 
2 

42.7 
2323 

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 1. 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 cattlelO • 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 
Cull although the tablets were designed to provide between 2.5 and 5 mg 
Cull water. Similar conclusions have also been reported but the manu
facturers now claim to have improved the solubility of their copper pellets20 • 

In the case of pellets containing selenium it is reported5 that they could 
provide up to 3 mg selenium per cow per day from water containing up to 
0.074mg Sell. 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 B12 concentrations in the plasma of calves20 • How~ver, 
B12 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 
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addition of between 2.5 and 5 mg Cull of drinking water is as effective as 
repeated injections of copper in preventing hypocupraemia in suckler cows 
and growing heifers 13 • 

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 30070 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 5070 selenium also 
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Figure. 16.1 Weight loss in the rumen of cobalt bullets 

dispersed in iron grit have been developed also for longterm prevention of 
selenium deficiency16 but they, too, decline in solubility with time. This 
behaviour has been ascribed24 to the use of certain sizes of selenium particles 
or grains, particularly those less than 10 /tm. It is claimed that an effective 
rate of release of selenium could be maintained provided that the selenium 
grains were larger than 10/tm, and that the optimum grain size was of the 
order of 35-40/tm. 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 
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abomasum9 • 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 
effective in 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 l4 . It is demonstrated that 4 g of copper oxide needles administered 
to ewes during the first half of pregnancy protect their lambs from sway
back29 • Two grams of copper oxide needles administered to lambs provided 
sufficient copper to prevent the development of hypocupraemia until the 
lambs were weaned28 • 

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, induding 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 effect3 , 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 l • 22. 
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Figure 16.2 Weight loss of magnesium eRG 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 potentiaF. 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 steers21 • 

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

CRG containing cobalt also dissolve at a linear rate (Figure 16.3), and 
recently boluses weighing approximately 65 g have been shown to release 
between 0.8 and 1. 6 mg Col 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 

189 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

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 gland3, 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 concentration7 

Milk/serum concentration ratio 
Drugs pK. 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 pKa 
have confirmed this hypothesis3, 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 increases6 • 

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 ultra filtrates 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 

Penicillin 
Amoxycillin 
Ampicillin 
Tylosin 
Spiramycin 
Dihydrostreptomycin 
Colistin 
Chloramphenicol 
Oxytetracycline 
Tetracycline 
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pK. 

2.8 
2.8-7.2 
2.8-7.2 

7.1 
8.2 
8.8 

10.0 

0/0 

0.010 
0.004 
0.002 
0.5 
6.0 
0.15 
0.20 
0.07 
0.3 
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 pKa, 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 12. (mod -
moderate; h - high; I - low) 

Milk/serum concentration ratio 
Drugs pKa Solubility Theoretical ExperimenTal 

Acids 
Sulphanilamide 10.4 mod 1.00 0.97 
Sulpha pyridine 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 I 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 3.4 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 I 7.5 0.5 
Colistin 10.0 I 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 (1170) of antibiotics l2 

Unbound OCt.lH20 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 25 000 IV/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 IV/ml 
instead of 1.74 IV/ml) , and (3) a higher percentage of recovery of the 
administered dose (0.180/0 instead of O.lO%). 

The influence of a sustained release salt on the 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 mil kings vs. eight mil kings 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/106 vs. 0.56parts/106 with glycerol-formal. 

When an oily vehicle was substituted for an aqu~ous one the duration of 
excretion of procaine penicillin was lengthened by one milkingl. 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 (l3 
vs. five milkings), the maximum concentration in the milk decreased (0.31 vs. 
1.24 parts/ 1 06 , and the percentage of recovery of the administered dose 
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declined (0.20070 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 106 IV instead of 
3 per cow), the withdrawal time! was increased by 33%. A similar study 
carried out with benzathine penicillin in an aqueous solution (20000 IV/kg 
daily vs. 10 000) 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 mil kings respectively. The 
maximal concentration of oxytetracycline in the milk was 0.75 parts/106 for 
5 mg kg-! day-! and 1.85 parts/l06 for 10 mg kg-! day-! (unpublished data). 
Similar results were obtained with neomycin8 • 

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 
milklO. 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 10 mg/kg for 1, 2 or 3 d~ys, 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/IQ6. 

However, an injection after 24 h of 10000 IV /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 

197 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Table 17.5 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. cone. 
Antibiotic Dosage number 070 parts/l()6 

Penicillin procaine 
i.m. 20x 1061U 7-8 0.01 0.17 
i.ma. 400 x 106IU 6 15 86.1 

Tetracycline 
i.m. 3g 11 0.30 0.22 
i.ma. 2.5g 5 47 57.2 

Dihydrostreptomycin 
i.m. 20g 2 0.1 1.3 
i.ma. 1.5g 5 34 51.8 

Colistin 
i.m. 37.5xl06IU 4 0.18 4.5 
i.ma. 0.5 x 106IU 3 20.9 25.8 

Chloramphenicol i.m. 8g 0.08 0.9 
i.ma. 2g 1.1 2.2 

duration of elimination into the milk is nearly the same or higher when the 
antibiotic is administered by the intramaminary route, even if the dose is 
lower8. 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 (1.1070 vs. 15 
and 47% for other antibiotics) indicates a good resorption by the mammary 
gland, as already observed5 • 

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 route, minimum concentration of antibiotics 
impairing the manufacture of yoghurts (lU/ml and parts/106)4 and number of litres of milk to 
be discarded after contamination by a 10 lit res milking 

Antibiotic 

Penicillin 
Erythromycin 
Tetracycline 
Dihydrostreptomycin 
Chloramphenicol 

Maximum concentration 

86IU/ml 
40ppm 
57 ppm 
52ppm 
2ppm 
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Minimum concentration 

0.01 IU/ml 
0.01 ppm 
0.1 ppm 

I ppm 
Ippm 

Litres 

86000 
40000 
5700 

520 
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ANIMAL 

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 
0.012070 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 7 . 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) (1170) (%) 

Penicillin 11 0.011 
18 0.016 +45 

Ampicillin 8 0.003 
14 0.007 + 130 

Dihydrostreptomycin 12 0.080 
18 0.175 + 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 
ll.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 concentration13 • 

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 ll . 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 (benzylpenic:illin, tetracycline and chloramphenicol) rose from 10070 
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 substances13 • 

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 
pKa are far from this range of pH. Both van Os et al. 9 in the cow and Ziv 
et al. 14 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 pKa 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 intramammary 
route to healthy and mastitic COWS 12 

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 
O. 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 oxytocin30 • Figure 18.1 shows electromyograms as examples of 
the influence of hormonal status on uterine motility and the effect of 
oxytocin23 • 

During the oestrous cycle, sheep exhibit similar motor activity of the uterus 
and Fallopian tubes to that of cattle25 , and the threshold response to oxytocin 
during oestrus is reduced to one tenth of that found during the dioestrus 
period24 • 

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 pregnancy15. 

The results of numerous investigations in different animal species and in 
man support the view that a- and iJ-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 iJ
receptors was observed in the cow, and of a-receptors in the mare. In later 
pregnancy, iJ-receptors predominate in both species19. 

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 iJ-receptors. Subsequent treatment 
with progesterone reverses these changes22 . 

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 PGF2a 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 delivery26. 

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 vagina9 • 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 
importance16: oxytocin, prostaglandin and a-adrenergic receptors for 
stimulation of motor activity, and {3-adrenergic receptors for inhibition of 
motor activity. 

The {3-adrenergic agents which bring about tocolysis (relaxation of the 
myometrium) have recently gained increasing importance in veterinary 
medicine14. 16. Their effect on the uterus and interactions with ecbolic sub
stances will therefore be examined in greater detail. 

For uterine smooth muscle relaxation, {3-adrenergic agents which princi
pally affect {32-receptors are required, so that the undesirable cardiac ({31) 
effect remains insignificant in comparison to the desired tocolytic effect lO • 

N-AB 365 (clenbuterol, Planipart®) is a new specific {32-adrenergic agent of 
this type. 

In the following discussion, some pharmacological and clinical effects will 
be demonstrated, mainly by using this substance as an example. 

PHARMACOLOGICAL BASIS OF TOCOL YSIS 

At the time of a normal delivery the uterus is oestrogen-dominated. The 
effect of a i3-adrenergic agent on the uterus which is contracting under the 
influence of oestrogen and oxytocin is therefore important. {3-adrenergic 
agents, given beforehand, antagonize oxytocin-induced spasm of the isolated 
uterine horn of the rat in oestrus. In this type of comparative study with other 
substances (isoprenaline, orciprenaline, salbutamol), N-AB 365 has been 
shown to have a superior effect. In addition, after a single immersion of 
uterine tissue in an organ bath, N-AB 365 was found to be 'difficult to flush 
out'. This indicates pronounced binding of the substance to the i32-receptors 
of the uterine musculature, thus suggesting a prolonged duration of actions. 

Using the same experimental model, N-AB 365 was also found to be far 
superior to other substances as an inhibitor of uterine motility. The mean 
minimum concentration (ng/ml) of the substance which brings about 
complete inhibition of spontaneous motility of the rat uterus in vitro was 
3.9±3.5 for clenbuterol vs. 59.2±34.1 for ritodrine and 142.8±65.8 for 
isoxsuprine20 • 

Another feature of N-AB 365, besides its prolonged duration of action, 
is its extremely good absorption following oral administrationS (Table 18.1). 

However, the antagonistic effect of N-AB 365 on oxytocin is not absolute. 
The degree of this effect is dependent on the relationship between the relative 
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Table IS. 1 Effect on inhibition of oxytocin-induced spasm of the rat uterus in oestrus (from 
ref. 8) 

Intravenous Intraduodenal 
EDso (JLg/kg) EDso (JLg/kg) 

Clenbuterol 7.0 7.0 

Isoprenaline 0.9 2347 

Orciprenaline 29.6 9600 

Salbutamol 5.3 840 

doses of oxytocin and N-AB 365. This was also confirmed when it was used 
in cattle (see below). 

TOCOL YTIC EFFECT OF N-AB 365 IN CATTLE 

Intramuscular or oral doses of 'between 200 and 400 J-tgl animal are used to 
abolish uterine activity during parturition in cattle (equivalent to about 
0.3-0.4 to 0.6-0.8 J-tg N-AB 365/kg body weight). From the point of view 
of side-effects, these doses are harmless, even when given intravenously!, 4. 

Following a dose of 0.6 J-tg/kg, transitory cardiovascular effects were ob
served only in the e.c.g. These were of no quantitative clinical importance 
even after 1.5 J-tg/kg, so that no clinical effect on the heart or circulation was 
apparent. 

The duration of the tocolytic effect during parturition is dependent on the 
dose and on the position of the fetus. It can be prolonged by repeated 
administration, if the next dose is given when uterine contractions recom
mence!. Depending on the position of the fetus at the time of injection, 
delivery was completed after an average of 4-7.25 h (200 J-tg) or an average 
of 7.5-12.7h (400J-tg). Following doses of 2x and 3 x200J-tg/animal, par
turition was not completed for 14.2 and 19 h respectively. It was also 
observed that during abolition of uterine activity with N-AB 365, purely 
passive dilation of the cervical canal continued. In two cases in which four 
doses of 400J-tg were given orally at intervals of 10-14h, delivery was 
delayed to such an extent that it took place spontaneously 53 and 53.5 h after 
the first treatment. After abolition of uterine activity the animals began to 
eat and ruminate again. 

After a dose of 300J-tg N-AB 365/cow, given intramuscularly when the 
cervix was 2-4 cm dilated, uterine contractions were suppressed for about 
8 h and delivery was delayed by approximately 5.5 h compared with the 
controls5 (Table 18.2). 

Tocographic investigations were performed using pressure detectors and 
electrodes implanted in the myometrium of seven cattle during labour in which 
expulsive contractions had already started. Shortly after a single intravenous 
administration of 150-300 J-tg N-AB 365, an initial decrease in the frequency 
of contractions occurred, followed by their complete cessation32 • Abolition 
of uterine activity persisted for at least 3.25 h, despite intravenous adminis
tration (Figure 18.2). Dilation of the cervix continued during tocolysis. 
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Table 18.2 Retardation of delivery by intramuscular administration of 3oo,.g N-AB 365/ cow. 
in relation to the stage of labour (from ref. 5) 

Interval between 
examination and 

completion oj 
Stage oj N-AB 365 No. oj parturition 
dilation per animal animals Mean±Range 

(h) 

Control 
cervix 3 cm 10 2.72 (±0.7) 
cervix 4cm 10 2.63 (±0.55) 
rupture of membranes 10 2.25 (±O.IS) 

Treated 
cervix 2cm 300,.g 5 S. I (±0.5S) 
cervix 3 cm 3oo,.g 20 8.07 (±0.9) 
cervix 4cm 3oo,.g 21 7.92 (±0.92) 
calf in cervical canal 3oo,.g S 6.23 (± 1.65) 

The results from Italy5 were confirmed by a study carried out in Ireland ll 

in 100 treated and 55 control cows (Table 18.3). If treatment was given at 
the time when the cervix was dilated to the width of the whole hand, delivery 
took place at an average of at least 5.2 h later in the treated animals than in 
the controls. If parts of the fetus had already passed through the cervix, an 
average delay of only about 2 h occurred. 

Several clinical investigators attempted to avoid night-time deliveries by 
means of a double administration. The cows were treated with 400 p.g and 
200 p.g N-AB 365 intramuscularly or orally6, or with 2 x 400 p.g N-AB 365 
orally2, at an interval of 4 h (at about 18.00 and 22.00 hours), if the stockman 

__ i~1I ,., 

EI 
~ ..... " I it' 

• 3 .75 h ofter N_A8 

. "., II •• d \'"'lIt 

Figure 18.2 Electrical (E) and mechanical (U) activity of the myometrium during second stage 
labour (above) and subsequent complete cessation of contractions (below) . Recordings taken 
before and 3.75 h after i. v. injection of 300,.g N-AB 365 (from ref. 32) 
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Table 18.3 Retardation of delivery in cows by intramuscular treatment with 300 p.g N-AB 
365/animal, in relation to the stage of labour (from ref. II) 

Difference in 
mean values 

No. of A v. interval from between treated 
Dilation of animals exam./treatment Range of animals and 
cervix (-treated) to delivery deviation controls 

(h) (h) (h) 

2 fingers 32" 23.4 5-43 +9.8 
II 13.6 4.5-25.5 

3-4 fingers 40- 14.2 4-25 +7.5 
12 6.7 1-17.5 

whole hand 19- 9.9 2.5-31.5 +5.2 
16 4.7 1-9 

fetus partway 9- 5.2 1-13 + 1.9 
through cervix 16 3.3 1-6 

believed that delivery was to be expected during the following night. The 
majority of the animals calved after 06.00 hours the next morning. 

An even better result was achieved using a single intramuscular injection 
of 300 J.(g N-AB 365 at between 23.00 and 24.00 hours ll . The injection was 
given if, judging by the external signs of imminent parturition, the stockman 
expected delivery to take place during the next 12 h. Only one out of 127 
treated animals calved sooner than 7 h after treatment (at 05.30 hours), and 
only three animals calved between 06.00 and 07.00 hours. Nine animals did 
not calve after the first injection; they were treated a second time 24-96 h 
later. 

Several authors2 , 6,12,31 agreed that deliveries were easier after tocolysis, 
and one investigator21 also reported a reduction in the duration of the second 
stage. 

A favourable secondary finding on farms with a very high percentage of 
non-infectious retained placenta (30-60070) was obtained after adminis
tration of N-AB 365, namely spontaneous delivery of the placenta in 20 
animals2 and a reduction in the incidence of retained placenta to 5% in about 
100 animals29 • 

The clinical use of N-AB 365 for the relaxation of the uterus in obstetrics 
and in embryo transfer will not be presented herein. 

ANTAGONISM TO OXYTOCIN 

The interaction of N-AB 365 and oxytocin at the time of delivery is dependent 
on which substance at what dose first reaches its maximum effect, and at 
what point afterwards and at what dose the second substance is administered 
(Figure 18.3). Given 25 min after 300 J.(g N-AB 365, 20 IV oxytocin does not 
result in the re-establishment of contractions27 • Given 1 h after 300 J.(g N-AB 
365, 60IU oxytocin brings about renewed contractions 15-20 min later3 • 
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Figure 18.3 Pressure recordings during the first stage of labour in a cow showing the effect 
of N-AB 365 blocking uterine contractions and the lack of response to oxytocin (from ref. 27) 

Oxytocin is ineffective when given shortly after the full effect of N-AB 365 
is established. It increasingly regains its efficacy the later it is given after the 
time of administration of N-AB 365. If normal doses of oxytocin are given 
towards the end of tocolysis, they are sufficient to increase uterine contrac
tions. Conversely, an oxytocin injection given immediately beforehand can 
preyent, or at least diminish32 , the effect of N-AB 365. 

ANTAGONISM TO PROSTAGLANDIN F2a 

According to results obtained in human medicine, 112-adrenergic agents bring 
about dose-dependent partial or total inhibition of uterine contractions in 
women, even in labour or abortion induced by PGF2a. The tocolytic effect 
extends both to the basal tone and to the intensity and frequency of contrac
tions of the myometrium 13,17. Similar reactions are expected in cows, but no 
experimental results using N-AB 365 are so far available. 

ANTAGONISM TO fJ-ADRENERGIC BLOCKING AGENTS 

l1-adrenergic blocking agents are substances which prevent the effect of 11-
sympathomimetics on l1-adrenergic receptors. The mechanism of action is 
based on competitive displacement lO • Thus, the relative dose of the sub
stances with opposing effects is of great importance as shown by the 
following example using isoproterenol (isoprenaline) and propranolol in the 
rat uterus in situ7 (Figure 18.4). 

In laboratory tests in the rat uterus in situ, the tocolytic effect of 
10 p.g N-AB 365/kg was abolished by various l1-adrenergic blocking agents. 
(EDso doses: propranolol, 6.6; pindolol, 1.8; toliprolol, 29.0 p.g/kg 
intravenously8. ) 

The tocolytic effect of N-AB 365 can be overridden in pregnant women 
also, by propranolol for example28 , 
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A 

, 
0 .3 3 30 300 JIg /kg 

.......... 
Figure 18.4 Effects of 0.3, 3, 30 and 300 ltg/kg of isoproterenol in the absence (A) and in the pres
ence (B) of an adrenergic/3-blocker (1.5 mg/kg of propranolol) on the rat uterus in situ (from ref. 7) 

Thus, it also may be possible in cattle to overcome the tocolysis due to 
N-AB 365 by using a suitable ,6-adrenergic blocking agent. However, 
bunitrolol, for example, does not appear to be suitable for this, either in 
cattle or in sheep or pigs32. 

ANTAGONISTIC EFFECT OF ERGOT ALKALOIDS 

The form of administration of ergot alkaloids may be of particular import
ance. Investigations in ten cows in which caesarean section was performed 
after intramuscular administration of 300 p.g N-AB 365 showed the following 
results. When 5 mg methylergometrine were injected into the uterine muscu
lature at several sites, following delivery of the fetus and suture of the uterus 
(45-105 min after Planipart), local contractions were observed in the 
injection area within 15 min. Within 20 min, contraction of the pregnant 
uterine horn and, in eight cases, of the whole uterus was observed3. 

In contrast, no increase in contractility was achieved following parenteral 
administration of ergometrine maleate (5-20mg) in 12 cows during the 
postpartum period (1st-14th day after parturition)3!. No abolition of the 
effect of Planipart can therefore be expected following parenteral adminis
tration of ergometrine. 
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19 
New prostaglandins: 
present studies and future 
R. C. Herschler, J. S. Kent and R. V. Tomlinson 

The primary use of prostaglandin F2a and its analogues is as luteolytic agents 
in cattle, sheep, goats and swine. As with any compound, the efficacy of a 
particular prostaglandin is dependent upon its inherent potency, formu
lation, route of administration and metabolic profile. These parameters had 
a marked influence on the development of fenprostalene, a new PGF2a 
analogue. 

In cattle, the maintenance of pregnancy is dependent upon progesterone 
derived from the corpus luteum until approximately 163 days of gestation4 • 

After this stage of pregnancy, there is a luteo-placental shift in progesterone 
production and the pregnancy is no longer dependent on progesterone 
production by the corpus luteum. Thus, cows and heifers pregnant 150 days 
or less make ideal models for determining the luteolytic activity of a 
prostaglandin. 

INHERENT POTENCY 

Laboratory studies indicated that fenprostalene was approximately 750 times 
more luteolytic than the naturally occurring PGF2a when administered 
subcutaneously as an aqueous solution to pregnant hamsters. 

Studies in cattle revealed that doses of 1.25, 1.75 and 3.0mg of fen
prostalene caused abortion rates of 85, 54 and 69070, respectively (Table 
19.1). Such abortion rates would indicate that all of the doses were at the 
plateau of the dose-response curve and that higher levels of the aqueous 
solution would not increase luteolysis. However, when the 3.0mg dose was 
administered as two 1.5 mg doses of fenprostalene 48 h apart, the abortion 
rate rose from 69070 to 100% in heifers pregnant 100 days or less. In animals 
pregnant over 150days, the abortion rate was 50%. In the same study, five 
heifers, pregnant 120-196 days, received 3.0mg of aqueous fenprostalene 
solution by continuous intravenous infusion at a rate of 50/Lg/h for 60 h. 
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Table 19.1 Dose results with aqueous fenprostalene 

Group Dose No. of Abortion Mean days Time to 
no. (mg) animals rate (lifo) pregnant abortion (h) 

1.25 13 85 115 11±11 

2 1.75 13 54 110 II ±8 

3 3.0 13 69 107 5±1 

4 1.5 (2x) 15 100 90 3±1 

5 3.0* 5 100 154 5±3 

*60 hours infusion 

All aborted within 2-8 days after the start of the infusion. These results 
clearly show that sustaining an effective biological halflife is more important 
than the total dose of prostaglandin. In addition, fenprostalene may have a 
mechanism of action other than luteolysis which causes abortion in animals 
pregnant over 150 days. 

FORMULATION 

Two studies were conducted to titrate the release rate of fenprostalene over 
a fixed period of time necessary to result in maximum luteolysis. Luteolysis 
was determined by measuring both the blood plasma progesterone levels and 
abortion rates. Osmotic minipumps (Alzet® osmotic minipumps, Alza 
Corporation, Palo Alto, CA 94304) were filled with various concentrations 
of aqueous fenprostalene designed to release 7, 21, 42 and 83/-tg/h for 72 h 
amounting to total doses of 0.5, 1.5,3 and 6 mg, respectively. All pumps were 
subcutaneously implanted. The release rate of 42/-tg/h resulted in 100070 
luteolysis (Table 19.2). Since it is more difficult to design a formulation that 
releases drug over 72 h than 24 h, it was important to determine if a 24 h 
release rate would also result in acceptable luteolysis. In addition, drug 
delivery rate and duration of release are important to reduce drug dose and 

Table 19.2 Summary of results obtained with various release rates of aqueous fenprostalene 

Group No. of Release Total Mean days Days to Abortion 
no. animals rates dose pregnant abortion rate 

(I'g/h) (mg) (lifo) 

1* 13 7 0.5 89 5.5 69 
2· 13 21 1.5 100 4.5 85 
3· 13 42 3.0 102 3.8 100 
4* 13 83 6.0 100 3.7 92 
5t 6 21 0.5 92 3 83 
6t 9 42 1.0 82 3.5 100 
7t 9 83 2.0 81 3 100 

·Duration of release in these groups was 72 h. 
tDuration of release in these groups was 24 h. 
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Table 19.3 Average plasma concentrations (ng eq/ml) following single dose of fenprostalene 
in heifers 

Time Formulations 
(h) A B C D E F 

2 0.13 0.20 0.13 0.63 0.75 0.90 
4 0.20 0.34 0.23 0.54 0.56 0.67 
6 0.18 0.29 0.14 0.37 0.35 0.43 
8 0.21 0.29 0.16 0.39 0.32 0.35 

12 0.13 0.27 0.12 0.24 0.20 0.17 
24 0.12 0.13 0.09 0.12 0.14 0.07 
36 0.05 0.08 0.06 0.04 0.08 0.04 
48 0.05 0.09 0.04 0.03 0.12 0.04 
72 0.04 0.08 0.05 0.04 0.10 0.03 
96 0.04 0.06 0.03 0.02 0.08 0.02 

Formulations: A - Propylene glycol, s.c.; B - PEG 400, s.c.; C - 84.30/0 Glycerin, s.c.; D
Aqueous buffer, s.c.; E - PEG 400, i.m.; F - Aqueous buffer, i.m. 

decrease or eliminate potential side-effects. Therefore, a second study was 
performed using release rates of 21, 42 and 83 Itg/h, which resulted in total 
doses of 0.5, 1.0 and 2.0mg, respectively, over a 24h period of time. 
Abortion rates and plasma progesterone levels indicated that the dose
response plateau was again reached at 42 ltg/h. 

Although the minimum duration of the 42 Itg/h release rate was not 
established, it was not practical to pursue this parameter further and formu
lation studies were begun. 

Early formulation studies compared [13, 14,-3H)-fenprostalene in buffered 
saline, polyethylene glycol 400 (USP), 100010 glycerin (USP) and propylene 
glycol (USP). Subcutaneous administration of these formulations to heifers 
revealed that absorption was slow from all vehicles, except the aqueous 
buffer (Table 19.3). Based on the urinary excretion rate (Table 19.4), the 
relative release rates from slowest to most rapid are propylene glycol, 
polyethylene glycol 400, glycerin, and aqueous buffer. The net result was an 
increase of the biological halflife to approximately 24 h. Polyethylene glycol 
400 was selected for further development because it is well-tolerated upon 
subcutaneous injection in cattle. 

Table 19.4 Urinary recovery of 13,14, 3H-fenprostalene in heifers 

0/0 of 0-72 h total 
Route of 0/0 of dose 

Formulation administration 0-24 24-48 48-72 0-72 

A s.c. 83.2 16.0 0.8 62.6 
B s.c. 85.1 13.9 1.0 65.3 
C s.c. 89.0 10.7 0.3 57.2 
D s.c. 96.9 2.8 0.2 72.6 
E i.m. 94.6 5.2 0.1 70.9 
F i.m. 98.7 1.0 0.4 80.8 

Formulations: A - Propylene glycol; B - PEG 400; C - 84.3070 Glycerin; D - Aqueous buffer; 
E - PEG 400; F - Aqueous buffer 
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ROUTE OF ADMINISTRATION 

The effect that the route of administration has on the plasma absorption 
profile and urinary excretion is shown in Tables 19.3 and 19.4. The poly
ethylene glycol 400 formulation administered intramuscularly is rapidly 
absorbed by the very vascular muscle tissue and excreted nearly as fast as 
aqueous formulations, thus decreasing its biological halflife. 

METABOLISM 

Another factor influencing a drug's efficacy, in addition to inherent activity, 
formulation and route of administration, is the effect that structural modifi
cations exert on its metabolic disposition. The slower the metabolism of the 
parent or any active metabolites, the smaller the therapeutic dose that will 
be required. The modifications that distinguish fenprostalene from 
naturally-occurring PGF2a are the deletion of carbons 17 through 20, sub
stitution of a phenoxy group on carbon 16, and introduction of a /j.4 

unsaturated bond. The phenoxy substitution blocks metabolic degradation 
of fenprostalene by the actions of IS-hydroxy dehydrogenase and/or 13,14 
reductase, while the introduction of the /j.4 unsaturated bond, resulting in a 
/j.4.5.6 allenic system, restricts degradation by conventional (j-oxidase enzyme 
activityl-3. The net result of these modifications is apparent in the com
paratively long halflife of fenprostalene and small therapeutic dose required. 

DOSE RESPONSE STUDIES 

Three dose response studies were conducted using the same basic protocol 
with the exception of varying the dose levels of the final fenprostalene
polyethylene glycol 400, USP, formulation. Following treatment with 
fenprostalene, the animals were observed once daily for visual signs of 
abortion and examined rectally on days + 1, + 4, + 8, + 12, + 21 and + 60 
for the presence or absence of a fetus and any possible complications. In 
addition, blood samples were obtained from each heifer and assayed for 
progesterone levels on days 0, + 1, + 4, + 8 and + 12. 

Fenprostalene in doses of 0.0625, 0.125, 0.25, 0.50, 1.0 and 2.0mg per 
animal resulted in abortion rates of 31, 31, 58, 84, 88 and 1000/0, respectively. 
No statistical differences could be detected in the abortion rates obtained in 
the 0.5, 1.0 or 2.0mg groups. However, the time to abortion following 
treatment was 6.9 ± 10.4 days in animals treated with 0.5 mg of fenprostalene 
compared to 5.7 ±3.8 and 5.5 ±2.2days for animals treated with 1.0 and 
2.0 mg, respectively. The greater variability was the primary reason that the 
0.5 mg dose was considered unsatisfactory for further development. The 
actual abortion rate obtained with 1.0mg of fenprostalene was 88%, with 
a 95% confidence interval of 68-97%, as compared to an abortion rate of 
100% with 2.0mg of fenprostalene and a 95% confidence interval of 
72-100% (Figure 19.1). Quite clearly, the abortion rate plateaued at the 
1.0 mg dose without a significant increase in efficacy at the 2.0 mg dose. 
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Figure 19.1 Estimated fenprostalene abortion rate dose response curve 

Blood plasma assays conducted throughout the course of these studies 
indicated that, in order to cause abortion in animals pregnant 150 days or 
less, blood progesterone levels must fall below 2.0 ng/ml by day 4 following 
treatment (Figure 19.2). 
No differences could be detected in the plasma progesterone levels in heifers 
that aborted, regardless of the dose of fenprostalene administered. Examin
ation of the mean plasma progesterone levels of fenprostalene-treated 
animals that failed to abort by day 12 shows that the 1.0 mg dose depressed 
the values to lower levels by day 4 (with an associated smaller standard 
deviation) than did the 0.5 mg dose. This also supports the selection of 1.0 mg 
of fenprostalene as the optimum luteolytic dose in the bovine. 
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Figure 19.2 Mean plasma progesterone concentrations for aborting and pregnant heifers by 
dose group 
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The dose-response studies showed that 1.0 mg of fenprostalene was an 
effective luteolytic dose causing a high abortion rate, a precipitous and con
sistent drop in progesterone levels, and a predictable interval from treatment 
to abortion. Therefore, the 1.0 mg dose was selected for further testing in 
controlled field trials. 

FIELD TRIAL STUDIES 

Ten investigators located in different geographical areas of the United States 
conducted 11 studies to evaluate the efficacy of fenprostalene as an aborti
facient. A total of 1835 heifers were each treated with a single subcutaneous 
injection of 1.0 mg of fenprostalene in the final formulation and were evalu
ated for efficacy and safety. Of the 1835 treated heifers, 869 were pregnant 
150 days or less, 145 were pregnant over 150 days, and 821 were non-pregnant. 

Table 19.5 Summary of fenprostalene abortion rates stratified by length of pregnancy 

Length of Treated Controls 
pregnancy 

(days) Aborted/pregnant % aborted Aborted/pregnant % aborted 

1-30 15/15 100.0 214 50.0 
31-60 195/198 98.5 5/37 13.5 
61-90 2031208 97.6 7/36 19.4 
91-120 2311244 94.7 8/57 14.0 

121-150 1551204 76.0 6/56 10.7 
>150 56/145 38.6 5129 17.2 

Cumulative 
~30 15/15 100.0 214 50.0 
~60 2101213 98.6 7/41 17.1 
~90 413/421 98.1 14177 18.2 
~120 644/665 96.8 22/134 16.4 
~150 799/869 91.9 28/190 14.7 
>150 56/145 38.6 5129 17.2 

In those fenprostalene-treated heifers pregnant 150 days or less, the cumu
lative abortion rate was 91.9070 (Table 19.5) while in those pregnant over 
150days, the abortion rate was 38.6%. The decrease in abortion rate in 
animals pregnant over 150 days was expected since the conceptus in most cattle 
no longer depends solely on the corpus luteum for survival. 

When the stages of pregnancy are stratified into 30 day increments (Table 
19.6), it can be seen that between 121 and 150 days of gestation the abortion 
rate decreases only slightly to 76%. 

The short biological halflife of PGF2" in aqueous solution suggests that 
luteolysis, and hence abortion rate, will plateau at levels similar to those seen 
with aqueous fenprostalene described earlier. The intramuscular adminis
tration of PGF2" to cattle pregnant 100 days or less in doses of 10 mg, 20 mg 
and 40 mg results in abortion rates of 54%, 75% and 68%, respectively, with 
a marked decrease in efficacy in animals pregnant over 100 days (Table 19 .6}7. 
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Table 19.6 Comparison of abortion rates for PGF2" and fenprostalene, 14 days after treatment 

PGF2" Fenprosta/ene 
Gestation stage 10mg 20mg 40mg I mg 

(days) 070 % % % 

0-100 54 75 68 97.7 

0-150 50 62 63 91.9 

101-150 38 49 59 85.2 

> 150 12 26 57 38.2 

The recommended dose of PGF2a for abortion is 25 mg intramuscularly, 
but data have not been reported regarding efficacy at this dose. A com
parative study was therefore conducted between aqueous PGF2a and the 
new, longer-acting fenprostalene formulation at recommended dose rates 
(Table 19.7). A total of 573 feedlot heifers pregnant 150 days or less were 
randomized into two groups. One group received 25 mg of PGF2a intra
muscularly, and the other received 1 mg of fenprostalene subcutaneously. 
The results indicated a statistically significant superiority of the longer-acting 
fenprostalene preparation in animals pregnant oyer 100 days. 

Table 19.7 Abortion rate summary 14 days after treatment, stratified by gestation length 

% Abortion rate 
Pretreatment (no. aborting/no. pregnant) 

gestation 
(days) PGF2" Fenprosta/ene* 

1-30 100.0 (1/1) 
31-60 66.7 (6/9) 100.0 (10/10) 
61-90 95.0 (38/40) 100.0 (29129) 
91-120 70.9 (29/55) 87.2 (41/47) 

121-150 67.9 (124/182) 83.4 (\66/199) 

1-150 72.1 (2071287) 86.4 (2471286) 

1-100 89.8 (44/49) 100.0 (40/40) 
101-150 68.5 (1631238) 84.2 (2071246) 

*Dose: PGF2" - 25 mg; Fenprostalene - I mg 

FUTURE STUDIES 

p value 

0.087 
0.505 
0.055 
0.0005 

0.0001 

0.0618 
0.0001 

By extending the biological halflife of fenprostalene, it is possible to reap the 
benefits of other prostaglandin actions, such as contraction of smooth 
muscle tissues. The contractile effect of prostaglandin F2a on the smooth 
muscle of the bovine uterus has been well-documented5,6. However, this 
effect lasts only 1-2 min due to the rapid metabolism of PGF2a in the body. 
Recent studies with the delayed release formulation have proved fenprosta
lene to be helpful in the treatment of retained placentas in cows. Animals with 
retained placentas and treated with fenprostalene shed their placentas sig
nificantly sooner following calving than conventionally-treated animals 
(p<O.OOl). 
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In this study, a retai,ned placenta was defined as any placenta retained for 
8 h or more following calving. Animals treated with fenprostalene shed the 
placenta 59.7 h after calving while animals treated with conventional therapy 
required 94.1 h (p<O.OOl). In addition, only 27010 of the cows treated with 
fenprostalene developed metritis while conventional treatment resulted in a 
63% infection rate (p<O.OOOO2). 

In conclusion, as compounds become available that have profound 
physiological activity but relatively short biological halflives, new delivery 
systems must be developed which will maximize their potential use in 
animals. Particular attention must also be made to the route of adminis
tration, subsequent absorption, and plasma halflife to optimize drug effect. 
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20 
Worm diseases: economic aspects 
of anthelmintic treatment 

H. Van den Bossche 

Knowledge of some of the common parasitic helminths must go back to 
prehistoric times. It is unthinkable that our primitive ancestors never en
countered Ascaris or tapeworms. The ancient Egyptians were certainly 
familiar with intestinal worms and haematuria, the most common clinical 
manifestation of Schistosoma haematobium, is mentioned in four medical 
papyri, for example 28 times in Papyrus Ebers6 • 

\ Galen (AD 170) recognized three human species of intestinal worms, 
Asazris, Enterobius and Taenia. Later on, some idea of their medical import
ance was gained. But it was not until about the middle of the nineteenth 
century that attempts were made to assess the size of the problem in terms 
of the effects of parasitic helminths on the health of man and animals. It was 
also at that time that the bladderworm (Echinococcus) already known by 
Hippocrates, was recognized as one of the most dangerous and incurable 
parasitic diseases 12. This disease is still a very serious problem in sheep
raising parts of the world. Furthermore, goats, camels and pigs, together 
withdogs, maintain the life cycle in various countries. Despite efforts to 
control echinococcosis, this disease still constitutes a substantial economic 
and health problem in most livestock-raising areas of the world. 

Although the experimental proof8 that Cysticercus cellulosae changes into 
Taenia solium within the human intestine was published by Kiichenmeister 
in 1855 only, the cystic stage must have been noticed since man killed animals 
for food or for sacrificial purposes. According to Kiichenmeister5 the Mosaic 
prohibition of the flesh of the pig, hare and rabbit was probably because of 
their being known to harbour cysticerci (it should be mentioned that 
Deuteronomy, Chapter 14, verse 8 has been related to trichinosis too). 
Aristote speaks of the cysticerci of pigs as having been known for ages5 • This 
zoonosis also causes economic losses but it is difficult to obtain estimates of 
actual figures. A study10 done in Chile indicates that, over a 15 year period 
T. solium cysticercosis has resulted in a loss of US $2400320. 
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Taeniasis in man due to Taenia saginata is not a serious human health 
problem. However, condemnation of cattle carcasses due to cysticercosis 
leads to a considerable loss of protein. 

The common liver fluke, Fasciola hepatica, is another helminth causing 
considerable loss of protein resulting from condemnation of livers. This 
parasite has been known as an important parasitic helminth of sheep since 
mediaeval times. An accurate description of the manner of acquisition of 
Fasciola in sheep and its damage to the liver can be found in Le Bon Berger, 
a book completed in 1379 by Jean de Brie. He wrote: 'The malady of the fluke 
can remain hidden for a year or more, but finally the sheep dies because the 
fluke destroys the liver'. Thomas!!, in a classic description of the natural 
history of the liver fluke and of the prevention of liver-rot, suggested that 
in view of the complex nature of the parasite's life cycle, farmers should use 
a combination of control measures including drainage, grazing management 
and molluscicides to ensure a satisfactory degree of control. He also pro
posed a system once the sheep were infected: 'Unless sheep are very valuable 
it may be better to kill them instantly they are known to be infected; for we 
shall thus prevent the production of more eggs and the propagation of the 
fluke. The cure of sheep, if cure be possible, will probably cost more than 
it is worth ... Above all, livers of flu ked sheep should be destroyed, for if 
every egg succeeded in producing a fluke a single liver might contain suf
ficient eggs to destroy a flock of 50000 sheep.' 

Generations of cattlemen have also recognized the damage caused by liver 
flukes and it is commonly accepted that Fasciola hepatica and Fasciola 
gigantica cause a considerable economic loss. For example, Armstrong2 

found that, 42 days after infection, calves weighed about 11 kg less than the 
uninfected controls. This study shows that the liver fluke can cost the cattle
man as much as $20 per head. This is one of the few attempts that have been 
made to assess, in economic terms, the losses due to helminthiasis. 

To control worm diseases other possibilities than those suggested by 
Thomas!! are currently available. A variety of anthelmintics may playa role 
in livestock parasitism. Thanks to the strategic use of these anthelmintics, we 
no longer hear of outbreaks of haemonchiasis in Australia or of acute fascio
liasis in the United Kingdom3. 

Crossland et al. 4 did field trials to investigate the effects of fascioliasis 
control on the productivity of lowland sheep. The molluscicide trifenmorph 
and the fasciolicide, oxyclozanide, were used. After 3 years the ewe flock was 
slaughtered and at postmortem examinations 33 (means per plot: 1.3-134) 
liver-flukes were recovered per ewe from untreated plots compared with 0.1 
(means per plot: 0-0.6) per ewe from treated plots. Ewes from untreated 
plots gained significantly less weight and were significantly less productive 
than ewes from treated plots. There was a negative correlation between the 
numbers of liver-flukes per ewe and the weight of lambs produced. 

The economic value of the treatment with the flucicide closantel of lambs 
infected naturally with F. hepatica was investigated by Kearney7. Twelve 
weeks after treatment a weight gain of 1.86 kg per lamb was found as com
pared with 0.32 kg per lamb in the untreated control group. 

Anderson and colleagues published an interesting study on the economic 
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returns from two schemes for the anthelmintic control of helminthiasis in 
weaned lambs! and in breeding ewes9 • The results were compared with those 
from sheep receiving no anthelmintic treatment, and with those from sheep 
given an anthelmintic every 2 weeks. The first scheme called the 'critical treat
ment' was based on results reported by the authors who showed that in 
Australia the late spring and summer period was a critical period in the life 
cycle of Ostertagia and Trichostrongylus spp. The first treatment was given 
when the pasture was noticeably drying off as a result of hot weather and 
the second treatment was applied during midsummer. The second scheme 
called the 'traditional treatment scheme' was based on a survey of local 
control programmes. It was found that when routine treatments were given 
to breeding ewes, they were restricted to before or before and after lambing. 
Signs of parasitism mayor may not have been present. In this experiment 
lambs were given anthelmintic treatment in December, at weaning, next April 
and January. The anthelmintic used was levamisole (320 mg for ewes and 
160mg for lambs). 

All schemes of anthelmintic treatment gave better livestock production 
than the 'no treatment' scheme. The results showed that the 'critical' treat
ment scheme was the most profitable, yielding a net return of A $70 per 100 
sheep (based on 1970-1971 prices). The benefit from this scheme was not 
adversely affected by economic conditions, e.g. variations in wool or sheep 
prices. The 'traditional' treatment scheme also yielded positive net returns 
but the benefits were adversely affected by even a small change in mortality 
rate. 

In breeding ewes the 'critical' treatment scheme also was the most finan
cially rewarding one in all years and under all circumstances evaluated. The 
net benefit per 100 sheep as compared with the 'no treatment' group was in 
the first year A $213 and in the second A $255. The benefit was derived from 
higher fleece weight per ewe, higher prices per kilogram for better quality 
wool and from higher values of lambs at weaning and of ewes. 

Clearly these studies show that a critical utilization of anthelmintics will 
maximize net return. Obviously, anthelmintics make the modern intensive 
production of food animals more profitable. 

A critical utilization of anthelmintics should be based on a better knowl
edge of the life cycle of the parasites, of the ecological aspects and above all 
on a better knowledge of the pharmacology, pharmacokinetics and mode of 
action of the available anthelmintics. The pharmacological basis of the use 
of anthelmintics will be discussed in the subsequent papers. 

References 

I. Anderson, N., Morris, R. S. and McTaggart, I. K. (1976). An economic analysis of two 
schemes for the anthelmintic control of helminthiasis in weaned lambs. Aust. Vet. J., 52, 
174-80 

2. Armstrong, D. A. (1979). Liver fluke: economic effect on feedlot cattle. Paper presented 
at the Western States Veterinary Conference, Sheep and Goat Section, Las Vegas, March 
5-8 

3. Campbell, W. C. (1977). The control of parasites: the role of drugs. Proc. Helmintho
logical Soc. Washington, 44, 17-28 

223 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

4. Crossland, N. 0., Johnstone, A., Beaumont, O. and Bennett, M. S. (1977). The effect of 
control of chronic fascioliasis on the productivity of lowland sheep Br. Vet. 1., 133, 
518-25 

5. Foster, W. D. (1965). A History of Parasitology. (Edinburgh: E. & S. Livingstone) 
6. Jonckheere, F. (1944). Une Maladie Egyptienne. Edition de la Fondation Egyptologique 

Reine Elisabeth, Brussel 
7. Kearney, A. (1978). Comparative activity of closantel against Fasciola hepatica in sheep. 

Janssen Research Products Information Service. Nov. Serial Number: R 12564 and R 31 
520 

8. Kiichenmeister ,F. (1855). Experimenteller nachweis, daB Cysticercus Ce/lulosae innerhalb 
der menschlichen Darmkanales sich in Taeniasolium umwandelt. Wien. Med. Wochenschr., 
5, 1-4 

9. Morris, R. S., Anderson, N. and McTaggart, I. K. (1977). An economic analaysis of two 
schemes for the control of helminthiasis in breeding ewes. Vet. Parasitol., 3, 349-63 

10. Smyth, 1. D. (1980). Importance of larval cestodiasis to man in developing countries. In 
Wood, C. and Rue, Y. (eds.) Health Policies in Developing Countries. Royal Society of 
Medicine. International Congress and Symposium Series, No. 24, p. 89 

11. Thomas, A. P. W. (1881). Report of experiments on the development of the liver fluke 
(Fasciola hepatica). 1. R. Agric. Soc. Engl., 1-28 

12. Thudicum, J. L. (1864). Seventh report of the medical officerto the Privy Council, London. 
p. 465. (Mentioned by Foster loco cit.) 

224 



21 
Pharmacological basis of the 
treatment of helminth in cattle 
A. Dakkak and M. Kessabi 

Parasitic helminth infections in cattle are widespread and cause severe 
economic losses throughout the world 13 • The use of anthelmintic agents is 
therefore extensive. 

For many years the introduction of anthelmintic drugs was empirical, but 
with the discovery of the anthelmintic properties of phenothiazine new con
cepts and standards of efficacy and safety were developed. This led to the 
discovery of thiabendazole, with which the era of modern anthelmintics 
began. 

In recent years interest in physiological processes and biochemical path
ways of helminths has increased, but the mode of action of anthelmintics is 
still, in many instances, poorly understood4 , 7,20,24,27,28. Sites of action can 
often be defined but the precise biochemical changes induced by anthel
mintics are not known for many of them. However, it has been possible to 
identify and exploit differences in neurotransmitters and in energy generating 
metabolic processes between the host and parasite. These differences have 
led, through selective toxicity, to the development of less toxic agents24 , 28. 

Modern anthelmintic research has provided a considerable array of effi
cient drugs. However, several factors limit the use of anthelmintics. These 
factors may be connected with the host (route of administration, oesophageal 
groove reflex, etc.), the worms (hypobiosis of fourth-stage larvae), or related 
to the drug itself (route of administration, dose volumes, particle size of 
insoluble anthelmintics, chemical structure, etc.). 

TESTS FOR ANTHELMINTIC EFFICACY 

Faecal worm egg count 

This is a rapid, inexpensive and mostly the only available method of assessing 
drug efficacy against adult worms, but it does not give any indication of 
efficacy against immature worms. 
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Anthelmintic test for 'normal immature' and adult worms 

Experimentally infected animals are treated when worms are present as third
or fourth-stage larvae or as adults and slaughtered when the remaining larvae 
have developed to adults. The major disadvantage of this method is that the 
third and the fourth moults vary within and between species23 • 

Anthelmintic test for inhibited larvae 

Since attention was focused on the clinical disease resulting from maturation 
of larvae of Ostertagia ostertagi inhibited in the early fourth stage!, research 
has been directed towards developing an anthelmintic against inhibited 
larvae. Armour and Duncan2 and Armour and Bairden3 used the following 
method. During a season known to be favourable to induce inhibition of 
nematode larvae, calves are grazed on a field known to be heavily contami
nated with infected larvae. Animals are slaughtered 4-7 days after anthel
mintic treatment and mucosae from the abomasum and large intestine are 
digested in HClipepsin solution to allow counting of the parasites. The 
histotropic fourth-stage larvae are divided into early-L4 (probably hypo
biotic larvae) and late-L4 (considered not to be inhibited). 

Anthelmintic test for several species of helminths 

The assessment of anthelmintic efficacy against several helminth species is 
made by comparing the mean worm burden of a group of treated animals 
with the worm burden of an untreated control group. The results are 
expressed in terms of percentage reduction. 

SOURCES OF VARIATION IN ANTHELMINTIC EFFICACY 

Despite the remarkable success of the modern anthelmintics used in cattle, 
there are still some factors which account for variation in efficacy. These may 
be broadly classified, as proposed by Kelly et alY and Gibson 13, into three 
categories. 

Factors relating to the anthelmintic 

The efficacy of some insoluble or sparingly soluble anthelmintics depends 
upon the particle size of the active component. In general, fine particle 
suspensions are more active than coarse material against nematode para
sites25 • Particle size of an anthelmintic influences its dissolution rate, absorp
tion characteristics and plasma concentration which in turn influences 
efficacy22. 25. 

Factors relating to the parasite 

The resistance of nematodes to anthelmintics is almost unknown in cattle. 
The major source of variation in anthelmintic efficacy relating to the parasite 
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in cattle is arrested development or hypobiosis of histotropic fourth-stage 
larvae. This hypobiosis phenomenon has a variety of causes21 • The best 
known example is that of Ostertagia ostertagi l • Hypobiotic larvae are em
bedded in the gut mucosae and are metabolically inactive. Hence, these 
larvae exhibit little or no sensitivity to anthelmintics known to be effective 
against worms developing at the 'normal' ratel. 21. In recent years, however, 
a number of broad spectrum anthelmintics (some benzimidazole carbamates 
and ivermectin) have been shown to be active on hypo biotic larvae2• 3. 

Factors relating to the host 

In cattle the major host-related variation noted with some orally-adminis
tered anthelmintics is associated with the oesophageal groove reflexl4. 19. 

When the groove is closed, the rumen is by-passed and drenches pass directly 
into the omasum and abomasum. This may result in a reduction in activity 
(see below). The use of low dose volumes, deposition of drenches into the 
posterior oral cavity, and rapid administration reduce the intensity of the 
stimuli which induce the oesophageal groove reflex 17. 

MODE OF ACTION OF ANTHELMINTICS 

Anthelmintic reviews by van den Bossche26- 28 , Coles 7, Rew24, Prichard20, 
Behm and Brayant4 and Mansourl8 have concentrated on the biochemical 
aspect of their actions on helminths. Most investigations have been con
cerned with identifying systems within the helminths that are different in 
some way from those used by the host. Present information indicates two 
primary sites of action: interference with energy-generating metabolism or 
modification of neuromuscular transmission. 

Host-parasite comparative biochemistry and neurophysiology 

In contrast to the aerobic metabolism of vertebrate tissues, the major para
sitic helminths derive energy largely by anaerobic fermentation of carbo
hydrate to reduced end-products4. 20. A number of pathways of "arbohydrate 
metabolism are found in parasites which have no parallel in their vertebrate 
hosts (Figure 21.1). This is the case with the formation of acetate or ethanol 
from pyruvate, the fixation of CO2 into phosphoenolpyruvate and the sub
sequent conversion of the product oxaloacetate to succinate and propionate 
via fumarate reductase and the decarboxylation of succinate, and also the 
process of ATP synthesis which occurs anaerobically in helminth mito
chondria4. 24. 

The metabolic pathway of the helminth parasites may vary between 
species6 • 7. Parasitic helminths of cattle may be divided into two broad types. 
The first includes the essentially homolactic fermenters (Schistosoma spp and 
filarial worms) which depend entirely on glycolysis6• 24. The second includes 
parasites in which there are fairly normal glycolytic sequences as far as 
phosphoenolpyruvate conversion. 
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Figure 21.1 Comparative energy-generating metabolism in helminth parasites and in mam
mals. Helminth parasites, except Schistosoma and filarial worms, derive energy from anaerobic 
fermentation. Schistosoma and filarial worms obtain their energy by simple glycolysis 

Less information is available on mechanisms of nerve transmission in 
helminths than in the area of glucose metabolism. Debell et afS found a 
resting potential in nematode and trematode muscles of - 30mV which is 
very different from the vertebrate muscle resting potential of - 90 m V. 

Cholinergic receptors have been identified in Ascaris spp. and in Fasciola 
hepatical8 • Since neither atropine nor d-tubocurarine affected the neuro
muscular activity of the nematodes, acetylcholine receptors in these parasites 
may be different from those found in mammalian synapses containing nico
tinic receptors l8 • 

The results of several studies (for review see ref. 18) strongly implicate 
serotonin as the putative neurotransmitter in the regulation of neuro
muscular activity in parasitic flatworms. In parasitic roundworms, the 
excitatory neurotransmitter is acetylcholine and the inhibitory transmitter is 
-y-aminobutyric acid8,lo. Although histamine has been found in round
worms, its function is unknown24 • 

Principles of mode of anthelmintic action 

Host-parasite comparative biochemistry and neurophysiology show that 
the parasitic helminths have few life support functions to serve as sites for 
chemical attack. The life support functions of these worms are based mainly 
on remaining at advantageous feeding sites where they can transport and 
metabolize essential substrates. The maintenance of feeding sites requires 
proper neuromuscular co-ordination, the energy of which is derived to a large 
extent by anaerobic fermentation of carbohydrate to reduced end-products. 
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The major forms of pharmacological treatment of helminths generally 
involve, at the usual dosages, interference with one of these functions vital 
to the parasite. 

Mode of action of common anthelmintics 

The anthelmintics that interfere with energy-generating metabolism are: 

(1) Inhibitors of glucose transport (e.g. mebendazole) block the uptake of 
glucose. The worms may then starve when endogenous energy stores 
have been exhausted28. The effects on glucose uptake may originate 
from a disruption of tegumentary and intestinal cytoplasmic micro
tubules26. 

(2) Inhibitors of mitochondrial reactions (e.g. thiabendazole, parbenda
zole, oxibendazole, fenbendazole, oxfendazole, albendazole, febantel 
and thiophanate-ethyl) inhibit energy production in mitochondria. This 
target is particularly important since its properties differ significantly 
from those of the hostll, 15,24,28. 

(3) Uncouplers of electron transport-associated oxidative phosphorylation 
(e.g. nitroxynil, salicylanilides and bithionol-sulphoxide) uncouple the 
mitochondrial reactions involved in electron transport events from A TP 
generation20, 24, 26. 

The anthelmintics that modify neuromuscular transmission24 are: 

(1) Acetylcholinesterase inhibitors (organophosphates) inhibit the break
down of the excitatory neurotransmitter acetylcholine. This results in 
maintained stimulation of the muscle26 . 

(2) Cholinergic agonists (e.g. imidazothiazoles and tetrahydropyrimidines) 
act by mimicking the action of the excitatory neurotransmitter causing 
a continual acetylcholine-libre response which results in spastic 
paralysis?' 24,28. 

(3) Muscle hyperpolarizers such as piperazine, acting by mimicking the 
inhibitory neurotransmitter 'Y-amino-butyric acid (GABI\)IO,24 which 
results in flacid paralysis, and Ivermectin acting by inducing GAB A 
liberation and its fixation on the postsynaptic receptors3 • 

PHARMACOKINETIC BEHAVIOUR AND ITS RELATIONSHIP 
TO DRUG EFFICACY 

Administration and absorption 

Anthelmintics used in cattle are frequently water-insoluble, crystalline solids 
(except levamisole, tetramisole and piperazine). They generally exhibit good 
physicochemical stability during storage and at the pH of the digestive tract. 
These characteristics determine the routes of administration and the efficacy 
of these drugs l ?, 22. The gastrointestinal absorption of anthelmintics in cattle 

229 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

depends on their chemical structure. Thus, benzimidazole carbamates which 
have the 5-position of the benzene blocked are more insoluble than benzi
midazole thiazolyls. This slows down their rate of metabolism and excretion. 
The nature of the group substituted in the 5-position of the benzene and the 
replacement of the thiazole by methylcarbamate affect the rate of elimin
ation. These modifications confer to benzimidazole carbamates broader 
activity spectrums than benzimidazole thiazolyls. 

Because they are frequently water-insoluble, anthelmintics are most often 
given orally as a suspension, paste, tablet, capsule or powder. Their gastro
intestinal absorption is then influenced by the pharmaceutical formulation 
(Figure 21.2) and by the oesophageal groove reflex (see above) and it is often 
prolonged and incomplete. Peak plasma concentrations, which may be an 
indicator of efficacy14, 25, are reached a few hours after administration (4-
6 h for tetrahydropyrimidines, 12-24 h for salicylanilides and benzimida
zoles) or even after a few days (3-4 days for bithionol sulphoxide)15, 20. The 
non-absorbed fraction is generally large (50070 for benzimidazoles, 60% for 
phenothiazine and 50-70% for tetrahydropyrimidines)15, 20. 

In general, anthelmintics given orally are more effective in ruminant 
animals where the rumen presumably serves to deliver the drugs over an 
extended period, which increases their absorption and delays their 
effects19, 22, 25. Some benzimidazole carbamates, which are metabolized to 
sulphoxides (major anthelmintic ally-active metabolite) and sulphones, seem 
more effective in sheep than in cattle (Figure 21.3). 

The absorption of anthelmintics given parenterally (nitroxynil, trichlor
fon, tetramisole and levamisole) is rapid and complete. Peak plasma concen
trations are reached 30-60min after dosing15,2o. Some products may be 

P.pl 
700 

600 

500 

400 

200 

100 
PO 

4" 

24 36 48 60 72 

•• 0 
250 

SUSPENSION 10" 

Figure 21.2 Plasma concentrations of fenbendazole and its two metabolites (sulphoxide + 
sulphone) in cattle after administration of the drug as a suspension, powder (PO) or bolus9 
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Figure 21.3 Sulphoxide and sui phone albendazole plasma concentrations in sheep and cattle9 

used either orally or parenterally (tetramisole and levamisole). Recently 
interest has been shown in 'mass medication' with anthelmintics. Thus, some 
of these drugs such as the tetrahydropyrimidines are incorporated in the feed
stuffs l6. 20, while others (phenothiazine and benzimidazoles) are incorpor
ated in the drinking waterl2 , and others (levamisole) are applied dermally5. 
Other application methods use special carriers allowing slow release into the 
rumen; the latter practice increases the efficacy of the drug22. 

Metabolism and excretion 

Anthelmintics pass to various tissues and organs (digestive tract, liver, lung, 
etc.). They can be classified into two types: (1) non-absorbable drugs that 
remain in the digestive tract (niclosamide) and are thus recommended against 
parasites that develop in the gut, and (2) anthelmintics that cross the intes
tinal barrier and end up either bound to plasma proteins (salicylanilides) or 
are present in non-bound form in the plasma. The plasma anthelmintic 
concentrations may be related to the efficacy of these drugs l4 . The efficacy 
of some anthelmintics, such as the benzimidazoles, is increased when the 
duration of exposure of parasites to the drugs increases I2. 15 . 16. 

The biochemical breakdown of anthelmintics may start in the digestive 
tract (nitroxynil), a fact which excludes their oral administration. However, 
the liver is usually the site of degradation by oxidation, reduction, hydrolysis 
and conjugation reactions which yield products which are more water 
soluble1S . 16. Some molecules (e.g. febantel and thiphanate-ethyl) are active 
only after biotransformation in the treated animaPl. 14. 
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Some anthelmintics are rapidly degraded and inactivated (tetrahydro
pyrimidines and imidazothiazoles) while others (salicylanilides) are degraded 
more slowly2o. The latter property enhances clinical efficacy12. 22. 

The elimination of anthelmintics in the faeces is by far the most important 
process. It is complete for the partially absorbed products or their meta
bolites which are secreted back into the tract (e.g. benzimidazoles). Fre
quently, secretion occurs from the liver into the bile. This may be important 
for anthelmintics which are active against liver parasites. Urinary elimination 
predominates for the water-soluble forms (conjugated substances mainly); 
its importance is often secondary. Some products are also partially elimin
ated in the milk (e.g. benzimidazoles, oxyclosanide, nitroxynil, etc.)15.16. 

The anthelmintics are usually well-tolerated by cattle because of their low 
absorption rate from the digestive tract and their mode of action on the 
parasites which generally have no parallel in the host (except organophos
phates) at the usual dosages. However, serious and even lethal poisoning may 
occur with some drugs (e.g. phenothiazine, tetramisole and levamisole)15. 
Side-effects are relatively more frequent. They are due to digestive intoler
ance (e.g. piperazine) or nervous and muscular disorders related to the mode 
of action of the drugs (organophosphates). 

At the usual dosages, benzimidazoles do not induce embryotoxicity in 
cattle as some of them do in sheep. 

The relatively good tolerance of cattle to anthelmintics should not be taken 
as a general rule by toxicologists. Toxicity studies of anthelmintics and their 
metabolites should be pursued in order to gain an in-depth understanding of 
their effects and to assess the withholding period for animals from slaughter 
or milk from human consumption until residues have fallen to acceptable 
levels. 
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22 
Pharmacokinetics of albendazole, 
fenbendazole and oxfendazole 

J. A. Bogan and S. E. Marriner 

The benzimidazole anthelmintics have broad spectrum activity and are now 
used in many species of animals against a wide variety of helminth parasites. 
We believe that a study of the pharmacokinetics of these compounds could 
assist parasitologists in choosing more appropriate dosages and dose inter
vals, especially for use against some of the parasites which are more difficult 
to eradicate. 

These studies have been conducted with the three benzimidazole anthel
mintics which have the broadest spectrum of activity including activity 
against lungworm and inhibited larval species and which are used at the 
lowest dosage rates, namely fenbendazole, oxfendazole and albendazole. 

In all species studied, the principal route of metabolism appears to be by 
oxidation of the sulphide to the sulphoxide and the sulphone metabolites. 
Activity is associated with both the sulphide and sulphoxide but appears to 
be minimal or absent in the sulphone. However, it is interesting that the 
sulphide-sulphoxide metabolism can be shown to be reversible (Figure 
22.1). There are few metabolic conversions of xenobiotics by hepatic micro
somes which are known to be reversible. These are prednisone-predni
solone, possibly because of their similarity to the endogenous cortisone
cortisol metabolism4 and the anti-inflammatory drug sulindac which also 
undergoes a sulphide-sulphoxide conversion!. Ruminal fluid causes reduc
tion of sulphoxide to sulphide only. After in vitro incubation of sulphide 
(fenbendazole) or sulphoxide (oxfendazole) with bovine hepatic microsomes, 
the presence of sulphoxide or sulphide respectively can be readily demon
strated. The rate constants for this conversion are difficult to determine 
because of the problems of preparing accurate concentrations in aqueous 
solutions, due to the exceedingly low solubilities of fenbendazole and alben
dazole ( < I1tg/ml in phosphate buffer, pH 7.4). Nevertheless, when either 
fenbendazole or oxfendazole is administered to sheep the ratio of sulphoxide 
to sulphide in plasma samples is about 4: 1. It can, therefore, be concluded 
that the rate constants for the sulphide-sulphoxide conversion are rapid 
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Figure 22.1 Principal route of metabolism of albendazole, fenbendazole and oxfendazole 

relative to the rate constants for absorption, excretion or conversion to 
sulphonell • It should be noted that, although the sulphoxide-sulphide 
ratios in plasma are similar, the total bioavailability (AUe sulphide + AUe 
sulphoxide) is about 40070 after fenbendazole of that after oxfendazole at the 
same dose rate (10 mg/kg) in the same six sheep. After albendazole, although 
reversible metabolism can also be demonstrated, the conversion is in favour 
of the sulphoxide, such that only low or negligible concentrations of the 
sulphide (albendazole) are found in plasma. The mean concentrations of the 
sulphoxide metabolites in plasma after administration of albendazole, fen
bendazole and oxfendazole at dose rates of 10 mg/kg to the same six sheep 
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Figure 22.2 The mean concentrations in plasma of oxfendazole, fenbendazole sulphoxide 
(oxfendazole), and albendazole sulphoxide obtained after administration of oxfendazole, 
fenbendazole and albendazole respectively at a dose rate of lOmg/kg as suspension formu
lations to the same six sheep 
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on different occasions are shown in Figure 22.2. Concentrations in abomasal 
fluid of the sulphoxides are greater than those in plasma and parallel those 
in plasma. 

The concentrations of albendazole sulphoxide reached in plasma of species 
other than ruminant are considerably less and are shown in Figure 22.3. In 
the ruminant animal, orally administered drug is deposited to large extent in 
the rumen followed by slow dissolution in ruminal fluid, or possibly to a 
greater extent, passage of benzimidazole as particulate material to the more 
acidic abomasal fluid followed by dissolution. Either of these processes sup
ports the concept of the rumen acting as a reservoir for the benzimidazoles 
giving an extended time period for dissolution to take place and for increased 
plasma bioavailability. In sheep given fenbendazole (lOmg/kg) via an 
abomasal cannula, neither fenbendazole nor oxfendazole was detectable in 
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Figure 22.3 The mean concentration in plasma of albendazole suphoxide obtained after 
administration of albendazole to different species (sheep, n = 6; horse, n = 3; dog, n = 3; man, 
n=4; rat, n=3) 

fluid taken from the rumen. Drug given directly into the abomasum in sheep 
leads to much reduced concentrations in plasmaS and has led some authors2 

to suggest that rumen bypass via the oesophageal (reticular) groove reflex is 
responsible for the occasional anthelmintic failure with these drugs. In our 
experience, rumen bypass, as assessed by measuring abomasal fluid and 
plasma concentrations soon after oral administration, occurs frequently in 
adult sheep but we have not experienced a situation in more than 40 sheep 
examined where lOOo;o of the orally-administered drug was considered to 
have totally bypassed the rumen. This conflicts with the observations of 
McEwan and Oakley 7 in cattle who observed total rumen bypass in 20% of 
animals. However, we suspect that with the small volumes of suspension 
being administered in our experiments ( < lO ml) it is probable that much of 
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the particulate material in the administered suspension is deposited in the 
oesophagus and ruminal and omasal walls. With large volumes of solutions, 
as in the experiments of McEwan and Oakley7, bypass may be more 
significant. 

In two separate experiments with albendazole, administration of alben
dazole (10 mg/kg) to six sheep as a paste and as a suspension did not result 
in plasma concentrations of albendazole sulphoxide and sulphone which 
were significantly different at any time (paired Student t-test)6 and similarly, 
in six other sheep, administration as a suspension and as a pellet formulation 
also did not result in significant differences in plasma concentrations. 

The benzimidazoles produce their anthelmintic action by affecting the 
uptake of nutrients by helminth parasites 10. This has been shown with 
mebendazole to be caused by effects on the gut epithelium in helminths, by 
destruction of the microtubular structure of the cells lining the epithelium, 
accumulation of secretory granules in the cells and subsequent autolysis. 
Other suggested modes of action such as effects on fumarate reductase 
activity are probably consequent to effects on the helminth gut epithelium 
and the resultant reduced glycogen content of benzimidazole-treated hel
minths. As a result, anthelmintic activity is related not only to the concen
trations achieved but also to the duration of these concentrations. Thus 
divided dosage regimes even in ruminant species can lead to increased 
efficacy9. From the concentrations achieved (Figure 22.3) suitable dosage 
intervals for albendazole in man would be about 12 h and for the horse daily 
dosage would be appropriate. In man, using a dose rate of 5 mg/kg at 12 h 
intervals three out of four patients with active hydatid disease showed 
evidence of regressions. 

Benzimidazole anthelmintics are frequently given to animals suffering 
from clinical helminthiases and in these animals considerably altered phar
macokinetics may result. We report here on preliminary results investigating 
the effect of parasitism on the pharmacokinetics of fenbendazole. Fenben
dazole (10 mg/kg) was administered to three sheep which had previously been 
surgically implanted with permanent abomasal cannulae. The concentrations 
of fenbendazole suphoxide in abomasal fluid were determined. Ostertagia 
circumcincta larvae were administered (7000/ day per os) over 30 days to 
these sheep. 15 days after the last larval dose the same dose of fenbendazole 
was administered and the concentrations again determined. In each sheep 
there was an increased bioavailability (AUC) of fenbendazole sulphoxide in 
the abomasal fluid. In the most severely affected animal (clinically ill, 
abomasal fluid pH increased to 6.1) the increase in sulphoxide bioavailability 
was most marked (249070 of non-parasitized. See Figure 22.4) and was less 
affected in the other two sheep (132% and 111 % of non parasitized). The 
effects of infection with O. circumcincta on the abomasum are twofold: 
abomasal pH rises and the abomasal epithelial lining is severely disrupted. 
The pH effect would tend to lower sulphoxide concentrations in the abo
masum, while the second effect may lead to increased concentration due to 
more rapid diffusion through the disrupted epithelium. However, after 
fenbendazole treatment of the parasitized sheep the abomasal pH had 
returned to pH 2 within 24 h of treatment, even although the helminths could 
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Figure 22.4 Concentrations of fenbendazole sulphoxide (oxfendazole) in the abomasum of the 
most severely affected sheep of a group of three sheep artifically infected with Ostertagia 
circumcincta larvae, given a dose of fenbendazole (l0 mg/ kg) before and after infection 

be observed to be alive in abomasal samples. This supports the hypothesis 
that the elevated pH is not a result of the disrupted epithelium3 • Further, if 
the elevated pH is a consequence of some secretion by the helminths, the 
return of pH to normal demonstrates early effects by fenbendazole on the 
worms although still motile, and probably a much more rapid clinical 
improvement than might be expected. 
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23 
Pharmacokinetics of levamisole 
in goats and pigs 
P. Nielsen and F. Rasmussen 

Tetramisole was introduced as an anthelmintic for veterinary use in 1965. It 
is a racemic mixture of two optical isomers and it has been demonstrated that 
the anthelmintic activity rests almost solely with the I-isomer, levamisole. In 
addition to its anthelmintic properties, levamisole also possesses an 
immunomodulating effect8, which has led to its widespread use in human as 
well as in veterinary medicine. This extensive use makes pharmacokinetic 
studies desirable and the purpose of the present study has therefore been to 
determine pharmacokinetic parameters for levamisole in goats and pigs and 
to measure its excretion in urine and faeces. 

MATERIALS AND METHODS 

The experiments were performed on three goats and six pigs. [3Hllevamisole 
(5 mg/kg b. w., spec. activity 2/tCilmg) was administered intravenously. 
Blood samples were collected at the times indicated in Figure 23.1. The 
animals were kept in metabolic cages for quantitative collection of urine and 
faeces during the experimental period which lasted as long as 3H was detect
able in urine samples. PHllevamisole in plasma, urine and faeces was 
measured by liquid scintillation counting. 

Unchanged levamisole and its metabolites were separated by TLC 
(0.25 mm silica gel plates developed in chloroform: methanol-250Jo aq. 
ammonia = 150: 8 : 1). The amounts of unchanged drug and its metabolites 
were determined by liquid scintillation counting. 

RESULTS AND DISCUSSION 

Figure 23.1 illustrates a semilogarithmic plot of the concentration of 
levamisole in plasma vs. time after intravenous administration of the drug 
to a goat. The biexponential curve may be resolved into its two components 
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Figure 23.1 Concentration of levamisole in plasma vs. time after intravenous administration 
of the drug to a goat 

representing distribution of the drug in the organism and elimination from 
plasma. The elimination phase is rapid and a level of 0.1 p,g/ml is reached 
approximately 15 h after administration of the drug. 

The distribution of levamisole is faster in goats than in pigs. Moreover, 
the elimination is also faster in goats (Table 23.1). 

Table 23.1 Elimination halflife and volume of distribution for levamisole in goats and pigs 

Elimination halflife (min) 

Volume of distribution (l/kg) 

Values are means±SD 

Goats 

222±26 

3.1±1.4 

Pigs 

31O± 100 

2.5±O.7 

As a weak organic base of high lipid solubility, levamisole has an apparent 
volume of distribution greater than 1 which indicates that it is accumulated 
in tissues. The reason for the larger volume of distribution of levamisole in 
goats than in pigs may be diffusion of the organic base into the rumen of the 
goat. The accumulation of levamisole in tissues is in agreement with the 
results of Graziani & DeMartin I , who investigated the distribution of 
[l4Cllevamisole in bulls and pigs. (Subsequent chromatography and auto
radiography of extracts of liver, kidney and blood showed that most of the 
extracted radioactivity was due to the parent drug.) Tissue levels of levami
sole were determined 24, 48 and 72 h after the administration of a single 
8 mg/kg dose to bulls and a lOmg/kg dose to pigs. Tissue levels were higher 
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in pigs, even allowing for the somewhat greater dose administered to pigs. 
Of the tissues studied, the highest levels were observed in liver in both species. 
However, with the exception of pig liver, tissue levels were less than 1 ppm 
24 h after drug administration. Within 48 h in cattle and 96 h in pigs, residual 
tissue levels of levamisole were negligible « 0.1 parts/106). Such studies 
indicate the importance of analyses of tissue levels of a drug together with 
pharmacokinetic studies and show clearly that differences in rates of 
elimination of a drug from plasma and tissues may occur. 

Table 23.2 shows the elimination halflife of levamisole in some other 
species. It is clear that elimination is particularly rapid in the rat and the 
rabbit. Table 23.3 shows the excretory routes for levamisole and its metab
olites in goats and pigs. The goats excreted 55070 of the administered dose in 
urine and 30070 in faeces, giving a total recovery of 85070 of the administered 
dose. In milking goats a small amount of the drug was excreted in milk, but 
this did not exceed 1070 of the dose. The pigs excreted the major part of the 
dose (80-85070) in urine and only 5-10070 was recovered from faeces 
samples. Similar differences in excretion in urine and faeces between goats 
and pigs have been noted for other drugs. In experiments with trimethoprim 
in pigs and goats it was reported5 that goats excreted approximately equal 
amounts of this drug and its metabolites in urine and faeces whereas the 
figures for pigs6 were almost the same as for levamisole. In rats 46070 of 
levamisole is excreted in urine and about 32070 in faeces l . 

Table 23.2 Elimination halflife for levamisole in other species 

Species Elimination ha/flije Reference 

Rat 30min 3 

Rabbit 45 min 4 

Dog 3-4h 3 

Cattle 4-6h 2 

Man 2-6h 3 

Table 23.3 Excretion of PHlievamisole and its metabolites in urine and faeces from goats and 
pigs (070 of dose) 

Goats 

Pigs 

Urine 

55 

85 

Faeces 

30 

5 

Most of the metabolites of levamisole were highly polar compounds and 
only about 20070 of the labelled compounds excreted in urine was extractable 
with chloroform. Thin-layer chromatographic investigations revealed that 
many minor metabolites are formed and that only 5-10070 of the labelled 
compounds excreted in urine was unchanged levamisole. 

The pathways involved in the renal excretion of levamisole were not 
studied in the present experiments. Plante et al. 7 investigated the renal 
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excretion of levamisole in dogs and found that about 15070 of the drug was 
excreted by glomerular filtration while 85% was excreted by active tubular 
secretion at plasma concentrations of 0.9-6.7 p.g/ml. In some experiments 
the clearance of levamisole was almost as high as the clearance of PAH. 
However, the pathway for the excretion of levamisole and PAH is not the 
same; P AH is an organic acid while levamisole is a base and as such they are 
excreted by different transport systems in the proximal convoluted tubule. 
Active tubular secretion of levamisole was further confirmed by the fact that 
it was possible to block it by simultaneous loading of the dogs with thiamine, 
which is a competitive inhibitor for active renal secretion of organic bases. 

SUMMARY 

Levamisole is an organic base which is distributed widely in the organism and 
accumulates in tissues such as liver and kidney. It is eliminated relatively 
quickly from plasma, but elimination from tissues is much slower. Levami
sole is metabolized to a very high extent and only a small percentage is 
excreted unchanged. Pigs excrete levamisole and its metabolites almost 
entirely in urine, while goats excrete them in both urine and faeces. 
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APPENDIX 

Two pharmacokinetic studies of levamisole in ruminants were recently 
published with the following summaries: 

'Quantitation of levamisole in biological fluids of ewes and goats was ob
tained by the use of HPLC after oral (10 mg/kg), intramuscular (7.5 mg/kg), 
and subcutaneous (7.5 mg/kg) administrations. Greater efficiency was 
obtained in both species after intramuscular rather than subcutaneous or oral 
administrations. After intramuscular injection, levamisole levels in nasal 
secretion and saliva were five to twenty times higher than in plasma. Because 
of the high susceptibility of goats to levamisole, the subcutaneous route is 
preferred in this animal.' 
Galtier, P., Escoula, L., Camguilhem, R. and Alvinerie, M. (1981): Comparative bioavailability 
of levamisole in non-lactating ewes and goats. Ann. Rech. Vet., 12, 109-15 

'Levamisole, at a dose rate of 7.5 mg/kg, produced mean peak plasma 
concentrations of 3.1, 0.7 and 0.8 jtg/ml in four sheep after administration 
by the subcutaneous, oral and intraruminal routes, respectively. The mean 
peak concentrations in abomasal fluid were 33, 164 and 21 jtg/ml, respec
tively. The bioavailability of levamisole to the systemic compartment was less 
after oral and intraruminal administration than after subcutaneous adminis
tration. In six sheep there were no significant differences in the plasma 
concentration in the thoracic, neck or gluteal regions. Dividing the dose 
between five sites in the gluteal region produced higher peak plasma 
concentrations than when injected into a single site.' 
Bogan, J. A., Marriner, S. E. and Galbraith, E. A. (1982). Pharmacokinetics of levamisole in 
sheep. Res. Vet. Sci., 32, 124-6 
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The prophylactic activity of 
imidocarb against tick-transmitted 
parasitic infections 
N. McHardy 

Imidocarb - 3,3 I bis-(2-imidazolin-2-yl) carbanilide dipropionate (Car
besia®, Imizol®) is highly active against all species of the protozoan parasite 
Babesia, with the possible exception of B. gibsoni of dogs, and B. felis in cats. 
It is very active against Anaplasma marginale, a rickett::;ia-like parasite of 
ruminants. It is not effective against Theileria. Imidocarb exerts a prophy
lactic effect against some species of Babesia3• 5 which may last for several 
weeks. The duration of prophylaxis seems to depend on the severity and 
virulence of challenge4 • Imidocarb has no prophylactic effect on Anaplasma. 
The mode of action of imidocarb is not ceJ:tain, although two mechanisms 
have been suggested. The effect of imidocarb on Trypanosoma brucei has 
been antagonized with excess polyamines, which suggests that the drug 
interfered with the production or utilization of polyamines 1• Imidocarb 
blocks the entry of inositol, an essential nutrient, into the erythrocyte con
taining the Babesia parasite, apparently resulting in the 'starvation' of the 
parasite (Elford, unpublished). This mechanism would readily explain the 
-prophylactic effect of imidocarb since the presence of very small quantities 
of imidocarb on the surface of the erythrocyte could make it unattractive to 
the parasite. 

The experiments reported here were aimed at clarifying the mechanism of 
prophylaxis of imidocarb by comparing its activity with that of several other 
antibabesial compounds. The model used was B. rodhaini, Beveridge strain2 

in CD-l male mice, weighing 16-20g or in male Wister rats, weighing 
about 60g. 

METHODS 

Three main experimental designs were used with mice: 

(1) Therapeutic model. The mice were infected by the intravenous injection 
of 2 X 107 erythrocytes infected with B. rodhaini. After 24 h experi
mental compounds, appropriately dissolved and diluted, were injected 
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subcutaneously. The course of the infection was monitored by the 
examination of stained smears of tail blood, and by recording the time of 
death of the mice. 

(2) Prophylactic model. The design of the experiment was essentially similar 
to the therapeutic model, except that compounds were injected s.c. up to 
14 days before i. v. challenge with 2 x 107 or 2 x lOs infected erythrocytes. 

(3) In vitro/in vivo model. Blood from mice with approximately 500/0 
parasitaemia was withdrawn and diluted with minimum essential 
medium to give mixtures of 2 x 108 infected erythrocytes in known con
centrations of experimental compounds. The mixture was incubated for 
2 h at 37°C, after which the erythrocytes were washed twice and 2 x 107 

erythrocytes were injected i. v. into mice. The infection was then 
monitored as above. 

The experiments in rats were essentially similar to the therapeutic and 
prophylactic models in mice except that implantable mini-pumps (Alzet, 
model 2002, Scientific Marketing, London) were also used. They released 
compound at a known rate over 14 days following subcutaneous insertion 
under anaesthesia. 

EXPERIMENTAL 

Therapeutic effects 

The therapeutic efficacy of four standard antibabesials - imidocarb dipro
pionate, amicarbalide, quinuronium sulphate and diminazene aceturate, 

Table 24.1 Comparison of efficacy of anti babesia Is in mice treated s.c. I day after i. v. challenge 
with 2 x 107 B. rodhaini 

Survival at day 14 (groups oj 5 mice) 
EDso* 
mg/kg Dosage (mg/kg s.c.) 

Compound (+ Jiduciallimits) 10 5 2.5 1.0 0.5 0.25 0.125 

Imidocarb 0.49 5 5 5 5 5 5 4 
(<lA3-0.56) 

Diminazene 8.89 5 4 3 0 
(7.68-10.16) 

Amicarbalide 2.41 5 5 5 0 0 
(2.08-2.82) 

Quinuronium 0046 Tt T 5 5 2 2 
(0041-0.52) 

Monensin 1.86 0 0 0 0 0 
(1.76-1.97) 

Isometamidium 0.84 0 0 0 
(0.68-1.01) 

Untreated mice died in 4.2 days (mean) 
*EDso - dose of drug which reduces parasitaemia to 50010 of that in untreated controls on day 4 
tT - lethally toxic. 
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together with the ionophore antibiotic monensin, and the trypanocidal com
pound isometamidium, was compared (Table 24.1). The results reflect, 
approximately, the relative efficacies of the standard antibabesial com
pounds against B. bovis and B. bigemina in cattle7• Survival was greatest 
among mice treated with imidocarb even in groups treated with less than the 
EDso, in which parasitaemia reached relatively high levels. Although 
monensin and isometamidium were very effective in controlling parasitaemia 
at day 4, as shown by their relatively low EDso, they failed to cure mice. 

Table 24.2 Comparison of activity of antibabesials as determined by the in vitro/in vivo system 
with B. rodhaini 

ECso* Concentration of compound (mg/I) 
mg/I 

(+ fiducial 10 2.5 0.6 0.15 0.04 0.01 0.0025 
Compound limits) % Parasitaemia on day 4 (±SD) 

Imidocarb 0.Q28 0 0 0.25 6.2 33.8 83.0 90.2 
(0.025-0.032) ±2.34 ±6.76 ±4.30 ±3.96 

Diminazene 0.57 6.4 12.8 45.0 86.2 92.8 91.6 90.2 
(0.47-0.66) ±2.51 ±2.68 ±4.0 ± 1.92 ±3.19 ± 1.52 ±2.59 

Amicarbalide 0.17 1.1 2.0 9.0 51.2 89.8 92.2 93.0 
(0.14-0.21) ±0.55 ± 1.00 ±2.74 ± 17.4 ± 1.48 ±1.79 ±2.35 

Quinuronium 1.22 1.4 10.6 81.8 91.2 92.8 93.2 92.8 
(1.17-1.29) ±0.55 ± 1.67 ±4.44 ± 1.92 ± 1.30 ±2.59 ± 1.30 

Monensin 0.043 0 0.2 3.8 11.2 48.0 53.6 64.0 
(0.038-0.047) ±0.11 ± 1.64 ±2.59 ±3.54 ±8.02 ± 12.51 

Untreated mice had parasitaemia 92.40/0 ±3.91 on day 4 
*ECso - concentration of drug which reduces parasitaemia to 50% of that in untreated 
controls on day 4 

Next, the performance of compounds in the in vitro/in vivo system was 
examined (Table 24.2). The activity of the three bisamidines, imidocarb, 
diminazene and amicarbalide, was shown to be high, and the ratio of ED so 
(in mg/kg): ECso (in mg/l) was, respectively, 17.5, 15.5 and 12.5: 1. With the 
bisquinolyl compound quinuronium sulphate, the ratio was 0.38: 1, 
indicating a basically different mode of action, or a different rate of uptake 
or binding with quinuronium sulphate. The mode of action of none of these 
compounds is proven, as discussed earlier!' 4. Monensin gave an EDso : ECso 
ratio of 43.25: 1. While its mode of action as an antibabesial is not known, 
it is believed to act as an ionophore, particularly for K+ ions, in its action 
on coccidia. Monensin shows only slight activity against B. bovis in cattle 
(McHardy, unpublished) and is extremely toxic when injected into cattle6 , 

so is unlikely to be used as an antibabesial in the field. 

Prophylactic effects 

Of the antibabesial drugs, imidocarb has the greatest prophylactic effect in 
the field, and is used for this purpose at around 2.5 mg/kg. The prophylactic 
effect of imidocarb in mice was examined in groups of ten mice injected with 
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Table 24.3 Prophylactic effect of imidocarb and isometamidium in groups of 10 mice 
challenged with B. rodhaini 

Challenged 2 x 107 i.v. Challenged 2 x 105 i. v. 
Imidocarb Isometamidium Imidocarb Isometamidium 

IOmg/kg s.c. IOmg/kg s.c. IOmg/kg s.c. 10mg/kg s.c. 

% Parasitaemia % Parasitaemia % Parasitaemia % Parasitaemia 
Treatment Day 4 ±SD Day 4 ±SD Day 7 ±SD Day 7 ±SD 

Untreated 88.3 (0)- 88.3 (0) 
±4.16 ±4.06 

Day -14 86.3 (0) 89.7 (0) 84.1 (0) 88.0 (0) 
±S.73 ±4.83 ±8.07 ±4.32 

Day -10 41.3 (6) 87.1 (0) 11.5 (S) 89.0 (0) 
± 19.34 ±6.08 ± 14.S ±S.08 

Day -7 16.3 (9) 90.0 (0) 0.8 (8) 89.2 (0) 
±7.70 ±S.42 ±0.89 ±S.33 

Day -4 4.1 (S) 40.7 (3) 0.0 (S) 72.0 (1) 
± 1.20 ±20.31 ±21.34 

Day -2 0.7 (10) 6S.1 (0) 0.0 (10) 84.S (0) 
±0.26 ±22.l9 ± 11.83 

Day -1 1.7 (9) 14.6 (4) 0.0 (10) 29.4 (4) 
±0.48 ±17.30 ±32.34 

-Figure in parenthesis is number of mice surviving to day 21 

imidocarb at 10 mg/kg s.c. up to 14 days before challenge with either 2 x 107 

or 2 X 105 B. rodhaini, injected i.v. (Table 24.3). Isometamidium (Sam orin) 
was also included in this experiment. It shows a prophylactic effect against 
African trypanosomes in cattle of up to 3 months following a dosage of 
only 0.5mg/kg i.m., and its ED50 against B. rodhaini (Table 24.1) was 
0.84mg/kg. 

Imidocarb at 10 mg/kg showed marked prophylactic effects against B. 
rodhaini when injected up to 10 days before challenge with either 2 x 107 or 
2 x 105 organisms, using depression of parasitaemia or survival of mice as 
parameters. There was no significant protection when imidocarb was 
injected 14 days before challenge. Isometamidium at 10 mg/kg gave some 
protection at 4, but not 7 days before challenge. So, while the prophylactic 
effect of imidocarb in mice infected with B. rodhaini was significant, it was 
not as prolonged as that seen in cattle challenged with B. bovis or B. 
bigemina3 • However, the severity of parasitaemia following challenge was 
greater with high than with low challenge, as seems to occur in the field. 
Despite its use at 12 times its ED50 against B. rodhaini and 20 times the field 
usage rate against trypanosomes, isometamidium failed to show marked 
prophylaxis against B. rodhaini. This indicates that prophylaxis against 
Babesia may not be simply a manifestation of persistence of drug, and again 
indicates that the prophylactic effect of imidocarb may be peculiar to this 
class of compound. To investigate this further, diminazene aceturate - a 
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Table 24.4 A comparison of the prophylactic effect of diminazene aceturate and imidocarb 
dipropionate in groups of ten mice challenged with 2 x 105 B. rodhaini i. v. 

Imidocarb 2.5 mg/kg s.c. Diminazene IOmg/kg s.c. 
% Parasitaemia Mean survival % Parasitaemia Mean survival 

Treatment Day? ±SD (Days) * ±SD Day? ±SD (Days)* ±SD 

Untreated 90.7 7.7 (0) 
±3.06 ±0.67 

Day -7 61.7 9.0 (0) 9.0 10.1 (0) 
±26.05 ± 1.15 ±3.65 ±0.32 

Day -4 1.4 18.1 (7) 2.6 11.2 (0) 
±2.11 ±4.7 ± 1.50 ±0.42 

Day -2 0 18.5 (9) 0.42 12.0 (0) 
±2.13 ±0.19 ± 1.04 

Day -1 0 21 (10) 0.1 13.5 (1) 
±2.72 

"Mice which survived to end of experiment (day 21) scored as 21. Figure in parenthesis is no. 
alive on day 21 

bisamidine like imidocarb, was also tested for prophylactic effect; 10 mg/kg 
was injected up to 7 days before challenge with 2 x 105 B. rodhaini. In this 
trial imidocarb was used at 2.5 mg/kg (Table 24.4). 

Imidocarb at 2.5 mg/kg s.c. demonstrated marked prophylaxis when given 
up to 4 days before challenge, but only a marginal effect at day 7. Dimina
zene, lOmg/kg s.c., was very effective in reducing parasitaemia, even when 
given 7 days before challenge, but it did not prevent the mice dying, even 
when given only 1 day before challenge. This suggests that imidocarb has a 
true prophylactic effect while diminazene may have been released slowly 
from the injection site for about 4 days, before being rapidly excreted or 
metabolized, so demonstrating no true prophylactic effect. 

Further confirmation of the prophylactic effect of imidocarb was obtained 
by comparing the effects in rats infected with B. rodhaini by daily s.c. injec
tions of low doses of imidocarb and the continuous release of similar quanti
ties of imidocarb from osmotic mini-pumps implanted s.c. on the abdomen. 
As a control, further groups of rats were injected s.c. with a single dose of 
imidocarb equivalent to the total dose delivered by these methods. 

In the first trial (Table 24.5) the rats were infected by the i. v. injection of 
1 x 108 B. rodhaini in infected mouse blood. Five rats were left untreated 
while groups of four rats received 14 daily s.c. injections of 0.1 or 0.3 mg/kg 
imidocarb or were implanted with pumps continuously delivering 0.1 or 
0.3 mg/kg imidocarb per day for 14 days. These treatments began on the day 
after infection. Two further groups of four rats received a single dose of 1.4 
or 4.2 mg/kg s.c. on the day after infection. The untreated controls devel
oped severe babesiosis (maximum parasitaemia 57.6070) but recovered within 
12 days, having shown maximum paras it aemi a on day 4.4 (mean). The course 
of infection in all the treated groups was remarkably similar to each other. 
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Table 24.S Comparison of the effect of administration of imidocarb by daily s.c. injection or 
from implantable mini-pump beginning on the day after infection in rats· infected with 1 x 108 

B. rodhaini 

Maximum % Duration of Day of maximum 
Parasitaemia Parasitaemia Parasitaemia 

Treatment ±SD (Days) ±SD ±SD 

Untreated 57.6 12.6 4.4 
±5.03 ±2.41 ±0.55 

Imidocarb s.c. injn. 6.75 6.25 2.75 
1.4mg/kgx 1 ±4.19 ±0.96 ±0.5 
day + 1 

Imidocarb s.c. injn. 10.5 6.0 2.75 
0.1 mg/kg x 14 ±6.60 ±0.82 ±0.5 
days + 1 to + 14 

Imidocarb s.c. pump 7.25 6.25 3.0 
0.1 mg/kg/day x 14 ±3.77 ±0.5 ±O.O 
days + 1 to + 14 

Imidocarb s.c. injn. 0.9 4.75 2.0 
4.2 mg/kg x 1 ±0.82 ± 1.71 ±O.O 
day + 1 

Imidocarb s.c. injn. 10.5 6.0 3.0 
0.3mg/kgx 1 ±6.95 ±0.82 ±O.O 
days + 1 to + 14 

Imidocarb s.c. pump 9.75 6.5 3.0 
0.3mg/kg/dayx 14 ±8.92 ±0.58 ±O.O 

*4 rats per group except untreated controls (5). All rats survived 

The single dose of 4.2 mg/kg imidocarb limited peak parasitaemia to only 
0.9070 but in all other groups mean peak parasitaemia was 6.75-10.5%. The 
peak occurred on day 2.0-3.0, and lasted for 4.75-6.5 days in all the 
treated groups. 

In the second experiment (Table 24.6), which shared the untreated controls 
with the first, groups of five rats received 0.1 mg/kg imidocarb daily for 
14 days by s.c. injection or pump, beginning on the day before infection, or 
a single s.c. injection of 1.4 mg/kg on the day before infection. They were 
challenged Lv. with either 1 X 108 or 1 X 106 B. rodhaini in infected mouse 
blood. In the rats challenged with 1 X 106 parasites maximum parasitaemia 
was 20%, reached its peak on day 9.4 (mean) and persisted for 14.0 days, Le. 
the infection was less severe than that in rats challenged with 1 x 108 organ
isms (above). In the treated rats all three regimens at each challenge dose gave 
remarkably similar results, and with the 1 x 106 challenge parasitaemia did 
not attain countable levels in any treated rat. 

These two experiments indicate that imidocarb acted in a truly prophy
lactic manner in controlling B. rodhaini infection - a single high dose 
around the time of infection gave very similar initial effect and persistent 
effect to daily administration of low doses. In all cases infections were effec
tively suppressed in comparison with untreated controls. 
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Table 24.6 Comparison of the effect of administration of imidocarb by daily s.c. injection or 
from implantable mini-pumps, beginning on the day before infection, in rats infected Lv. with 
1 x 108 or 1 x 106 B. rodhaini 

Maximum 0/0 
parasitaemia 

±SD 

Treatment Challenge 
1 x 108 1 X 106 

Untreated· 57.6 20.0 
±5.03 ± 11.33 

Imidocarb s.c. injn. 4.4 +ve 
l.4mg/kgx I ±0.55 
day -I 

Imidocarb s.c. injn. 4.0 +ve 
0.1 mg/kg x 14 ± 1.41 
day -I to + 12 

Imidocarb s.c. pump 3.7 +ve 
0.1 mg/kg/dayx 14 ±2.11 
day - I to + 12 

• 5 rats in each group 
t I rat which shed pump on day 3 excluded 
:1:3 rats + ve, 2 rats - ve 

Drug levels in cattle 

Day of 
Duration of maximum 
parasitaemia parasitaemia 

±SD ±SD 

Challenge Challenge 
I X 108 I X 106 I X 108 I X 106 

12.6 14.0 4.4 9.4 
±2.41 ± 1.22 ±0.55 ±2.30 

6.25 3.6 2.2 3.0 
±3.59 ± 1.34 ±0.45 ±O.O 

6.0 3.6 2.0 3.75 
± 1.41 ±2.19 ±O.O ±0.5 

5.0t 2.4 2.2 :j: 
± 1.63 ± 1.34 ±0.45 

In order to relate these findings to the situation in cattle following injection 
of imidocarb, the in vitro/in vivo method was used to monitor the level of 
antibabesial activity in two calves following the Lm. injection of imidocarb 
at 2.5 mg/kg, an effective prophylactic dose3• Samples of venous blood were 
taken, using heparin as anticoagulant, at timed intervals after dosing. Plasma 
was separated by centrifugation and samples were stored at - 70° C until 
used. Plasma samples were then assayed in the in vitro/in vivo system by 
incorporation in the incubation mixtures at 5OJo concentration of plasma. A 
series of known concentrations of imidocarb was also tested to provide a 
reference standard curve for inhibition by imidocarb, and from which the 
equivalent concentration in the plasma samples could be calculated. 

It was found (Table 24.7) that inhibition was already maximal at the time 
that the first plasma sample was taken - 30 min after administration. It was 
equivalent to about 3.4 mg/l, which is far in excess of the in vitro ECso of 
imidocarb (0.028 mg/l, Table 24.2). The concentration of imidocarb in the 
plasma had begun to fall significantly 4 h after injection, and was around the 
ECso at 48 h. It had fallen below detectable levels (0.001 mg/l) at 72 h. This 
result is in agreement with earlier results (Nimmo-Smith, unpublished) which 
showed that concentrations in the plasma of nine calves injected i. v. with 
0.5 mg/kg imidocarb fell from 2.17 mg/l 5 min after injection to 0.02 mg/l 
at 24 h, when assayed by a chemical method. 
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Table 24.7 Concentration of imidocarb in plasma of calves following injection of 2.5 mg/kg 
imidocarb i.m., monitored by B. rodhaini in vitro/in vivo test 

Time after 
treatment (h) 

o 
0.5 
I 
2 
4 
7 

24 
48 
72 

CONCLUSIONS 

Concentration of imidocarb in plasma (mg/I) 
Calf 1469 Calf 1473 

o 
2.69 
2.12 
1.14 
0.75 
0.40 
0.034 
0.010 
0.008 

o 
4.03 
4.03 
2.57 
1.52 
1.10 
0.23 
0.086 
0.00 

The results reported here indicate that the mouse and rat infected with B. 
rodhaini provide useful models for the prophylactic effect of imidocarb in 
cattle, and the in vitro/in vivo system can be used to monitor drug levels in 
bovine blood. Concentrations of available imidocarb in the plasma of cattle 
fell below inhibitory concentrations within 3 days of injection of 2.5 mg/kg 
s.c. The extended prophylaxis seen in the field therefore could be due either 
to mobilization from other sites8 or to imidocarb bound to erythrocytes 
inhibiting entry or survival of parasites in the erythrocytes. This latter explan
ation fits well with the mode of action of imidocarb proposed but unpub
lished by Elford, that the drug acts at the surface of the infected erythrocyte. 
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25 
The distribution and function 
of histamine receptors 
P. Eyre and K. B. Mirbahar 

From the first description of the biological actions of histamine by Dale and 
Laidlaw20 in 1910, histamine has provided a constant stimulus to pharma
cologists and immunologists who have attempted to define this amine in 
various physiological and pathological roles. It was 40 years ago that Bovet 
and Staub10 first reported that compound 929F antagonized the actions of 
histamine on smooth muscle and protected guinea-pigs from anaphylaxis. It 
soon became clear that although many of the effects of histamine could be 
specifically blocked by low concentrations of these 'classical' antihista
minics, there were other actions of histamine which were refractory even to 
toxic doses of the antihistaminics then available. These resistant actions 
include inhibition of the rat uterus 7 , stimulation of the heart42 and stimu
lation of gastric secretion3 • 

Ash and Schild2 systematically studied the receptors mediating the actions 
of histamine and concluded that there were two separate receptor classes, 
based on the fact that histamine analogues showed two distinctly different 
activity profiles when assayed on a variety of tissues. Ash and Schild2 sug
gested the symbol HI to denote histamine receptors which were sensitive to 
low doses of the c1assicapo. 28 histamine antagonists. Non-HI receptors were 
later classified by Black et al. 4 and designated as H2-receptors. 

The HI-receptor antagonist group of drugs includes mepyramine, di
phenhydramine, chlorpheniramine, chlorcyclizine and promethazine, each 
representing a different chemical c1ass2. 28. Burimamide, metiamide and 
cimetidine comprise the H2-receptor antagonists4.5• 12. 2-Methylhistamine 
and 2-pyridylethylamine2.4.21 are histamine HI-agonists, whereas 4-methyl
histamine and dimaprit are H2-agonists4.38 (Figure 25.1). 

The judicious use of the above selective H I- and H2-receptor agonists and 
antagonists has now firmly established the concept of two distinct receptors 
which mediate the numerous biological effects of histamine. 
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Hel 

Figure 2S.1 A selection of histamine analogues 

GASTROINTESTINAL SYSTEM 

Histamine 

2-Methylhistamine 
(selective H,-agonist) 

4-Methylhistamine 
(selective H.-agonist) 

Metiamide 
(selective H.-antagonist) 

Dimaprit 
(selective H.-agonist) 

The ability of histamine to contract the guinea-pig ileum is one of the best 
known HI-mediated responsesz, and it is generally true to say that histamine
induced motility of the alimentary tract is mediated by HI-receptors. 
Histamine has also been shown to inhibit neurogenic, atropine-resistant 
tetanic spasms of the ileum l • This action of histamine was blocked by buri
mamide, which suggests that the participating receptors are Hz-receptors. In 
a similar way, histamine-induced relaxation of the rat uterus is presumed to 
be caused by Hz-receptor stimulationz, but the evidence is not absolutely 
conclusive. Histamine stimulates gastric parietal cells to secrete hydrochloric 
acid3• This effect is blocked by Hz receptor antagonists4 • 

THE CARDIOVASCULAR SYSTEM 

Blood pressure 

Histamine causes a fall in blood pressure which is sometimes followed by a 
secondary pressor response. The depressor effects of small doses of hista
mine are antagonized by HI-antagonists, whereas those of large doses of 
histamine usually are notZ8 • The concept of a second type of cardiovascular 
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histamine receptor was postulated in the 1940s and 1950s. It is now clear that 
the mepyramine-resistant actions of histamine on systemic blood pressure are 
mediated by H2-receptors. Evidence for this statement may be summarized 
using three examples. The systemic response to histamine in the rabbit is 
variable, often biphasic with a pressor response predominating. Very large 
doses of histamine may induce a depressor effect. HI-antagonists convert the 
biphasic or pressor effect to depression, whereas H2-antagonists abolish the 
depressor effect and convert it to a purely pressor one4 • 5. In cats and dogs 
both H 1- and H2-antagonists inhibit the depressor response to histamine6. 39, 
whereas in calves23 the depressor effect of histamine is partially blocked by 
mepyramine and potentiated by burimamide, suggesting that an H2-receptor 
mechanism is playing a modulatory pressor role. Further studies revealed 
that H2-antagonists potentiated anaphylactic shock in calves23 . 

Regional bloodflow and vascular permeability 

Local application of histamine causes vasodilatation in most vascular beds 
including the skin, skeletal muscle and digestive tract, among others. Vaso
dilatation is usually accompanied by increased vascular permeability and 
sometimes by alterations in bloodflow. Studies in the cat and dog closely 
parallel those on systemic blood pressure. Histamine-induced vasodilatation 
in the hind limb may be antagonized by either or both H I- and H2-receptor 
blockers, suggesting the participation of both H I- and H2-receptors27. 
However, there is little or no evidence that H2-receptors play more than a 
minor role in histamine-induced vascular permeability changes 17 • 

Pulmonary vasculature 

Histamine may cause vasoconstriction or vasodilatation in the pulmonary 
vasculature with the former usually dominating. The vasoconstrictor effect 
of histamine is abolished by HI-antagonists or converted to a depressor 
response, which is in turn blocked by H2-antagonists29. 40. H2-blockers 
themselves enhance the pulmonary vasoconstrictor response of histamine. 

The heart 

Actions of histamine on the heart are highly complicated because it is diffi
cult to distinguish between the direct effects of histamine and indirect actions 
caused by reflex vascular and respiratory changes and humoral substances 
such as catecholamines released by histamine. Histamine causes increased 
rate and force of contraction in isolated spontaneously-beating heart prepar
ations25 . 33. These effects are usually accompanied by increased cardiac 
output and increased coronary bloodflow26. The positive chronotropic 
effects of histamine on the heart are mimicked by H2-agonists and are effec
tively blocked by H2-antagonists33 , but are not affected by H I-blockers. The 
inotropic action of histamine has been more difficult to define. The action 
of histamine on electrically driven left atria was blocked by mepyramine, 

259 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

whereas the inotropic effect of histamine on spontaneously beating hearts 
was blocked by H2-antagonists. Arrhythmias induced by histamine are also 
antagonized by H2-blocking agents43 . 

AIRWAY SMOOTH MUSCLE 

There is considerable species variation in airway reactivity to histamineI3 . 
Histamine does not cause contraction of isolated bronchi of rat, cat or 
sheep22; it has variable action in the rabbit and ferret but in all other species 
produces powerful bronchoconstriction which is regarded as an important 
component in the aetiology of bronchial asthma. Mepyramine partially 
antagonizes histamine-induced bronchoconstriction. If the tracheo
bronchial muscle is partially contracted by carbachol in the presence of 
mepyramine (HI-blocked), further addition of histamine causes broncho
dilatation. These relaxations of airway smooth muscle are blocked by H2-
antagonists in some species (e.g. man, horse and guinea-pig I5 .4I) but in some 
other species H2-agonist-induced airway relaxation is not blocked by H2-
antagonists (cat, rat and rabbit I4 . 16). This gives rise to a suggestion that there 
may be two sub-types of histamine H2-receptors in airwaysI4-I6. 

THE NERVOUS SYSTEM 

The exact role of histaminergic synapses in the central nervous system has 
not been well defined although it seems probable that H2-receptor mechan
isms are involved. It was shown recently that metiamide may interact 
pharmacologically with the antihypertensive drug clonidine3o• It seems that 
the hypotensive action of clonidine is antagonized by centrally-administered 
metiamide or cimetidine. This suggests that H2-receptors are somehow 
involved in the central mechanism of action of clonidine. It is interesting that 
clonidine has also been reported to have H2-agonist activity on the heart I9 . 

Histamine stimulates autonomic ganglia. In the cat superior cervical 
ganglion, HI-receptors mediate facilitation while H2- receptors mediate 
inhibitory effects of histamine on ganglionic transmissionll • 

TISSUE UPTAKE AND METABOLISM OF HISTAMINE 

Histamine H2-antagonists increase histidine decarboxylase activity34, thereby 
enhancing histamine formation. H2-blockers also inhibit the uptake of hista
mine by the cardiovascular system24 and may also interfere with histamine 
catabolism, especially with the enzyme histamine -N-methyltransferase24 . 

INFLAMMATION AND HYPERSENSITIVITY 

It is well-known that leukocytes and mast cells possess specific receptors for 
a variety of hormones such as insulin, catecholamines, prostaglandins and 
histamine. Interactions with these hormones mediate important modulatory 
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mechanisms in a variety of immunological and pharmacological cellular 
phenomena8. 35. Histamine inhibits IgE-dependent release of chemical 
mediators from mast cells and basophils, a process which is accompanied by 
increased intracellular cyclic AMP concentrations9 . H2-antagonists them
selves enhance the release of mediators and, predictably, inhibit the hista
mine-induced inhibition of mediator release31 .32 . 

It has been suggested that the activity of lymphocytes is governed by the 
number of histamine receptors carried by the cells. Histamine inhibits 
T -lymphocyte cytotoxicity and this property increases with time after 
immunization36. 37. In a similar way, histamine inhibits the immunological 
release of leukocyte lysosomal enzymes35 and enhances eosinophil migra
tion 18. Thus endogenously-released histamine plays an important part in the 
regulation inflammation. 

ACKNOWLEDGEMENT 

Supported in part by the National Research Council of Canada, Agriculture 
Canada, Ontario Ministry of Agriculture and Ontario Racing Commission. 

References 

1. Ambache, N., Killick, S. W. and Zar, M. A. (1973). Br. J. Pharmacal., 48, 362P-3P 
2. Ash, A. S. F. and Schild, H. O. (1966). Br. J. Pharmacal., 27, 427-39 
3. Ashford, C. A., Heller, H. and Smart, G. A. (1949). Br. J. Pharmacal., 4, 153-6, 157-61 
4. Black, J. W., Duncan, W. A. M., Durant, G. 1. et al. (1972). Nature (Landan), 236, 

385-90 
5. Black, J. W., Duncan, W. A. M., Emmett, 1. C. et al. (1973). Agents Actions, 3,133-7 
6. Black, J. W., Owen, D. A. A. and Parsons, M. E. (1975). Br. J. Pharmacol, 54, 319-24 
7. Blyth, D. 1. (1972). Br. J. Pharmacol., 45, 126-8 
8. Bourne, H. R., Lichtenstein, L. M., Melmon, K. L. et al. (1974). Science, 184, 19-28 
9. Bourne, H. R., Melmon, K. L. and Lichtenstein, 1. M. (1971). Science, 173,743-5 

10. Bovet, D. and Staub, A. (1937). C.R. Soc. Bioi. 124, 547-9 
11. Brimble, M. J. and Wallis, D. 1. (1973). Nature (London), 246, 156-9 
12. Brimblecombe, R. W., Duncan, W. A. M., Durant, G. J. et al. (1975). J. Int. Med. Res., 

3,86-92 
13. Chand, N. and Eyre, P. (1975). Agents Actions,S, 277-95 
14. Chand, N. and Eyre, P. (1977). Agents Actions, 7, 183-90 
15. Chand, N. and Eyre, P. (1978). Agents Actions, 8, 191-8 
16. Chand, N. and Eyre, P. (1978). Res. Comm. Chem. Path. Pharmacol., 21, 55-65 
17. Church, M. K. and Miller, P. (1975). Br. J. Pharmacol., 55, 315P 
18. Clark, R. A. F., Sandler, J. A., Gallin, J. 1. et al. (1977). J. Immunal., 118, 137-45 
19. Csongrady, A. and Kobinger, W. (1974). Arch. Pharmacol., 282, 123 
20. Dale, H. H. and Laidlaw, P. P. (1910). J. Physiol., 41, 318-49 
21. Durant, G. J., Ganellin, C. R. and Parsons, M. E. (1975). J. Med. Chem., 18, 905-9 
22. Eyre, P. (1973). Br. J. Pharmacal., 48, 321-3 
23. Eyre, P. and Wells, P. W. (1973). Br. J. Pharmacol., 49, 364-7 
24. Fantozzi, R., Mannaioni, P. F. and Moroni, F. (1973). Br. J. Pharmacol., 49, 361-3 
25. Flacke, W., Atanackovic, D., Gillis, R. A. et al. (1967). J. Pharmacol. Exp. Ther., 155, 

271-8 
26. Flynn, S. B., Gristwood, R. W. and Owen, D. A. A. (1977). Br. J. Pharmacal., 59, 530P 
27. Flynn, S. B. and Owen, D. A. A. (1975). Br. J. Pharmacol., 55,181-8 
28. Folkow, B., Haeger, K. and Kahlson, G. (1948). Acta Physiol. Scand., 15,264-78 

261 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

29. Goadby, P. and Phillips, E. A. (1973). Br. J. Pharmacol., 49, 368-9 
30. Karppanen, H., Paakkari, I., Paakkari, P. et al. (1976). Nature (London), 259, 587-8 
31. Krell, R. D. and Chakrin, L. W. (1977). Eur. J. Pharmacol., 44,35-44 
32. Lichtenstein, L. M. and Gillespie, E. (1973). Nature (London), 244, 287-8 
33. McNeill, J. H., Verma, S. C. (1974). J. Pharmacol. Exp. Ther., 188, 180-8 
34. Maudsley, D. V., Kobayashi, Y., Williamson, E. et al. (1973). Fed. Proc., 32, 808 
35. Melmon, K. L. and Bourne, H. R. (1974). Clin. Pharmacol. Ther., 16, 886-91 
36. Melmon, K. L., Bourne, H. R., Weinstein, Y. et al. (1972). Science, 177, 707-9 
37. Melmon, K. L., Weinstein, Y., Shearer, G. M. et al. (1'972). Isr. J. Med. Sci., 8,641 
38. Parsons, M. E., Owen, D. A. A., Durant, G. J. et al. (1977). Agents Actions, 7, 31-7 
39. Powell, J. R. and Brody, M. J. (1974). Fed. Proc., 33, 585 
40. Okpako, D. T. (1973). Arch. Pharmacol., 279, R35 
41. Okpako, D. T., Chand, N. and Eyre, P. (1978). J. Pharm. Pharmacol., 30, 181-2 
42. Trendelenburg, U. (1960). J. Pharmacol. Exp. Ther., 130,450-60 
43. Zavecz, J. H. and Levi, R. (1976). Fed. Proc., 35, 645 

262 



26 
Serotonin and S2 antagonists in 
veterinary medicine 
l. Ooms, F. Awouters, A. Degryse and T. Jageneau 

PHARMACOLOGY 

Peripherally-acting serotonin affects mainly the cardiovascular, respiratory 
and gastrointestinal systems in which smooth muscles are very sensitive to 
the contractile activity of this biogenic amine15 • In mammals serotonin 
(5-HT; 5-hydroxytryptamine) is present in the enterochromaffin cells of the 
gut (major part), in nervous tissue and in platelets. In rats, it was shown that 
the lung plays a major role in the total body clearance of circulating sero
tonin64 • In rats and also in other animal species, serotonin is also abundant 
in mast cells, from which it is released in allergic reactions and by polyamines, 
such as compound 48/80. Very heterogeneous stimuli may cause release of 
serotonin from these cellular sources and thereby activate pathological 
pathways. 

Table 26.1 Pharmacological activity spectrum of R 41468 

System 

Receptor 
preparations 

Isolated tissues 
organs and cells 

Whole animal 

Potent 

Binding to 5-HT2 

5-HT antagonism in 
- blood vessels 
- airways 
- platelets 

Antagonism of 
endogenous or 
injected serotonin 
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Weak 

Binding to 
- histamine 
- noradrenaline 

Antagonism of 
- histamine 
- noradrenaline 

Antagonism of 
- histamine 
- noradrenaline 
- tryptamine 

Absent 

Binding to 5-HTI 

- 5-HT antagonism 
in gastric and 
intestinal smooth 
muscle 

- own agonist activity 

Generalization with 
LSD 
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In our laboratories, antagonism of endogenous serotonin was studied by 
a new method. An intravenous injection of compound 48/80 in rats is known 
to induce lethal shock, which can be prevented by the administration of any 
specific histamine H1-antagonist47 • Despite adequate antihistamine treat
ment, severe gastric ulceration gradually develops after compound 48/80 
injection and these ulcers were found to be fully prevented by additional 
administration of drugs with known serotonin antagonistic activity. This 
provided a simple way to screen new compounds and the quinazolinedione 
derivative, R 41468, proved to be a potent serotonin antagonist with an oral 
EDso of 0.15 mg/kg. Detailed studies of the pharmacological activities of R 
41468, summarized in Table 26.1, have revealed marked differences between 
the known serotonin antagonists and the new class of pure and selective S2-
antagonists, of which R 41468 (ketanserin) is the prototype. 

The new compounds did not mimic the action of serotonin in any test and 
were not generalized with LSD in a drug discrimination procedure (Table 
26.2). They showed high affinity binding to S2 (5-HT2) receptors of the 

Table 26.2 In vitro receptor binding profiles (Ki-value in nmollJ) of 5-HT2 receptor ligands 

Ratio 
5-HTII 

Compound 5-HT2 5-HTI 5-HT2 HI 0/1 0/2 DA Ach-M 

LSD 8.2* 20 2.4 n.a. 160 58 20 n.a. 
Methysergide 12 99 8.3 n.a. 2300 2600 200 n.a. 
Metergolin. 0.9 20 22 1100 10 n.a. 220 n.a. 
Metitepine 1.9 62 32 4.9 0.47 48 4 n.a. 
Mianserin 13 llOO 85 2.9 82 60 620 n.a. 
Cyprohept. 6.5 700 108 2.7 100 860 31 19 
Spiperone 1.2 160 133 n.a. 10 n.a. 0.16 n.a. 
R 41468 2.1 n.a. >1000 10 10 n.a. 220 n.a. 
Pirenperone 2.0 n.a. >1000 14 6.8 3.3 16 n.a. 
R 46700 2.8 n.a. >1000 13 12 n.a. 147 n.a. 
R 50970 2.6 n.a. >1000 16 2.7 3.3 50 n.a. 

*Figures in italic not significant 

frontal cortex but none to Sl (5-HT 1) serotonin receptors of the hippo
campus. Serotonin responses of blood vessels, the respiratory tract and plate
lets were inhibited at low concentrations, but not those of gastrointestinal 
smooth muscle. To study the involvement of serotonin in peripheral 
pathology, particularly of cardiovascular origin, R 41468 has the further 
advantage of being only weakly active against histamine, noradrenaline and 
central tryptamine. The activity spectrum of other S2-antagonists, however, 
may include significant antagonism of biogenic amines other than serotonin, 
providing combinations that are better adapted to particular applications, 
e.g. substances combining the high S2 antagonist activity with a high a1 
adrenergic blockade and histamine1 antagonist activity, a high a2 agonist 
activity and a moderate or high dopamine antagonist activity. 
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VETERINARY APPLICATIONS 

Prevention of malignant hyperthermia (MH) and exercise-induced 
muscle damage in stress-susceptible pigs 

The predominant clinical features associated with malignant hyperthermia 
(MH) in pigs are gross musculature rigidity, hyperthermia, rapid rise in body 
temperature and blotchy cyanosis. There is also a severe metabolic acidosis 
with a rise in serum electrolytes. In pigs, MH is a manifestation of a general
ized susceptibility to stress. MH is not confined to pigs. Anaesthetic-induced 
MH has also been described in dogs, cats, horses, birds and also in wild 
animals during capture13 , 31, SS,6S. The immediate cause of MH appears to be 
a sudden rise in myoplasmic calcium concentration. However, the abnor
mality that could account for the rapid rise in myoplasmic calcium is not yet 
known. From literature, the possibilities are multiple: defective accumu
lation of calcium in the sarcoplasmic reticulum, defective accumulation of 
calcium in the mitochondria and excessively fragile sarcolemma with passive 
diffusion of calcium into the myoplasm from the extracellular fluid. Stress 
and the sympathetic nervous system are obviously intimately involved in MH 
in pigs. Serotonin has been shown to be involved in the stimulation of motor 
neurons and also in the development of tremor and myoclonus48 • Also, 
transmitter release at the mammalian neuromuscular junction is enhanced by 
serotoninl6. Since nerve terminals containing 5-HT make intimate contact 
with motorneurons, a functional role for 5-HT in the regulation of muscle 
tone seems implicated. Serotonin is also involved in the muscle necrosis in 
functional ischaemic skeletal muscle and in the development of degenerative 
changes in skeletal muscle62. S2 antagonists were tried out to prevent 
halothane-induced MH and exercise-induced muscle damage in stress
susceptible pigs. 

(1) Halothane-induced MH. Pietrain pigs (± 20 kg body weight) were 
injected with 5-HT2 antagonists or isotonic saline before (- 30 min) 
exposure to 12 min halothane anaesthesia (4070 halothane during first 
5 min followed by 2-3% halothane). Clinical observations (cyanosis 
and muscle stiffness) were combined with measurement of rectal 
temperature. Blood samples and muscle biopsies were taken before and 
19 min after start of anaesthesia. In a few pigs also the systolic and 
diastolic blood pressure and the venous distensibility were measured by 
plethysmography. The central venous pressure, the respiratory rate and 
the tidal volume were continuously recorded. 

(2) Exercise-induced muscle damage. Belgian Landrace pigs and Pietrain 
pigs (± 80 kg) were injected with 5-HT2 antagonists or with isotonic 
saline 20 min before running on a treadmill for 10 min (speed: 6 km/h). 
Each pig was tested with saline and with 5-HT2 antagonists with at least 
1 week of interval. Blood samples (venous blood) were taken before 
running, immediately after running and 4 h later from a catheter 
Uugular vein) implanted at least 10 days before the first exposure to 
exercise stress. 
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·c 

Figure 26.1 Rectal temperature of pigs pretreated with R 41468 (0.25-0.5 mg/kg i.m.) from 
t = 0 to t = 12 min and after exposure to halothane. All animals survived 

Table 26.3 (a) Serum values of control pigs and pigs pretreated with R 41468 or R 50970 before 
(Omin values) and after exposure (19min values) to halothane 

Omin 19min 
N Parameter values SD values SD p-value 

Control pigs 
8 K (mEq/l) 4.98 0.57 8.98 0.72 0.011-
8 A. phospho (mg/100ml) 7.37 1.04 14.82 2.39 0.011-
8 Lactate (mg/IOOml) 23.5 5.23 119.75 22.49 0.011-
7 LDH (UlI) 970.28 113 .387 1749.57 203 .11 0.017-
8 Cholesterol (mg/ 1 00 ml) 84.75 10.36 114 4.14 0.011-
8 CPK (U/I) 980.26 236.46 3446.25 1054.73 0.011-

Pretreated pigs 
16 K (mEq/l) 5.06 0.51 5.15 0.46 0.46 
16 A. phospho (mg/IOOml) 6.76 0.37 6.65 0.39 0.33 
16 Lactate (mg/l00ml) 20.56 3.68 20.56 3.99 0.94 
15 LDH (U/l) 1052.53 138.45 1150.67 132.25 0.043-
16 Cholesterol (mg/l00ml) 79.87 4.33 83.75 5.54 0.039-
16 CPK (UIl) 951.56 399.41 995.43 421.01 0.014-

-Significant 

Table 26.3 (b) Comparison of the increase of the various parameters between not pretreated 
and pretreated pigs 

Parameter 

Potassium 
Inorganic phosphate 
Lactate 
LDH 
Cholesterol 
CPK 

tMann-Whitney U-test 
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0.OOOO86t 
0.OOO21t 
0.OOO18t 
0.OOOO89t 
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Results 

Pigs, which were susceptible to halothane-induced malignant hyperthermia 
pretreated with 5-HT2 receptor blocking agents (0.25-0.5 mg/ kg), and sur
vived a subsequent exposure to halothane. No muscle stiffness was noted. 
Rectal temperature increased by 0.2-0.4° C or decreased below the initial 
rectal temperature (Figure 26.1) . Measured plasma values did not change 
significantly (Table 26.3 (a». Without pretreatment, all pigs showed the typi" 
cal clinical syndrome of MH: muscle stiffness 30 sec to 3 min after the appli
cation of halothane, hyperthermia (42.5-44° C, Figure 26.2) and blotchy 

42 

41 

40 

39~~~~~~~~~~ ____ ~~~~~~ 
min. 

Figure 26.2 Rectal temperature of non-pretreated pigs from t = 0 to t = 12 min and after 
exposure to halothane. All animals died 

cyanosis of the skin. All pigs died after a variable time period (12- 40 min). 
Plasma values of potassium, calcium, inorganic phosphate, lactate and 
cholesterol were significantly increased (Table 26.3 (b». Electron microscopy 
of muscles of not pretreated pigs showed swollen mitochondria with a clear 
increased calcium content and damage of the cristae (Figure 26.3). In pre
treated pigs no morphological damage was seen. The calcium content of the 
mitochondria was only moderately increased (Figure 26.3). In control pigs, 
exposed to halothane, a significant decrease in venous distensibility accom
panied with a high increase in peripheral resistance and central venous blood 
pressure was seen (Figure 26.4). This increase in peripheral resistance is 
accompanied by a significant increase of arterial blood pressure (systolic and 
diastolic). A few minutes before the animals die, arterial blood pressure 
(systolic and diastolic pressure) decreased sharply. A decreased cooling of the 
muscles by a lower blood flow through the muscles and the skin is most 
probably involved in the development of hyperthermia. Pigs pretreated with 
5-HT2 antagonist activity showed an increase of the venous distensibility and 
no significant increase of the peripheral resistance (Figure 26.5) in com
parison with untreated pigs (Figure 26.6). Arterial and central venous blood 
pressure did not change significantly. In the treadmill experiments, pigs 
pretreated with isotonic saline showed after 10 min a significant increase of 
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Figure 26.3 Ultrastructural localization of calcium in the mitochondria of skeletal muscle 
tissue observed in four different samples taken from the same pig. (a) Pre-anaesthesia sample; 
no pretreatment. The low amount of calcium in the normal mitochondria (m) is visualized by 
the presence of a few spots of precipitate (arrows) in the matrix. Glycogen (g); myofilaments 
(mf) (x 34000). (b) Postanaesthesia sample; no pretreatment. The large conglomerates of 
precipitate (arrows) in the clarified matrix of these swollen mitochondria (m) indicate the 
presence of large amounts of intramitochondrial calcium (x 27 000). The greatly increased 
amounts of calcium are most probably deleterious to these skeletal muscle mitochondria. (c) 
Pre-anaesthesia sample; pretreatment with R 41468. A comparably low amount of calcium is 
seen in these normal mitochondria as shown in (a) (x 340(0). (d) Postanaesthesia sample; 
pretreatment with R 41468. The amount of calcium is increased in the otherwise normal looking 
mitochondria (x 34000). The moderate increase in myoplasmic calcium which may have 
occurred after halothane anaesthesia in this pretreated pig can probably be managed by the 
mitochondria 

blood lactate, base excess, potassium and inorganic phosphate. After 4 h, 
LDH and CPK values were significantly increased. These blood values were 
only moderately increased after pretreatment with 5-HT2 antagonists (Table 
26.4). The percentage of increase depends on the potency of the substance 
as a 5-HT 2 antagonist and the other pharmacological properties of the same 
substance (al antagonism, dopamine antagonism). 
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Figure 26.4 Measurement of arterial blood pressure, central venous blood pressure and heart 
rate of pigs pretreated with R 41468 and R 50970 and control pigs pretreated with saline before, 
during and after halothane anaesthesia 

Table 26.4 Serum values of two pigs (B and G) during control run and running after pretreat
ment with R 41468 or R 50970 (20mg i.v.) 

Pig B Pig G 
Parameter Control R 50970 R 41468 Control R 41468 

Increase or decrease within JOmin 
Potassium +1.5 +0.2 +0.5 +0.7 +0.0 
Glucose + 181 +36.0 +58.0 + 51.0 + 1.0 
Inorganic phosphate +2.1 +0.4 +0.1 + 1.0 -0.4 
Lactate + 136 +28.0 +26.0 + 17.0 +4.0 
pH -0.53 -0.1 -0.14 -0.06 +0.0 
p02 + 17.5 + 16.0 +22.6 + 3.5 -1.8 
BE -28.8 -10.4 -12.2 -6.2 -1.0 

Increase or decrease within 4 h 
CPK +4794 +225 +526 +5929 + 128 
LDH + 1312 +281 + 310 + 1387 -582 
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VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Discussion 

5-HT2 antagonists prevent the development of malignant hyperthermia in 
susceptible pigs and also muscle damage in pigs submitted to physical stress. 
In vitro, our substances did not show a protective activity on halothane (1 0/0) 
nor on caffeine (2 mmolll) induced contractions. So no antagonist activity 
was stated on isolated muscles in vitro. In vivo, stress and the sympathetic 
nervous system are obviously intimately involved in MH and muscle damage 
in pigs. Pietrain pigs are extremely sensitive to a-adrenergic stimulation and 
develop a fatal hyperthermia. Serotonin has been shown to reverse blockade 
induced by the non-depolarizing agents and hemicholinium and to potentiate 
blockade produced by the depolarizers. What is most important in the 
development of MH: a primarily abnormal membrane structure as suggested 
by in vitro experiments or an increased release or decreased metabolism of 
serotonin or both? The action of serotonin seems to be on the circulatory 
system by increasing the peripheral resistance to flow. Also a direct involve
ment on the skeletal muscle membrane itself by increasing the membrane 
permeability for calcium seems possible. The observation that substances 
combining S2 antagonist activity with an aI-adrenergic blockade and 
dopamine blockade (central sedation) are more potent in the prevention of 
halothane-induced MH and/or muscle damage due to stress or exercise, 
indicates that more than one mediator is involved, but finally having an 
additive effect on the action of serotonin. 

Diarrhoea 

About 65 % of the total body serotonin is present in the gastrointestinal tract. 
In preparations of longitudinal muscle (with myenteric plexuses attached) 
from the guinea-pig ileum, 5-HT concentrations of 81 ::I:: 11 ng/g and 110::1:: 
20ng/g have been reportedso• Within the enteric neurons, 5-HT appears to 
be stored together with a specific binding protein (serotonin binding protein) 
that is similar in its properties to the serotonin binding protein found in 
serotonergic neurons in the brain. In the remaining layers of the intestine 
(including the mucosa) concentrations of 6350::1:: 860 to 89000::1:: 600 ng/ g 
were found36. High concentrations of serotonin are present especially in the 
enterochromaffin cells (endocrine cells). 5-HT is taken up by both nerve 
plexuses and mucosa, with a high affinity mechanism. 5-Hydroxytryptophan 
(5-HTP) is converted to 5-HT26. 27. 5-HTP decarboxylase in the gut might 
be involved in the regulation of 5-HT synthesis and is likely to be involved 
as a limiting step. Tryptophan hydroxylase was also shown in intrinsic 
neurons of the intestine (myenteric and submucous plexuses of guinea-pig, 
mice and rats). So 5-hydroxytryptamine is an endogenous constituent of the 
enteric nervous system. 

Physiological stimulators releasing serotonin from the 
enterochromaffin cells 

Stimulation from the luminal side Luminal stimulation by instillation of 
hypertonic glucose solutions or by acidification of the duodenum caused a 
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degranulation of the enterochromaffin cells (EC) and a release of 5-HT into 
the circulation38 . In rats, glucose load caused a significant decrease in 
duodenal concentration of serotonin and an increase in pancreatic serotonin. 

Stimulation from the circulation Several circulating substances and drugs 
have been shown to influence the release of 5-HT from EC. Catecholamines, 
morphine, nicotine, and reserpine have been shown to release 5-HT from the 
intestine or to decrease the 5-HT content of EC5-7. Acetylcholine also 
decreased the 5-HT content of EC but was much less potent than the 
adrenergic substances. Dopamine had no effect. In vitro incubations with 
noradrenaline, adrenaline and isoprenaline caused a minor decrease of 5-HT 
in EC, indicating that a cholinergic control may also contribute to the 5-HT 
content of EC. 

Neural stimulation In both cats and guinea-pigs, stimulation of the vagus 
decreases the 5-HT content of the ECl, 58. Fluorescence histochemical studies 
have shown that adrenergic nerves run with the vagus40 • The response was 
prevented by destroying nor adrenergic nerves by the injection of 6-hydroxy
dopamine or by injecting antibodies to nerve growth factor and also by prior 
removal of the superior cervical ganglia. So it was illustrated that 5-HT can 
be released through nerve activity, even though the source of 5-HT is not the 
nerves themselves49 • Also the splanchnic nerves participate in the regulation 
of 5-HT release from EC into the portal circulation by an adrenergic mech
anism. Splanchnic nerve stimulation in the cat significantly increased the 
portal 5-HT levels. This effect could be blocked by ex and {3 adrenoreceptor 
antagonists. Ultrastructurally, nerve terminals of three different kinds were 
observed in very close relationship to the basal part of the EC cells in the 
guinea-pig duodenum (cholinergic, purinergic and adrenergic). In addition, 
sensory nerve endings were demonstrated near the base of the EC. 

Involvement of serotonin in secretory diarrhoea induced 
by cholera toxin 

In 1974 Fujita et a/. 22 showed that crude cholera toxin introduced into the 
duodenum of the anaesthetized rabbit caused release of the basal granules 
in the EC. These EC cells are stimulated by cholera toxin at their apical 
microvilli and release serotonin. In a more recent study it was shown that 
cholera toxin causes a depletion of the endocrine cells of serotonin 
(60-700/0). Most of the 5-HT was secreted in the intestinallumenl2. 

Serotonin acting from the serosal side In vitro and in vivo, it was shown 
that 5-HT increased the electrical activity of the rat jejunum. The increased 
potential difference and short circuit current resulted from a stimulation of 
electrogenic chloride secretion and a reduction of NaCl absorption. 5-HT did 
not alter cyclic AMP level on isolated enterocytes. 5-HT and acetylcholine 
acted independently in inducing intestinal secretion. Since certain intestinal 
secretagogues, including the cholinergic agonists and serotonin from the 
serosal side, do not cause mucosal cAMP to increase and require extracellular 
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calcium to produce a full electric response, these substances may act as 
calcium ionophores on the epithelial cells. It is likely that the intestinal 
secretory effect of 5-HT is initiated by an influx of calcium, since the effect 
of 5-HT was diminished in Ca-free media and mimicked by the Ca ionophore 
A23187. It was also shown that the 5-HT response was inhibited by the 
calcium channel blocker verapamil and also that the presence of 5-HT was 
associated with an increased rate of calcium movernent between the intestinal 
mucosa and its environment14 . 

In cat experiments, there was a continuous decrease in the VIP release in 
control animals, while the VIP release increased steadily from intestines 
exposed to cholera toxin. The release could be inhibited by tetrodotoxin give 
i.a. or lidocaine administered into the gut lumens. Nervous reflex arcs are 
activated via the release of 5-HT from the EC cells. 5-HT stimulates the 
dendrites located closely adjacent to the EC cells. One of the transmitters 
released at the efferent end of the reflex arc in the crypts and/or in the villi 
is VIP. To test this hypothesis, it was shown that rats exhibiting choleraic 
secretion did not show fluid secretion after being made tachyphylactic 
against serotonin or after 5-HT blocking agents (methysergide or chor
promazine) given i.v. 

Serotonin acting from the luminal side In vitro, on the descending colon 
from Sprague-Dawley rats, electrogenic transport was estimated from the 
short-circuit current measured in vitro with a four-electrode voltage clamp 
and the tissue mounted in Frizzel-Schultz chambers. Serotonin, harmaline 
and melatonin (structurally similar to amiloride) inhibited the SCC similar 
to amiloride with onset of inhibition in seconds, inhibition only from the 
luminal side, reversible inhibition and inhibition only of the portion of SCC 
that is amiloride-sensitive. The concentration of half maximal inhibition for 
serotonin in the rat colon is 12 mmolli. The maximal inhibition with sero
tonin and amiloride is similar, suggesting a single site of action39 • 

Serotonin and intestinal motility 

After an oral ingestion of 5-HTP (30mg/kg) in dogs, the spiking activity 
during the recording time rose from 250/0 (control) to 50% during the first 
hour. A percentage of 90-95 is reached for the next 5 h51 . The release of 
5-HT after distension or after intraluminal application of hypertonic glucose 
load also facilitates contraction of the intestine. In the dog small intestine, 
Burks provided evidence that 5-HT excited intraneural cholinergic nerve 
elements since the intestinal contracting effect of 5-HT was blocked by 
tetrodotoxin, nicotonic depolarization and atropine, but not by TEA4. 
5-HT, applied by microelectrophoresis to neurons of the submucous plexus 
of the guinea-pig small intestine, depolarized all neurons and, if the amount 
of depolarization by 5-HT was sufficient, action potentials were initiated32 • 

The effect of 5-HT was depressed by d-tubocurarin, but remained unaffected 
by methysergide. 
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5-H7; antagonists and diarrhoea 

With the knowledge that serotonin in one way or another is involved in the 
mechanisms of cholera and E. coli enterotoxins-induced diarrhoea, we used 
serotonin2 antagonist in an in vivo model on young pigs. 

Ten day old animals were operated under general anaesthesia (metomidate 
Lv.) after a 24 h period df fasting (only water available). Loops (n = 5) were 
made in the jejunum with thick cotton wires and injected intraluminally with 
10 p.g of pure cholera toxin. Animals were treated 1 h before and 2 h after 
introduction of cholera toxin with 1 ml of isotonic saline (control animals) 
or with a serotonin2 antagonist (R 50970; 0.3 mg/kg Lm.). Postoperatively, 
only isotonic saline solution was available ad libitum. 6 h later, the animals 
received an overdose of barbiturates Lv. The contents were centrifuged and 
the fluid volume measured and indicated as ml fluid per cm of intestinal loop 
(Table 26.5). 

From these preliminary results, it seems that serotonin is involved in 
secretory diarrhoea. However, further experiments on animals showing 
spontaneous diarrhoea of different origin seem necessary to further evaluate 
these substances. 

Table 26.S Results of pigs treated with isotonic saline and R 50970 (5-HT2 antagonist) 

Number of pigs 
mllcm of intestine (mean) 
SD 
P-value 
Significancy 

*Mann-Whitney U-test 

Rumen motility 

Isotonic saline 

25 
0.971 
0.282 

R 50970 

27 
0.666 
0.362 
0.002 
* 

Rumen motility is under control of the central nervous system (medulla 
oblongata) and depends mainly upon autonomic control systems29, 54, 59, 
ensuring a co-ordinate function of the reticulum, rumen and omasum. The 
motor events happen in cycles lasting about 1 min. A contraction starts by 
a biphasic contraction of the reticulum followed by the primary contraction 
of the rumen with secondary rumen contractions occurring in the interval 
between two primary contractions of the reticulo-rumen for about 40-600/0 
of the motor cycles52. Secondary retrograde contractions seem to be neces
sary for eructation. An increase in their number is associated with a higher 
rate of eructation 11. 

Substances, such as dopamine and apomorphine, caused inhibition of 
extrinsic ruminal contractions that could be prevented by domperidone 
pretreatment41 . Substance P also inhibits extrinsic rumen contractions61 , 
Morphine depressed both frequency and amplitude of ruminal contractions, 
while naltrexone and naloxone significantly increase the frequency of 
ruminal contractions. 
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In vitro, on the longitudinal smooth muscle from the rumen and reticulum 
of the bovine forestomach, 5-HT potentiated the contraction evoked by 
stimulation of the intramural cholinergic nerves but did not show any effect 
on the relaxation produced by the non-adrenergic inhibitory nerve excitation. 
5-HT alone caused a contraction and relaxation of the ruminal strips while 
it produced only an excitatory effect on the reticular strips. These effects were 
blocked by methysergide, LSD-25 and phenoxybenzamine. 5-HT seems to 
have a direct effect on the smooth muscle, but also to induce presynaptic 
activation of the local cholinergic nerves57 . 

However, serotonin, injected intravenously, inhibits the rumino-reticular 
motility in sheep53. In sheep it was shown that R 41468 (specific serotonin2 
antagonist) at a dose level of 0.05 mg/kg significantly increased the volume 
of eructated gas when the intraruminal pressure was maintained at 2 mmHg 
and increased the frequency of primary and secondary contractions of the 
rumen by 41.5 and 24.3070 respectively. At an intraruminal pressure of 
4mmHg, R 41468 at a dose level of 0.1 mg/kg significantly increased the 
volume of eructated gas and also the frequency of both primary (23.6%) and 
secondary contractions (23.7 %). From these results it seems that specific 
serotonin2 antagonists offer the ability to treat bloating in ruminants (Table 
26.6)21. 

Table 26.6 Effects of increased doses of R 41468 on the volume of eructated gas and rumen 
motility in fasted sheep (Mean±SD for three experiments performed in four ewes) 

Intraruminal Eructatedt Frequency of rumen contractionst 
pressure R 41468 volume Primary 
(mmHg) (mg/kg) (1/5 min) ( /5 min) 

2 control 2.33 ±0.26 4.01 ±0.71 
0.05 3.33 ±0.81* 5.66±0~57* 
0.1 2.91 ±0.54* 5.12±0.15* 

4 control 3.92±0.35 5.12±0.15 
0.05 4.32±0.24 6.03±0.21* 
0.1 5.23±0.17* 6.33±0.42* 

tMeasured during a 15 min period before and after treatment 
*Significantly different from control (P< 0.05) using the paired t-test 

Laminitis in horses 

Secondary 
( /5 min) 

3.75±0.46 
4.66±0.58* 
3.33 ± 1.53 

4.31 ±0.52 
5.05 ±0.61 
5.33 ±0.37* 

Laminitis in horses has been associated with the intake of high concentrates 
and changes in caecal and colonic microbial populations. After carbohydrate 
overload, increases in lactic acid-producing bacteria and decreases in Gram 
negative bacteria were stated during the onset of acute laminitis. Progressive 
decreases in caecal fluid pH were also seen25 . The damage of the gastro
intestinal mucosa seems to permit absorption of endotoxins into the circu
lation. Local infections, such as metritis or retention of the placenta, fre
quently induce laminitis. In laminitis of alimentary and reproductive origin, 
endotoxins seem to be involved. Also endurance riding (local trauma) may 
result in the development of laminitis. Anti-inflammatory corticosteroids 
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have been associated with laminitis. Local intra-articular injections may 
cause laminitis63 • Even long term treatment with dexamethasone (i.m.), can 
result in the development of laminitis for no apparent reason46 • Chronic 
administration of glucocorticoids or androgens predisposes the animals to a 
disseminated intravascular coagulation type condition and some types of 
consumptive coagulopathy33. On spirally cut digital arteries and veins in 
vitro, it was shown that addition of hydrocortisone or betamethasone alone 
did not cause contractions. But added to vessel strips that were partially 
contracted by epinephrine, norepinephrine or serotonin, each vessel strip 
invariably underwent an additional contraction19. Corticosteroids seem to 
have an additive effect on some vasoactive substances. Biogenic amines (e.g. 
serotonin, noradrenaline, histamine and prostaglandins) have been shown to 
be involved in the development of laminitis. On isolated strips of digital 
arteries and veins it was shown that all contracted dose-dependently in 
response to histamine, serotonin, epinephrine and norepinephrine. The 
threshold potency was greater in the venous than in the arterial strips. 
Comparing the maximal contractions, the effectiveness of these amines in 
causing vasoconstriction was greater in the veins than in the corresponding 
arteries taken from the same individual animaP9. Serotonin is one of the 
mediators released by endotoxin, taken up by the reproductive system or 
produced by bacterial organisms giving sepsis. From the available evidence 
it seems that the disease is primarily vascular and local. The lesion in the foot 
is generally characterized by decrease capillary filtration, increased arterio
venous shunting, ischaemic necrosis, pain and finally resulting in rotation of 
the pedal bone23 • 34. The adrenal-stress phenomenon that develops during the 
onset of laminitis also seems to be of importance in that glucocorticoids and 
also serum testosterone values are increased2 • However, it has also been 
claimed that the vascular changes, which occur in the foot are only part of 
a general vascular change in which peripheral resistance to blood flow is 
increased by the causative agents. This also results in a significant increase 
in arterial blood pressure24 • 30. 

Table 26.7 Treatment of laminitis in horses with serotonin2 antagonists 

Body 
weight Treatment 
(kg) Aetiology Time * mg/kg i.v. days Resultt 

±600 Retention 12day I x 0.16 3 + 
190 Endurance riding 0.5h I x 0.10 3 ++ 
450 Endurance riding Ih I x 0.10 2 ++ 

±500 Overfeeding 1 day 1 xO.lO 2 ++ 
±600 Overfeeding 1 day 2 x 0.10 2 ++ 

460 Overfeeding 1 day 2xO.1O 1 ++ 
±500 Lameness (one leg) 1 day 2 x 0.15 2 + 

*Time period between the first clinical observations and the first treatment 
t + : sufficient clinical effect; + + : total clinical disappearance of the syndrome 
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Thrombocytopenia, eosinopenia and lymphocytopenia coagulopathies 
usually characterize the onset of acute laminitis42. Abnormalities in blood 
coagulation may be causative or be part of the syndrome. From the findings, 
hypertension, increased vascular resistance and abnormal platelet aggre
gation, it seems that serotonin could be involved as one of the final medi
ators. We used serotonin2 antagonists for the treatment of horses with 
laminitis of different origin. Preliminary findings of the successful treatment 
are reported in Table 26.7. 

Fever 

A large variety of stimuli can induce fever: several types of endotoxins, tissue 
damage, antigen-antibody reaction, tumours, etc. The fever producing agent 
(pyrogen) can be of exogenous or endogenous origin. 

On a molecular level, fever is associated with endogenous pyrogens and 
endotoxins, cell-mediated (phagocytosis) and antibody-mediated mechan
isms (complement activation, immune reactions). The final mediation is 
realized by endogenous mediators resulting in metabolic and hormonal 
responses both by central and peripheral mechanisms. Serotonin seems to be 
involved as one of those endogenous mediators. 

5-HT nerve endings terminate in the thermosensitive zone of the anterior 
hypothalamus20. This zone is reactive to endotoxin and also to leukocyte 
pyrogen. Following intrahypothalamic injection of serotonin, shivering, 
vasoconstriction and sharp rise in temperature were seen. 5-HT injected 
locally into the anterior hypothalamus evokes a hyperthermia in virtually all 
species. This area is also involved in the cellular mechanism which triggers 
a fever response to a bacterial challenge. So the serotonergic neurons under
lying the rostral hypothalamic temperature controller are responsible not 
only for the defence of an animal's body temperature during exposure to 
cold, but also for initiating the shift in the temperature set-point during a 
febrile episode45 . 

The observation on intact thermo regulating animals also provides direct 
evidence that a subtle perturbation in the release of serotonin by lipopoly
saccharides and other pyrogenic molecules are part of the final neuro
humoral pathway in inducing fever44. 

Fenfluramine (13 mpk i.p.; serotonin agonist) in rats produced a rapid 
hyperthermia effect in rats housed in a warm environment (26-28°e. 
Drugs with known activity on serotonin-mediated pathways were the most 
effective antagonists of this hyperthermia56. 

The influence of an S2 antagonist on endotoxin-induced fever is indicated 
in Figure 26.7. 

Respiratory pathology 

In neonatal rabbits, .it was shown that pulmonary neuroendocrine cells 
respond to changes in airway oxygen levels. Decreased oxygen stimulates 
secretion of serotonin which directly or indirectly increases artery wall 
constriction37 • Serotonergic agonists decrease tidal volume and minute 
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Figure 26.7 Effect of R50970 (0.5 mg/kg) on endotoxin-induced fever. Arrows indicate time 
of treatment of different groups: 0 treatment before; 0 treatment after 1 h; .treatment after 
2.5 h; • control pigs; n number of animals 

volume in a dose-dependent manner and also produce a respiratory acidosis. 
So the central nervous system areas involved in respiratory control seem to 
be modulated by the activity of central serotonergic neurons43 • Serotonin is 
also one of the mediators released in type I hypersensitivity in bovine and 
ovine lung17 • Serotonin is known to contract both trachea and bronchus in 
the calf and the sheepl8. Also dog bronchial tissue10 contracts to 5-HT. 
Pulmonary veins seem highly susceptible to the contractile activity of sero
tonin (horses, dogs and calves)lo. 17.28. In the dog it was shown in vivo that 
serotonin not only constricted arterioles, but also raised lung microvascular 
pressure by constricting post capillary venules3 • In the sheep and the goat, 
serotonin relaxed the pulmonary vein9• 17. In dogs it was also shown that 
serotonin infusion (O.020mg/kg) caused a pronounced and sustained rise in 
airway pressure60 • This effect could be abolished by an intravenous dose of 
O.04mg/kg R 41468 (a specific 5-HT2 antagonist). In the anaesthetized 
guinea-pig, serotonin-induced bronchoconstriction was inhibited by R 41468 
in a dose-dependent way. 

So serotonin seems to contribute in many animal species to the patho
physiology of pulmonary pathology (airways and pulmonary blood vessels) 
by raising the peripheral resistance, capillary pressure and volume, augment 
filtration and oedema formation in the pulmonary circulation and also the 
contraction of the respiratory pathway. Also other substances, such as 
histamine, slow-reacting substance of anaphylaxis, kinins and prosta
glandins are involved in the development of respiratory pathology due to type 
I hyperimmune reactions. 
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Pulmonary embolism in dogs, induced by autologous clot injected intra
venously, resulted in a fall of platelet count and in an increase of mean 
pulmonary arterial pressure, pulmonary vascular resistance and physio
logical dead space. Injection with R 41468 (0.15 mg/kg) reversed pulmonary 
hypertension and increased the number of perfused arteries in comparison 
with control animals35 • 

Also preliminary observations with 5-HT2 antagonist in different animal 
species indicate that these substances, alone or combining this with HI 
antagonism and al antagonism (R 50970), seem to be useful in the sympto
matic treatment of respiratory problems of different origin in different 
animal species. 

GENERAL CONCLUSION 

With serotonin2 antagonists one can prevent or treat many irregularities in 
animal pathology. Further research has to elucidate the final involvement 
and mechanism of action of serotonin in animal physiology and pathology 
of different origin. Specific serotonin2 antagonists seem very useful potent 
pharmacological substances and promise to be useful in further research on 
the involvement of serotonin in animal physiology and pathology. 
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27 
Dopaminergic control of 
gastrointestinal motility 
L. Bueno and J. Fioramonti 

Since a specific dopamine receptor in peripheral vessels has been proposed, 
many studies have proved that dopamine acts on distinct dopamine receptors 
on peripheral nerves and smooth muscle3, !4. 

This assessment has been recently supported by experiments concerning 
dopamine action on the lower oesophageal sphincter8,36,4! and on both 
gastric and colonic motility27, 39, 54. In vivo studies have suggested the 
presence of inhibitory dopamine receptors in the human stomach28 . Subse
quently, an antagonism of peripheral dopamine-mediated inhibition of 
gastric motility has been suggested to explain the action of the antiemetic 
drugs domperidone39 and metoclopramide54 in man. However, dopamine 
has also been shown to inhibit gastric motility via stimulation of adrenergic 
receptors in guinea-pig!! and rat stomach2!. More recently53, it has been 
demonstrated that the inhibitory effects of dopamine on contractions of 
human gastric smooth muscle strips are unaffected by haloperidol but 
abolished by a combination of phenoxybenzamine and propranolol. In 
addition, an indirect action of dopamine has been proposed via the release 
of gastrointestinal hormones affecting both exocrine pancreatic secretion 
and plasma glucagon levels in man.42 

Many antidopaminergic substances are used in human therapy as anti
emetic substances but also in the treatment of flatulent dyspepsia, diabetic 
gastroparesis, chronic reflux oesophagitis, gastric stasis, gastritis, peptic 
ulcer and hiccups. All these applications suggest that these substances are 
active on gastrointestinal motility. Therefore, the principal aim of this review 
was to establish their effects on intestinal motility and their ability to 
antagonize the effects of dopamine in different species with special reference 
to clinical implications in animal medicine. 

OESOPHAGEAL GROOVE CLOSURE 

In the milk-fed calf or lamb, reflex closure of the oesophageal groove permits 
the direct transfer of milk from the oesophagus to the abomasum with bypass 
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of the reticulo-rumen. Oesophageal groove motility is controlled by the 
vagus, and anticholinergic drugs are known to suppress this closure during 
sucking in lambs and calves37 • Cholinergic drugs are known to reinforce this 
closure whereas adrenergic substances administered prior to sucking are able 
to reduce the closure of the oesophageal groovel , 37. 

Using thermodilution to evaluate the amount of milk passing, respectively, 
into the abomasum and the reticulo-rumen in 3-5 week old calves, we have 
shown that the intravenous injection of dopamine (0.2 mg/kg) inhibits the 
closure of the oesophageal groove, thereby increasing the passage of milk 
into the reticulo-rumen. Both (X- and il-adrenergic blockers are unable to 
antagonize these effects, whereas this action is suppressed by an infusion of 
an antidopaminergic substance such as metoclopramide (61lg kg- I min-I) 
suggesting that inhibitory dopamine receptors control the motility of the 
oesophageal groove in preruminants (Figure 27.1). 
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Figure 27.1 Effect of dopamine on abomasal and ruminal temperature changes following cold 
water suckling in 3 week old calf. Note that dopamine reduced the amount of water passing 
directly into the abomasum as judged by the reduced fall in abomasal temperature . The inhibit
ing effect of dopamine on closure of the oesophageal groove was suppressed under meto
clopramide infusion 

Similar results are obtained with domperidone, which is considered to be 
a peripheral dopamine antagonist as it does not pass the brain-blood 
barrier25 • This is in agreement with the hypothesis of a direct peripheral effect 
by dopaminergic blocking agents on oesophageal groove motility. 

Partial closure of the oesophageal groove is considered as one of the major 
primary digestive disturbances appearing in milk-fed calves45 • Since dopa
mine may be involved, treatment with dopaminergic blocking agents should 
be tested in clinical trials. 
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MOTILITY OF THE FORESTOMACH AND 
LOWER OESOPHAGEAL SPHINCTER 

The motility of the ruminant forestomach is under the direct control of the 
central nervous system (medulla oblongata); reticular contractions are 
abolished when the vagus nerves have been cutI6,48,52. However, C¥2-
receptors may be involved in the peripheral adrenergic inhibition of ruminal 
motility34. 

Site of action of dopamine on rumino-reticular motility 

When administered intravenously at a rate of 20 p.g kg-I min -I, dopamine 
had a prompt inhibitory effect on forestomach motility. The contractile 
activity was completely abolished during the first 10-12 min; this effect was 
accompanied by a slow increase in the basal tone. Then the frequency of 
contractions was nearly halved during the following 10 min. Administered by 
intracerebroventricular (i.c.v.) route at 2p.gkg- 1 min- l , dopamine had an 
inhibitory effect on rumino-reticular motility only after 4-6 min of infu
sion. However, the period of total motor inhibition was similar to that 
observed after i. v. infusion (Figure 27.2). These results suggest that dopa
mine acts peripherally on the tonus of the rumen and centrally on the 'rate 
circuit' of phasic contractions. 

During the i.c. v. infusion of dopamine (2 p.g kg-I min -I), the inhibition of 
forestomach motility was preceded by a period of rumination. When the 
inhibitory effects of an i.v. infusion of dopamine are blocked by meto
clopramide, a period of rumination is also observed. This effect of dopamine 
on rumination is central and mediated by c¥2-adrenergic receptors as indi
cated by the antagonism produced by preliminary i.e. v. administration of 
tolazoline (20 p.g/kg) (Figure 27.3). 

I I I I I I l""',' 

I I II II I I I I I I II I I''''''' 
~~ _________ --,-_~,I~~ll'" 

I I .. .. " 
Figure 27.2 Central vs. peripheral origin of the dopamine-induced hypomotility of the 
reticulo-rumen in adult sheep. Note that i.c.v. administration of dopamine induced a period of 
rumination which was stopped by the inhibitory effects on rumino-reticular motility 
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Figure 27.3 Antagonistic effects oftolazoline (i.e, v,) and metoclopramide (i. v.) on respectively 
rumination and rumino-reticular hypomotility induced by i. v. dopamine infusion in sheep. Note 
that rumination occurred after blockade of the peripheral effects of dopamine on rumino
reticular motility by metoclopramide (10 /-Ig/kg) and was blocked by central administration of 
tolazoline (20/-lg/kg) 

Effect of antidopaminergic substances on rumen motility 

The effects of these substances were not equivalent. One major explanation 
is the antagonism between antidopaminergic and cholinergic drugs according 
to the well-known 'see-saw' mechanism between the dopamine-acetyl
choline (Da-ACh) systemsl8 , which is only seen with the 'atypical' Da
blocking agents and is not observed with the classical Da antagonist. Also, 
only some of these agents are able to pass the blood-brain barrierl9 , 56. 

Even then the bulbar centre which controls reticular motility is considered 
to be peripheral to the blood-brain barrier as with the trigger zone 
(CTZ)44, the activity of which is modulated by higher central hypothalamic 
and cortical structures47 . 

In addition, some antidopaminergic substances such as metoclopramide 
have other pharmacological properties (local anaesthesia activity, choliner
gic properties, etc.). 

Only metoclopramide is currently used in bovine therapy as an antibloat
ing substance, and in small animals as an antiemetic. Experiments have been 
developed to analyse its effects on spontaneous reticulo-ruminal motility and 
its antagonistic effects upon hypermotility induced by emetic substances 
(acting on dopaminergic receptors of the trigger zone) such as apomorphine. 
Intravenous infusion of metoclopramide at a rate of 4 p.g kg- I min -I for 1 h 
increased the occurrence of secondary contractions by 24.2070. However, this 
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increase was suppressed by higher rates of infusion and was not observed in 
fed animals. Intravenous injection of apomorphine (25-100 ltg/kg) inhibits 
the reticular contractions. Under metoclopramide infusion (0.4 mg kg- 1 h -1), 
the inhibitory effect of apomorphine was reduced in a dose-related manner. 
A bolus injection of 0.5 mg/kg of metoclopramide reduced the inhibitory 
effects of apomorphine (0.2 mg/kg) on the amplitude of reticular contrac': 
tions by 50070. 

Lower oesophageal sphincter (LES) and eructation 

Eructation in ruminants depends not only upon ruminal motility, but also 
upon co-ordinated reflexes involved in the opening of the cardiac orifice. 
Dysfunctions of ruminal motility and of cardiac opening are both involved 
in bloating phenomenon. Therefore, the pharmacology of ruminal motility 
alone has limited significance. Simultaneous recording of intraruminal 
pressure and eructated volume is suitable to study the effect of a drug on 
eructation and ruminal motility and their relationship. Since specific dopa
mine receptors are involved in the movements of the LES in monogastric 
animals, experiments have been performed to test the action of dopamine 
and antagonists on eructation. 

Eructation involves co-ordinated reflexes and aspiration of gases into the 
lungs; in cattle, the original technique developed for collection of eructated 
gases from the trachea6 has been modified several times9,46. In our test, in 
sheep, we have used the original technique6 in which the animals are prepared 
with chronic tracheal and ruminal fistulae. 

During experiments the anterior trachea was connected to a spirometer to 
measure the volume of the eructated gases; a strain gauge transducer per
mitted simultaneous recording of intraruminal pressure. 

Two experimental procedures were used. 

(1) Intraruminal pressure was elevated to 3 mmHg by insufflation of nitro
gen through aT-tube attached to the rumen cannula with the anterior 
tracheal cannula previously clamped shut to stop eructation. Drugs 
were administered 30 sec before the opening of the tracheal cannula and 
the rate of eructation was measured for the following 10 min. 

(2) Intraruminal pressure was elevated to between 1 and 4 mmHg by con
tinuous insufflation of nitrogen through the rumen cannula and the 
flow of nitrogen was adjusted to maintain this pressure throughout the 
experiment. 

The effects of dopamine and antidopaminergic drugs on ruminal motility 
and eructation were tested using the first experimental procedure. Figure 27.4 
shows a normal profile of eructation after ruminal distension (5 min) and the 
effects on an intravenous injection of dopamine alone or after previous 
administration of clebopride, an antidopaminergic drug. Both in the control 
experiment and after dopamine, the volume of the first eructation was so 
large that gases passed directly into the atmosphere through the mouth, as 
indicated by the drop in pressure without concomitant gas inhalation. This 
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Figure 27.4 Intraruminal pressure (continuous line) and volume of eructated gases (dotted line) 
after ruminal distension (3 mmHg) with the anterior tracheal cannula clamped shut. At time 0 
distension was stopped and the tracheal cannula opened. Note the different slopes of inhaled 
gases and intraruminal pressures between control and dopamine, with or without clebopride 
administration 

loss of gas was reduced after clebopride, probably because of greater tone 
of the cardia and because the mean rate of gas inhalation was higher than 
that observed in the control or dopamine experiments. 

In sheep when intraruminal pressure was maintained at 4 mmHg, the vol
ume of eructated gas was 3.92±0.35115 min and was significantly reduced 
to 2.33 ±0.26115 min when the pressure was halved. Similarly, the frequency 
of primary contractions of the rumen decreased from 5.1 to 4.0 per 5 min. 
When dopamine was infused intravenously at a rate of 62.5 JLg kg- 1 min- 1 

during rumen insufflation, the frequency of secondary contractions of the 
rumen was maintained. After 2-3 min transient reduction (48070) in the 
eructated volume, we observed a 110% higher rate of eructation than in the 
control experiments (Figure 27.4). These results suggest that dopamine in 
ruminants has an effect on the LES or cardia similar to that observed in 
monogastrics41 • The increased rate of eructation observed with dopamine 
infusion may be the consequence of its relaxant effects on the cardia as well 
as the increased tonicity of the rumen wall. 
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DOPAMINERGIC CONTROL OF GASTROINTESTINAL MOTILITY 

Following metoclopramide (1 mg/kg i.v.), dopamine-induced inhibition 
of primary contractions was abolished and the frequency of secondary 
contractions was increased by 20 to 50"70 compared to the control. However, 
such motor effects did not significantly modify the volume of gases eruc
tated, which was lower than that observed for dopamine alone (Figure 27.5). 
During rumen insufflation, metoclopramide probably reduced the volume of 
eructated gases by increasing the tonus of the cardia. 

Similar effects were observed only for the other antidopaminergic sub
stances tested (domperidone, clebopride); however, haloperidol, which is 
also partially able to block the dopamine-induced inhibition of rumen 
primary contractions, is unable to antagonize the modifications in the 
volume of eructation produced by dopamine (Figure 27.5). 
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Figure 27.5 Effects of dopamine on ruminal motility and eructation in sheep. Changes induced 
by dopamine were antagonized by metoc1opramide but not by haloperidol which inhibited by 
itself ruminal motility 

MOTILITY OF THE SMALL INTESTINE 

Dopamine 

In sheep, intravenous administration of dopamine (0.4 mg/kg) was followed 
by immediate inhibition of both antral and duodeno-jejunal spiking activity. 
Whereas this inhibition was prolonged on the antrum, after a delay of 
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Figure 27.6 Effects of dopamine on small intestine motility in sheep and rat. In sheep 
dopamine injected intravenously induced a propagated phase of regular spiking activity; a 
similar effect was obtained only for intracerebroventricular administration in the fed rat 

2-3 min the duodenum exhibited a phase of regular spiking activity (RSA) 
similar to that occurring normally at 90 min intervals, i.e. the migrating 
myoelectric complex (MMC)2. This dopamine-induced activity was propa
gated over the entire small intestine at a velocity of 15-30 cm/min (Figure 
27.6); the effect was suppressed by bilateral vagotomy. No similar effects 
were observed in dogs and rats. However, in these species the intracerebro
ventricular administration of dopamine (5 p.g/kg) was able to induce the 
duodenal occurrence of a RSA phase in fed rats (Figure 27.6) and the fasted 
dog. In the fed dog, the i.c.v. administration of dopamine shortened the 
disruption of the 'fasted' pattern, i.e. the cyclic occurrence of the MMC 
(unpublished results). The lack of motor effects on the small intestine by 
dopamine injected intravenously in rats is in agreement with the absence of 
changes in gastrointestinal content transit recently observed in rats15 • 

Antidopaminergic substances 

The effects of dopamine antagonists such as metoclopramide, domperidone, 
and haloperidol on spontaneous gastrointestinal motility and the antagonism 
of dopamine-induced relaxation on gastric smooth muscle by these com
pounds occur at a much lower concentration than those required for the 
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modification of neuronal controp9. This result is in agreement with the 
hypothesis that some dopamine receptors are located on smooth muscle. 
Consequently, metoclopramide and domperidone are used in human therapy 
to augment gastric and duodenal activity in a number of clinical situations. 
They can be used as adjuncts to radiological examination of the gastrointes
tinal tract, in duodenal intubation, functional dyspepsia and in nausea43 . 
Studies performed in man have shown that administration of metoclo
pramide results in prompt evacuation of the stomach, whereas intravenous 
administration of domperidone apparently results in a smoother but more 
protracted effect on gastric emptying. For this reason, metoclopramide may 
be more useful in radiodiagnosis (where prompt evacuation of the stomach 
is required), whereas domperidone may be more useful in the treatment of 
diseases which are associated with disordered gastrointestinal motor 
function. 

Studies performed in the dog are only partially in agreement with findings 
in humans. A 2 h infusion of metoclopramide in conscious fasting dogs 
enhanced the spike activity during migrating myoelectrical complexes with
out disruption of the fasted pattern57 • The effects of metoclopramide were 
variable, not dose-dependent, and more effective on the proximal than on 
the distal small bowel (a result similar to that previously reported for human 
duodenal motor activity)20. 23. In addition, there are apparently discrepant 
data concerning residual drug activity when infusion was terminating. 
Enhanced irregular spiking activity returned to control levels whereas jejunal 
hyperactivity remained significantly enhanced. 

Such an increase in activity may be responsible for increased gastric 
emptying. Our results confirm an increase in duodenal peristaltic activity 
after a bolus injection of metoclopramide (0.1 mg/kg) in the dog; similar 
stimulation of duodeno-jejunal motility is observed after intravenous and 
oral administration of other substituted benzamides such as clebopride. In 
contrast, domperidone did not appear to stimulate duodenal motility in both 
the dog and sheep when administered intravenously or orally at a dose of 
1 mg/kg; sulpiride was able to induce only a very slight and transient 
(40-60 sec) increase (30070) in the amplitude of duodenal contraction32 , but 
only with a dose of 12 mg/kg. 

These data suggest that the clinical need for an agent sudt as metoclo
pramide as a 'regulator' of intestinal motility cannot be objectively assessed 
until the nature of motility disorders is more clearly defined. It has been 
suggested that failure to produce MMC may be associated with bacterial 
overgrowth stasis in man and rats49. 55. 

COLONIC MOTILITY 

The role of the adrenergic system in the regulation of colonic motility is not 
fully elucidated, although catecholamines usually exert an inhibitory motor 
effect on the gastrointestinal tract3 and some /3-adrenergic drugs are known 
to have stimulatory effects on the sigmoid colon26. Administered intra
venously in healthy humans, dopamine exhibits stimulatory effects on the 
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motility of the recto-sigmoid colon which are not opposed by ex- and {3-
antagonists. These data suggest that dopamine does not act as a precursor 
of noradrenaline-and adrenaline, nor does it combine with ex- or {3-adrenergic 
receptors. Furthermore, dopamine does not act through cholinergic medi
ation, because atropine failed to inhibit its motor stimulant effect on the 
human sigmoid colon; on the contrary, there was a significant increase in this 
effect after cholinergic blockade27 • 28. All these results suggest that dopamine 
stimulates the motor function of the human large bowel through specific 
receptors. However, only the motility of the distal colon has been considered 
in these experiments and different effects of drugs on the proximal and distal 
colon have been observed previously in humans which confirms the presence 
of two distinct neural control areas 13 • 

In the dog, a species presenting a well-defined cyclic pattern of contraction 
propagated from the proximal to the distal colonS!, dopamine infusion has 
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Figure 27.7 Effects of dopamine vs. bromocriptine on colonic motility in the fasted dog. 
Dopamine, but not bromocriptine, produced inhibition of the contractions of the proximal 
colon whereas they had a similar stimulatory effect on the distal colon 
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variable effects depending upon the animal and the site considered. When 
infused at a rate of 0.5 mg/h (an emetic dose), dopamine has no effect (400/0) 
or inhibits (600/0) the motility of the proximal colon, whereas stimulation of 
the distal part was observed in 30% of the trials in the same dogs (Figure 
27.7). In contrast, bromocriptine (0.5 mg/kg) gave more coherent effects, 
consisting of delayed stimulation of colonic motility at all sites considered 
(Figure 27.7). 

Effect of antidopaminergic substances 

If many clinical investigations suggest that the use of dopaminergic blocking 
agents is efficient in the treatment of 'spastic colon' syndrome, nervous 
diarrhoea and many psychosomatic disturbances3o, only very few experi
ments have been performed to analyse the colonic motor effects of these 
drugs30. Similar to the results observed for the small intestine, the results for 
the colon appeared to be related to the nature of the antidopaminergic drug 
used, its dosage, and the basal motor activity of the colon. However, halo
peridol, sulpiride, pimozide and thioridazine are able to modify the motility 
of the distal colon. Generally, haloperidol and sulpiride, classical and 
'atypical' neuroleptic agents, respectively, induce antagonistic effects31 . 
Haloperidol reduces and sulpiride increases sigmoidal motility in patients 
with high intestinal tone (> 30 mmHg). This discrepancy has been related to 
the fact that haloperidol is preferentially a presynaptic blocking agent12. 29 
whereas sulpiride is exclusively a postsynaptic blocking agent17. However, 
both anticholinergic drugs and dihydroergotamine abolished the stimulatory 
effects of sulpiride on sigmoidal activity and are able to stimulate sero
tonergic receptors at the centralleveF by producing an increase in serotonin 
levels38 . Reversed effects of haloperidol and sulpiride are observed in 
patients presenting low sigmoidal activity. In this case haloperidol increases 
and sulpiride does not affect or reduces colonic activity31, but no clear 
explanation of these effects has yet been formulated and they may be related 
to other properties of the dopaminergic blocking agents used. For example, 
the finding that sulpiride, and not haloperidol, induces cholinergic rebound 
of motility in the hyperactive colon has been correlated with th~ fact that anti
dopaminergic drugs of the butyrophenone family possess antimuscarinic 
effects24.3s whereas sulpiride frequently induces cholinergic side-effects in 
humans33. 38. 

In the conscious healthy dog, we have established that each dopaminergic 
blocking drug studied has unique effects on colonic motility which are identi
fied regardless of the location in the colon. Metoclopramide and clebopride 
stimulated colonic motility whereas sulpiride produced inhibition (Figure 
27.8). Only in dogs, for which dopamine exerts an inhibitory action on 
colonic motility, were metoclopramide and clebopride, but not sulpiride, 
able to block the effects of dopamine, suggesting a peripheral site of action 
of dopamine on the colon. In addition, clebopride, metoclopramide and 
sulpiride block the effects of S-hydroxytryptophan (S-HTP) on colonic 
motility. 
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Figure 27.8 Comparative effects of some antidopaminergic drugs on the motility of the trans
verse colon in the dog. The lower panel corresponds to histograms of the motility indexes over 
consecutive 30 min periods showing that sulpiride reduced significantly the colonic motility 
which was enhanced by metoclopramide and clebopride 
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These results contrast with the observations27 in humans that haloperidol, 
but not (X- and J3-blockers, is able to antagonize dopamine-induced stimu
lation of recto-sigmoidal motility. 

Usually, haloperidol administered intravenously (0.5 mg/kg) blocks both 
inhibition of the proximal colon and stimulation of the distal colon induced 
by i.v. infusion of dopamine at a rate of 0.5 mg kg- 1 h- 1• However, phento
lamine (O.2mg/kg i.v.) seems to block these effects in some dogs with this 
pattern of activity. These results suggest that, in the dog, dopamine does not 
act on colonic motility through specific dopaminergic receptors. 

CONCLUSIONS 

In human therapy, antidopaminergic drugs are used in the treatment of many 
digestive disturbances such as flatulent dyspepsia, diabetic gastroparesis, 
chronic reflux oesophagitis, gastritis and peptic ulcer, nausea and vomiting, 
and emesis in pregnancy. All these clinical uses can be transported to animals. 
However, all pharmacological studies suggest that there is not a single simple 
pharmacological explanation of these uses and the mechanism of action 
remains unknown. 

In addition to their dopamine antagonism, many of these butyrophenones 
or substituted benzamines have other pharmacological properties such as (1) 
enhancement of cholinergic excitatory processes at postganglionic myo
neural junction5, 10,22,40,50, (2) inhibition of non-cholinergic, non-adrenergic 
motor inhibitory neurons40 , (3) antagonism of serotonin4o , and (4) direct 
action on smooth muscle4 • 

Regardless of the mechanism involved, the present results suggest that 
antidopaminergic drugs may be useful in specific problems of veterinary 
medicine, such as closure of the oesophageal groove in milk-fed calves with 
partial opening due to stress conditions, abomasal stasis, and other digestive 
disturbances like intestinal infection. By reinforcing the tone of the LES and 
simultaneously stimulating rumen motility, antidopaminergic substances 
may be useful in forestomach motor disturbances associated with vagal 
damage or ruminal hypomotility. 

By stimulation of duodenal activity in the sheep and dog, substituted 
benzamides such as metoclopramide and clebopride may be useful in cases 
of delayed gastric emptying and intestinal transit. The lack of characteristic 
and uniform effects on colonic motility does not permit proposal of their use 
in the treatment of diarrhoea, constipation or defaecation disturbances, or 
as postoperative treatment to abolish gut hypomotility. 

Finally, since an analogue of procainamide, metoclopramide, has been 
useful in human clinical practice for a number of years in the treatment of 
gastrointestinal dysfunction, it is appropriate to consider it and other sub
stituted benzamides with antidopaminergic properties for use in veterinary 
practice. The indications for their use still remain uncertain and have to be 
carefully examined, particularly for the treatment of digestive disturbances. 
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28 
Vomiting and antiemetics in 
small animal practice 
G. R. Hewett 

Vomiting is a very common clinical sign in dogs and cats. Isolated episodes 
of vomiting are of little significance and occur more commonly in dogs than 
in cats. Persistent vomiting, on the other hand, should be considered clini
cally abnormal and, if left untreated, will cause dehydration, hypokalaemia, 
hypochloraemia and a variable degree of hyponatraemia. 

Vomiting or emesis may be defined as the forceful expulsion of the gastro
intestinal contents through the mouth, while retching is the laboured 
rhythmic activity of the respiratory muscles which usually precedes or 
accompanies vomiting. However, retching may occur without emesis in dogs 
and cats. Dogs and cats often show signs of restlessness and salivation prior 
to vomiting. Yoxa1l34 suggests that these signs may indicate that the animal 
is experiencing nausea, a subjective condition in man which mayor may not 
be associated with vomiting. It has been found2 that these signs can be 
stimulated after decerebration, and hence they cannot be considered as 
indicating that dogs and cats experience nausea. 

The ability to vomit is not present in puppies and kittens at birth. Brizee 
and Vitale 7 studied the functional development of emesis in the cat and found 
that kittens developed the ability to vomit when weighing between 150 g 
(about 2 days of age) and 250 g (about 10 days of age). It was also found that 
the components of the emetic mechanism became functional within a very 
short period of time. Pi and Peng27 reported that emesis could not be elicited 
in puppies aged 2 days by intravenous apomorphine hydrochloride at a dose 
rate of 1 mg/kg. They did not study the puppies again until 5 days of age 
when a significant number showed signs of emesis after being given graded 
doses of 0.1-0.3 mg/kg apomorphine hydrochloride. Smith et al. 29 found 
that vomiting in response to intramuscular apomorphine injection at a dose 
rate of 1 mg/kg first appeared in puppies at 3 days of age. The fullness of 
the stomach with milk was found to be an important factor in determining 
the ability of the puppy to vomit. 

There are many possible causes of vomiting, both central and peripheral, 
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which should be considered in making a differential diagnosis26 but, what
ever the aetiology, the physiology of emesis can be considered as a complex 
motility disorder. 

Vomition is preceded by cyclical periods of abnormal peristaltic activity 
of the small intestine and inhibition of gastric peristalsis. Large antiperistaltic 
movements of the upper small intestine may occur in the period preceding 
emesis28 . Vomition comprises phases of oesophageal dilatation caused by the 
animal swallowing air, gastric emptying with contraction of the pylorus and 
relaxation of the body of the stomach, gastric reflux and oesophageal 
collapse in cyclical repetition. The gastric contents are forcefully expelled by 
contraction of the abdominal wall musculature against a caudally moving 
diaphragm. The flattening of the diaphragm serves to open the cardiac 
sphincter. The glottis is closed and the soft palate presses against the naso
pharynx and this prevents vomit entering the nasal cavity. 

These complex movements are controlled and co-ordinated through the 
vomiting centre in the lateral reticular formation of the medulla oblongata. 
This centre may be activated by several neural pathways (see Figure 28.1) of 
which the following are examples. 

CHEMORECEPTOR HIGHER CENTRES 
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Figure 28.1 Diagram of pathways leading to vomiting centre 

Stimulation of the pharynx is transmitted by afferent nerves in the glosso
pharyngeal nerve, cranial nerve IX. Impulses arising from the stomach, liver, 
intestines and peritoneum are conveyed to the vomiting centre by visceral 
afferent fibres in the sympathetic and vagal nerves. Visceral afferent fibres 
of the sympathetic nerves carry impulses from the kidneys, ureters and 
urinary bladder. Chemical stimulation and distension are responsible for 
initiating the vomiting reflex by means of these neural pathways. Caution 
must be exercised in the use of antiemetic drugs as they may mask clinical 
signs which may be necessary to establish a diagnosis12. 
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The CTZ is affected by circulating drugs and toxins, and the neuro
physiology of the CTZ is relatively well understood. Apomorphine causes 
depolarization of the small astrocytes containing a reddish fluorescent sub
stance. This electrical activity is transmitted to the dopaminergic neurons 
which leads to the release of neurotransmitter into the synaptic cleft. The 
dopamine receptors are activated and a nervous impulse is initiated which is 
transmitted to the cholinergic synapse of the vomiting centre!?, although 
other transmitters may also be involved33 (see Figure 28.2). 

ANTIEMETICS 

Anticholinergic drugs 

Anticholinergic drugs inhibit gastric motility but do not inhibit apomor
phine-induced emesis4 • 8. Atropine and l-hycoscine have two main actions in 
the body: (1) upon the smooth muscle and secretory glands innervated by 
postganglionic cholinergic nerves, and (2) upon the central nervous system. 
They owe a large proportion of their antiemetic activity to their central 
activity. Jaju et al.!8 found that anticholinergic drugs are able to suppress 
activity within the vestibular nuclei of cats, but they may decrease emesis even 
when the vestibular system is not directly involved in the afferent neural 
pathways23. L-hyoscine may be used to prevent motion sickness in dogs. It 
has a short duration of action, and the dose rate is 0.03 mg/kg four times 
daily. It is not suitable for use in cats since it induces hyperexcitability. 

Anticholinergics, which reduce motility by inhibiting peristalsis, may 
increase the time available for gut bacteria to multiply and invade other 
tissues. 

These disadvantages, together with the lack of selectivity of these agents, 
limit their use in veterinary practice as antiemetics. 

Antidopaminergic drugs 

GABA-Iike drugs 

The phenothiazine and butyrophenone tranquillizers have similar chemical 
structures to GABA. Janssen!6 postulated that they have a greater tendency 
to form a monomolecular film on membranes containing GABA-receptors 
than on other membranes. Such a film will reduce the excitability of the 
receptors within the synaptic cleft of the dopaminergic synapse. The pheno
thiazines block the CTZ at low doses and depress the emetic centre at higher 
doses6. Phenothiazine derivatives are able to produce other effects in the 
body including a-adrenoceptor block, anticholinergic actions and stimu
lation of the extrapyramidal system. Chlorpromazine may be used orally to 
prevent motion sickness at a dose rate of 0.5-1.0 mg/kg, but such doses 
will induce sedation as well. 

Animals showing signs of gastrointestinal disease may be medicated with 
chlorpromazine at a low dose to prevent emesis!4 but acepromazine should 
only be used if it is certain that there is no decrease in circulating blood 
volume26. 
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Trifluoperazine, another phenothiazine, is approximately 18 times more 
potent than chlorpromazine in preventing emesis induced by intravenous in
jection of 1 mg/kg apomorphine hydrochloride30 . The peak effect occurred 
2 h after administration, and the antiemetic activity lasted more than 12 h. 
No controlled clinical trials in dogs and cats have been reported but 
Murdock25 demonstrated that 0.03 mg/kg twice daily was capable of con
trolling emesis in small animals. Extrapyramidal side-effects have been 
reported in man with high doses!!, and it has been found that, after oral and 
subcutaneous administration of doses of 2 mg/kg, dogs showed miosis, 
sedation, relaxation of the nictitating membrane, ataxia and lachrymation. 
These side-effects are very unlikely to be observed in animals medicated using 
the clinical dose regimen. 

Some antihistamines possess antiemetic activity5. Promethazine has 
marked anti histaminic and anticholinergic properties13 , and has been found 
to be capable of inhibiting apomorphine-induced emesis in dogs5. Pro
methazine, at a dosage rate of 2 mg/kg twice daily, is used in small animal 
practice for prevention of motion sickness. It has also been found to be 
effective in increasing tolerance to radiation-induced emesis in dogs9. 

The butyrophenones are more potent antiemetic drugs than the pheno
thiazines!6, but they are not widely used in veterinary practice as they may 
induce bizarre behavioural changes34 . 

Metoc/opramide 

Metoclopramide is similar chemically to procainamide and is an antidopa
minergic agent with both peripheral and central actions!5, 22, 24. The anti
emetic activity is equally marked for both apomorphine and copper sulphate 
induced emesis24 , and it was concluded that metoclopramide acts directly on 
the emetic centre against copper sulphate and on the CTZ against apomor
phine hydrochloride and dihydroergotomine. Metoclopramide does not 
possess the tranquillizing activity of the phenothiazines, which is an import
ant advantage in the clinical assessment of dogs and cats following therapy. 

In the dog, metoclopramide is 35 times more effective in inhibiting 
apomorphine-induced vomiting than chlorpromazine20. Metoclopramide 
prevented vomiting in the cat encephale isoh~ preparation induced by elec
trical stimulation of the nucleus tractus solitari of the brainstem. It was also 
found to affect the nucleus, suggesting a possible antivertigo action. 
Kobayashi et al. 3 reported that metoclopramide administered intraperi
toneally, at a dose of at least 0.5 mg/kg 15-20min before apomorphine 
administration, prevented vomiting and the appearance of aggressive 
behaviour in cats. 

Occasional extrapyramidal side-effects of metoclopramide have been 
reported in man!9, but these have not been reported in dogs. 

According to Yoxall34, metoclopramide would appear to be the antiemetic 
of choice for most clinical situations unless sedation is required as well. No 
controlled trials have been reported on its use in small animal practice, but 
it has been used successfully in small animals for the control of emesis in cases 
of gastrointestinal disease34 . 
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It is important to stress that antiemetics should be used in a therapeutic 
programme designed to treat the underlying disease process, and not simply 
symptomatically, as they may mask disease processes which need further 
investigation. 
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29 
Diarrhoea and antidiarrhoeal drugs 
J. Fioramonti, C. J. E. Niemegeers and F. Awouters 

In man, diarrhoea mainly affects children (500 million annually world-wide) 
and is the leading cause of death in children under 4 years26. In animals, 
diarrhoea also mainly occurs in the neonatal period. One of the main charac
teristics of diarrhoea in animals as well as in humans is the diversity of 
aetiologies within the same species. 

AETIOLOGY OF DIARRHOEA IN FARM ANIMALS 

Acute diarrhoeal disease remains a major limiting factor in cattle production 
and 5-10070 of calves born each year may be lost due to neonatal enteric 
infection34 . This occurs despite important advances in knowledge about the 
intestinal infections which cause diarrhoea, and about the nutrition and 
management of the neonatal calf. 

The aetiology of diarrhoea in calf remains unclear. Escherichia coli infec
tion is the most common disease of young calves and occurs mainly during 
the first 3 weeks of life. Ten years ago, considerable emphasis was given to 
the involvement of viruses (rotavirus, coronavirus) as a cause of diarrhoea 
in the neonatal calf35 . However, the pathogenesis of acute diarrhoea in calf 
is complex and also involves environmental and dietary factors associated 
with the intensity of modern production methods. 

Swine dysentery is a major disease affecting pigs in large production units, 
with an acute form of bloody diarrhoea frequently followed by a subacute 
or chronic form of mucoid diarrhoea without blood. 

Investigations over the last 10 years57 have revealed that Treponema 
hyodysenteriae is the primary pathogen in the aetiology of swine dysentery 
but the presence of one or more other anaerobes is a prerequisite for expres
sion of its pathogenicity56. Adenovirus has been associated also with mild 
diarrhoea in pig21 • Environmental and dietary factors may be also important 
in the development of the disease. 

The most important sign of digestive pathology in the young rabbit 
(5-15 weeks) is diarrhoea. As in other animals the aetiology is complex with 
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non-specific causes. Various kinds of stress are involved (e.g. transport, 
changes in temperature, noise) and are able to activate the infectious agents. 
The specific agents mainly include coccidiae but their pathogenic action is 
very variable since coccidiae are present in the digestive tract of all rabbits4o. 
The more pathogenic species are Eimeria intestinalis and Eimeria pe/lerdyi 
while species like Eimeria perforans are weakly pathogenic20 • 

Chronic diarrhoea is also a disease that affects a wide range of ages and 
breeds of horse. In this case, it seems that diarrhoea corresponds to an 
immunologic disorder and not to some chronic infection. The concentration 
of immunoglobulin A in the serum of horses with diarrhoea was approxi
mately 500/0 lower than that in the serum of normal horses49 • Treatment of 
foals with diarrhoea by intramuscular injection of 'Y-globulin prepared from 
serum of normal horses proved successful while antibiotics and anti
diarrhoeal drugs were ineffective48 • However, the a-adrenergic blocking 
agent, phenoxybenzamine, has been recently reported to be successful in the 
treatment of diarrhoea in horses28 but its mechanism remains unknown; 
similarities with the efficacy of chlorpromazine in enterotoxic diarrhoea in 
man and swine27 can be postulated. 

EXPERIMENTAL DIARRHOEA 

Many models of experimental diarrhoea have been developed to elucidate 
aetiology and physiopathological mechanisms and to study potential 
therapeutic measures. 

In calves oral inoculation with enteropathogenic strains of Escherichia coli 
was used to induce diarrhoea and to study the pathogenesis of enteric 
colibacillosis39 or the efficacy of some rehydration solutions16• 

A dysentery model in pig was developed using infection with Treponema 
hyodysenteriae41 • This model was useful for testing the efficacy of various 
drugs42, or various dietary supplementations so and to study intestinal fluid 
absorption2 in swine dysentery. Experimental infections in gnotobiotic pigs 
also demonstrated the pathogenic synergism between Treponema hyo
dysenteriae and other anaerobes in the aetiology of swine dysenterys6. 

Since diarrhoea is the most common sign of coccidiosis in various animal 
species and since the young rabbit is very sensitive to some coccidiae, 
experimental coccidiosis was used for determination of hydroelectrolytic33 

or digestive motility disturbances24 • However, the choice of coccidiae species 
is difficult because of the high lethality of pathogenic species which does not 
permit longterm experimental studies; for this reason, Eimeria magna has 
been often chosen. 

Beyond these infectious models, other types of experimental diarrhoea 
have been developed to study the colonic motility during diarrhoea, such as 
castor oil in cats18 or Ca-sennosides in dogs2s • Nutritional diarrhoea was also 
induced for the analysis of the digestive motility disturbances, e.g. grain 
overload in sheeplO and cereal food overfeeding in dogs22 • 
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DISTURBANCES OF DIGESTIVE MOTILITY IN DIARRHOEA 

Disturbances of digestive motility associated with diarrhoeal diseases are 
very variable. In humans, chronic diarrhoea observed in the irritable bowel 
syndrome has been found to be associated with chronic hypomotilityI9, 54. 

However, hypermotility or hypomotility are insufficient terms to describe 
colonic motor disturbances. The colon of all mammalian species investigated 
is characterized by a duality of contractile activity23: tonic contractions of 
small amplitude, and propulsive phasic contractions. These two kinds of 
contractions are detected on colonic electromyograms as short and long spike 
bursts (SSB and LSB) respectively. 

Recording of electrical activity of the descending and sigmoid colon in 
patients with irritable bowel syndrome, manifested by chronic constipation 
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Figure 29.1 Disturbances of colonic motility during diarrhoea in dog. The normal colonic 
electromyogram consists of bursts of spikes, corresponding to propulsive contractions, grouped 
in phases lasting about 10 min (upper panel). Feeding large amounts of dry dog food induces 
production of soft faeces and is associated to propulsive contractions (middle panel). Laxative
induced diarrhoea (senna extracts) corresponds to an hypomotility (lower panel) 
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or diarrhoea, indicate significant changes in the SSB and LSB activities 
compared to normal control volunteers1o• Two major groups of electro
myographic changes have been detected. The first, corresponding to an 
increase in SSB activity was mainly recorded in constipated patients. The 
second group was characterized by a reduction in both SSB and LSB activity 
and was often observed in patients with predominantly diarrhoeal symp
toms. However, constipation or diarrhoea does not correspond systemati
cally to the afore-mentioned disturbances of colonic motility. 

In dogs, the production of abundant and soft faeces induced by feeding 
a large amount (500 g/ day) of dry food is associated with an increase of the 
propulsive LSB activity and reduction of the SSB tonic activity. In contrast, 
diarrhoea induced by oral administration of senna extracts corresponds to 
a strong decrease in both propulsive and tonic contractile activity (Figure 
29.1). 

In sheep, the spiral colon was characterized by a nearly continuous tonic 
SSB activity involved in the formation of pellets46• In cases of a spontaneous23 
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Figure 29.2 Disturbances of colonic motility during diarrhoea in sheep. Colonic electro
myograms in same animal during the production of normal faecal pellets (upper panel) or during 
the production of soft faeces (lower panel). Whatever its aetiology, diarrhoea is associated with 
an inhibition of the tonic activity of the spiral colon and an increase of the propulsive activity 
of the terminal colon 
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or experimental diarrhoeall and inhibition of the tonic activity of the spiral 
colon has always been observed (Figure 29.2). 

Thus, inhibition of the tonic activity of the colon is a common finding to 
the various types of diarrhoea investigated. 

Disturbances of the motility of the small intestine have also been described. 
A general finding is the disorganization of the cyclic motor profile observed 
in sheep when diarrhoea was induced by intraluminal infusions of hypertonic 
solutions45 , in rabbits during experimental coccidiosis24 as well as in a human 
patient with irritable colon51 . 

EFFECTS OF OPIATES AND ANTICHOLINERGIC DRUGS 
ON DIGESTIVE MOTILITY 

The effects of antidiarrhoeal drugs on intestinal motility have been studied 
largely under in vitro conditions. In vivo most of the studies concern the 
digestive transit time but very little information is available on the effects on 
contractile activity of the digestive tract. Recently, similarities between 
colonic motor profiles in dogs and humans have been shown 10. Therefore, 
colonic motility in the dog was used as a model for studying the effects of 
some antidiarrhoeal drugs l2 , 13. 

Opiates 

The stimulation of colonic motility in dogs by morphine was first demon
strated in 1940 by Adler and I vyl. Studies over long periods 12 show that the 
typical pattern of colonic motility in the dog is disrupted by intravenous 
administration of morphine (0.1 mg/kg). A 180-240 min period of signifi
cant increase in colonic motility followed the injection. In many cases, this 
response was biphasic. During the first 25-35 min a sustained increase in 
the baseline with superimposed phasic contractions was observed. This 
primary response was followed 2 h later by an additional tonic response 
accompanied by an increase in the frequency of phasic contractions. These 
stimulatory effects were abolished by previous administration of naloxone 
or atropine while methysergide blocked only the second phase of colonic 
stimulation. Moreover, methysergide blocked the response when injected by 
the intracerebroventricular route at doses inactive by the intravenous route 13 , 

suggesting that the long-lasting stimulatory effects of morphine on colonic 
motility are centrally mediated through serotonergic receptors. 

Similarly, loperamide (0.5mg/kg Lv.) significantly increased the colonic 
motility index in dogs but only during the first 30 min following its 
administration32 . 

However, extrapolation of data obtained on the dog colon would be 
speculative. For example, morphine also induced a centrally mediated 
increase in the motility of the small intestine in sheep, but this response was 
blocked by previous administration of nalorphine9, while in dogs morphine 
and nalorphine induced the same stimulatory effects at the colonic leveP2. 
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Moreover, opiates stimulate the motility of the small intestine in dogs14 and 
in humans31 while an inhibition has been found in rats55 • Similarly, in horses 
morphine induced a strong inhibition of colonic motility preceding a period 
of increase in tonic activity (Fioramonti, unpublished results), while in dogs 
only colonic stimulation has been observed (Figure 29.3). 

In summary, the constipating effects of opiates, beyond their action on the 
movement of water and electrolytes 7 , are induced by different modifications 
of intestinal motility. They are mediated through mechanisms which vary 
with the animal species and the part of the digestive tract. 
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Figure 29.3 Species differences in the response of large bowel motility to morphine. Integrated 
electromyograms of the caecum, ventral and dorsal colon in horse (upper panel) and of the trans
verse colon in dog (lower panel). Morphine induces in horse an inhibition of the whole large 
bowel which shows a localized stimulation of the cyclic activity except for the dorsal colon, while 
in dog a stimulation of colonic motility is observed 

Anticholinergic drugs 

Anticholinergic drugs generally have an inhibitory effect on the motility of 
the digestive tract6 • These inhibitory effects appear clearly at the colonic level 
in the dog32 • A nearly total inhibition was observed during the hour following 
intravenous administration of atropine sulphate or prifinium bromide 
(0.5 mg/kg). 

However, atropine-resistant contractions of the digestive tract, as evi
denced in the taenia of guinea-pig caecum17 , indicate the need for more re
search on smooth muscle physiology. Recently, an atropine-resistant activity 
of the descending and sigmoid colon has been found in man44 • After sub
cutaneous administration of atropine sulphate (15 p.g/kg) tonic contractions 
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and localized phasic contractions were strongly decreased while the occur
rence of aborally propagated contractions remained unchanged. 

On the small intestine of sheep, the most important effects of anti
cholinergic drugs consist of a disorganization of the cyclic motor profile 
associated with an increase in segmental contractions8 • Compared to the 
atropine effects, this disorganization was more important for the prifinium 
bromide while N-butyl-hyoscine bromide was less effective. 

From these studies it appears that diarrhoea and its treatment depend upon 
many complex processes: the diversity of the aetiology of diarrhoea, the 
relationship between digestive motility, transit of chyme and absorption
secretion, the variability of the effects of antidiarrhoeal drugs according to 
the animal species, the segment of the digestive tract, and the experimental 
conditions. This would theoretically imply that in the search for new anti
diarrhoeals at least several methods and several different animal species 
should be used. 

In practice, great progress may, however, be expected from the use of a 
single and simple animal model which mimics to a certain extent the basic 
pathways of the intestinal response to a foreign challenge. Agents effective 
in such a model and characterized by a safe and sufficiently specific intestinal 
action may then, later on, be tested for their therapeutic value in the very 
diverse clinical forms of diarrhoea that are known either in animals or in man 
and may in a further step help in elucidating the different processes that play 
a role in diarrhoea. 

PHARMACOLOGY OF ANTI DIARRHOEAL AGENTS 

The systematic study of the antidiarrhoeal activity of compounds is relatively 
recent. Up to 20years ago, relief of diarrhoea and dysentery in man was 
mainly pursued with opium preparations, which traditional medicine had 
selected for this purpose from the many drugs that can cause constipation. 
This selection appeared to be clinically and also pharmacologically accept
able: morphine and codeine show anti diarrhoeal activity at doses below the 
analgesic dose37 • At the same time, however, the central effects of opiates, 
such as drowsiness, analgesia, respiratory depression and addiction, imposed 
many practical restrictions to their gastrointestinal use. 

The pharmacological progress from opiate alkaloids to the synthetic anti
diarrhoealloperamide has been described in detaiP· 38. The development of 
loperamide resulted from the synthesis of a new chemical series of piperidine 
derivatives which lacks the pethidine moiety and from the introduction of the 
castor oil test in rats which measures anti diarrhoeal activity of compounds 
instead of constipation. 

The induction of diarrhoea with castor oil results from the action of 
ricinoleic acid formed by hydrolysis of the oil (Figure 29.4). Ricinoleic acid 
produces changes in the transport of water and electrolytes, resulting in a net 
hypersecretory response. The normal reaction of the intestine to excessive 
fluid load is increased peristalsis. In addition to hypersecretion, ricinoleic 
acid sensitizes the intramural neurons of the gut. This effect of ricinoleic acid 
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Figure 29.4 Intestinal fate and actions of castor oil 

is a general property of hydroxy fatty acids. Ricinoleic acid, therefore, can 
be considered the prototype of lipids which stimulate the gut, such as the 
hydroxy fatty acids which are produced by pathogenic bacteria, and the very 
potent prostaglandins made by the intestine itself. The net result of the 
neuronal sensitization is to further promote the transport of soft intestinal 
contents. The described reactions of the gut to ricinoleic acid are the basic 
mechanisms through which the intestine responds to a wide variety of patho
logical stimuli. For these reasons castor oil induced diarrhoea was selected 
for evaluating the effects of antidiarrhoeals. 

The standardized castor oil test procedure is as follows. One ml of castor 
oil applied orally to rats fasted overnight induces profuse diarrhoea within 
1 h in all vehicle-treated animals. In rats treated with an antidiarrhoeal, 
presence or absence of diarrhoea is noted at hourly intervals after the castor 
oil challenge, and on this basis drug activity is evaluated and expressed in 
EDso-values which represent doses effective in 50070 of the animals. 

Castor oil induced diarrhoea in rats has been used for more than 10 years. 
The test provides reproducible results in control and treated animals, it 
allows evaluation of the potency of a compound, the onset, and duration of 
the antidiarrhoeal effect. We further know that the castor oil challenge 
combines hypersecretion and increased propulsion, and that it gives a reliable 
prediction of the clinical efficacy of antidiarrhoeal compounds37• 

INTESTINAL ACTION OF LOPERAMIDE: SPECIFICITY AND NATURE 

When studied in the castor oil test, loperamide was much more potent than 
morphine36 • Protection from diarrhoea up to 2 h was obtained in 50% of the 
rats with 0.29 mg/kg of orally administered loperamide and with 5.21 mg/kg 
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Figure 29.5 Oral EDso-values (with confidence limits) of morphine and loperamide in two tests 
in rats. Protection from castor oil diarrhoea for 1 up to 8 h (e---e) and inhibition of the tail 
withdrawal reaction (reaction time> 10 s) (0---0) at 1 up to 8 h interval between treatment 
and test 

of morphine (Figure 29.5). This figure also indicates that six times the anti
diarrhoeal dose of morphine induced surgical analgesia (tail withdrawal 
reaction times of more than 10 s), whereas more than 500 times (160 mg/kg) 
the antidiarrhoeal dose of loperamide did not. 

It was found that orally administered loperamide is well absorbed but 
practically confined to the enterohepatic circulation 15. Tissues outside the 
digestive system are therefore, for the most part, excluded from its action. 
Even when loperamide is deliberately introduced into the general circulation 
by intravenous injection, central actions were only observed at high, nearly 
toxic doses38 and the compound again tended to concentrate in the gastro
intestinal tract58 • 

Increasing doses of loperamide induce a progressively longer diarrhoea
free period in rats challenged with castor oil. At the same time fluid loss 
becomes progressively smaller5 • In contrast to loperamide, aspirin-like drugs 
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Table 29.1 Some effects of loperamide on intestinal motor function and hypersecretion 

Species or preparation Process Effect of loperamide Reference 

Guinea-pig ileum Peristaltic reflex Inhibition 52 
(in vitro) 

Dog colon Motility Significant increase 32 
during first 30 min 

Man Anal sphincter pressure Significant increase 43 

Rat intestine Cholera toxin or Antagonism except for 47 
PGE2-induced fluid increase in cAMP 
accumulation levels 

Rabbit ileum mucosa Theophylline stimulation Inhibition 30 
(in vitro) of Cl--secretion 

Guinea-pig colon Permeability increase Dose-dependent 53 
induced by laxative reversal 

produce only a delay in diarrhoea4 • Although they increase the time available 
for intestinal absorption, the faecal excretion remains at least as copious as 
in control animals. Many studies have now established that loperamide 
changes motor function to a less propulsive pattern, and prevents intestinal 
fluid accumulation in response to a great variety of secretory agents. Table 
29.1 represents a partial list of such studies. 

In some of these studies, such as the inhibition of the peristaltic reflex in 
the guinea-pig ileum52 10peramide was much more potent than morphine and 
both drugs could also be qualitatively distinguished. 

In the motility studies on the dog32 , loperamide (0.5 mg/kg Lv.) was less 
active than morphine (0.1 mg/kg Lv.) and had a short duration of action, Le. 
there was no second phase of centrally mediated stimulation. 

Loperamide and morphine-like drugs have a direct local action on intes
tinal opiate receptors, which appears to be essential for their antidiarrhoeal 
activity. However, in binding studies loperamide also shows high affinity 
binding of large capacity to other receptors. One of these has been identified 
as the calmodulin binding site, which is considered important in calcium
dependent hypersecretion in the intestine29 and to which loperamide, in 
contrast to morphine-like drugs, binds at low concentration59 • 

SYMPTOMATIC TREATMENT OF DIARRHOEA AT PRESENT 
AND IN THE FUTURE 

Loperamide acts on the common pathways the intestine follows in response 
to a variety of diarrhoeal stimuli. Symptomatic treatment of acute and 
chronic diarrhoea in man with loperamide has found wide acceptance. The 
medication is, in general, rapidly effective and no side-effects occur, un
doubtedly because of the exceptional intestinal specificity of loperamide. 

When treatment is considered with other available drugs the pharmaco
logical results of Table 29.2 are of great interest. Eight drugs with known 
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Table 29.2 Pharmacological results of eight drugs with 'antimotility' and/or 'antisecretory' 
activity 

ED50 castor oil ED50second 
Compound test (mg/kg) test (mg/kg) 

Acetylsalicylic acid 95.3 38.0* 
Atropine 9.3 0.39t 
Clonidine 0.028 0.085t 
Codeine 10.8 56.6** 
Indomethacin 8.7 6.2* 
Isopropamide 74.6 12.4t 
Lidamidine 1.7 24.9t 
Loperamide 0.29 >160" 

*Nystatin paw oedema test (anti-inflammatory activity) 
tMydriasis (anticholinergic activity) 
tAutomatic side-effects (exophthalmos, piloerection and hypotonia) 
"Tail withdrawal reaction test (narcotic analgesis activity) 

Antidiarrhoeal 
specificity 

0.40 
0.042 
3.0 
5.2 
0.71 
0.29 

14.9 
>552 

'antimotility' or 'antisecretory' effects were tested in the castor oil test to 
obtain the dose protecting from diarrhoea for 2 h. The same drugs were 
studied in another test, which measures the possible primary effect expected 
from compounds belonging to a particular pharmacological class. 

Compounds with very different mechanisms of action, including blockade 
of intestinal muscarinic receptors, inhibition of prostaglandin synthesis and 
clonidine-like (adrenergic) action showed antidiarrhoeal activity, but gener
ally at high doses when compared to their primary activity. The first restric
tion to their clinical use appears to be the lack of intestinal specificity. As 
in the case of the progress from codeine to loperamide, more specific drugs 
may be found in the future. 

CONCLUSIONS 

The incidence and severity of diarrhoea in the neonatal period remains a 
serious health problem in farm animals as well as in man. A wide range of 
infectious agents, environmental factors, motility patterns and responses to 
drugs that act on intestinal smooth muscle have been detected by studying 
diarrhoea and motility in different species. 

As a result a large number of experimental models are now available, 
which more closely mimic particular types of diarrhoea and which allow a 
more detailed evaluation of the field of application of the available drugs. 
The development of a new drug is for practical reasons, such as, for example, 
a systematic study of structure activity relationships, only possible by using 
carefully selected animal models. Castor oil diarrhoea in rats is clearly an 
appropriate model, which has been of great value in the development of 
synthetic antidiarrhoeal drugs and in the discovery of loperamide. Antagon
ism of intestinal propulsion as well as of fluid accumulation can be obtained 
with loperamide in the absence of undesirable systemic effects. The same 
high degree of intestinal specificity should be pursued in new compounds that 
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have a different mechanism of action. Such new drugs may be excellent tools 
to further clarify the pathogenesis of the multiple forms of diarrhoea and 
may perhaps become the treatment of choice for a particular type of 
diarrhoea. 
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30 
Pharmacology and comparative 
toxicology of non-steroidal 
anti-inflammatory agents 
G. Mazue, P. Richez and J. Berthe 

Non-steroidal anti-inflammatory agents (NSAIA) are widely used drugs in 
human therapy and to a lesser extent in veterinary practice. They belong to 
many chemical classes (although most of them are organic acids) and have 
in common antipyretic, analgesic and anti-inflammatory activity. Their 
mechanism of action differs from those of the anti-inflammatory steroids 
and the opioid analgesics. Recent progress in the knowledge of the mode of 
action makes it possible to understand why such heterogeneous agents have 
the same basic therapeutic activities and often the same side-effects. 

The aim of this report is to present bibliographic and experimental data 
concerning the principal pharmacological and toxicological properties of 
NSAIA, mainly in domestic and laboratory animals. These properties can 
briefly be described as prostaglandin inhibition leading to inflammation 
relief, but also include gastrointestinal and renal toxicities. 

CLASSIFICATION 

There are approximately 30 commercially available NSAIA, for which dif
ferent chemical classifications have been proposed (Figure 30.1). 

A classification based on their biological activities does not appear to be 
possible, owing to the great similarities in the mode of action and the pharma
cological activities, despite heterogeneous molecular structures. 

PHARMACOLOGICAL PROPERTIES 

In 1971, Vane et al. demonstrated that low doses of aspirin and indomethacin 
inhibited the enzymatic synthesis of prostaglandinsll, 12. In subsequent 
years, the following major points have been established: 
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Figure 30.1 Chemical classification of non-steroidal anti-inflammatory agents28 

(1) All mammalian cell types studied have microsomal enzymes for the 
synthesis of prostaglandins. 

(2) Prostaglandins are always released when cells are damaged and have 
been detected in increased concentration in inflammatory exudates. 
Furthermore, prostaglandins are not stored, and their release depends 
on biosynthesis de novo. 

(3) All aspirin-like drugs inhibit the biosynthesis and release of prosta
glandins in all cells tested. 

(4) Other classes of drugs do not, generally speaking, affect the bio
synthesis of prostaglandins. 

From these observations, it has been admitted that NSAIA exert their 
pharmacological action mainly by inhibiting prostaglandin synthesisll 
(Figure 30.2). The step in prostaglandin synthesis where NSAIAs are active 
differs according to the chemical class: (1) cyclo-oxygenase for aspirin, 
fenamates, indomethacin, phenylpropionates, and (2) endoperoxide 
isomerase for pyrazolon derivates13•27. 

These properties allow pharmacological action on: (1) inflammation, 
mainly by a decrease in PgE2, Pgh or PgE I production responsible for 
erythema and local blood flow increase, (2) pain, also by a decrease in PgEI. 
PgE2 and PgF2" responsible for hyperalgesia in inflamed tissues (aspirin is 
not an analgesic in non-inflamed tissues19), and (3) fever, caused by most of 
the prostaglandins (except for PGh). 
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Figure 30.2 Inhibition of the conversion of arachidonic acid to prostaglandins, by inhibition 
of cycIo-oxygenase for most of the NSAIA, except for pyrazolon derivatives 

Pharmacological evaluation 

Many in vivo and in vitro experimental models have been proposed! as being 
able to detect anti-inflammatory effects or action displayed by clinically 
useful NSAIAs. 

The most currently used procedures for in vivo assessment of anti
inflammatory activity have been subdivided into two categories: (1) pro
cedures able to detect the drug-induced modification of events occurring 
during inflammatory processes (erythema, exudation, granulation tissue 
formation, pain, fever), and (2) experimentally-induced syndromes resem
bling human rheumatoid diseases. 

Among the in vitro models proposed, the most satisfactory studies the 
inhibition of prostaglandin synthesis. 

A screening programme can be successfully designed to bring a new 
compound to clinical trial based upon the following tests: 
(1) Action on erythema. Erythema can be experimentally induced by 

ultraviolet light in albino guinea-pigs or by applying irritant substances 
directly to the skin (e.g. nicotinic acid). 

(2) Action on fever. Hyperpyrexia is obtained after local (plantar tissue) or 
systemic (subcutaneous or i.p.) administration of an aqueous sus
pension of brewer's yeast. 

(3) Pain. As a result of inflammation, pain is obtained by all types of 
inflammatory processes, such as local injection of brewer's yeast or 
carrageenin, or i.p. administration of 2-phenyl-1.4 benzoquinone or 
acetic acid, both responsible for 'stretching' in rodents (writhing, 
squirming, abdominal constriction). 

(4) Oedema and exudation. Carrageenin-induced paw oedema in rats is 
classically one of the most used tests but others are also useful, such as 
determination of leukocyte migration in vivo (pleural exudate induced 
by turpentine, cell collection from artificial skin chambers, etc.). 
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(5) Cellular phase of inflammatory processes ('repair phase'). This is 
reproduced by granuloma-induced formation (e.g. cotton pellet sub
cutaneously introduced in rats, or implantation of pouches containing 
croton oil or mycobacterial adjuvant in the back of rats, etc.). 

(6) Animal models for rheumatic disease. Arthritis is induced by injection 
in paraffin oil of killed bacteria. 

(7) In vitro measurement of prostaglandin synthetase degree of inhibition. 

These tests allow the classification of the drug from a pharmacological 
point of view , in comparison with reference drugs, as indicated in Table 30.1. 

Table 30.1 Effective doses of NSAIA on pharmacological tests permitting the demonstration 
of the action on pain, fever, oedema and exudation, experimentally-induced inflammatory 
disease and prostaglandin synthesis 1 

Analgesia 
Phenyl-B-

Benzo Adjuvent PO synthesis 
Quinone arthritis Sheep 

test Antipyresis Carrageenin ED50 seminal 
EDso Yeast fever EDso mg kg- 1 day-l vesicles 

Drug mg/kg p.o. mg/kg p.o. mg/kg p.o. p.o. EDso /LID 

Indomethacin 1.9-3.7 0.9-1.4 2.7-5.2 0.2-1.5 0.4-10 
DicJofenac 2.3-4 0.5 2.1-3.5 0.2-1.5 0.3 
Naproxen 16-24 75-150 20-29 4-8 4.7-6.1 
Flurbiprofen not reported not reported 0.8-3.4 1.5-3.5 0.07-1.2 
Ibuprofen 38-51 24 23-45 <100 1.5-2.8 
Phenylbutazone 75-115 35 28-50 13-50 12.6-58 
Sudoxicam 10 120 18-30 0.4-1.8 7 

Interspecific and interindividual variations 

As for many other drugs3, S the main differences encountered for NSAIA are 
related to pharmacokinetic variations, occurring at any step in the fate of the 
drug (absorption, distribution, metabolism and elimination). 

Table 30.2 Plasma halflife of drugs in four species. Great differences for the same drug among 
different species need appropriate dosage schedules for inducing adequate therapeutic effect30 

Drug Rat Dog Monkey Man 

60-
Piroxicam 169 45 5 45 
Indomethacin 4 0.3 0.3 2 
Naproxen 5 35 1.9 13.9 
Ibuprofen 1 2.5 3 
Phenylbutazone 6 6 7 72 
Fenoprofen 8 4 0.3 2.5 
Sulindac 4 8 
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Interspecific variations 

These are numerous and sometimes important, as indicated by the plasma 
halflife of some selected drugs30 presented in Table 30.2. The many inter
specific differences make it necessary to know the pharmacokinetic par
ameters of the drug in the animal species used before any initiation of a 
treatment. This procedure leads to the avoidance of toxicity risks by over
dosing or absence of therapeutic effect by inappropriate dose levels or 
intervals (Table 30.2). 

Interindividual variations 

These can occur also, according to physiologic or pathologic conditions20 • 

Food intake may influence the absorption of drugs, as is demonstrated by 
a 300/0 reduced bioavailability of aspirin in dogs when administered during 
a fat-rich diet21 • The elimination of the NSAIA, often related to a drug
metabolizing system, can be influenced by hepatic disorders or renal failure. 

Sodium thiopental 
(25 mg /kg ), 

-40 40 ~o 
, , 

120 mn 

Figure 30.3 Integrated e.c.g. in a sheep anaesthetized with sodium thiopental (25 mg/kg) when 
phenylbutazone was injected intravenously during recovery or administered before the 
barbiturate2o• 

Another property of some NSAIA is their ability to displace other drugs 
from their protein-binding sites. For example, phenylbutazone injected 
intra~enously in sheep is able to reinduce sleep in awakened animals pre
viously anaesthetized with sodium thiopental24 • This action was demon
strated to be related to a liberation of thiopental in blood by protein 
displacement by phenylbutazone2o (Figure 30.3). 
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TOXICOLOGY 

Renal and digestive toxicities are the main types encountered. Furthermore, 
hepatotoxicity and haematotoxicity can be observed but with much lower 
incidence. Only the two first types will be discussed. 

Digestive toxicity 

The occurrence of gastrointestinal damage (bleeding, ulceration) is probably 
among the most prevalent and serious of the side-effects associated with the 
use of NSAIA. There are no common structural features which can be identi
fied in determining whether or not an NSAIA will be ulcerogenic. 
Rainsford 18 proposed a classification of relative ulcerogenic activity of 
NSAIA (Table 30.3), which seems to be in good agreement with clinical 
reports. From these observations, it is interesting to note that, for example, 

(1) Sulindac is markedly less ulcerogenic than the related drug indo-
methacin. 

(2) All the fenamates appear to have comparable (moderate) gastric
ulcerogenic activity. 

(3) Of the phenylacetates, only fenclofenac is in the low-ulcerogenic class. 

(4) Of the enolic acids, only azopropazone is non-Ulcerogenic. 

Table 30.3 Classification of NSAIA according to their ulcerogenic activity in the laboratory 
rat l8 

Low 

Azapropazone 
Sulindac 
Fenclofenac 

Medium 

Niflumic acid 
Ibuprofen 
Salicylic acid 
Naproxen 
Phenylbutazone 
Flurbiprofen 

High 

Aspirin 
Diclofenac 
Indomethacin 
Ketoprofen 

As NSAIA are able to exert their effects either on gastric or intestinal 
(mainly duodenal and colonic) mucosa, indexes such as UDso (ulcerogenic 
dose 50%), PDso (perforative dose 50070 on intestinal mucosa), EDso 
(pharmacologically effective dose 50%) are useful indexes of the therapeutic 
safety margin when compared with LDs06, 8, 2S. 

Many hypotheses have been proposed to explain the mode of action of 
NSAIA on digestive mucosa. NSAIA may lead to the breakdown of small 
blood vessels before any cytolytic effect. The erosion develops as an 
ischaemic infarct22 • Such lesions are associated with a deficiency of gastric 
mucus macromolecular glycoproteins2 • Other observations indicating a 
disruption of the gastric mucosal barrier to hydrogen on ion back-diffusionl4 

have now to be considered as a consequence rather than a cause of lesions. 
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Why vessels in a small area are affected whilst others remain normal is 
unexplained. However, the erosions produced as an ischaemic infarct could 
be the underlying cause of many of the isolated observations previously 
reported as primary but unconnected events: uncoupling of oxidative 
phosphorylation and reduction in A TP, increase in cAMP, decrease in acid 
secretion and changes in ionic gradients22 • The reason for vascular primary 
action of NSAIA has not been clearly demonstrated until now but could be 
related to inhibition of the synthesis of vasoactive prostaglandins. 

The local action by direct contact with digestive mucosa does not seem to 
be an important factor in the induction of ulcers6 • Phenylbutazone is equally 
toxic by oral or intravenous route, and indomethacin is more toxic for the 
intestine after intravenous administration than after oral gavage, at least in 
rats (Table 30.4). But the existence of enterohepatic recirculation may also 
partly explain why such drugs as indomethacin are more ulcerogenic in 
species such as the dog or the rat when compared with poorly recycling 
species such as monkeys or man9 . 

Table 30.4 Ulcerogenic dose 50070 (U050) of selected drugs for stomach and intestine after 
administration in the rat by the intravenous (i.v.) route or orally (p.O.)6 

Phenylbutazone Indomethacin Ibuprofen 
stomach intestine stomach intestine stomach intestine 

U050 i.v. 80 120 9 7 210 172 

U050 p.o. 75 120 7 11 70 88 

Ratio i.v./p.o. 1.1 1.3 0.6 3 1.9 

From our own experience in toxicology, the most efficient technique for 
detecting early gastric mucosal injuries is fibroscopy in large species such as 
pigs, monkeys or dogs. This technique permits the determination of the 
kinetics of apparition of the lesions, whereas necropsy only gives obser
vations at a given time. In a 1 month oral toxicity study performed in Beagle 
dogs (Table 30.5). It could be demonstrated that phenylbutazone failed to 
induce ulcers, even at the dose level of 100mg/kg/day,.whereas others such 

Table 30.5 Gastric fibroscopic observations during a 4 week study in Beagle dogs. CB 804 is 
bucloxic acid 

Compound 

CB 804 

Aspirin 

Phenylbutazone 

Indomethacin 

Dose level 
mgkg-1day-l 

200 

400 

100 

25 

Fibroscopic observations 

Congestion followed by ulcerations. Gastric 
ulcers after 20 days 

Haemorrhages after I adm. Gastritis at day 5 
leading to ulcers (pyloric) after 1-2 weeks 

Gastritis after 1 adm. No ulcer produced after 
1 month (only some exulcerations) 

No effect during some 4days. Then, gastritis 
leading to ulcers after 2 weeks 
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as CB 804 (Bucloxic acid, Clin-Midy, France), aspirin and indomethacin 
were responsible for a primary gastritis (congestion and haemorrhages in the 
case of aspirin) followed 1-2 weeks later by gastric ulcers. 

This latter technique can be completed by the measurement of faecal blood 
loss induced by gastrointestinal bleeding (mainly in rats, where fibroscopy 
is not a suitable method). The injection of labelled compound el Cr or 59Fe) 
allows measurement of the exact quantity of blood lost by the digestive tract 
and shows, for example, micro-bleeding in a dose-dependent manner with 
aspirin in dogs1? or a good correlation in rats between EDL50 (dose-inducing 
blood loss 50070) and UD50 (ulcerogenic dose 50%)16. 

Owing to great interspecific variations, it is necessary to know the effect 
of the NSAIAs used in each species concerned with therapeutic effect. For 
example, indomethacin is not a suitable therapeutic drug in dogs9, whereas 
aspirin21 or phenylbutazone5 are useful potent drugs presenting a relatively 
wide margin of safety. 

Nephrotoxicity 

Tubular nephritis can be observed, mainly at high dose levels, with most of 
the commercially available NSAIA26. The five examinations to be performed 
on laboratory animals in order to detect potential nephrotoxicity15 of these 
drugs are: 

(1) Biochemical evaluation in blood and urine, including (a) BUN and 
creatininaemia, for which the variations observed in tubular nephritis 
are closely related. (b) Blood lactate dehydrogenase and serum glutamic 
pyruvic transpeptidase. These examinations have to be performed early 
in the course of a subacute or chronic treatment, the values increasing 
during the first days and dropping slowly back to subnormal values 
after the second week. (c) Urinalysis. In dogs, NSAIA, like aspirin, 
induce a dose-related decrease in para-amino hippuric acid clearance 
associated with a slight increase of potassium urinary elimination and 
a marked decrease in sodium elimination4 . Nephrotoxicity induced by 
NSAIA is also accompanied by proteinuria and ketonuria in rats, 
monkeys and dogs. 

(2) Clinical observations of the treated animals. The signs often observed 
are non-specific: pilo-erection, weakness, or signs of dehydration. 
Stronger signs (coma, gingival ulcer) are recorded when the uraemic 
syndrome is detected. 

(3) Iterative renal biopsies. Small samples of kidney tissue (about lOmg) 
are obtained with biopsy needles (TRU-CUT, Travenol) after surgical 
heterotropic subcutaneous transposition of the left kidney on anaes
thetized animals. More than 20 biopsies can be performed successfully 
for light or electron microscopy on the same animal at daily or weekly 
intervals in monkeys, pigs and dogs. 

This procedure shows the kinetics of development of the renal injuries 
induced by NSAIA when administered at high dose levels. Tubular 
nephritis is accompanied by tubular cylinder formations, followed by 
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tubular cell necrosis associated with interstitial inflammation. Regener
ation of the tubular epithelium occurs within a few days. Fibrosis 
observed after necrosis may lead in extreme cases to glomerular anoxia 
and degeneration. 

(4) The kidney weight (absolute and relative to the bodyweight). This useful 
index of nephrotoxicity is easily measurable at necropsy. 

(5) Macroscopy and light and electron microscopy of the renal tissue. The 
main signs observed are tubular degeneration associated with regener
ation and interstitial inflammation. In chronic studies, it is not infre
quent to observe intense interstitial fibrosis, sometimes leading to 
irreversible glomerular degeneration. 

Macroscopic examination permits the observation of papillary 
necrosis. This lesion appears more sporadically than chronic interstitial 
nephritis, often after longterm administrations. The syndrome has been 
induced mainly in rats and pigs, occasionally in rabbits and in dogs, and 
rarely in monkeys28. NSAIA are rarely implicated in renal papillary 
necrosis in man26. 

CONCLUSIONS 

Non-steroidal anti-inflammatory agents belong to a chemical class of active 
drugs for which the pharmacological activity has been demonstrated by many 
authors, by in vivo and in vitro systems. Their use in veterinary practice 
appears for most of them to be limited by the occurrence of side-effects, 
mainly gastrointestinal and renal. This relatively limited use in comparison 
with human medicine is related to pharmacokinetic differences, possibly 
leading to limited therapeutic effect or excessive toxicity. 

Two long-known NSAIAs (aspirin, phenylbutazone) have been proved 
during many years of experience to be relatively well tolerated in domestic 
animals when administered at adequate therapeutic dose levels. 

For other NSAIAs which have been proved to be very efficient in phar
macological tests, use in veterinary therapy may be considered possible 
according to recent studies indicating the lower toxicity of certain drugs when 
administered together with other NSAIA. For example, the gastric toxicity 
of indomethacin can be greatly diminished when administered together with 
aspirin in rats23 . The same observations are true for such associations as 
indomethacin and sodium salicylatelO, aspirin and phenylbutazonel8 or 
indomethacin and diflunisal etc. 7• 

The mechanism of inhibition of the gastric toxicity when two NSAIAs 
are associated remains unclear, although many hypotheses have been 
advanced7, 10, 18,23. Further studies have therefore to be performed in order 
to determine the advantages of such associations from a therapeutic and a 
toxicological point of view. 
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Clinical pharmacokinetic studies of 
digoxin and digitoxin in the dog 
A. de Rick, F. M. Belpaire, M. G. Bogaert, 
D. Mattheeuws and S. Chakrabarti 

Digitalis glycosides have a narrow therapeutic index. Small changes in the 
dose, bioavailability, rate of elimination and interactions with other drugs 
can lead to either subtherapeutic or toxic effects. Some aspects of these 
clinical pharmacokinetic problems have been reported previously5-7. The 
purpose of this report is to give a summary of the results of studies in our 
laboratory. 

PLASMA CONCENTRATIONS OF DIGOXIN AND DIGITOXIN 
DURING DIGITALIZATION OF HEALTHY DOGS AND 
DOGS WITH CARDIAC FAILURE 

Loading and maintenance doses for digoxin and digitoxin have often been 
developed empirically. In this study, an attempt to define a more rational 
approach to digitalization in the dog was made. 

Healthy dogs and dogs with cardiac failure were used. Drug plasma con
centrations and physical and e.c.g. signs were followed after administration 
of digoxin and digitoxin. In some animals, plasma halflives of digoxin and 
digitoxin were measured as well (see ref. 5). 

Digitalization with digoxin, applying the principle of loading until 
toxicosis occurred, resulted in high plasma concentrations (2.6-7.6 ng/ml) 
in both healthy dogs and in dogs with cardiac failure. Loading the same dogs 
with approximately half these doses produced plasma concentrations of 
1.5-2.5 ng/ml but toxicosis was avoided (Figure 31.1). 

Maintenance doses of digoxin of approximately 0.01 mg/kg every 12 h 
gave plasma concentrations that exceeded 2 ng/ml in some healthy animals 
and were lower than 1 ng/ml in others. The mean halflife of digoxin in 
healthy animals was 31.3 h. 
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Figure 31.1 Dosage regimen and plasma concentrations of digoxin after oral administration 
in a healthy dog 

The loading dose of digitoxin resulted in maximal plasma concentrations 
which varied considerably between animals: 26-77 ng/ ml (Figure 31.2). 
Cessation of dosing with digitoxin for 24 h produced almost complete 
elimination of the drug from plasma in most dogs . This is consistent with the 
short halflife of digitoxin (mean value 13.1 h) calculated during the first 30 h 
after administration. Applying therapeutic concentrations accepted in man 
to dogs, a maintenance dose of 0.03 mg/ kg of bodyweight every 12 h of 
digitoxin elixir resulted in low plasma values (15 ng/ ml) in five of eight 
healthy dogs. 

In five of the six dogs with cardiac failure, digoxin maintenance doses of 
0.007-0.010 mg/kg every 12 h gave plasma concentrations ranging from 0.8 
to 1.9 ng/ ml and accompanying clinical improvement. In one dog clinical 
improvement was not seen although plasma concentrations were as high as 
3 ng/ ml. 
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Figure 31.2 Dosage regimen and plasma concentrations of digitoxin after oral administration 
of digitoxin elixir in a healthy dog 

It is concluded that large loading doses of digoxin are not needed to obtain 
(within 48 h) plasma concentrations in the same range as those obtained 
during maintenance therapy. On the other hand, the often recommended 
guideline maintenance dose of 0.02 mg/kg daily for digoxin provided 
acceptable plasma levels, but the recommended maintenance dose of 
0.06 mg/kg daily for digitoxin elixir gave low plasma concentrations. 

Rapid elimination of digitoxin during the first 24 h necessitates dividing the 
daily maintenance doses into several fractional doses. These findings have 
been confirmed by others3, 11,13. 

COMPARATIVE BIOAVAILABILlTV OF DIGOXIN TABLETS 

It is well known that, after oral administration, digoxin is not completely 
absorbed in both man and dogs. What is more important, however, is 
variation in bioavailability between different dosage forms. In dogs, for 
example, digoxin elixir has a higher bioavailability than tablets. Moreover, 
in man, digoxin tablets of different brands are not bioequivalent3, 6,11. 

Since information on the comparative bioavailability of digoxin tablets in 
dogs is scarce, it was decided to compare the bioavailability of three brands 
of digoxin tablets, commercially available in Belgium, in the dog. In 
addition, in vitro dissolution tests were carried out. 

Six healthy dogs, two males and four females, were studied in a cross-over 
randomized experimental design. On four occasions, with intervals of at least 
2 weeks, each dog received 1 mg digoxin, once intraveneously and three times 
orally. 
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Four tablets, each containing 0.25 mg digoxin, were administered by 
intragastric intubation. Food was withheld for 10 h before and until 6 h after 
dosing. Plasma samples were obtained at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and 
24h. 

Bioavailability was studied by calculating three parameters: time to peak 
plasma concentration, peak plasma concentration and area under the curve 
(AVC). Areas under the time-plasma curve from 0 to 24h (AVCO- 24 h) were 
calculated by the trapezoidal rule. Plasma digoxin concentrations were 
measured by radioimmunoassay using tritiated digoxin I. Dissolution rate 
was studied, according to V .S.P. XIX. The amount of digoxin in the samples 
was determined spectrofluorimetricaUy9. 

Statistical significance was assessed by the method of Tukeyl5. 
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Figure 31.3 Dissolution curves of three commercially available digoxin tablets. Each point 
represents the mean of three determinations . Vertical bars refer to SEM. Triangles, tablet 1; 
circles, tablet 2; crosses, tablet 3 

For the three oral preparations peak plasma concentrations were always 
reached within 1 h and often within 30 min of dosing. The mean peak con
centrations (±SEM) of preparations 1,2 and 3 were 11 ± 1.2, 1O±0.5 and 
8.1 ± 0.6 ng/m!. These values are not significantly different. 

The mean areas under the curve relative to the intravenous values were 80, 
71 and 65070 for preparations 1,2 and 3, respectively. For the same prep
aration the fraction absorbed varied considerably from dog to dog and the 
mean AVCs of the different preparations were not significantly different. 

Three tablets from each brand were examined for their dissolution charac
teristics (Figure 31.3). The times for 50% dissolution were 4.5, 7.5 and 25 min 
for preparations 1,2 and 3, respectively. Significant differences were found 
between preparations 1 and 3, and between 2 and 3. 
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These results indicate that all three preparations had similar rates of 
absorption as reflected by AVe values and the time to peak serum concen
trations. None of the tablets was absorbed completely, although the bio
availability of the tested tablets was higher than the values reported by 
Krasula et alY for encapsulated digoxin (65070), for the elixir (Lanoxin) 
(58.2070) and for tablets (Lanoxin) (47070). 

Although the differences were not significant, for all bioavailability 
parameters, values were always highest for preparation 1 and lowest for 
preparation 3 in the present investigation. This ranking order was the same 
for in vitro dissolution of the tablets. Similar findings have been reported in 
man2 • 

These results suggest that it is probably advisable not to change a digital
ized dog from one brand or formulation to another, since bioinequivalence 
could lead to reduced therapeutic effect or increased toxicity. 

DIGOXIN-QUINIDINE INTERACTION IN THE DOG 

In approximately 85070 of human patients taking digoxin, steady state con
centrations of digoxin increase when oral quinidine is added to the digoxin 
treatment, and it has been stated that this could lead to toxicity. The 
mechanism of this interaction, although studied extensively in man, is yet not 
fully understood?, 14. Pharmacokinetic interactions between digoxin and 
quinidine have also been reported in dogs8, 10, 16. An increase in the plasma 
digoxin concentration was seen in two studies8 ,16, but in another study 
increases could not be predicted from pharmacokinetic parameters 10. 

The experiments reported here were designed to evaluate the clinical 
significance of the digoxin-quinidine interaction in the dog. 

Seven healthy mongrel dogs, weighing 9-12kg were used. On day 1 the 
dogs received a loading dose of digoxin (0.05 mg/kg daily) followed by a 
daily maintenance dose (0.02 mg/kg daily) for the next 14 days. These doses 
were given orally as tablets. On days 6, 7, 8, 9 and 10 quinidine (200 mg twice 
daily orally) was added to the dosing regimen. 

Three of the seven dogs were trained to lie quietly on a table so that e.c.g. 
could be taken daily from the fifth day before the start of the experiment until 
the last day of digoxin administration. PQ-intervals were measured, using at 
least fifteen P-QRS complexes. Since heart rate, and consequently PQ
intervals, may vary from day to day and even from beat to beat, only PQ
intervals occurring at a heart rate of 90-110 beats/min were used. The 
e.c.g. was also screened for atrial and ventricular arrhythmias and for other 
changes that might indicate digitalis toxicity. The same three dogs were also 
observed for physical signs of digitalis toxicity: anorexia, vomiting and 
diarrhoea. On a separate occasion the dogs were given quinidine (200 mg 
twice daily) without digoxin for 8 days. 

Blood samples for plasma digoxin and quinidine determinations were 
taken 10-12 h after the last administration on each day. Plasma digoxin 
concentrations were measured by radioimmunoassayl. Plasma quinidine 
concentrations were measured fluorimetricallys. 
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Figure 31.4 Mean plasma concentrations (± SEM) of digoxin and quinidine in seven dogs. An 
oral loading dose of digoxin (D* = 0.05 mg/kg) was administered, followed by a daily oral 
maintenance dose (D = 0.02 mg/kg). From day 6 to 10 an oral quinidine dose (200 mg) was added 

Statistical evaluation of changes in serum digoxin concentration and PQ
intervals was made using the Student's {-test for paired values. Serum 
concentrations of digoxin and quinidine are given in Figure 31.4. The average 
steady state digoxin concentration rose during quinidine administration from 
1.4 to 2.3 ng/ml (p < 0.01), while the mean quinidine plasma concentration 
was about 2 jtg/ml. After terminating quinidine administration, the plasma 
digoxin concentrations again fell to approximately 1.5 ng/ml. 

One dog exhibited vomiting and anorexia the day after the loading dose 
of digoxin was given. None of the three dogs vomited or was anorectic during 
the following days before quinidine administration was begun. Emesis and 
anorexia were present in all three dogs during quinidine administration but 
tended to disappear after quinidine withdrawal. When quinidine was given 
alone, neither vomiting or anorexia was seen. 

Atrial and ventricular arrhythmias were absent in all three dogs. The PQ
interval increased significantly (p < 0.01) from 0.01 to 0.03 s during the 
period when digoxin was given without quinidine. No further increase in the 
PQ-interval occurred during the period of digoxin-quinidine treatment. In 
one dog, second degree heart block of the Wenckebach type, with ventricular 
escape, occurred on day 3 and persisted until the end of the experiment. 

The finding that the steady state plasma concentrations of digoxin are 
altered significantly by administration of quinidine is in agreement with the 
results of others8• 16, but differs from the findings of Gibson and Nelson1o• 
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The latter authors found that the halflife and the volume of distribution of 
digoxin were significantly reduced whereas the total body clearance was not 
changed in the presence of quinidine. However, the data obtained by Doherty 
et 01. S and Wilkerson et 01.16 were based on multiple dose studies, whereas 
the data of Gibson and Nelson!! were derived from single dose. 

Cardiac toxicity resulting from the interaction was not seen. It is worth 
noting that Doherty et als found that redistribution of digoxin in the presence 
of quinidine resulted in a decrease in the concentration of digoxin in the 
myocardium. 

Our results confirm that in dogs treated chronically with digoxin, plasma 
concentrations of this substance increase when quinidine is added. The 
increase in plasma concentration was accompanied by pronounced anorexia 
and vomiting. This finding indicates that the interaction between digoxin and 
quinidine in the dog is not only of pharmacological interest but also may have 
clinical implications. 
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32 
Influence of anaesthetics 
and ancillary agents on 
cardiovascular and respiratory 
systems in the horse 
P. Lees, C. J. Hillidge and L. Serrano 

There are several reasons why pharmacologists and anaesthetists devote 
much of their time to studying changes in cardiovascular and respiratory 
functions following the administration of anaesthetics and ancillary agents. 
First, all available agents produce some changes in respiration and the 
cardiovascular system. These are usually of a depressant nature, involving, 
for example, decreases in heart rate or blood pressure. There are instances, 
however, when drug-induced cardiovascular or respiratory stimulation 
occur. Secondly, there is a clinical requirement for knowledge of changes in 
physiological variables such as mean arterial pressure (MAP) and arterial 
oxygen tension (Pa02) because changes, if too profound or too persistent, 
may impair a variety of physiological functions. Finally, when mortality is 
associated with the use of anaesthetics and ancillary agents, it is most 
commonly due to respiratory failure or cardiovascular depression or both. 
For example, respiratory depression (reducing Pa02) and hypotension 
(potentially reducing tissue perfusion) may occur together with many 
anaesthetics and related drugs to produce tissue hypoxia. 

Similarly, if decreased cardiac output (CO) occurs simultaneously with 
decreased arterial oxygen content (Ca02), oxygen supply to tissues will be 
reduced. Whole body oxygen supply is measured by the variable oxygen flux 
(F02) which is the product of CO and Ca02. Arterial blood oxygen content 
and oxygen flux are given by the equations: 

Ca02 = cxPa02 + Sa02 x Hb x 1.39 

F02 = CO x Ca02 
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where 

a = solubility of oxygen in blood 
(solubility coefficient = 0.003 ml021100 ml blood/mmHg at 37° C), 

Sa02 = arterial oxygen saturation, 

Hb = haemoglobin concentration, 

1.39 = volume of oxygen (ml) combining with each g of haemoglobin. 

From these equations it will be seen that if anaesthetics and ancillary agents 
reduce CO, Pa02 and Sa02 in, say, a clinical case which is anaemic through 
reduced erythrocyte count (and hence reduced haemoglobin), tissue oxygen 
supply may be reduced to critical levels. Cardiovascular and respiratory 
changes occurring during anaesthesia are therefore potentially very import
ant. They may also be of importance following recovery from anaesthesia. 
For example, hypoxia during anaesthesia may depress the functions of 
organs such as the liver once recovery has occurred, while severe hypotension 
in anaesthetized subjects can cause renal failure several days after an 
apparently normal recovery. 

Thus, knowledge of the cardiovascular and respiratory effects of drugs 
may enable the clinician to use anaesthetics and ancillary agents more safely. 
However, such knowledge cannot simply be transposed directly from experi
mental animals to clinical cases because (1) the clinical subject is an individual 
which cannot be expected to conform to mean values derived from labora
tory-based experiments, and (2) clinical cases may be less tolerant of the 
cardiovascular and respiratory effects of anaesthetics and ancillary agents if 
they are 'poor risk' anaesthetic subjects. 

In addition to studying the nature, magnitude and time-course of the 
changes in respiration and cardiovascular function produced by anaesthetics 
and related drugs and considering their clinical significance, pharmacologists 
are also concerned to establish the mechanisms underlying these changes. 
This can be difficult, and sometimes impossible, in in vivo studies because 
of the many interacting factors involved. For example, several reports from 
this and other laboratories indicate that halothane anaesthesia in the horse 
is associated with hypotension. It has also been shown that this results from 
decreases in both CO and total peripheral resistance (TPR), MAP being the 
product of these variables (MAP = CO x TPR). The fall in TPR might result 
from several known actions of halothane (depression of the vasomotor 
centre, ganglion blockade, interference with noradrenaline release or action 
and a direct spasmolytic action) or from some indirect action, such as 
respiratory acidosis which accompanies halothane anaesthesia and which is 
known to dilate arterioles. Similarly, the decrease in CO may result from 
both direct and indirect effects of halothane. The direct negative inotropic 
action of halothane contributes to the reduced CO, but the respiratory 
acidosis is an indirect effect which also reduces contractility. In addition, 
reduced CO may result, in part, from decreased venous return arising from 
peripheral pooling of blood. The actual contribution of each factor, acting 
directly or indirectly to lower CO and TPR and hence reduce MAP also, can 
be difficult to assess in the whole animal. 
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METHODS 

This chapter describes the results of experiments in normal healthy ponies 
(usually of the Welsh Mountain breed), receiving a variety of anaesthetics, 
sedative and analgesic drugs alone or in combination. Respiration and 
cardiovascular function were assessed by measuring several variables in 
conscious ponies at rest (a vital requirement since significant changes are 
produced by apprehension and stress). Changes from the control levels were 
then assessed from further measurements taken at predetermined times 
during the course of action of the drug(s), including the recovery phase. In 
some instances further experiments were undertaken to elucidate the 
mechanisms underlying the measured changes. 

Cardiac output was measured by dye dilution and arterial pressure was 
monitored using a strain gauge transducer. These measurements were facili
tated by raising 4 cm sections of both common carotid arteries to sub
cutaneous positions in the neck at prior operation. Arterial blood gas 
tensions were measured at 37°C, using standard electrodes, values being 
corrected subsequently to body temperature. Biochemical and haemato
logical measurements were made using standard laboratory techniques and 
derived variables, such as TPR and F02, were calculated from standard 
equations. 

RESULTS AND DISCUSSION 

Tranquillizer-sedatives 

The phenothiazine, acepromazine, and the butyrophenone, azaperone, are 
sedatives used in equine medicine. Neither agent produces significant 
respiratory depression, as assessed by Pa02 and PaC02 measurements, 
although acepromazine may reduce respiratory rate. Both drugs produce a 
moderate degree of hypotension and reduce PCV, both effects lasting for 
several hours6 • 9. 

The fall in MAP produced by acepromazine was shown to be caused 
initially (5 min) by a reduction in TPR which probably reflects a decrease in 
arteriolar tone (Table 32.1). Thereafter, TPR was still reduced, although it 

Table 32.1 Acepromazine and cardiovascular function in ponies (mean±SE for six animals) 

Time 
(min) 

Control 
A+5 
A+ 15 
A+30 
A+45 
A+60 
A+90 

Heart Rate 
(beats min-I) 

42±5 
52±7 
61±6 
51 ±7 
45±6 
44±5 
44±5 

CO 
(mlmin-1kg- 1) 

71 ±9 
94±10 
64±5 
62±6 
61 ±4 
56±7 
59±7 

TPR MAP 
(dyneseccm- S) (kPa) 

572±39 15.1 ±O.8 
365 ±41 12.1 ±O.5 
4oo±27 1O.6±O.7 
468±84 1O.6±O.9 
499± 100 1O.9± 1.1 
513±73 11.3±O.8 
517 ± 38 11.8±O.5 

Acepromazine (looJLg/kg) was administered intravenously to six Welsh Mountain ponies. 
Cardiovascular measurements were taken before and at pre-determined times after drug 
administration 
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tended to return towards the control level, and CO was reduced so that both 
variables contributed to the hypotension. The cause of the decrease in CO 
is not known, although it cannot be assumed that it is due to myocardial 
depression; it could simply reflect reduced venomotor tone and a resulting 
decrease in venous return to the heart. Another consequence of the fall in 
CO (and also of the reduction in Ca02 which results from a decrease in 
haemoglobin concentration) is a decrease in F02 • However, oxygen supply 
is still adequate to meet body needs in normal animals at rest. 

From experiments in ponies in which acepromazine and azaperone sup
pressed the rises in MAP and PCV induced by intravenous doses of 
adrenaline, it was concluded that their hypotensive actions were due, at least 
in part, to a-adrenoceptor blockade and a consequent decrease in vasomotor 
tone6• 9 • Thus, blockade of a-receptors in arterioles could reduce arteriolar 
tone and hence TPR while blockade of a-receptors in venules might decrease 
venomotor tone and thereby reduce venous return. 

Neuroleptanalgesics 

The cardiovascular effects of analgesic dose rates of drugs of the morphine 
type in the horse have been studied by Muir and co-workers 7, who reported 
mild cardiovascular stimulation (increases in heart rate and MAP). Our 
studies have involved administration of much larger doses of the related 
drug, etorphine, which is available for use in combination with acepromazine 
(Large Animal Immobilon, LAI). In horses it is used to produce the so-called 
state of neuroleptanalgesia. The drug mixture is supplied with a solution of 
the competitive antagonist, diprenorphine, which is used to reverse the 
actions of etorphine. Studies in our laboratory have shown that LAI pro
duces marked increases in heart rate and an initial rise in MAP. This is 
followed by a return of MAP to near normal levels5 • A mild to moderate 
respiratory acidosis (increased PaC02) and marked hypoxia (decreased 
Pa02) also occurred3• In spite of the hypoxia F02 was not reduced, indeed 
it was increased, because the fall in Pa02 was offset by rises in CO and 
haemoglobin concentration. It will be recalled that F02 = CO X (aPa02 + 
Sa02 X Hb X 1.39). 

Mechanisms underlying the recorded cardiovascular and respiratory 
effects of neuroleptanalgesia in the horse have been studied by comparing 
the effects of LAI with those produced by etorphine alone (Table 32.2). 

Etorphine produced marked and sustained increases in MAP and PCV and 
a moderate decrease in Pa02. When the two drugs were given together as 
LAI, the cardiovascular effects were shown to be intermediate between those 
produced by etorphine and acepromazine given separately (Tables 32.1 and 
2). It is concluded that etorphine causes cardiovascular stimulation by 
activation of the sympathoadrenal system, probably by acting on the CNS, 
while acepromazine suppresses those sympathetic responses mediated by 
a-adrenoceptors. LAI produced a greater rise in PaC02 and a greater fall in 
Pa02 than etorphine alone, the decrease in Pa02 being particularly profound 
with LA!. Acepromazine, therefore, seems to potentiate the respiratory 
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Table 32.2 Effects of Immobilon and etorphine on MAP, PCV and Pa02 in ponies 

Time Pony 1 Pony 2 Pony 3 
(min) I E I E I E 

Mean Arterial Pressure (kPa) 
Control 17.8 15.2 15.4 14.8 14.6 14.1 
E+S 22.0 39.8 26.6 38.0 17.3 32.5 
E+ IS 16.1 37.9 21.7 31.9 14.4 30.9 
E+30 14.2 42.2 22.6 31.0 16.0 30.1 

PCV(I/I) 
Control 0.32 0.34 0.31 0.30 0.30 0.27 
E+S 0.37 0.47 0.40 0.51 0.33 0.40 
E+1S 0.31 0.46 0.37 0.50 0.30 0.44 
E+30 0.30 0.45 0.34 0.51 0.31 0.42 

Pa02 (kPa) 
Control 13.1 14.4 13.0 13.2 13.3 13.7 
E+S 6.3 7.6 6.5 10.0 8.1 9.3 
E+ IS 6.7 8.9 6.8 9.6 8.7 11.8 
E+30 8.3 10.5 7.5 10.0 8.4 12.8 

Immobilon (etorphine 22.5 ltg/kg and acepromazine 100 ltg/kg) or etorphine (22.5 ltg/kg) was 
administered intravenously to three ponies following which measurements were taken after 5, 
IS and 30min 

depressant effects of etorphine. As noted above, however, it is not clear that 
marked tissue hypoxia occurs in spite of the marked reduction in Pa02 with 
LAI since this effect was offset by other recorded changes. 

Volatile anaesthetics 

Following thiopentone induction (10 mg/kg intravenously), anaesthesia with 
halothane, ether and chloroform, administered in a closed to-and-fro circuit 
to produce a deep plane of surgical anaesthesia, was associated with hypo
tension (maximal after 15-30min) and respiratory acidosis (greatest after 
2 h). The degree of respiratory acidosis was similar with all three volatile 
agents, indicating that depth of surgical anaesthesia was probably similar 
also. However, the level of hypotension varied, being greatest with halothane 
and least with chloroform (Table 32.3). The cause of the partial return of 
MAP towards control levels after 30 min of anaesthesia with all three agents 
is not clear. Changes in heart rate were small and, in general, insignificant 
during halothane and chloroform anaesthesia. Ether, on the other hand, 
increased heart rate. This tachycardia is almost certainly due to activation 
of the sympathoadrenal system by ether (see below). As expected, large 
alveolar-arterial oxygen tension differences existed during anaesthesia, but 
Pa02 levels were almost invariably greater than levels for conscious horses 
because of the high inspired concentration of oxygen. However, it was 
sometimes difficult to maintain Pa02leveis in the second hour of chloroform 
anaesthesia. 

Further studies in ponies of thiopentone-induced, halothane-maintained 
anaesthesia revealed that hypotension during anaesthesia was due to 
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Table 32.3 Effects of anaesthesia on MAP, heart rate and PaC02 in ponies 

Time Ether Halothane Chloroform 
(min) 

MAP (kPa) 
control 14.5 ±OA 14.6±0.5 14.6±0.8 

15 10.5 ±0.5t 6.9±0.5t 12.5±1.1* 
30 9.7±0.5t 7.5±OAt 1O.6± 1.2t 
60 9.8±0.5t 9.4±0.5t 11.8 ±0.8t 

120 11.2 ±0.5t 9.8±OAt 13.3±0.7 

Heart rate (beats min-I) 
control 47 ± I 47 ± I 45±2 

15 58±2t 51 ± 1* 49±2 
30 56±2t 46± I 45±4 
60 58±2t 46± I 46±2 

120 63±4t 46±2 51 ±5* 

PaC02 (kPa) 
control 6.0±0.1 6.l±0.1 6.3 ±O.I 

15 7.6±0.lt 8.3±0.4t 8.3 ±OAt 
30 7.6±0.lt 8.5±OAt 8.1 ±0.5t 
60 8.8 ±0.8t 8.9±OAt 8.4±0.5t 

120 9.7±1.0t 9A±0.5t 9.0± I.ot 

Values are means±SE for 16-18 ponies (halothane and ether) or 6 ponies (chloroform). The 
significance of differences from control values was examined by t-tests and is indicated by: 
·p<0.05, tp<O.OI. Control values were taken in conscious animals before induction of anaes
thesia with thiopentone. Anaesthesia was then maintained for 2 h with a volatile agent 
administered in a to-and-fro closed circuit. 

decreases in C02 and TPR (Table 32.4), and a variety of indicators (e.g. left 
ventricular end-diastolic pressure, maximal rate of rise of left ventricular 
pressure) demonstrated that myocardial contractility was reduced4 • It is 
likely that the well-known direct negative inotropic action of halothane and 
the acidosis which accompanied anaesthesia both contributed to the reduc
tion in contractility. 

Enhancement of activity in the sympathetic nervous system during ether 
anaesthesia in horses is suggested by the cardiovascular collapse which is 

Table 32.4 Effects of thiopentone-halothane anaesthesia on cardiovascular function in 
ponies 

Time 
(min) 

control 
15 
30 
60 

120 

TPR 
(dyneseccm- S) 

459±43 
289±58 
252±41* 
314±61 
299±36* 

CO2 MAP 
(mlmin- I kg-I) (kPa) 

86.6±6.6 16.1 ±0.5 
51.7±8.7* 6.9±0.6t 
57.6±4.1* 7A±OAt 
61.0± 8.3· 9A±0.5t 
68.9±6.1 9.9±0.4t 

Values are means ± SE for 5 (TPR), 6 (CO) and 15 (MAP) ponies. The significance of differences 
from control values was assessed by paired f-tests and is indicated by: *p<0.05, tp<O.OI. 
Anaesthesia was induced with thiopentone (10 mg/kg) and maintained for 2 h with halothane
oxygen in a to-and-fro circuit 
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precipitated by administration of the /3-adrenoceptor antagonist, pro
pranoloPo. This also seems likely from a number of indirect indicators, for 
example from the increases in PCV and blood glucose and lactate concen
trations which occur in ponies anaesthetized with ether2. It is of interest that 
these changes not only persist into the recovery phase, they are maximal 
during recovery. Peak PCV and lactate levels occur at 1 h, while glucose 
concentration is highest 6 h after the end of anaesthesia (Table 32.5). With 
the exception of small rises in blood glucose, no such changes were recorded 
during recovery from halothane anaesthesia. Metabolic changes during 
recovery from chloroform were similar to those produced by ether but they 
were generally much less pronounced (Table 32.5). 

Table 32.5 Metabolic and haematological changes following anaesthesia in ponies 

Time Ether Halothane Chloroform 
(h) 

PCV (III) 
control 0.295±0.016 0.335 ± 0.008 0.339±0.018 

0.25 0.358 ± 0.025t 0.321 ±0.016 0.349 ± 0.011 
I 0.380 ± 0.023t 0.339±0.015 0.306 ± 0.014* 
6 0.300±0.027 0.300 ± 0.007* 0.354 ± 0.029 
24 0.306 ± 0.022 0.319±0.013 0.389 ± 0.022* 

Glucose (mmolll) 
control 4.26±0.24 3.68±0.07 3.47±0.1l 

0.25 7.88± 1.29t 3.71 ±0.03 5.38±0.73* 
I 7.49±0.87* 5.06±0.94 5.04±0.47 
6 7.93±0.84* 5.88±0.63* 5.68±0.07* 

24 5.01 ± 0.64 4.40±0.17* 3.95 ±0.23 

Lactate (mmolll) 
control 1.16±0.19 0.91 ±0.28 0.87 ±0.33 

0.25 3.40± O.4ot 0.95±0.23 1.51 ±0.58 
I 7.04± 1.68t 0.81 ±0.17 1.20±0.37 
6 l.54±0.26 0.62±0.1l 0.91 ±0.07 

24 0.89±0.14 0.55 ±0.08 0.74±0.!O 

Values are means ± SE for five ponies. The significance of differences from control values was 
examined by t-tests and is indicated by: *p<0.05, tp< 0.01. Control values were taken in 
conscious animals before induction of anaesthesia with thiopentone and maintenance with a 
volatile agent for 2 h. Further samples were taken at predetermined times after disconnecting 
the anaesthetic circuit 

There is currently much concern that the large and abrupt decrease in in
spired oxygen concentration which occurs on disconnecting horses from an 
anaesthetic circuit can cause hypoxic hypoxia 1,8. Several factors are in
volved, including continuing respiratory depression from the anaesthetic 
agent and ventilation-perfusion imbalances. We have measured minute-by
minute changes in cardiovascular and respiratory parameters in ponies in the 
immediate anaesthetic recovery period. After disconnecting the anaesthetic 
circuit, MAP started to rise immediately (from the depressed level during 
anaesthesia) (Figure 32.1), and heart rate increased after 5 min (Figure 32.2). 
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PaC02 fell rapidly from the elevated levels during anaesthesia (Figure 32.3) 
and Pa02 levels were reduced, with considerable variation betweerr ponies 
(Figure 32.4). For animals in lateral recumbency the lowest recorded value 
was 6.7 kPa, but in one pony Pa02 levels were in excess of 13.3 kPa. In 
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Figure 32.1 Mean arterial blood pressure in ponies: (a) in the standing position at rest (pre
tranq.); (b) standing after azaperone (0.8 mg/kg i.m.) premedication (post-tranq.); (c) in lateral 
recumbency during halothane/oxygen anaesthesia (after induction with thiopentone, 
methohexitone or metomidate) at times of IS, 3D, 45 and 60 min; (d) in lateral or sternal 
recumbency after disconnecting the anaesthetic circuit. Arrows indicate the times (and ranges) 
during recovery of first movement, movement from lateral to sternal recumbency and movement 
to the standing position. Each point is the mean±SE for 10 ponies 

almost every instance oxygen saturation (Sa02) was greater than 90010. 
Moreover, Pa02 was actually increased slightly in ponies lying in lateral 
recumbency from conscious control levels because of a small rise in haemo
globin concentration. However, greater decreases in Pa02 and Sa02 would 
be expected in larger breeds of horse. 
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33 
Steroidal anti-inflammatory agents 
in the horse: pharmacokinetics and 
action on the adrenal gland 
P. L. Toutain and R. A. Brandon 

Although the non-steroidal anti-inflammatory agents are the most useful 
anti-inflammatory drugs in equine practice, corticosteroids are also used for 
a variety of conditions such as endotoxic shock, arthritis, pulmonary 
diseases, etc. In addition, the psychostimulant effect of corticosteroids has 
led to their large and uncontrolled misuse in racing horses in order to improve 
performance. The pharmacological properties and therapeutic indications of 
synthetic cortiscosteroids are documented for the horse. In contrast, infor
mation on the pharmacokinetics and the effects of these agents on the adrenal 
gland are scant or absent. The objectives of the present report are to review 
the information available in these two fields and to present unpublished data 
obtained on dexamethasone and prednisolone in the horse. 

RELEVANCE OF PHARMACOKINETIC STUDIES 
OF CORTICOSTEROIDS 

As for other drugs, pharmacokinetic data on corticosteroids are needed to 
evaluate some basic parameters such as the rate of absorption, bioavail
ability, extent of metabolism, urinary excretion, etc. Another point of 
interest is the availability of the corticosteroids from their ester forms. To 
modify the solubility of steroids, many corticosteroid esters have been 
introduced. However, only the free alcohol is active and a preliminary 
hydrolysis in the body is necessary to remove the ester. For example, it was 
shown in man that dexamethasone-21-sulphate, an ester currently used in 
certain European and Asian countries, is not hydrolysed and consequently 
is without therapeutic effects16• In this respect, not only the total availability 
of the steroid from the ester form is important to consider, but also the speed 
of its availability through hydrolysis, especially in some circumstances (e.g. 
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in the course of endotoxic shock therapy), when massive corticotherapy is 
necessary. 

One of the main purposes of pharmacokinetic studies is to establish a 
rational dosage regimen. For corticosteroids, no apparent relationship has 
been demonstrated between blood levels and therapeutic effects19 • In 
addition, steady-state plasma concentrations are not desirable. Conse
quently, determination of pharmacokinetic parameters will probably not be 
of help in determining an appropriate dosage regimen which is still largely 
empirical. In contrast, pharmacokinetics may be able to contribute to the 
evaluation of the potency and duration of action of corticosteroids. Indeed, 
it is generally accepted that the halflife in plasma is related to the duration 
of activity. In addition, relative anti-inflammatory potency of the different 
corticosteroids in man are approximately correlated with the plasma 
halflife15 • 

ANALYTICAL TECHNIQUES 

Pharmacokinetic studies of synthetic corticosteroids and evaluation of their 
effects on the adrenal gland require sensitive, specific and reproducible 
analytical techniques; in addition, they must be adaptable to routine use. 

In the horse, plasma cortisol has been measured by five methods: fluor
ometry, thin-layer chromatography, competitive protein-binding (CPB), 
radioimmunoassay (RIA) and high performance liquid chromatography 
(HPLC) (Table 33.1). Fluorometric techniques measure the fluorescence 
developed by the ll-hydroxy group. This technique lacks specificity and 

Table 33.1 Basal cortisol values in the horse according to the analytical techniques 

Analytical technique 

Fluorometric 

Thin-layer chromatography ultraviolet 
absorption-fluorescence 

Competitive protein binding 

Competitive protein binding vs. 
radioimmunoassay 

Radioimmunoassay 

High performance liquid chromatography 

354 

Cortisol (ng/ml) 
mean±SD 

58 ± 18.9 
110-130 

2190-3950 

51.2±16.7 
13.7± 4.0 
42 ±20 
85 ± 19 

138.4 ± 30.9 
vs. 

43.3 ± 9.3 

19-31 
15-50 

about 40 
6-23 

73.0±11.19 

Reference 

11 
8 

28 

9 
3 

14 
6 

7 

13 
21 
20 
2 

Toutain 
(unpublished 
observation) 
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detects cortisol, corticosterone and other non-specific fluorescent material. 
Despite these limitations, fluorometric values reported in the horse ll are in 
agreement with other techniques such as CPB and HPLC. Using thin-layer 
chromatography, ultraviolet absorption and fluorescence, the first plasma 
cortisol values reported in the literature for the horse (2190-3950 ng/ml) 
were much too high to be acceptable28 • Competitive protein binding methods 
rely on competition between unknown and radio labelled cortisol for a 
cortisol binding-protein (i.e. corticosteroid binding-globulin). As for 
fluorometry, other hydroxycorticosteroids bind to the protein, but their 
contribution in the horse are probably of little importance because it may be 
assumed that cortisol is the principal corticosteroid. With this technique, 
reported normal mean values in the horse vary relatively widely from 13.7 ± 4 
to 138.4 ± 30 ng/mp· 7. Radioimmunoassay methods are sensitive and give 
generally lower values than CPB techniques. 

The same samples analysed by these two techniques give mean values in 
the ratio of 1: 3. Radioimmunoassay techniques were also used for the 
analysis of dexamethasone4 • 21. The cross-reactivity of cortisol to the dexa
methasone antiserum is only 0.126,10 (Table 33.2)21. Consequently, kinetic 
studies of dexamethasone, including its effects on the adrenal gland, could 
be undertaken with the RIA method. In contrast, prednisolone displays a 
strong cross-reaction against cortisol antibody which prevents a precise 
pharmacokinetic study with this method. In general, the lack of specificity 
of the RIA technique developed for dexamethasone analysis is such that it 
may be used to detect the administration of a wide range of other synthetic 
corticosteroids and their derivatives4 • 

Table 33.2 Cross-reaction of various steroids with dexamethasone and cortisol antisera at 500/0 
binding (from ref. 21) 

Steroid 

Dexamethasone 
Cortisol 
Betamethasone 
Triamcinolone 
Prednisolone 
Corticosterone 
Cortisone 
II-deoxycortisol 
17 iJ-oestradiol 
Progesterone 
Dihydrotestosterone 

% Cross-reaction 
Dexamethasone antiserum 

100 
0.12 

15.9 
8.1 
0.6 
0.08 
0.01 
0.031 
o 
0.065 
0.09 

Cortisol antiserum 

0.0113 
100 

0.03 
0.07 

60.9 
1.3 
2.2 
8.2 
0.003 
0.003 
0.015 

The characteristics of HPLC techniques when coupled with sensitive UV 
detectors provide the advantages of simple preliminary treatment of the 
sample, a very selective separation and a short time analysis 1. This has 
been used in our laboratory to evaluate simultaneously both natural and 
synthetic corticosteroids in the horse. Plasma cortisol values found with this 
method (73 ± 11.2 ng/ml) are in agreement with those of the CPB technique. 
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Different synthetic corticosteroids used in the horse (prednisolone, dexa
methasone, flumethasone) can be easily and specifically quantified with a 
level of sensitivity of about 2 ng/ml, which is convenient for kinetic studies. 

PHARMACOKINETICS OF DEXAMETHASONE AND ITS ESTERS 

Intravenous administration 

The plasma concentrations (ng/ml) of dexamethasone (DXM) after intra
venous (i.v.) administration of DXM alcohol and DXM-21-isonicotinate 
(0.05 mg/kg) to six horses are shown in a semilogarithmic plot (Figure 
33.1 (a». The plasma concentrations were fitted to the biexponential equation 
Cpt = Ae-at + Be- i3t , where cpt is the concentration of drug in plasma at time 
t, A and B are coefficients and ex and (3 are exponential coefficients. Table 
33.3 gives the values of these different parameters. The halftimes of elimin
ation of DXM for these two formulations were, respectively, 53.35 ± 13.91 

300 
( a ) 
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Figure 33.1 The semilogarithmic plot of mean plasma concentration (ng/ml) vs. time (h) of 
(a) dexamethasone after intravenous administration (0.05 mg/kg) of dexamethasone alcohol (0 ) 
and dexamethasone-21-isonicotinate (.) to six horses, and (b) of prednisolone after intravenous 
(0 ) and intramuscular (.) administration of prednisolone succinate (0.6 mg/ kg) to four horses 
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Table 33.3 Kinetics of DXM in horse, intravenous route (0.05 mg/kg as DXM alcohol) 

Compound 

DXM alcohol 

DXM-21-isonicotinate 

A 

302 
(±83.8) 

251.85 
(± 123.90) 

Parameters 
B ex {3 

44.6 0.4473 0.01407 
(± 8.79) (±0.1180) (±0.OO521) 

49.4 0.4769 0.01413 
(± 8.91) ( ±0.2143) (±0.OO370) 

and 53.5 ± 16.98 min (mean ± SD). In addition, the areas under the curves 
and the initial concentrations were not statistically different between the two 
formulations, thus indicating that DXM is totally and immediately available 
from its isonicotinate ester. Consequently, DXM alcohol and DXM-21-
isonicotinate administered by the intravenous route in the horse must be 
considered as therapeutically equivalent. Similar results have been obtained 
with DXM-21-sodium phosphate. Following intravenous administration 
(20 mg in toto), the level of DXM in plasma after 15 min was 63 ng/ml and 
nearly absent after a delay of 12-14h21. In comparison to other species, it 
appears that the elimination of DXM is more rapid in the horse (see Table 
33.4). 

Table 33.4 Halflife (min) of DXM in different species 

Species 

Halflife 

Authors 

Horse 

53 

Present report 

Intramuscular administration 

Cow 

290-335 

23 

Dog 

110-130 

24 

Man 

140-200 

25 

Rat 

156-324 

26 

In the same six horses used for the Lv. study, the plasma concentrations 
achieved by intramuscular injection (i.m.) of DXM alcohol and DXM-21-
isonicotinate were too low to allow kinetic analysis. However, the sup
pression of endogenous corticosteroids and the presence of DXM in urine 
suggest absorption had occurred. After Lm. administration of radiolabelled 
DXM, DXM was detected in plasma within 15 min; the peak level was 
obtained approximately after 2 h and between 40 and 50070 of administered 
radioactivity5 was excreted in urine in the first 24 h thus suggesting a good 
availability of the DXM solution. Following i.m. administration of a sus
pension of DXM-21-isonicotinate, it was impossible to detect DXM in 
plasma and the peak level in urine was achieved 20 h after dosing, indicating 
relatively slow absorption21 . Even slower absorption was observed with 
DXM -21-trimethylacetate since urinary DXM increased to 16 ng/ml within 
24 h of the injection and remained slightly elevated21 for 120 h at least. In 
summary, DXM alcohol and its soluble esters are rapidly absorbed following 
Lm. administration. In contrast, water insoluble esters are slowly absorbed 
which explains the prolonged activity of these formulations. 
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STEROIDAL ANTI-INFLAMMATORY AGENTS IN THE HORSE 

Urinary elimination of dexamethasone and its metabolites 

DXM and its metabolites are largely excreted in urine. The total urinary 
excretion of DXM corresponds to 6-71170 of the administered dose!5. The 
remaining drug in urine corresponds to different metabolites, the principle 
of which22 is 9-fluoro-16a-methyl-6i3, 1113, 16i3-trihydroxy-l ,4-androsta
diene-3,17-dione. Other metabolites!7 are 9a-fluoro-16a-methyl-6,lli3-
dihydroxyandros t -1 ,4-diene-3,17 -dione, II-dehydroxydexamethasone, 20-
dihydroxydexamethasone and 6-hydroxydexamethasone. 

Kinetics of urinary elimination are important to consider in order to 
estimate an appropriate clearance time. Table 33.5 gives the values obtained 
from the literature and from our laboratory. It appears that the clearance 
times of DXM alcohol and its hydrosoluble esters (phosphate, ... ) are 
relatively short (from 24 to 48 h). In contrast, after intramuscular adminis
tration of a long-acting formulation (acetate, ... ), DXM can persist in urine 
for more than 4days. 

PHARMACOKINETICS OF PREDNISOLONE 

At the present time, no precise pharmacokinetic study has been published on 
this corticosteroid. It has been suggested!7 that good absorption occurs from 
the gut and that urinary excretion is complete 3 days after oral adminis
tration. 

The plasma concentrations (ng/ml) of prednisolone after intravenous and 
intramuscular administration of prednisolone succinate (0.6 mg/kg) to four 
horses are shown as a semilogarithmic plot in Figure 33.1(b). A halftime of 
about 2 h was calculated for both the i.v. and i.m. routes. In addition, rapid 
and nearly complete absorption (about 85%) were observed. In contrast to 
other species, the elimination of prednisolone appeared to be slower than 
DXM. Figure 33.2 shows plasma prednisolone concentrations after the i.m. 
administration of prednisolone acetate (0.6 mg/kg) to six horses. The rate 

. 
2 6 

TIME (cia,.) 

Figure 33.2 The semilogarithmic plot of mean plasma concentration (ng/ml) vs. time (days) 
of prednisolone after intramuscular administration of prednisolone acetate (0.6 mg/kg) to six 
horses 
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of absorption was much slower than that of prednisolone succinate and a 
halftime of absorption of about 2 days was calculated from the terminal 
phase of the curve ('flip-flop' model of absorption). This explains the 
presence of prednisolone in some horses 10 days after its administration as 
the acetate and the long suppressive effect on the adrenal gland of this 
formulation (see below). 

At the present time, no precise information is available for other corti
costeroids in the horse. 

SUPPRESSIVE EFFECT OF SYNTHETIC CORTICOSTEROIDS 
IN THE HORSE 

Synthetic corticosteroids inhibit the production of natural corticosteroid by 
the adrenal gland because insufficient ACTH is released from the pituitary. 
In addition, repeated administration may result in adrenal atrophy leading 
to a 'steroid let-down' syndrome when glucocorticoid therapy is stopped. In 
the horse, as in other species, withdrawal signs consist of myalgia, arthralgia, 
diarrhoea, electrolyte imbalance, haemoconcentration and severe depression 
with extreme muscle wastage l2 , 18. Thus, medical supervision of adrenal 
status is required during corticotherapy, especially if it is prolonged. At the 
present time, measurement of basal cortisol values and responsiveness to an 
ACTH test are the most useful criteria to evaluate the degree of suppression. 
Interpretation of basal cortisol level in the horse must include consideration 
of factors of variation (see Table 33.6). It appears that in the normal horse, 
age, sex, and breed are of little importance. In addition, the speed of blood 
sampling and the use of a thin needle cause minimum stress and are probably 
without effect". Under normal conditions, the most important factor of 
variability is the sampling time. Wide differences between morning and 
evening cortisol values have been reported3, 9, The highest values were 
reported in the morning (06.00-09.00) and the lowest during the afternoon 
or the night (16.00-22.00). Such variations must be considered; control 
blood sampling should be done at the same times and under the same 
conditions. 

Evaluation of the suppressive effect of exogenous corticosteroids, by 
measuring basal plasma cortisol, is not sufficient. As shown in cattle23 , the 
basal levels of cortisol may be normal while adrenal responsiveness remains 
depressed. Consequently, both static (basal cortisol) and dynamic levels 
(plasma cortisol after ACTH administration) must be evaluated. ACTH tests 
have been performed in the horse with both natural (corticotropin) and 
synthetic (tetracosactide) ACTH. Figure 33.3 shows the responses obtained 
with these two formulations. With natural ACTH administered intra
muscularly as a gel, the delay of response appears to be variables. The peak 
value is obtained after a relatively long delay (i.e. from 4 to 8 h)6,,,,14, and 
significantly higher values persist until 1 0-15 h after administration. In 
addition, rebound depression is observed 11,14. In contrast, after adminis
tration of tetracosactide by the i. v. route, the peak level of cortisol appears 
earlier (30 min postinjection with 10-50 IV or after 2 h when 100 IV or 
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Table 33.6 Various factors which influence plasma cortisol concentration in the horse 

Factors 

Age 

Sex 

Breed 

Circadian rhythm 

Exercise 

Pathologic 

Venipuncture 

Anaesthesia 

Surgery 

Adrenaline 

Hypoglycaemia 

300 

250 

200 

E .... 
'" c: 150 
...J 
0 
(f) 

;::: 
100 II: 

0 
U 

<I 
:I 50 (f) 
<I 
...J 
11. 

0 

Variations 

no effect 

no effect 
higher values in male than in female: 
23.8:1:4.24 vs. 9.06:1: 1.12ng/ml 

ponies no different of thoroughbreed: 
71.6:1:20 vs. 71.5:1:16ng/ml 

absent 
present with highest values in the morning 
09.00: 75:1:19.3ng/ml- 21.00: 51.8:1:13.7ng/ml 
08.00: 42 ng/ml - 16.00: 17 ng/ml 
08.00: about 28 ng/ml - 16.00: about 6 ng/ml 
06.00: 65 ng/ml - 18.00: 20ng/ml 

no effect 
increase of 130070 

increase: shock, colics, etc. 
no effect: chronic stress (poor performers) 

no effect on trained horses 

no effect (acepromazine, thiopentone, halothane) 

large increase similar to that obtained after ACTH 
administration 

no effect 

only severe hypoglycaemia induced by insulin (0.8 IV/kg) 
increase plasma cortisol 

synlhelic(lV) nalural (gel 1M) 

r-

o 0.5 2 4 0 0.5 I 2 4 
HOURS POST ADMINISTRATION 

Authors 

9 

8,9, 11 
2 

11 

8 

11 
9 
3 

14 

8 
4 

10 
2 

11 
Present 
report 

II 

11 

11 

11 

Figure 33.3 ACTH-stimulated plasma cortisol concentration (ng/ml) after intravenous 
(synthetic) or intramuscular (natural, gel) administration of ACTH (100 IU)6 
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larger doses are given). Return to normal values are seen6 within 4 h. From 
these results, it may be concluded that tetracosactide is preferred for testing 
the adrenal gland in the horse because shorter and more uniform responses 
are obtained. In addition, a reduced risk of hypersensitive reaction may be 
expected since the preparation is pure and has a smaller molecular weight. 

The degree of adrenal suppression is dependent upon the drug, its 
formulation and dose and the duration, frequency, time and route of 
administration. A rational approach to glucocorticoid therapy in the horse 
requires precise information on these different variables but at the present 
time only limited data are available. 

Short-acting formulations, single administration (i.v., i.m.l 

For short-acting preparations (alcoholic solution or hydrosoluble esters such 
as succinate, hemisuccinate, sulphobenzoate, trihydroundecanoate, isonico
tinate, phosphate and phosphate disodium) and for single administration 
either by the intravenous or intramuscular routes, adrenal suppression is not 
always total. Return to normal values is observed within 1-5 days accord
ing to the drug. Figure 33.4(a) shows the plasma cortisol concentrations after 
a single administration of prednisolone succinate to four horses (0.6 mg/kg, 
Lv.). Suppressive effects are significant 15 min after administration; non
detectable values were observed 6-12 h after administration and normal 
values returned within 24-38 h. Similar results were obtained by the Lm. 
route. Single administration of DXM-21-isonicotinate as a solution 
(0.05 mg/kg, Lm.) suppressed cortisol production following a delay of 
1-2 h with return to normal values after 4-5 days (Figure 33.4(b». Similar 
results were obtained using DXM alcohol by either the intravenous or 
intramuscular route and for DXM-21-isonicotinate by the intravenous route. 
Consequently, it appears that the suppressive effect of DXM is of a longer 
duration than prednisolone in the horse. After injection of DXM-21-sodium 
phosphate (20mg, Lv.), plasma cortisol was undetectable within 12 h. After 
a delay of 18 h, the level increased steadily to normaJ21 after about 30 h. 
Similar observations are reported7 , 10, 11 

Short-acting formulation, repeated administration lO 

Daily administration of 20 mg of DXM by intramuscular injection for 
10 days to one horse resulted in a decrease in cortisol concentration which 
varied from 11 to 26ng/ml (value for control horses: 51 ± 16ng/ml). On the 
11th day, this horse was given 500 units of ACTH gel; the plasma cortisol 
value then increased from 0 to 52 ng/ml. This response was lower than the 
response of control horses (153 ng/ml) indicating a suppressive effect on both 
the static and dynamic functions of the adrenal gland. 
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Figure 33.4 Histogram of mean plasma cortisol concentration (ng/ml) vs. time (h) (a) after 
intravenous administration of prednisolone succinate (0.6mg/kg) to four horses; (b) after 
intramuscular administration of dexamethasone-21-isonicotinate (0.05 mg/kg) to six horses; (c) 
after intramuscular administration of prednisolone acetate (0.6 mg/kg) to six horses. Mean and 
standard deviation for (a), (b), (c) 
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Long-acting formulations (i.m.) 

After DXM-21-trimethylacetate intramuscular administration (20mg) no 
consistent depression of plasma cortisol was observed for 24 h. Thereafter, 
cortisol levels remained low until the end of the 120 h period of observation21 • 

A more precise study of the effect of prednisolone acetate (0.6 mg/kg) was 
undertaken in our laboratory. Both the cortisol level and ACTH test were 
used to evaluate the suppressive effects of prednisolone acetate on the 
adrenal gland. Figure 33.4(c) shows the changes in plasma cortisol after 
prednisolone acetate injection and Figure 33.5 shows the response to the 
ACTH test. Plasma cortisol decreased after a delay of 1-2 h and reached a 
low or undetectable value after 12 h postadministration. Return to normal 
required about 20 days. Similarly, the ACTH test indicated that the respon
siveness of the adrenal gland was depressed equally for 3 weeks (Figure 33.5). 
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Figure 33.5 Histogram of the mean base-line plasma cortisol concentration and ACTH
stimulated plasma cortisol concentration before and after the intramuscular administration of 
prednisolone acetate (0.6 mg/kg) to six horses; mean and standard deviation 

Local administration 

Intra-articular corticosteroid therapy is widely used in the horse in order to 
avoid systemic side-effects. However, after intra-articular administration, 
some steroids are absorbed into the systemic circulation. In man, intra
articular injection has been shown to produce adrenal atrophy, but no 
information is available at the present time in the horse. A probable systemic 
effect on the adrenal gland of the horse is suggested by evidence that 
administration of betamethasone dipropionate plus betamethasone sodium 
phosphate resulted in a decrease in the eosinophil count for 2 weeks27 • 
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CONCLUSION 

Suppression of the hypothalamic-pituitary-adrenal system is the most 
prevalent and most dangerous side-effect induced by corticosteroids. The 
main factor appears to be the formulation. Soluble forms (alcohol and 
phosphate, etc.) depress the adrenal gland for 1-5 days depending upon the 
drug and route of administration. In contrast, insoluble esters (acetate, etc.) 
can depress for a much longer time (i.e. several weeks). Such a difference 
must be related to the speed of absorption from the site of administration 
as shown by pharmacokinetic studies. For such preparations, repeated 
administration (i.e. every 2 weeks) can lead to severe adrenal insufficiency. 
Despite the new results presented here, no precise recommendation can be 
offered for the conduct of longterm corticotherapy in the horse. Further 
studies in this field are required to obtain more information, such as the 
effect of repeated administration of short-acting formulations and the value 
of the oral route in the horse. 
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34 
Spasmolytic analgesic drugs and 
small intestinal function in the horse 
E. l. Gerring and J. V. Davies 

Spasmolytic and analgesic drugs are widely used in the treatment of 
abdominal pain in the horse. Pain in these cases may emanate from a variety 
of sources and is commonly referred to as colic. Pain in the small intestine 
may be due to obstruction of the lumen, distension by fluid or gas, or inter
ference with the regional vascular supply. It is frequently not possible, 
particularly in the early stages of the condition, to make an accurate 
diagnosis and treatment must be undertaken empirically2. Since spasmolytic 
and narcotic analgesic drugs are frequently administered in such situations, 
the purpose of this investigation was to measure the effects of such drugs on 
the function of a small intestinal loop in conscious ponies. 

MATERIALS AND METHODS 

Three Welsh pony geldings (125-135 kg) aged 12-24 months were studied. 
Under halothane anaesthesia, 120cm T-V loops of the jejunum were pre
pared in each animal, via a left paracostallaparotomy high on the flank. The 
stomata were placed on the ventrolateral aspect of the abdomen. Two pairs 
of electrodes and two strain gauge transducers (SGT) were attached to the 
loop. The electrode and SGT connections were made through perspex 
cannulae exteriorized through the left flank 1. The ponies were allowed 
3 weeks to recover from surgery and trained to stand in stocks for recording 
sessions. They were housed individually and fed hay, bran, pony nuts and 
oats. 

During recording the loop was perfused with 0.9070 sodium chloride 
solution at 37°C. The head of saline was adjusted so that fluid was ejected 
in distinct jets (deliveries). All fluid collected was measured and returned via 
a filter to the reservoir. The large volume of the reservoir (201) compensated 
for any small losses of fluid. 

Recordings were made over several hours at the same time of day. At least 
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1 h of steady perfusion was used as the predose control in each experiment. 
Ponies had access to food prior to recording but were not fed during the 
experiment. Recordings from the electrodes (electroenterogram) and the 
SGT (mechanogram) were displayed simultaneously on the polygraph. 

All drugs were administered by slow injection into a jugular vein in the 
following doses: acepromazine 5 mg (2.5 ml), Buscopan: 40 mg hyoscine and 
5 g dipyrone (10 ml), pethidine 250 mg (5 ml), methadone 10 mg (1 ml) and in 
control experiments saline 5 ml. 

Mathematical tables were used to randomize the sequence of experiments. 

ANALYSIS OF DATA 

The traces were analysed together when the experiments had been completed 
to standardize interpretation. Measurements, made over 5 min units of time, 
were slow wave frequency (SWF), frequency of superimposition of spiking 
activity on the slow wave (SA), the rate of delivery of jets of fluid test meal 
(DR) and the volume of test meal transported (Vtm). 

Grand pretreatment control means x ± 2 SEM (standard error of the mean) 
for each parameter were calculated from the pretreatment values of all the 
experiments. These values were used to construct 96070 confidence limits to 
delineate daily or experimental variation. Pretreatment control means were 
calculated for each experiment and post-treatment changes from control 
means were summed every 15 min. 

RESULTS 

The effects on SWF, SA, DR and Vtm were calculated for each drug. The 
results for acepromazine gave a 5 % (p ~ 0.01) reduction in slow wave 
frequency and a 32% peak increase (p~O.OI) in flow rate. Changes in 
spiking activity and delivery rate were not significant (Figure 34.1). 

~ 
SWF SA DR Vtm 

61.3 ~0.4 21.5 !0.4 4.9 to.3 850 t44 
II t 2 SEM c/5min c 15 min c/5min ml /5 min 

Acepromazine ~, - - tft 5mg 

Buscopan 
40 mg - - ~ , -

Pethidine 

~ ~ 
, , tf 250 mg 

Methadone 

l' 
, , 1t 10 mg -

Figure 34.1 Effects of four drugs on the slow wave frequency (SWF), spiking activity (SA), 
delivery rate (DR) and flow rate (Vtm) in a jejunal loop 
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Buscopan had less marked effect. There was a tendency for an overall 
reduction in each of the parameters, but only in the case of DR was this 
consistently significant (p < 0.05). 

There was a tendency to reduce SWF and DR (p<O.OI) was consistently 
decreased with pethidine. The volume of fluid transported was increased 
overall and significantly so during the 15-45 min period after injection. The 
pattern was somewhat similar with methadone but the effects were more 
marked. Both SWF (p<0.05) and SA (p<0.05) were reduced but no 
significant change occurred in DR. Flow rate was increased but only after 
30 min from the time of injection. 

Control injections of saline made no significant difference to any of these 
measurements of motility. 

DISCUSSION 

In these experiments the effect of drugs on the motility patterns of a T -V loop 
were assessed by alterations in the electrical, mechanical and transport 
profiles. The activity of the phenothiazine group oftranquillizers represented 
by acepromazine is complex (Lees, 1982, personal communication). Many 
of their actions may exert an influence on gut motility, particularly para
sympatholytic, direct spasmolytic and membrane stabilizing properties. 
Electrical activity was depressed by a reduction in SWF. Although the 
delivery rate was unaffected, the flow rate was markedly increased. This 
increase may be explained by an increase in the force of propulsive con
traction or by a decrease in tubular resistance. The atropine-like activity and 
spasmolytic effects are probably responsible for a decrease in tone, thereby 
augmenting tubular volume and thus reducing the resistance to flow. 

The flow rate (Vtm) is a function of the radius (r) of the intestinal tube 
and the delivery rate (d) since Vtmocdr3 and thus r3 oc Vtm. Any spasmolytic 
effect will increase r; in the case of acepromazine the marked increase in Vtm 
with no change in d would lead to the conclusion that there was an increase 
in the tubal radius due to spasmolysis. 

Buscopan contains hyoscine and the anti-inflammatory compound 
dipyrone. The belladonna alkaloids are reported to produce marked and 
prolonged inhibitory effects on the motor activity of the gut, characterized 
by a decrease in tone, amplitude and frequency of peristaltic contractions3• 

In these experiments, however, electrical activity was not significantly 
altered. The most significant change was a decrease in the frequency of 
deliveries. Although these productive contractions decreased, the volume of 
fluid transported remained largely unchanged. Assuming r3 oc (Vtm/d) then 
a marked decrease in d with no change in Vtm would show a larger value for 
r and therefore spasmolysis. Buscopan appears therefore to reduce peristalsis 
by decreasing the number of productive contractions without altering the 
inherent electrical pattern of the gut, and to reduce tone, thereby allowing 
fluid to pass through the gut passively. 

Both pethidine and methadone decreased the total electrical activity of the 
T-V loop. Methadone had the more profound and lasting effect. Although 
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these drugs increase intestinal contraction, the net effect of the opiates and 
their derivatives on the gut is constipating". 

In a review of the literature surrounding this controversy it was concluded 
that, although there may be an initial burst of activity, the main effect is to 
cause a prolonged depression of intestinal propulsion 7 • The internal volume 
(tone) of a T-V loop in dogs and the work done have been measured in terms 
of fluid transported6• Morphine reduces the amount of propulsive work 
done, but the immediate effect is to increase the tone of the loop, expelling 
fluid from both ends. However, raising the perfusion pressure allows fluid 
to enter the loop which is then vigorously transported. By constantly per
fusing the loop in these experiments the eff'ect of pethidine and methadone 
has been to increase the volume of fluid transported. These drugs therefore 
reduce the amount of electrical and propulsive activity but greatly increase 
its force. 

Observations incidental to an experimental protocol have demonstrated 
the initial burst of activity in the jejunum after an injection of morphine, but 
there was no record of the effects after 10 min. The effect of the drug might 
also have been modified by the presence of clinical colic5• 

In the clinical treatment of colic each of these preparations is widely used 
with apparently good results. Both acepromazine and Buscopan are reputed 
to be spasmolytic but it is likely that the analgesic properties of all four drugs 
may be the more significant in clinical cases. 
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35 
Physiological, pharmacological and 
therapeutic aspects of some 
gastrointestinal disorders in the horse 
L. P. Phaneuf and Y. Ruckebusch 

A high incidence of acute abdominal diseases is recognized in horses. A 
retrospective study of causes of death indicates that the alimentary tract was 
responsible for 33070 of the lethal disorders in horses of less than 1 year to 
more than 15 years of age in UH3. An insurance firm has compiled that, in 
1981, 20.9070 of the claims for euthanasia in USA were caused by colic4 • In 
both cases, the highest prevalence of gastrointestinal diseases is in horses of 
less than 1 year of age. 

Abdominal problems are related to difficulties with the rapid progression 
of abundant digesta in organs of relatively limited volumes: stomach and 
small intestine. The large intestine, a much larger and more important 
digestive organ than in other domestic animals, is also vulnerable2• To fit into 
the abdominal cavity, this voluminous intestinal tube is multifolded, its 
diameter is alternatively dilated and narrowed, whereas the structure of its 
wall varies considerably from segment to segment. Accordingly, changes in 
the gastrointestinal transit and motility feedings are more marked than in 
other species. The morphological characteristics favour impaction, volvulus 
and intussusception. 

Troubles in gastrointestinal motor functions lead to (1) interruption of the 
internal circulation of fluid and electrolytes, exsorption exceeding insorp
tion, (2) perturbation of the enzymatic and bacterial digestive processes, and 
(3) intermittent or continuous visceral (sympathetic tracts mediated) or 
parietal (somatic tracts mediated) abdominal pain. 

The first therapeutic intervention is usually to obtund the abdominal pain 
before a satisfactory examination of the horse can be performed to restore 
the altered gastrointestinal motility9. This review will discuss abdominal 
pain, normal and abnormal gastrointestinal motor events, mostly during 
chronic experimental situations, and the effect of drugs on these parameters. 
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EQUINE ABDOMINAL PAIN 

Abdominal pain of the horse is conveniently classified as visceral pain and 
parietal pain. Visceral pain is associated with the typical signs of colic, where 
horses exhibit uncontrollable physical activity. External palpation, when 
possible, is usually not painful unless the troubled viscus is contacted. 
Parietal pain differs: the horses tend to remain immobile, and palpation of 
the abdomen causes considerable pain24. 

Specific experimental obstructions have been performed to determine 
changes in signs of pain and interrelationships with other physical signs. 
Ponies with ligation of the duodenum survive about 18 h, and most (5/6) 
show a ruptured stomach. Visceral pain, with body sweat more abundant at 
the thoracic and abdominal areas, is greatest 2 h before death8 • Closed loop 
obstruction of the ileum (simulated volvulus) causes death in about 21 h, 
visceral pain is continuous, and sweating does not occur. In both duodenal 
obstruction and ileal vol~ulus, the sounds of intestinal motility disappear 2 h 
after onset of the problem8 • Ponies with obstruction of the small colon 
display intermittent visceral pain limited to pawing or looking at the flank, 
mild sweating, and survive more than 36 h8 • 

Models to simulate impaction of the large intestine use chronic fistulas at 
the caecum 10,13 or on the left ventral colon near the pelvic flexure ll • A 
balloon inserted in such a fistula and inflated above capillary pressure 
provokes immediate colic or a visceral pain simulating impaction lO,II,13. A 
change from pellets to hay may cause, within 24-48 h, impaction in the 
pelvic flexure-fistulated poniesll . Similarly, intravenous injection of an 
acaricide, amitraz, incites a progessive obstruction of the large intestine in 
the area of the pelvic flexure of ponies l5 , 23. 

Some of these objective models for colic pain have been used to evaluate 
simple analgesic drugslO, II, 13, 14 and combination of analgesic drugs l4 . On 
ponies subjected to induced caecal visceral pain 13, analgesia, obtained with 
single drugs and with a combination of two drugs have been subjectively 
ranked l4 . The combination of xylazine hydrochloride and fentanyl citrate 
has been rated a little better than xylazine alone for the relief of visceral pain 
(Table 35.1). With the pelvic flexure impaction model, flunixin or xylazine 
have relieved signs of impaction colic in ponies for 30-60 min II. 

Table 35.1 Performance ranking of drugs in four ponies with visceral pain. The best drug was 
ranked 4, with values decreasing to the poorest, which was ranked 114 

Treatment 

Xylazine 
Xylazine + fentanyl 
Xylazine + meperidine 
Xylazine + oxymorphone 

4 measurements at 
2-hour intervals 

Pony no. 
1 2 3 4 Rank values 

1 3 4 4 12 
3 4 3 3 13 
4 1 1 2 8 
2 2 2 1 7 
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8 measurements at 
4-hour intervals 

Pony no. 
1 2 3 4 Rank values 

2 3 3 4 12 
3 4 4 3 14 
4 1 1 2 8 
1 2 2 1 6 



GASTROINTESTINAL DISORDERS IN THE HORSE 

Painful colic, with jejunal spasms detected electromyographically, has 
been relieved by intravenous administration of 1 mg/kg of morphine, in a 
ponyl2. 

GASTROINTESTINAL MOTOR EVENTS 

The objective of motility of the stomach and small intestine of the horse is 
chiefly to mix chyme with secretions, and propel the liquid digesta rapidly 
into the caecum. The motor events in the caecocolic segments aim to delay 
the transit time of digesta for bacterial fermentation, and later to propel the 
residues to be voided as semi-solid faeces. 
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Figure 35.1 The transit time of Cr203 and of PEG through the gut in the horse. Time in hours 
after administration 1 

The gastrointestinal transit of particulates of chromic oxide (Cr203) or 
liquid polyethylene glycol (PEG) markers administered to ponies l takes 
nearly 72 h (Figure 35.1). In ponies fed chopped or long hay (33070 cellulose) 
coloured with markers, the mean gastrointestinal transit time26 is from 26 to 
37 h. The passage of feeds from mouth to caecum requires about 3-4 h 
under normal feeding conditions. After a period of fasting of 12 h, this 
transit is made in less than 1 h because of practically no retention in the 
stomach25 . The hyperactivity of feeding results from sensory stimulation 
during prehension, mastication and insalivation of each bolus of feed6, 25. 
This hyperactivity of the intestinal tract has been measured from recordings 
of intraluminal pressure changes 11,21,23 and from electromyographic 
modifications6, 7, 12,20. 
Electromyography, with closely coupled subserosal wire-electrodes chron
ically implanted in the smooth muscle layers, has helped to gain some insights 
on the complicated motor activity of the stomach and the intestine of the 
conscious horse l9 . The concept is based on analysis of the various electrical 
potentials coinciding with the cellular activity of the longitudinal and circular 
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Figure 35.2 Integrated electromyograms of the antrum and jejunum in the horse. Periods of 
antral activity per hour are doubled during feeding. Migrating myoelectric complexes (MMC) 
are recorded during feeding but their frequency is enhanced after feeding 

muscular layers. In the stomach and small intestine, slow waves originate 
from the longitudinal smooth muscles. They occur without any mechanical 
evidence at a rate characteristic for each segment: stomach (5/min), duo
denum (I5/min), ileum (1O/min)17 . During activity of the circular muscles, 
bursts of spike potentials are added to the slow waves (Figure 35.2). In the 
small intestine, this spiking activity can be irregular (ISA), when only some 
slow waves carry bursts of spike potentials. This type of activity has been 
identified with peristaltic activity. The regular activity (RSA), where each 
slow wave is loaded with spike potentials, corresponds to rhythmic seg
mentation. By electronic integrator analysis these electrical events can be 
grouped to represent the duration of the sequential phases of a migrating 
myoelectric complex (MMC)18. Ideally a MMC is the succession of a phase 
of ISA that fuses with a relatively short phase of RSA, itself ending in a phase 
of slow waves (quiescence or intestinal rest), and it lasts about 50 min in the 
horse. With normal feeding, the sequence is disorganized as the phases of 
ISA are extended at the expense of the phases of rest, which disappear or only 
account for 2-5070 of the recording time (See Figure 35.5)6. 

Analysis of caecocolic electromyography is based on the duration of the 
bursts of spiking activity. Short spike bursts (SSB) last less than 5 s, are 
usually localized or unpropagated, and occur in series of about 10/min on 
the haustrations to mix the digesta. Long spike bursts (LSB) last 10-20 s, 
and show a tendency to be grouped in short periods which recur cyclically 
at intervals of 10 min during feeding, and at 15 min intervals during 
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Figure 35.3 Patterns of activity of the caecum in the horse (a) propagated activity along the 
caecum or long spike bursts (LSB); (b) localized activity or short spike bursts (SSB) 

fasting 19,21 (Figure 35.3). They spread orally, aborally; or in both directions 
from a pacemaker in the pelvic flexure of the large colon22, 23, and contribute 
to keep the caecum and ventral divisions of the colon (left or LVC, and right 
or RVC) filled23 . LSB are associated with caecocolic retropulsion23 and colic 
propulsion 18,23,25 while SSB are mainly concerned with storage19. 

The stomach of the horse undergoes almost no receptive relaxation to 
accommodate and store the ingested feeds. To avoid gastric impaction, 
immediate emptying is provided by probably a vagal reflex stimulated by 
buccal receptors. Upon arriving in the duodenum, the chyme activates 
receptors to cause the MMCs to disappear and be replaced by IRA activity 
until the end of gastric emptying 19 . As most of the soluble carbohydrates 
(950/0) are absorbed in the duodeno-ileum, the higher insulin level pre
sumably contributes also to augment motor activity in the small intestine. 
The increase in caecal LSB associated with feeding is due to a gastro-caecal 
reflex18 . It regulates the ileal inflow and the colic outflow of digest a and 
maintains the caecal volume nearly constant21 , 25. Also, during the post
feeding period, metabolites of microbial digestion, first ammonia alone then 
ammonia volatile fatty acids, exert a chemical stimulation to increase the rate 
of SSB in the caecum and proximal colon (Figure 35.4(a». When ammonia 
concentration predominates, both SSB and LSB hyperactivity occur in the 
caecum. Feeding elicits a stimulating effect on the colon similar to its action 
on the caecum: retropulsion-propulsion (LSB), and local activity of the 
haustrations (SSB)21, 23, 25. The caecocolic segment functions as a unit 
regulated by a pacemaker area, at the junction of the ventral and dorsal 
divisions of the colon (pelvic flexure), that keeps this orad part of the large 
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Figure 35.4 Electrical spiking activity summed at 20 s intervals of the ileo-caeco-colic region 
in the normal (a) and infected (b) pony. Migrating myoelectric complexes (MMC) were recorded 
at hourly intervals at the ileal level. Phases of increased spiking activity recorded at 20 min 
intervals on the colon are underlined. Continuous ileal spiking activity and increase in the 
frequency of the phases of colonic activity were recorded during feeding in the normal but not 
in the infected pony6 

intestine filled with digesta23 . The reservoir activity of that portion of the 
large intestine is facilitated by retropulsive events (LSB). 

These are seen even after resection of the extrinsic nerve supply to the large 
intestine: vagosympathetic nerve nets surrounding the right colic artery and 
the colic branch of the ileocolic artery22. Lowering of the temperature of 
digesta from 38 to 20°C for 2 h has reduced the frequency and amplitude but 
has increased the duration of the pressure changes in the lumen of the pelvic 
flexure-left dorsal colon23 . During feeding, ponies experimentally infected 
with strongyles' have exhibited reduced motor activity at the ileum6, the 
caecum6 , the right ventral colon6 , and the left ventral colon23 (Figure 
35.4(b». 

There is a paucity of objective information on the pharmacological basis 
of intestinal motor disturbances in horses. In vitro studies have shown that 
norepinephrine favours contraction of the longitudinal fibres and inhibits the 
activity of the circular fibres of horse jejunum16 • Other drugs, which affect 
the autonomic nervous system, have performed as expected on strips of 
duodenum, jejunum and ileum16• On tissue from the pelvic flexure, sodium 
ricinoleate has no effect22 . 

In chronic studies with normal ponies, the effect of various drugs on the 
rate of passage of markers (Cr203 and PEG) through the digestive tract has 
been determined 1. Morphine delays the passage of Cr203, and with PEG 
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there is haste then a delay in the transit. Tinct. opii has the opposite effect 
to morphine on each marker. Meperidine does not affect the passage of 
Cr203, but it speeds then slows the transit of PEG. Atropine and loperamide 
expedite the passage through the gut of both markers1. On the basis of 
electro myographic evidences, intravenous morphine hydrochloride (1 
mg/kg), in a pony, increases the spiking activity at the jejunum and the right 
ventral colon 12. Painful (visceral) colic, characterized by long-lasting 
(15-20 s) spike bursts recurring every 2-3 min in the circular layer of the 
jejunum, and electro myographic silence at the antrum and right ventral 
colon, responds also to morphine. The antrum remains silent but the jejunal 
spasms are replaced by a vigorous regular spiking activity which appears also 
on the right ventral colon together with irregular activity on the ileum 12. It 
is interesting to note that parietal pain due to occlusion of the ileum presents 
a continuous hyperactivity of the cranial portions of the small intestine with 
spasms of the jejunum 12. With the pelvic flexure-impaction model for 
colic, flunixin corrects the visceral pain without altering the elevated blood 
flow and lowering the intraluminal pressure changesll • In the same colic 
model, xylazine overcomes the pain but lowers the blood flow of colic by 
500/0, and relaxes the wall of the large colon near the pelvic flexure for 
30-45 min 11. 

Intraluminal pressure changes in the large colon are not significantly 
altered by synthetic gastrin I or by caerulein administered to vagotomized 
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Figure 35.5 Comparative effects of feeding and gastrin on the motor profile of the antrum, 
the small intestine and proximal colon. Gastric motility was inhibited following the adminis
tration of gastrin which in turn increased the number of periods of regular spiking activity (RSA) 
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poniess. Insulin has little effect on the stomach motility but disorganizes the 
MMC pattern of the small intestine. Gastrin inhibits the stomach but 
increases RSA in the small intestine (Figure 35.5). 

Mebendazole (10 mg/kg) in control ponies inhibits gastrointestinal 
activity6 for 4 h. In strongyle infected ponies, mebendazole produces a 
greater reduction in electrical motor events that lasts6 for over 12 h. This 
anthelmintic affects the colonic feeding hyperactivity: momentarily in 
normal ponies, and by 500/0 in strongyle infected ponies (Figure 35.6). 

CONTROL 

4,5 Cyc les 
per hour 

>- 4.0 

'0 
E 3.5 
,!;! 
c 
0 
"0 FEEDING CJ CJ CJ CJ u 

INFECTED 
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I 
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~ 3.5 
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Figure 35.6 Postprandial colonic activity unchanged by mebendazole drenching (control). In 
the infected pony. mebendazole (IOmg/kg) reduced the number of colonic activity cycles and 
abolished the increase seen on feeding6 

An acaricide (amitraz) administered intravenously produces a decrease in 
the amplitude of intraluminal pressure changes. Dissociation of the pressure
peak activity of the left dorsal colon from that of the left ventral colon 
perturbes the co-ordination between the segments connected by the pelvic 
flexure22 • 
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CONCLUSIONS 

From these limited reports, it is evident that equine gastrointestinal pharma
cology is in its infancy. Most of the armamentarium recommended is based 
on anecdotal impressions or interpretations from data obtained in physio
logically different species (ponies vs. horses). A conceptual basis for efficient 
digestive pharmacotherapy in horses is still to be acquired through experi
mentation with models of the disturbances and objective techniques of 
measurements. 
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36 
Pharmacological control of 
reproductive mechanisms in 
the equine female 
E. Palmer, B. Bour and F. Chevalier 

The compounds used to control reproductive phenomena in the equine 
species are similar to those in other species, except for doses and indications. 
Time of administration in relation to the oestrous cycle is very important for 
their efficacy. This chapter reviews first the effects of different chemicals 
used in experiments in the equine. Secondly, it describes their association in 
sequences of treatments for control of the time of ovulation. Thirdly, it illus
trates how the precise knowledge of the physiological situation is necessary 
to control the induction of ovulation at the transition from anoestrus to 
cyclicity. 

CHEMICAL COMPOUNDS 

Gonadotrophins 

Only pregnant mare serum gonadotrophin (PMSG), human chorionic gon
adotrophin (heG) and equine pituitary extracts have been studied extensively. 

PMSG has little biological effect25 at doses up to 100000 IV. This dose is 
higher than those used in other domestic species (2000 IU induces super
ovulation in the cow), but it is much lower than physiological production in 
the pregnant mare in which total circulating PMSG reaches several millions 
of units. Low biological activity is easily explained by low affinity for equine 
FSH and LH receptors 7.33. Endogenous PMSG in the mare has the biological 
effect of luteinizing hormone (LH) rather than follicle stimulating hormone 
(FSH). At the present time no indication of exogenous PMSG administration 
can be proposed. 
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Table 36.1 Induction of (multiple) ovulations in seasonally anoestrus pony mares by injection 
of pituitary extracts during January (from ref. 9) 

Experimental group 
Ethanolic Purified 

Control extract MPCMF3 

No. of mares 4 4 4 

No. ovulating 0 4 4 

No. of ovulations 0 2.3±0.5 1.5 ±0.3 

Days of ovulations (14, 14, 17) (23') (15) (16, 17) 
(13, 16) (15, 15, 19) (14, 22) (25) 

Treatment consisted in 14 days of treatment of a total of 0.122 and 13.2 mg/lOOkg body weight 
of pituitary extracts MPCMF3 and EE respectively, equivalent to 6.6 NIHFSHSI + 0.6 
NIHLHSI 

Equine pituitary extracts (Table 36.1) have been used successfully for two 
purposes: induction of preovulatory size follicle during anovulatory season, 
and induction of multiple follicles for multiple ovulations during the breed
ing season9 .!9. Administration during a prolonged period is necessary to 
obtain both effects. 

Calculation of the dose is tedious due to varying degrees of purity of 
extracts, and difference in the method for their assay (biological or radio
receptor assays using different species as receptors and different standards). 
Duration of treatment should be approximately 6 days (day 11-16 post
ovulation or day 1-6 of oestrus) for superovulation in cyclic mares and 
14-20 days for stimulation of the anoestrOl~s mare. Two commercial 
preparations, one of equine pituitaries (Pitropin, Biological Specialities, 
Middleton, WI, USA)8 and one of porcine pituitaries (FSH P - Armour, 
Baldwin Labs, Omaha NE, USA)!7 have been used with success to induce 
superovulation. 

A pure LH effect is obtained with hCG preparations. It is widely used for 
induction of ovulation of a preovulatory follicle. According to different 
authors20 • 34, 1500-3000 IU, subcutaneously, intramuscularly or intra
venously, induce ovulation between 36 and 48 h after injection in 750/0 of the 
mares (Table 36.2). Induced ovulation is normal for all criteria, including 
fertility. Two problems related to use of hCG for induction of ovulation in 
the mare are the choice of right time for injection (Le. time of occurrence 
of preovulatory follicle), and the presence of antibodies against hCG in the 
serum of mares after repeated injections3!. 

Table 36.2 Distribution of time of ovulation following intravenous injection of 2500 IU hCG 
on the day when a follicle reaches 35 mm in diameter (unpublished data) 

Days following injection 

Percentage of mares ovulating (n = 145) II 
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PHARMACOLOGY OF REPRODUCTION IN EQUINE FEMALE 

Sexual steroids 
Oestrogens (17 (3 oestradiol benzoate, 5 mg/ day, or diethylstilboestrol, 2 mg) 
induced oestrus behaviour in the mare provided the circulating level of pro
gesterone is low. The presence of endogenous22 or exogenous 14 progesterone 
will suppress this effect. Practical applications are induction of heat in anoes
trous mares for semen collection of stallions, and to test for the presence or 
absence of an active corpus luteum22. The latter effect may provide a preg
nancy diagnosis if performed on day 17 postovulation, or a diagnosis to 
separate ovarian inactivity from persistent corpus luteum conditions. 
Oestrus induced by oestrogens is usually anovulatory and the treatment has 
no application in mares for mating. 

Progesterone may be used for its direct effect on the genital tract, i.e. to 
maintain pregnancy. For this purpose very high doses and frequent injections 
are needed to obtain 'physiological' levels13 (200 mg per day in water 
solution). Such a treatment allows pregnancy to continue in spite of cas
tration of the mare on the 35th day3s. It is, however, difficult to give an 
indication of use to avoid abortion because death of embryo probably 
precedes abortion and luteolysis. 

Progesterone may be used also for its feedback effects on the brain and 
pituitary. Oestrus can be suppressed in mares with 100 mg of progesterone 
daily. However, 200 mg are needed to suppress ovulation and inhibition is 
not effective for preovulatory follicles which may ovulate during the first 
2-3 days of treatment24 . After 18 days of progesterone treatment, onset of 
oestrus will occur within 3-5 daysl6. More complex treatments for syn
chronization of oestrus and ovulation will be discussed below. Progesterone 
can be replaced by synthetic progestins given either by oral or vaginal 
route26, 38. The association of progesterone and oestrogens has been pro
posed to enhance the inhibitory effect of progesterone, and to obtain a better 
synchronization of oestrus and ovulationz1 . 

Testosterone can induce male sexual behaviour in both the gelding and the 
mare. In the stallion and the mare its negative feedback on the pituitary 
reversibly reduces the level of gonadotropin and induces atrophy of the 
gonads6, 37. Some anabolic steroids can have the same inhibitory effects37 . 

LHRH 
LHRH has been shown to induce a transitory release of both FSH and LH 
in the mare l7 . The amount and ratio of FSH and LH released are effected by 
the steroid environmentl2. Practical application of LHRH in horse breeding 
remains questionable: some authors have induced advanced ovulation with 
single or multiple l8 injections of LHRH, but others have not lS . 

During winter anoestrus a sequence of LHRH and progesterone injections 
have resulted in induction of ovulation without corpus luteum formation in 
acyclic mares II . 

Prostaglandins (PG) 

Prostaglandin Fzo< is now considered to be the natural luteolytic factor 
secreted by the uterus around day 14 postovulation. Its injection (5-10mg 
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Figure 36.1 Distribution of time of onset of oestrus and ovulation following injection of a 
PGF2« analogue. Adapted from ref. 1 

intramuscularly or subcutaneously) causes lysis of the corpus luteum, 
provided ovulation has occurred more than 4 days previously. Manyana
loguesl • 23. 40 have been used with success to induce oestrus after 3-5 days, 
and ovulation 5-12 days after treatment (Figure 36.1). Fertility is not 
affected. The differences between various POF2" analogues are in the dose 
needed, and the ratio between luteolytic and side-effects. Practical uses are 
treatment of persistent corpus luteum, synchronization of oestrus, and early 
abortion (before 35 days of pregnancy). Induction of foaling at term is 
possible with a PO analogue32 • The luteolytic effect is absent, as ovaries are 
no longer secreting progesterone for 150 days. 

Other compounds tested on the mare 

Foaling can also be induced29 by low doses of oxytocin, 2.5-lOIU, or 
repeated large doses of dexamethasone, 100 mg daily3. Dexamethasone was 
shown recently to suppress oestrus behaviour in ovariectomized mares5 • 

Some adrenal steroids are associated probably with oestrus during winter 
ovarian inactivity as a similarity exists between oestrus of ovariectomized and 
seasonally inactive mares4 • Further studies are needed to find some practical 
consequences. 

Anti-oestrogens (clomiphene citrate) have been tested in order to stimulate 
ovarian activity with conflicting results l4 • 30. 

SEQUENTIAL ASSOCIATION OF TREATMENTS TO OVULATION 

The compounds described above affect a very precise step of the ovarian pat
tern towards ovulation. A clear understanding of the physiological situation 
of the animal is needed to use the appropriate compound at the right time. 
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Different approaches to the control of the time of ovulation can serve to 
illustrate how to combine the diagnosis of ovarian status and the sequence 
of a hormonal treatment. 

(1) In mares, prediction ofthe time of ovulation, by oestrus signs and rectal 
palpation, is not too accurate. Induction of ovulation of a follicle at a 
short and precise interval has been attempted with heG injection 
(2500 IV, Lv. or Lm. on a follicle larger than 35 mm diameter. A good 
prediction of time (Table 36.2) of ovulation has been obtained: 730/0 of 
the females ovulating between 24 and 48 h after the injection. Fertility 
of induced ovulation was not affected in a field trial comparing fertility 
of ovulations occurring either spontaneously (fertility 48%, n = 50) or 
induced by heG (f= 52%, n = 74). Efficiency of such a system is 
dependent on the precision of rectal palpation. 

(2) When palpation is not possible, another sign is needed to decide when 
to inject heG. 70% success is reported with an injection on day 1 or 2 
of oestrus (ovulation 24-48 h later) during the breeding season34 • Very 
poor results are usual during the transitory season39 when oestrus is the 
only criterion of choice. 

(3) When oestrus detection is not possible, control of the ovarian events is 
obtained by synchronization of onset of oestrus, and induction of 
ovulation. 

The synchronization of onset of oestrus is performed by using one of 
the following combinations: 
(a) Two successive PG injections 18 days apart16, 

(b) a PG-heG-PG sequence28 on days 0, 6, and 14, 
(c) a 18 day regimen of progesterone or progestagen16, 

(d) a 8 day progestagen treatment associated with a prostaglandin 
injection at the end of the treatment24 • 

Although comparison has not shown a significant experimental difference 
between these systems, for theoretical considerations the last one is pre
ferred. The two PG sequence requires that all females be cycling before 
treatment and as the mechanism involves control of two ovulations, the risks 
of failure are increased. Progesterone treatment alone may be more effective 
when administered earlier in the breeding season; the induced ovulation may 
be the first of the season. Females with persistent corpus luteum, a very 
common condition in large mares, will not respond. Best synchronization of 
onset of oestrus and induction of ovulation results in 50% of mares ovulating 
within the same 24 h period, and 75% within a 96 h period. 

For practical reasons the progestagen is given by vaginal sponges, which, 
in spite of mild local irritation, have no deleterious effect on fertility26. Thus, 
the synchronization of onset of oestrus is obtained with only two manipu
lations of the mares one week apart: sponge insertion on day 0, and sponge 
removal together with prostaglandin administration on day 7. 

The mechanism of action of this treatment has been described in details10 

(Figure 36.2): sponge insertion at random time of the cycle causes a sharp 
decrease of LH, which remains low throughout the treatment. FSH levels are 
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Table 36.3 Field trial of breeding at predetermined time after synchronization of oestrus and 
ovulation in mares not pregnant at the end of traditional breeding season 

Protocol 
Day 0 

(July 25 ± 7) 

Day 7 

Day 12 
Day 14 
Day 15 
Day 35 

Result 

Echographic selection of mares not pregnant from mating during breeding 
season 
Insertion of polyurethane sponges impregnated with 0.5 or I g of 
Altrenogest 
Withdrawal of sponges, 
i.m. injection of I ml Estrumate (PGF2a analogue) 
Mating or AI with fresh semen stored for 0-8 h 
i.m. injection of hCG (2500 or 5000 IV) 
Mating or AI 
Echographic pregnancy diagnosis (result) 

35 mares pregnant/93 mares treated 381110 

Dose of Altrenogest is not significant 
Ig 17/45 (38%) 0.5g 18/48 (38%) 

Non-significant effect of dose of hCG 
2500 IV 14/47 (30%) 5000 IV 21145 (46%) 

Significant decrease of fertility with AI 
Mating 25/44 (57%) AI 10/49 (20%) 

unaffected by sponge insertion. The diameter of the largest follicle, and the 
level of oestrogens progressively decline with the progestagen adminis
tration. Within 2 days from sponge removal, and prostaglandin injection, 
progesterone is low in all animals and FSH and LH show a sudden increase. 
Later (days 2-8 after removal) a follicle grows, secreting increasing 
amounts of oestrogens, and progressively inhibitipg the FSH secretion. LH 
continues to increase until synchronized ovulation occurs around day 11 
(SD = 2.8 days) post-treatment. 

This treatment, associated with injection of heG 7 days postremovaI and 
breeding at predetermined times, gave satisfactory fertility results when 
applied in farm practice. In spite of selection of mares which had not 
conceived during the normal breeding season, and of use of a suboptimal 
artificial insemination technique in half of the mares (Table 36.3), 38070 
became pregnant. 

When oestrus and ovulation are needed in February, a stimulation of the 
ovarian activity by 2 months photoperiodic treatment26 is required prior to 
hormonal synchronization. This time lag corresponds to the mean interval 
from onset of photoperiodic stimulation to ovulatory responses without 
hormonal synchronization (Table 36.4). 

INDUCTION OF OVULATION DURING WINTER ANOESTRUS 

Many attempts to induce ovulation at different dates of the winter months 
have shown recently that this problem is a complex one. The mechanism of 
transition from anoestrus to cyclicity is a progressive phenomenon still 
poorly understood. 
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Table 36.4 Effect of combined photoperiodic* and hormonalt treatments on the onset of 
cyclicity and synchronization of ovulation in Welsh pony mares (from ref. 26) 

Group 

No. Treatment 

I Untreated controls 

2 Light 

3 Light + synchronization 
on 10 January** 

4 Light + synchronization 
on 1 February** 

5 Light + synchronization 
on 20 February** 

No. of 
mares 

8 

11 

12 

12 

12 

Day of 
1st ovulation 
of the year:\: 

113::1: 7tt 

35 ::1:4 

36::1:5 

36::1:3 

45::1:6 

Proportion of mares 
with synchronized 

ovulation 

0/12tt 

9/12 

10/12 

* Controls = natural variation of daylength; light = 16 h light: 8 h dark from 25 November 
t Oral progestagen (20mg R2267) for 10days and 2500IU hCG 10days after withdrawal of 

progestagen 
:\: Day 1 = 1 January; mean::l:SEM, estimated by blood progesterone increase 
**Day of hCG injection 
ttSignificantly different from all other values, p < 0.01 

The hypothesized mechanism involves: 
(1) A natural tendency fOl; a 1 year cycle of alternating activity and 

inactivity, even under constant day length. 
(2) Synchronization of this cycle with season via photoperiodic stimu

lation. 
(3) Transformation of a neural signal to an endocrine signal by the pineal 

gland secreting melatonin. . 
(4) Successive effect on pituitary secretion of FSH and then of LH. 
(5) Responses of the ovary to gonadotrophin secretions by follicular 

growth, maturation and ovulation. 
(6) After first ovulation of the season, continuous cyclicity is helped by 

feedback mechanisms which lead to surges of gonadotrophins in 
responses to variations of steroids. 

Natural evolution of hormonal levels during transition from inactivity to 
cyclicity is presented in Figure 36.3. A period of high fluctuating FSH and 
constant low LH levels is associated with waves of follicular growth 
occurring at increasing frequency, and reaching progressively larger diam
eters before atresia then regression of these follicles 14 • 

Stimulation by photoperiod is now well documented27 ; mares submitted 
to 14.5-16h of light per day during winter show recrudescence of cyclicity 
approximately 2.5 months later. In spite of its efficiency, this method is not 
sufficient because of the 2.5 months of delay and pharmacological attempts 
were made to get a more rapid response. 

The phenomenon of transition being progressive, the period at which a 
treatment is started greatly influences its efficiency. This period can be 
defined in individual mares by clinical examination of the physiological state 
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Figure 36.3 Evolution of gonadotropins levels and follicular growth during 2 months before 
first ovulation of the season. From ref. 14 

Table 36.5 Pharmacological stimulation of winter ovarian activity of the mare 

Ovarian Method of 
Period status Mechanism treatment Result Reference 

January anoestrus FSH & LH Equine pituitary (multiple) 29 
deficiency extracts ovulation 

March early LH deficiency LH (hCG) I ovulation unpublished 
transition only supplementation (but anti-hCG) 

of basal level 
April late control of progestagen shorter oestrus 2 

transition rhythmicity by treatment and more 
steroid predictable 
feedback ovulation. but not 

earlier in the year 
May cyclicity 
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of reproduction ('deep anoestrus', 'shallow anoestrus'). Experiments witt 
groups of mares selected for homogeneous seasonality have shown the time 
scale to be equivalent (Table 36.5). 

During deep anoestrus, when ovaries are very small and bear no follicle 
above 10mm, only pituitary extracts containing both FSH and LH can 
induce growth of follicles and ovulation9 • Practical use of this technique is 
limited by occurrence of mUltiple ovulations and high cost of horse pituitary 
extracts which are not easily available to practicians. 

Later in the transition period, the hypothesis was that only LH was the 
limiting factor for follicle maturation and ovulation. As heG constitutes a 
potent LH substitute in the mare and does not bind to horse FSH receptors 
we have tried to mimic an increased basal level of LH by daily injections of 
heG to seasonally inactive pony females. Supplementation with low doses 
of heG (200 IV/day) during March induced the differentiation of a pre
ovulatory follicle, but this was not successful in February (Table 36.6). 

This LH supplementation has the advantage of inducing the growth of 
only one follicle, and fertility is normal. Unfortunately, when a search for 
antibodies against heG was made in the animals of experiment I, all four 

Table 36.6 Induction of first ovulation of the breeding season with daily administration of low 
dose of hCG to anoestrous Welsh pony mares 

Experiment I Experiment II 
(not mated) (mated every 48 h 

when preovulatory follicle) 

Treatment started Treated Treated Treated 
hCG 2ooIU/day Control March 6th Control Feb. 8th March 8th 

Additional 2000 IU + + + + 
injection when 
preovulatory 
follicle 

No. of 9 3 4 4 4 4 4 4 4 

No. ovulating 0 0 0 1(1) 2(2) 0 0 0 
in February 
(conceived) 

No. ovulating 0 4 0 0 0 1(1) 3(3) 4(2) 
in March 
(conceived) 

No. ovulating 3 0 4(3) 3(2) 2(1) 3(3) 1(0) 0 
in April and May 
(conceived) 

Mean day of first 124 77 102 91 75 110 83 75 
ovulation ± SEM ±8 ±3 ±6 ±14 ± 15 ± 15 ±8 ±2 

Proportion of 0/3 4/4 118 3/8 7/8 
females ovulating 
before April 1 st 
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Figure 36.4 Cumulated distribution of first ovulation of the season in 13 Altrenogest treated 
(----) and 23 control (-) mares. Adapted from ref. 2. The shaded area shows the approximate 
period of treatment (not exactly the same in all treated mares). First ovulation occurs in a 
shorter, more predictable period, but not earlier 

treated mares were positive. The results of such experiments confirm the 
theoretical basis of the protocol, but practical use is limited because of the 
immune response which probably limits its efficiency to 1 year! 

In the Southern hemisphere, during September, sequences of LHRH 
injections and progesterone have induced surges of FSH, some follicular 
growth, and occasional ovulations without corpus luteum formation, 
probably because of LH deficiencyll. Further studies are needed to obtain 
a simple and efficient treatment based on this mechanism. 

In March and April, progestagen treatment of mares during the prolonged 
oestrous cycle which precedes the first ovulation of the year is followed by 
an oestrous period of shorter and more predictable duration (Figure 36.4). 
However, this treatment does not modify the mean date of the first ovulation 
of the year. Response to progestagen treatment can be predicted from the 
individual ovarian status of treated mares36• In mares with no follicle larger 
than 15 mm neither control nor treated mares ovulate within 1 month. In 
mares with 15-25 mm follicles, 417 control and 217 treated mares oVllate, 
and 3/6 and 5/6 if a 30 mm follicle is present at initiation of treatment. 
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CONCLUSION 

In spite of numerous studies on reproductive physiology of the mare, few 
compounds have a precise practical application for the veterinarian. 
Prostaglandins, hCG, and progestagen are the only compounds available, 
efficient, and of practical interest. Pituitary extracts are less available, and 
further studies are needed to give a practical standardized method of use. 
LHRH remains at the research level. 

With this limited number of compounds, control of ovarian activity is 
possible during the whole breeding season. Treatments for synchronization 
of oestrus and ovulation are new management tools that do not increase 
fertility. However, one must keep in mind that they have no potential for 
increasing fertility compared to natural ovulation. 

Control of transition from anoestrus to cyclicity by pharmacological 
agents remains at the experimental level. Progress has been made in the 
theoretical approach to this problem but no practical treatment can be 
proposed to induce, without adverse effects, an ovulation earlier than the 
spontaneous first ovulation of the year. For the breeder, the solution consists 
in mating mares during their breeding season or to induce cyclicity with 
photoperiodic treatments. 
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37 
Clinical utility and 
limitations of pharmacokinetics 
J. D. Baggot 

Techniques provide a practical means for measuring changes in a physical, 
chemical or biological system by describing activity of the system in quanti
tative terms. In applying a technique certain procedures have to be followed, 
while interpretation of the results requires an understanding of the limi
tations associated with the technique. 

Pharmacokinetics may be defined as the mathematical description of drug 
concentration changes in the body. It is basically a technique which is con
cerned with the study and characterization of the time course of drug absorp
tion, distribution and elimination, and also with the relationship between 
these processes and the observed pharmacological effect. The clinical utility 
of pharmacokinetics largely rests on the premise that the therapeutic range 
of plasma concentrations for a drug can be at least tentatively defined. While 
accepting this to be the only practical approach, it should be realized that it 
is the biophasic concentration rather than the plasma concentration per se 
which directly relates to the intensity of the observed effect. Drug metabolites 
may also have to be considered when they have pharmacological activity that 
contributes to the clinical response (Table 37.1). The activity of a drug 
depends not only on its biophasic concentration but, in addition, on both the 
affinity of the drug for the receptor sites and its intrinsic activity (efficacy). 

Table 37.1 Some drugs and their metabolites, both of which possess pharmacologic activity 

Drug 

Propranolol 
Diazepam 
Flunitrazepam 
Valproic acid (VPA) 
Primidone 
Phenylbutazone 
Acetylsalicylic acid 
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Metabolite 

4-Hydroxypropranolol 
N-Desmethyl diazepam 
N-Desmethyl fiunitrazepam 
2-en-VPA,3-keto-VP A 
Phenobarbital, phenylethylmalonamide 
Oxyphenbutazone 
Salicylic acid 
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Hence, it follows that species variations in the response produced by a fixed 
dose (mg/kg) of drug can be attributed to species differences either in dis
position processes (mainly the rate of biotransformation) or in the sensitivity 
of tissue receptor sites. 

For drugs which are extensively metabolized by the liver and the elimin
ation process obeys first-order kinetics, interspecies comparisons of their 
metabolism rates should use intrinsic clearance, and not half-life, as the 
parameter of choice1o . Intrinsic clearance is a distinctive characteristic for 
any particular drug in a given situation and as such it reflects only the 
inherent ability of the organ (e.g. hepatic metabolic activity) to remove the 
drug49 • 

Clinical pharmacology provides the applied scientific basis for drug 
therapy. It is a basic aim of clinical pharmacology to understand the 
dose-effect relationship for drugs. This objective can generally be achieved 
by linking the pharmacokinetic behaviour of a drug with information on its 
pharmacodynamic action. The former is concerned mainly with the dose
concentration relationship and the latter with the concentration-effect 
relationship (Figure 37.1). A parameter that is quantifiable and central to the 

Dose of ~ Plasma Drug ~ Pharmacologic 
Drug ~-- Concentration ~ Effect(s) 

Figure 37.1 Schemalic representation of the dose-effect relationship using pharmacokinetic 
(PK) and pharmacodynamic (PD) models 

dose-effect relationship for a drug is the therapeutic (i.e. safe and effec
tive) range of plasma (or serum) concentrations. Definition of therapeutic 
plasma concentrations requires skilled clinical evaluation of the response 
produced by the drug in a sufficient number of appropriately selected 
individuals. A predictable and constant relationship exists for some, but not 
for all, drugs between the time course of drug effect and the plasma concen
tration profile. The relationship applies to observable effects between 20 and 
80% of maximum and predicts that the pharmacological response will 
decline linearly while the plasma drug concentrations are declining exponen
tially36. The drugs to which this relationship applies are homogeneously 
distributed, do not form active metabolites, and are eliminated by first-order 
kinetics. The usual therapeutic concentration range for an antimicrobial 
agent defines the serum concentrations that are likely to be effective against 
the majority of sensitive (or susceptible) micro-organisms and that are non
toxic to the animal. Therapeutic serum concentrations for antimicrobial 
agents must always be related to the sensitivity of the infecting micro
organisms. 

This paper is based on and represents a continuation of that in which the 
principles of clinical pharmacokinetics are described 1. The intention here is 
to point out potential sources of error in calculating pharmacokinetic terms 
and to discuss aspects of certain concepts that are subject to misinterpre
tation. In this way, the clinical utility and limitations of the discipline should 
become more readily apparent. 
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THE DISPOSITION CURVE 

The disposition curve describes graphically the plasma concentration profile 
of a drug given as a single dose by intravenous injection. The curves for most 
drugs used in clinical medicine can be fitted to a sum of exponential terms: 

n 

Cp = 2:: Aie- k ;( 

i =1 

where Cp is the plasma drug concentration at time t after a single intravenous 
dose, Ai and ki represent a series (n) of 'hybrid' coefficients and exponents, 
respectively, that can be related to intrinsic rate constants of appropriate 
compartmental pharmacokinetic models. It appears that two or, for some 
drugs, three exponential terms are usually sufficient for a good fit of the data 
points. This implies that four or six terms will fully characterize the dis
position curve (Table 37.2). The hybrid kinetic terms may be obtained from 

Table 37.2 Kinetic terms and exponential equations which are associated with compartmental 
pharmacokinetic models 

Pharmacokinetic 
model 

Two-compartment 

Equation: 

Three-compartment 

Equation: 

Experimental constants 
Coefficients (Jtg/ml) Exponents (min - 1) 

A 
B 

Cp=Ae-at+Be-~t 

P 
A 
B 

Cp = Pe - '" + Ae - at + Be - ~t 

a 
(3 

(3 

the experimental plasma concentration-time data by iterative least-squares 
regression analysis. The best approach is to fit the disposition curve by means 
of a digital computer program (NONLIN), which provides a non-linear least
squares regression analysis of the entire plasma concentration-time data. 

The completeness of the disposition curve depends not only on the 
frequency and duration of blood sampling but also on the sensitivity of the 
analytical method used for quantitative determination of the plasma drug 
concentrations. The incomplete determination of the disposition curve can 
lead to error in values of the experimental constants and, inevitably, error 
in the area under the curve (AUC). This, generally, is due to poor experi
mental design rather than representing a limitation of pharmacokinetic 
analysis. The merit of a pilot study, which will provide an outline of the 
disposition curve and on which sampling times for the subsequent complete 
study can be based, should be stressed. The most common error is over
estimation of the terminal exponent ({3) because the duration of sampling was 
not long enough to allow reliable estimation of this variable26 . Since the 
terminal exponent is the major determinant of drug accumulation, the 
predicted steady state plasma concentration will differ from the observed 
concentration that multiple-dose therapy will produce27 • 
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PHARMACOKINETIC MODELS 

Pharmacokinetic models conceive the body to consist of distribution com
partments and are used to interpret the pharmacokinetic behaviour of drugs. 
Although such models are often schematically depicted as consisting of two 
or more interconnected compartments, they represent a set of mathematical 
equations and do not correspond to anatomical body spaces. The compart
ments are postulated to account for the experimental observation that drugs 
distribute to various body fluids and tissues at different rates. This distri
bution process depends on the blood flow to the tissues, the mass of various 
organs and tissues, and certain physicochemical properties (in particular, 
lipid solubility and degree of ionization) of the drug. Weak organic electro
lytes, that have a high degree of lipid solubility, exist predominantly in the 
non-ionized form in blood plasma and are not extensively bound to plasma 
proteins, would be expected to undergo rapid and widespread distribution. 
Lipid solubility may be more important than degree of ionization in deter
mining the rate as well as the pattern of distribution, which are ultimately 
limited by bloodflow to tissuess. This has been shown for amphetamine 
(organic base, pKa 9.9) and thiopental (organic acid, pKa 7.6). Organs with 
high perfusion rates, such as heart, brain, liver and kidneys, achieve higher 
drug concentrations than skeletal muscle and adipose tissue, with equi
librium between these tissues and blood being rapidly attained. Protein 
binding both in the plasma and in tissues can markedly affect drug distri
bution, when a high binding affinity exists. It has been calculated that when 
the drug-albumin association constant exceeds 1 ()41/mol, a change in 
protein binding can alter drug distribution38 • 

Certain assumptions are associated with the use of compartmental 
pharmacokinetic models. A drug injected intravenously is presumed to equi
librate instantaneously in the fluids and tissues which comprise the volume 
of the central compartment (V c). From this compartment, the drug diffuses 
into one or more peripheral (sometimes called tissue) compartments (Figure 
37.2). Pseudodistribution equilibrium can be attained relatively rapidly when 
only one peripheral compartment exists, but is slowly established when there 
is, in addition, a deep compartment. It is generally assumed that once 
pseudodistribution equilibrium has been established, the concentrations of 

ELIMINATION 
(metabolism and/or excretion) 

Figure 37.2 Three-compartment pharmacokinetic model. The drug is introduced directly into 
the central compartment, from which it distributes into the peripheral compartments. The rate 
constants represent the first-order distribution and elimination processes. Elimination is 
assumed to take place exclusively from the central compartment 
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drug in the plasma and in those organs and tissues that contain a 'significant 
fraction' of the total amount in the body will decline in a parallel fashion. 
The level of drug that constitutes a significant fraction of the amount in the 
body may be crucial in determining which compartmental model appropri
ately describes the pharmacokinetic behaviour of the drug. Elimination, 
which refers to biotransformation and excretion, is a first-order process for 
the majority of therapeutic agents and is always assumed to take place 
exclusively from the central compartment. 

The analysis and interpretation of the disposition curve depend on the 
number of compartments in the pharmacokinetic model selected. The two
compartment open model, which employs a biexponential equation to 
characterize the disposition curve, may be considered to adequately describe 
the pharmacokinetic behaviour of the majority of therapeutic agents. 
According to this model, the body is conceived as consisting of a central 
compartment and a relatively rapidly equilibrating peripheral compartment. 
After pseudodistribution equilibrium has been established, the ratio of the 
diffusible amounts of drug in the central and peripheral compartments is 
assumed to remain constant; first-order elimination from the central com
partment is assumed. First-order disposition processes, which are dose
independent, imply that the rate at which a drug is removed from a 
compartment is proportional to the concentration of the drug in the 
compartment. 

Values of the actual rate constants associated with the two-compartment 
pharmacokinetic model (kn, k21' ke/) can be calculated from the coefficients 
(A, B) and exponents (a,~) that characterize the disposition curve: 

A~+Ba 
k21 = 

A+B 

A + B = Cpo 

a{3 
kel = 

k21 

k12 = a + ~ - k21 - kel 

Determination of the microconstants permits an assessment of the relative 
contribution of distribution and elimination processes to the disposition of 
a drug. A knowledge of their values may also assist with interpretation of 
the changes in the disposition processes that can occur in certain physio
logical conditions, disease states and, possibly, as a result of drug inter
actions. 

The pharmacokinetic behaviour of drugs which either bind selectively or 
slowly accumulate in a particular tissue may be more appropriately inter
preted in terms of a three-compartment open model. It has been shown that 
a triexponential equation can best characterize the plasma concentration 
profiles ofpentazocine47 and diazepam33 in man, pyrimethamine in the pig44, 
oxytetracycline in dogs6, sulphadoxine in horses42 , and sulphadimethoxine 
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in cattlell . Likewise, the pharmacokinetic behaviour of digoxin was inter
preted in terms of a three-compartment open model in man35 , the horse15 aTld 
the dog14 . 

Interpretation of the pharmacokinetic behaviour of thiopental deserves 
special consideration as the pharmacological effect is associated with the 
early phase of its disposition and the clinical use of the drug is dependent on 
the technique of administration. When given as an intravenous bolus dose 
the drug very rapidly penetrates the blood-brain and blood-CSF barriers 
to produce an anaesthetic effect. The duration of clinical anaesthesia is deter
mined mainly by redistribution of the drug from the brain to skeletal muscle 
and other tissues. The localization of the drug in body fat l3 , which takes 
place slowly due to the limited blood supply of adipose tissue, has little influ
ence. A comparison of the equations using a two- and a three-compartment 
model to interpret the kinetic behaviour of the drug (Table 37.3) shows that, 
for clinical purposes, the biexponential equation adequately describes the 
plasma concentration profile12 . The half-life of the initial phase of the 
disposition curve, which is' comprised of distribution/redistribution, 
correlates with the duration of clinical anaesthesia. 

Table 37.3 Kinetic behaviour of thiopental, given as an intravenous bolus dose (20mg/kg), 
in dogs 

Model Mathematical presentation of results 

Two-compartment equation Cp = 28.0e - 2.43, + 25 .ge - 0.0988' 

Body clearance CI B = 1.22 mllmin kg 

Three-compartment equation Cp = 6.1e - 20.88' + 25.8e - 2.111 + 25.3e - 0.0943, 

Body clearance CIB = 1.19 mllmin kg 

The pharmacokinetic behaviour of aminoglycoside antibiotics is usually 
interpreted in terms of a two-compartment open model, since a biexponential 
equation describes the serum concentration profile that is obtained experi
mentally2.4. Although the aminoglycosides are eliminated entirely by renal 
excretion and their half-lives are less than 2.5 h, urinary recovery of the dose 
over a 24 h collection period is incomplete, even when renal function is 
normaP8. This situation may be explained by incomplete determination of 
the disposition curve due to lack of sensitivity of the microbiological assay 
procedure. The omission of the true terminal (elimination) phase would lead 
to underestimation of the steady state distribution volume, which is pro
portional to the average amount of drug in the body following prolonged 
treatment. This pharmacokinetic parameter may be more relevant to chronic 
toxicity than serum concentrations24 . A dosage regimen designed to maintain 
serum concentrations within the therapeutic range inevitably leads to 
progressive drug accumulation in the body and especially in renal tissue, 
where toxicity can occur. It is a logical recommendation to limit the duration 
of treatment with an aminoglycoside (particularly gentamicin) to the shortest 
period that will effect a cure. 
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LIMITATIONS OF THE ONE-COMPARTMENT MODEL 

The plasma concentration profile of some drugs (e.g. amphetamine in a 
variety of species3, meclofenamic acid in the horse4s , and warfarin in the 
dog39) can be adequately described by a monoexponential equation, which 
implies that the drug~ confer on the body the characteristics of a one
compartment model. According to this model, pseudodistribution equi
librium is so rapidly attained that the drug is considered to be distributed in 
a single volume. This does not necessarily mean that the drug concentrations 
in all body tissues at any given time are the same. However, it is assumed that 
any changes which occur in the plasma quantitatively reflect changes 
occurring in tissue drug levels. The decline in plasma drug concentration can 
be described by: 

kef 
log Cp = log C; - 2.303 t 

where C; is the plasma drug concentration immediately after intravenous 
injection of a single dose and kef is the apparent first-order elimination rate 
constant for the drug. It follows that a plot of the logarithm of tissue drug 
concentration vs. time should be linear and have exactly the same slope 
( - keJi2.303) as the plasma concentration-time curve. 

By converting to natural logarithms this equation becomes: 

InCp = InC;- kelt 

which is 

Cp = C;e - kelt 

or, in practical terms, 

Cp = Be-(3t 

where B is the extrapolated zero-time intercept and - (3 the slope of the least
squares regression line. The monoexponential equation which is used to 
describe the plasma concentration profile corresponds to the linear terminal 
(elimination) phase of the bi-and triexponential equations that relate to two
and three-compartment models, respectively. 

When a one-compartment model is employed to describe the disposition 
of drugs which have a more complex pharmacokinetic behaviour, the 
following errors may be introduced: 

(1) Overestimation of the distribution volume by the extrapolation method, 
since Vd(B) > Vd(area) (Table 37.4), 

(2) Overestimation of the body clearance, and 
(3) Use of the overall elimination rate constant «(3), instead of the true 

elimination rate constant (ke/). 

The value of (3 is always smaller than that of kef when a drug confers on the 
body the characteristics of a two-compartment model since (3 = kef x/c, where 
/c represents the fraction of drug in the central compartment. When the 
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Table 37.4 Comparison of extrapolation and area methods for estimating apparent volume 
of distribution (mllkg) of drugs which show 2-compartment model kinetic behaviour 

Drug 

Penicillin G 
Kanamycin 
Gentamicin 
Sulphadimethoxine 
Valproate 
Pentylenetetrazol 
Thiopental 
Oxytetracycline" 
Xylazine 

"3-compartment model 

Extrapolation method 
Vd(B) = Dose/ B 

273 
278 
448 
523 
837 
841 
851 

3100 
4575 

Area method 
Vd(.".) = Dose/ AUC {3 

156 
255 
335 
410 
492 
786 
843 

2096 
2517 

kinetic behaviour of a drug which does not rapidly attain pseudodistribution 
equilibrium is interpreted in terms of a one-compartment model, it can be 
predicted that increasing apparent half-lives will be observed on repetitive 
dosing26 • 

The validity of dosage adjustment in patients with impaired renal function 
is critically dependent on the assumptions that the renal clearances of 
creatinine and of the drug are proportional, and that non-renal elimination 
processes are unaffected by the uraemic state23 • Furthermore, the calcu
lations of dosage are based on the assumption that the disposition kinetics 
of the drug can be approximated by a one-compartment model. 

STEADY STATE PLASMA CONCENTRATIONS 

Kinetic parameters derived from single dose studies can be used to predict 
the steady state plasma concentrations that multiple-dosing schedules will 
produce. Assuming that a fixed dose is administered repeatedly at a constant 
dosage interval (r), the steady state plasma concentration at any time during 
a dosage interval can be predicted: 

;, ( 1 ) _ k'( 
Cp(ss) = L...; Ai 1 -kiT e I 

i= 1 - e 

where Ai and ki have been previously defined. It is useful to compare the 
kinetic profile of the drug after administering the last dose with the profile 
following the single dose on which the predictions were based. This will verify 
whether the assumption that the disposition processes are dose-independent 
is valid. Deviation between the observed and predicted steady state concen
trations suggests that the wrong model was chosen to explain the drug's 
kinetic behaviour27 • The most common error is overestimation of the 
terminal exponent, which is the principal determinant of drug accumulation. 
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When a fixed dose is injected intravenously at constant dosage intervals, 
the 'average' plasma concentration at steady state can be predicted from a 
single dose study: 

- Ave 
cp(ss) = --

7 

where AVe represents the total area under the plasma concentration-time 
curve after the administration of a single intravenous dose. This equation is 
model-independent, assuming that the kinetics are linear and that elimin
ation takes place from the central compartment. The predictive value of the 
equation relies on the assumption that the body (total plasma) clearance of 
the drug remains constant over the entire dosing period. It is useful to know 
that the area under the curve, calculated from arithmetic mean concentration 
data by the trapezoidal rule from time zero to the last detectable concen
tration sampling point, is equal to the mean of the individual subject areas 
under the curve for the same time span19 • On the other hand, the selection 
of a compartmental model and estimation of model-dependent pharmaco
kinetic parameters (such as apparent volume of distribution, rate constants 
and half-life) from arithmetic mean concentration data can lead to the use 
of inappropriate models and give biased parameter estimates. 

The 'average' plasma concentration of a drug calculated by this last 
equation gives no idea of the extent of fluctuation in steady state concen
trations. It represents neither the arithmetic nor the geometric mean of the 
maximum and minimum concentrations that are obtained during a dosage 
interval. Rather, it is the plasma concentration at steady state which, when 
multiplied by the time between successive doses, equals the area under the 
plasma concentration-time curve for the dosage interval. 

DRUGS SHOWING NON-LINEAR KINETIC BEHAVIOUR 

The equations associated with compartmental models which allow calcu
lation of pharmacokinetic parameters and prediction of steady state plasma 
concentrations are valid only for drugs which show dose-independent or 
linear pharmacokinetic behaviour. For drugs obeying Michaelis-Menten 
elimination kinetics, an experimental procedure has been described which 
allows estimation of their volumes of distribution37 • Also, a mathematical 
approach with equations has been developed which allows prediction of 
steady state concentrations from concentrations 'observed' before steady 
state is attained48 • It was suggested that, in the therapeutic monitoring of 
serum phenytoin concentrations, the blood sample should be collected just 
before administration of the next dose, in which case c;;in rather than Css 

is measured. When c:;'in values are measured, the fitting of c;;in vs. dose rate 
(Dh) data leads to operationally useful parameters, VJ:fP and KJ:fP, which 

are not the true kinetic parameters. 
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PHYSIOLOGICAL PHARMACOKINETIC MODELS 

The purpose of developing pharmacokinetic models is to describe the time 
course of drug disposition processes in the body. The derived kinetic 
parameters can be used to calculate safe and effective dosage regimens and 
to predict steady state plasma concentrations that multiple doses will attain. 
The choice of compartmental model is based on curve fitting of the plasma 
concentration profile with a single or multiexponential equation, in which the 
number of compartments in the model is equal to the number of exponents 
in the equation. The compartments, which are mathematical entities, give no 
insight as to the distribution pattern of the drug. This limits the physiological 
interpretation of species differences in drug disposition, which is the usual 
source of species variations in response to a fixed dose. To overcome this 
limitation, attempts have been made to develop physiological pharmaco
kinetic models8 • These models would enable the selection of a species from 
which extrapolation of pharmacokinetic data to other species might validly 
be made. 

A physiological pharmacokinetic model aims at incorporating into the 
model the blood flow rate and volume of the various organs and tissues as 
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Figure 37.3 Physiological pharmacokinetic model for drug disposition 

406 



CLINICAL PHARMACOKINETICS 

well as biochemical information on the drug (such as plasma protein binding, 
lipid solubility and, in particular, tissue/plasma partition coefficients). The 
model is composed of a series of compartments representing organs or tissue 
spaces in which drug concentrations are assumed to be uniform (Figure 37.3). 
Differential mass balance equations are written for each compartment to 
describe the inflow, outflow, accumulation or disappearance of the drug. An 
important parameter in the development of physiological pharmacokinetic 
models is the tissue-to-plasma concentration ratio (partition coefficient) of 
the drug for each compartment16• This type of model has been applied with 
reasonable success to describe the disposition ofthiopental9 and digoxin30 in 
dogs. 

The physiological approach to pharmacokinetic modelling may provide 
the means for predicting drug concentrations in the target tissues and it can 
be adapted to changing physiological circumstances. A serious drawback, 
however, is the large amount of data that is required initially to develop the 
model. The estimation of the tissue-to-plasma partition coefficients is 
difficult and the values obtained can vary with the mode of drug adminis
tration. It has been shown that the tissue-to-plasma concentration ratio at 
pseudodistribution equilibrium after an intravenous injection is always 
greater than the ratio at infusion equilibrium25 • 

BIOA VAILABILITY 

Many drugs are available in a variety of products and dosage forms. When 
a drug is given orally in solid dosage form, disintegration of the drug product 
and dissolution of the drug in gastrointestinal fluids precede absorption. 
Passive non-ionic diffusion is the most important mechanism of drug absorp
tion, while the small intestine is the principle site of absorption in mono
gastric species. The rate of gastric emptying greatly affects the rate at which 
drugs are absorbed and, for compounds that are unstable at gastric pH, 
delayed emptying of the stomach can reduce the extent as well as the rate of 
their absorption. The plasma concentration vs. time curve reflects the net 
effect of release of drug from the dosage form administered and the processes 
of absorption, pre systemic metabolism (should it occur), distribution and 
elimination. A peak concentration is reached when drug absorption no 
longer exceeds its removal from the systemic circulation by distribution to 
tissues, metabolism and excretion. It should be emphasized that absorption 
continues after the peak plasma concentration has been reached. 

The term bioavailability is defined as the rate and extent to which the drug 
administered as a particular dosage form enters the systemic circulation 
intact (or unchanged). The usual technique for estimating the systemic 
availability, or extent of absorption, employs the method of corresponding 
areas. This entails comparison of the total areas under the plasma concen
tration vs. time curves which are obtained after oral (or other non-intra
vascular route) and intravenous administration of equal doses of the drug (in 
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appropriate dosage forms) to the same animals: 

F = (AVC)p.o. 
(AVC)Lv. 

The area under the curves (AVC) may be calculated using the trapezoidal 
rule. The absorption rate can be estimated by deconvolution of the plasma 
concentration vs. time curve after intravenous drug administration from that 
obtained after oral administration 7• The assumption is made that the kinetics 
of drug distribution and elimination (Le. body clearance) remain unchanged 
within and between treatments. This assumption can be avoided when 
absolute bioavailability and absorption rate are determined by simultaneous 
administration of an intravenous, stable isotope-labelled drug preparation 
and the oral drug formulation that is being evaluated46• 

Since intravenous injection delivers the drug directly into the systemic 
circulation, this route of administration provides complete systemic avail
ability (sometimes called bioavailability). Should an intravenous preparation 
of the drug not be available, an oral reference standard (usually a well-known 
aqueous solution or an elixir) may be used as a basis for comparison, in which 
case the relative, rather than absolute, bioavailability is measured. The 
relative pharmacodynamic bioavailability of different preparations of the 
same drug may be estimated by comparing the areas under the pharmaco
logical effect vs. time curves. This technique is particularly appropriate when 
plasma concentrations of the drug cannot be accurately measured. In the 
same way that pharmacokinetic bioavailability studies are limited to drugs 
with concentration-independent or linear kinetic behaviour, pharmaco
dynamic bioavailability studies should be limited to linear pharmacodynamic 
models3l • 

When estimating the relative bioavailability of chemical analogues, it is 
incorrect to compare directly their AVC values or the relative amounts of 
drug excreted unchanged in the urine. Rather, the systemic availability of 
each analogue must be determined separately and these values can then be 
compared. It is necessary to adopt this procedure since the plasma concen
tration-time curve·is influenced not only by absorption but also by distri
bution into tissues and elimination (metabolism and excretion). 

ESTIMATION OF AREA UNDER THE CURVE 

The integral fO' Cp dt is the area under the plasma concentration-time curve 
plotted on rectilinear coordinates from time zero to infinity. Estimation of 
the area under the curve commonly employs the linear trapezoidal rule. The 
accuracy of this method depends upon the number of plasma concentration
time points and the interval between successive data points. Following oral 
administration of a drug both the absorption and postabsorption phases of 
the curve give rise to error in estimation of the total area. The net effect of 
the opposing types of error, which are underestimation during absorption 
and overestimation during the postabsorption phase, will vary with the 
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relative contribution of the areas occupied by these phases to the total area 
under the curve. Since the intervals between plasma data points are longer 
during the postabsorption phase and this phase usually occupies the major 
part of the area, use of the linear trapezoidal rule is likely to overestimate 
the total area under the curve. This would lead to error in the pharmaco
kinetic parameters that are based on AVe. They include the extent of 
absorption, volume of distribution (area method), body clearance and 
amount of drug absorbed into and eliminated from the body. 

To improve the accuracy of estimating total area under the curve, it has 
been recommended that the linear trapezoidal method be used for calculating 
area during the absorption phase and the integration or logarithmic trap
ezoidal method be used during the exponential postabsorption phasel7 • The 
area under the curve between any two points, Cp (1) and Cp (2)' during 
exponential postabsorption phase is given by: 

AVe _ (Cp (1) - Cp (2» (12 - tl) 
II - 12 -

In Cp (1) -In Cp (2) 

When the drug is given as an intravenous bolus dose and confers on the 
body the characteristics of a two-compartment open model, the total area 
under the curve can be calculated: 

A B 
AVe = -+-

0/ {3 

where A, B, 0/ and {3 are the experimental pharmacokinetic constants which 
characterize the biexponential disposition curve. 

INCOMPLETE SYSTEMIC AVAILABILITY 

The incomplete systemic availability of a drug, whether due to defective 
absorption or presystemic elimination, will be manifested as a ratio of less 
than one (or < 100%) for the area under the curves. Pre systemic elimination 
can be attributed to metabolism or degradation in the gut lumen, metabolism 
in the gut epithelium occurring during absorption, or metabolism in the liver 
preceding entry of the drug into the systemic circulation (Table 37.5). 
Isoprotereno}21 and progesterone40 are extensively metabolized in the gut 
(intestinal) wall of the dog. The isoproterenol forms mainly a sulphate 
conjugate whereas conjugation reactions seem to play only a minor role in 
progesterone metabolism. A distinction must be made between the extent of 
absorption and the systemic availability of a drug, since these can differ after 
oral dosage. The extent of absorption refers simply to the proportion of the 
dose that is absorbed, changed or unchanged, through the gut-mucosa, 
whereas systemic availability refers to the fraction of the dose that enters the 
systemic circulation in an unchanged form. Vsing bioavailability estimates 
alone, incomplete systemic -availability of a drug due to significant pre
systemic elimination could be misinterpreted as defective absorption. 
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Table 37.S Some drugs which undergo presystemic elimination in the dog 

Systemic Site of 
Drug Dose availability elimination Reference 
(dosage form) (mg/kg) (0'/0) 

Lidocaine 10 15 liver 28 
(solution) 

Salicylamide 30 22 gut wall 28 
(solution) and liver 

Acetylsalicylic acid 250mg 45 gut wall 29 
(solution) (total) and liver 

L-Dopa 25 44 gut lumen 22 
(solid in gelatin and/or 
capsule) gut wall 

Sulphadimethoxine 55 50 liver 5 
(aqueous suspension) 

Flunitrazepam 2 0 gut wall 32 
(micronized drug in and liver 
gelatin capsule) 

Propranolol 80mg 2-17 liver 34 
(tablet) (total) 

In an attempt to differentiate preabsorptive, gut epithelial and hepatic 
first-pass metabolism, a specialized physiological pharmacokinetic model 
has been developed20 • The major portion of the total hepatic blood supply 
directly perfuses the liver (Qs - Qo), while the remainder (Qo) perfuses the 
gastrointestinal tract prior to the liver (Figure 37.4). Since the gut lumen is not 

~ __ ...:;Q~s ___ ~.1 Systemic 1 Qs 
"I Circulation It-----=---.. 

Qs-QG 

mCI L 1 mCI G 
L L QG 

Qs 1 
liver 

J QG 
I Gut Wall I 

ka 

I 
Gut I kf 

Lumen 1 

Figure 37.4 Physiological pharmacokinetic model used to describe presystemic drug elimin
ation. Intrinsic metabolic clearance in the gut wall and liver is represented by mCta and mCh. 
respectively. while k. and kf are the apparent first-order absorption and gut floral metabolic 
rate constants 
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a perfused organ, it is incorporated into the model as a classical compartment 
where the absorption rate constant (ka) and the gut lumen (flora) metabolic 
rate constant (kf) compete for drug present in the gut41 • Metabolic clearance 
takes place in the gut (mClo) and/or in the liver (mCh) and is assumed to 
be independent of the drug concentration. Another assumption is that the 
fraction of the dose not metabolized in the gut lumen is completely absorbed. 
In conjunction with this model, Colburn20 has derived a set of equations to 
estimate the fraction of the administered dose which is metabolized at each 
of the three sites (namely, in the gut lumen, intestinal epithelium and the 
liver) and to establish the limits of the true absorption rate constant. 

An indirect experimental approach to determining the relative contri
bution of first-pass hepatic metabolism to presystemic elimination is to show 
the presence (or absence) of quantitative consistency between the magnitude 
of presystemic elimination (AVCp.o.l AVe.v., using plasma concentrations) 
and the value of the hepatic extraction ratio. The latter is estimated from the 
systemic drug clearance (which must be based on whole blood concen
trations) and the liver bloodflow43• Hepatic presystemic elimination is most 
important for highly extracted drugs (such as diazepam, propranolol and 
lidocaine). 

SUMMARY AND CONCLUSIONS 

Pharmacokinetics is primarily a technique which allows the absorption, 
distribution and elimination of drugs to be described in quantitative terms. 
Various dosage forms of a drug are administered by different routes and the 
concentrations of the drug (and pharmacologically active metabolites) are 
precisely determined in plasma (and other biological fluids). Appropriate 
compartmental (and physiological) pharmacokinetic models with their 
associated mathematical equations are employed to analyse and interpret the 
experimental data. It is essential to understand the assumptions and to have 
an appreciation of the limitations that are associated with pharmacokinetic 
models. 

It is a basic aim of clinical pharmacology to understand the dose-effect 
relationship for therapeutic agents. This objective can generally be achieved 
by linking the pharmacokinetic behaviour of a drug with information on its 
pharmacodynamic action. The therapeutic range of plasma concentrations 
for a drug is central to the dose-effect relationship. The utility of phar
macokinetics in clinical pharmacology largely rests on the premise that the 
therapeutic concentration range can be defined. 

Kinetic parameters derived from single dose studies may be used to predict 
the steady state plasma concentrations that multiple-dosing schedules will 
produce. The accuracy of the predictions depends on certain criteria being 
fulfilled. These include dose-independent disposition processes and accurate 
determination of the terminal exponent, in addition to compliance with the 
recommendation on dose rate. Oral dosage must allow for incomplete 
systemic availability. When it becomes necessary to extrapolate pharmaco
kinetic parameters from normal to diseased animals, a knowledge of the 
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elimination mechanisms and margin of safety of the drug are essential for 
modifying the dosage regimen. Pharmacokinetic predictions aim at opti
mizing drug therapy, while 'titration by patient response' can achieve this 
goal. It is well to remember that pharmacokinetics is the servant rather than 
the master of therapeutics. 

Pharmacokinetics is a useful experimental approach for comparing species 
variations in the extent of distribution and the rate of drug elimination. It 
provides a basis for the selection of a test species, from which pharmaco
kinetic information might be extrapolated for application to man. The 
discipline is well suited for evaluation of test substances which can measure 
the efficiency of an excretion mechanism or the activity of a metabolic 
pathway. 

The use of pharmacokinetics in the design and evaluation of dosage forms 
provides an approach to the rational choice and administration of a drug 
product. While there are definite limitations associated with the technique, 
inadequate experimental design and misinterpretation of the kinetic par
ameters detract from its value as a means for predicting optimal dosage under 
varying circumstances. The study of the correlation between pharmaco
kinetic behaviour and pharmacodynamic action of a drug serves to greatly 
enhance the predictive power and thereby clinical utility of pharmaco
kinetics. 
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38 
Pharmacological approach of drugs 
used in coronary insufficiency and 
cerebrovascular pathology 
P. Lacroix and P. Linee 

The choice of animal models in vascular diseases is as difficult as that of 
atherogenic diets (see Appendix). Atherosclerosis may be considered as the 
main cause of coronary insufficiency due to a progressive reduction of the 
internal size of the epicardial coronary arteries. Spasm of a coronary artery 
is also involved in more than one third of coronary insufficiencies. The 
resulting desequilibrium between. oxygen supply and oxygen demand of the 
myocardium of a hypoperfused arelJ, acts as a trigger for haemodynamic, 
metabolic and electric disturbances. 

A prerequisite for the search and selection of drugs which could be used 
in the treatment of both myocardial and brain vascular diseases is that of 
suitable animal models. 

CORONARY VASODILATOR DRUGS 

An increase in the oxygen blood supply might be of interest as far as the 
ischaemic areas of the myocardium are concerned. Unfortunately, arteriolar 
coronary dilation may be the cause of a coronary steal to the detriment of 
ischaemic area. To evaluate the true effect of an increase in the oxygen blood 
supply, an infarction is provoked by the ligation of the left anterior 
descending coronary artery in dogs. Five weeks later, animals are set up for 
the study of coronary haemodynamics. In the normal area, the circumflex 
coronary flow, termed perfusion coronary flow, is measured by means of an 
electromagnetic flow probe. Perfusion coronary pressure is recorded in the 
aorta. Using these parameters, perfusion coronary resistance can also be 
calculated. The same parameters are recorded in the ischaemic area: retro
grade coronary flow by collecting in a test tube the blood emerging from the 
occluded artery; retrograde coronary pressure and then retrograde coronary 
resistance. Drugs are administered intravenously (Figure 38.1). 
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Figure 38.1 Coronary occlusion carried out in dogs 5 weeks before the study of the effects of 
drugs administered intravenously on the subsequent ischaemic area (shaded zone) 

Coronary occlusion was accompanied by 33070 mortality including instan
taneous (11.5%) and sudden (21.5%) death in an experiment performed on 
346 dogs. Five weeks after the coronary occlusion, the average retrograde 
coronary pressure was 76% of that of the aorta (instead of 24% for experi
ments carried out 2 or 3 h after the occlusion). This suggested a satisfactory 
development of collateral circulation on such a model. Nitroglycerin, a 
nitrate-like compound (molsidomine), calcium entry blockers like diltiazem 
and bepridil, smooth muscle fibre relaxant agents like papaverine and 
ethaverine were able to promote an appropriate redistribution, recorded as 
an increased flow in the ischaemic area. Atenolol, but not propranolol, was 
active. In contrast, coronary arteriolar vasodilators, like dipyridamole or 
calcium entry blockers like verapamil and nifedipine, were at the origin of 
a coronary steal evidenced by a decrease in retrograde coronary flow. 

Other trials in animal models resembling human coronary insufficiency are 
numerous and involve the measurement of the retrograde coronary flow of 
an ischaemic area in dogs using radiolabelled microspheres. 

(1) Epicardial mapping of myocardial ischaemia after coronary ligation in 
dogs which permits the evaluation of the infarct size and progression. 

(2) Biochemical disorders of ischaemia by measurements of enzymatic 
leakage and calcium entry in both dogs and rats. 

(3) Sudden death after left coronary artery ligation in rats or spontaneous 
death in Japanese quails treated with cholesterol. 

(4) In vitro measurement of drug induced cardioprotection in the guinea pig. 

(5) Coronary vasospasm obtained by agents like vasopressin in both dogs 
and rats and methylergometrine in anaesthetized rats (Figure 38.2). 

Nifedipine, diltiazem, verapamil and molsidomine administered orally 
were active in the vasopressin rat model but neither dipyridamole nor nafti
drofuryl. Nitroglycerine and hexobendine were active intravenously in the 
vasopressin dog model and both nifedipine and diltiazem were found active 
orally in the methylergometrine rat model. 
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Figure 38.2 Coronary vasospasm. (a) The intravenous injection of vasopressin (1 IV/kg) in 
the unanaesthetized dog increases the T wave magnitude. (b) A similar long-lasting effect is 
obtained by the infusion of 0.3 mg/kg of methylergometrine within 10 min 

ANTIHVPOXIC DRUGS 

An experimental approach to the questions of cerebral ageing and of the 
prevention or treatment of chronic vascular disorders is very complex for 
many reasons. The chronic organic brain syndrome is poorly defined, pro
ceeds from both cerebral and extracerebral (cardiovascular, respiratory) 
disorders and involves many forms of disturbances (memory, self-care). 
Species differences between animals and man are other factors to be 
considered. Finally, cerebral ageing in animals has not yet been defined and 
'aged' animals could not be used for current research. The commonly 
induced disturbances include cerebral oxygen insufficiency obtained by 
hypoxia 1-5. However, such acute experimental models fail to reproduce 
any of the progressive changes recorded in chronic therapy. In addition, any 
drug can be accepted as a standard because of the lack of any controlled 
clinical trial showing an improvement in the glucose cerebral extraction or 
consumption and in the cerebral neurotransmitters' turnover. 

The four screening tests which have been used to describe the pharmaco
logical profile of the so-called antihypoxic drugs are (1) survival time in 
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mice after an intraperitoneal injection of potassium cyanideZ, (2) mnesic 
retention of a passive avoidance conditioning following an acute hypobaric 
hypoxia in rats placed in a two-compartment box3, (3) partial or total pro
tection against brain oedema obtained in rats by successive oral adminis
tration of triethyltin hydrochloride, and (4) in anaesthetized dogs, the 
cerebral bloodflow including pH, pOz, pCOz, glucose, lactate and haemo
globin values in order to calculate changes in cerebral blood supply and 
metabolism 1• 

Table 38.1 Effects of five antihypoxic drugs in the following tests: KCN-induced hypoxia, 
mnesic retention, brain oedema and cerebral haemodynamics 

Mnesic 
retention Triet hyltin-

after induced Cerebral 
KCN-induced hypobaric brain vasodilatation and 

Compound hypoxia hypoxia oedema metabolism 
(mice) (rats) (rats) (dogs) 

Dihydroergotoxine No increase No effect Yes No effect Stimulation 
(survival time) (metabolism) 

(-) Eburnamonine Increase Improvement Yes No effect Stimulation 
(metabolism) 

Papaverine No increase No effect No Vasodilatation No effect 

Piracetam No increase Improvement No Not studied 

Vincamine No increase No effect Yes No effect No effect 

Table 38.1 shows the pharmacological 'profile' of five different drugs. It 
is worth noting that papaverine is inactive in the tests used, like most of the 
cerebral vasodilators. In contrast, cerebral metabolism stimulants like 
dihydroergotoxine and eburnamonine increase survival time or at least 
prevent the accumulation of water and sodium in white matter of the brain 
and spinal cord. 

The results suggest the possibility of an experimental approach to active 
drugs in cerebrovascular disorders. However, the experimental data obtained 
in acute cerebral failure revealed rather a mechanism of action than an 
efficiency in chronic failures. 
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APPENDIX 
Experimental diet induced 
atherosclerosis 

T. H. Nguyen and 0. Guillevic 

Among the 219 diet procedures used from 1979 to 1982 to obtain experi
mental atherosclerosis, 186 referred to mammals in the following order of 
frequency: rabbit 62, pig 45, monkey 40, dog 18, rat 14, mouse 1, wild rodent 
1. Among birds, hens and chicken (Gallus gallus) have been used in 25 
experiments, the pigeon in six experiments and only one trial in turkey and 
in quails. 

The nature of atherogenic diets consisted of cholesterol-enriched diets and 
high-fat diets, or both of them. The bigh fat contents were obtained from 
19 fats and oils (ground nut oil, butter, cottonseed oil, safflowerseed oil, 
cocoa fat, coconut oil, crisco oil, rapeseed oil, undetermined fat, hydro
genated oils or margarine, lard, maize oil, olive oil, palm kernel oil, beef 
tallow, sesame oil, soybean oil, Stercula joetida oil and sunflowerseed oil. 

Other sterols than cholesterol were cholecalciferol (pig), sistosterol 
(rabbit), ergocalciferol (rat), cholic acid (rat, rabbit, dog, monkey) and 
sodium taurocholate (hens). 

Egg yolk was used in the rabbit, monkey, pig and Gallus gallus. High sugar 
diets were used in rabbit and monkey. The thyroid inhibitors, propyl
thiouracyl and iodine-131, were given in dogs. Vitamin E and C deficiencies 
were induced in rabbit and guinea-pig, respectively. In the pig, athero
sclerosis was obtained by injuries of the arterial endothelium and intravenous 
injection of heterologous serum. 

In spite of data collection over many years, no reference was found to the 
use of the cat as an experimental animal. Are cats really resistant to experi
mental diet-induced atherosclerosis? 
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Fever, trace metals and disease. 
The effect of antipyretic agents 
A. S. J. P. A. M. Van Miert, D. Zwart, J. H. M. Verheijden 
and A. J. H. Schotman 

Many infectious diseases are accompanied by fever associated with a rapid 
decline in plasma iron concentration and plasma zinc concentration3 , 10, 14,26. 
Similar responses occur in experimental animals when sterile inflammation 
is produced, such as E. coli endotoxin-induced mastitis22 ,27 or following 
intravenous injection of pyrogens3, 4, 10,22-24,27. It is generally believed that 
fever is mediated by an endogenous pyrogen (EP), a protein which is released 
from cells of the reticulo-endothelial system and which acts on central 
nervous system temperature regulating centresl. An analogous endogenous 
substance produced by phagocytic cells has subsequently been found to 
mediate the changes in plasma trace metals, which occur in conjunction with 
fever3, 11. This substance has been termed leukocytic endogenous mediator 
(LEM). The relationship between EP and LEM has not been determined with 
certaintyl2, 17. 

One of the beneficial mechanisms of fever in laboratory animals is the 
decrease in availability of iron to pathogenic micro-organisms 13 , 28. Growth 
inhibition in vitro due to iron deprivation has been reported for most 
pathogenic bacterial8 whereas injection of iron reduces the survival of 
experimentally infected animals5, 8. This effect was also observedl9 following 
injection of zinc in animals experimentally infected with E. coli or S. 
typhimurium. It has been demonstrated that Pasteurella multocida was 
unable to grow at febrile temperatures and low iron concentration 13, whereas 
rabbits that developed low-grade fever after infection with P. multocida were 
shown to have decreased survival as compared to rabbits that developed high 
fever l5 . Moreover, effective antipyretic therapy with sodium salicylate 
eliminated the enhanced survivaJ25. It has been shown for S. typhimurium9 

and for E. coli l6 that the ability of these bacteria to produce bacterial iron 
transport compounds is diminished at febrile temperatures. These findings 
suggest that the changes in plasma trace metal concentration and in body 
temperature act together as a co-ordinated host defence mechanism. 
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A couple of years ago, we studied the effect of flurbiprofen-induced 
antipyresis in acute Trypanosoma vivax infected goats. It was apparent that 
the drug had a deleterious effect on these infected goats. Parasitaemia was 
overwhelming and terminated in early death21 • 

The purposes of our recent studies were: 

(1) To identify any alteration in parasitaemia during flurbiprofen-induced 
antipyresis in goats infected with other pathogenic trypanosomes than 
T. vivax. Additional studies were performed to characterize the effects 
of other antipyretic drugs in this model. Moreover, the influence of 
flurbiprofen was studied during long-standing trypanosome infections. 

(2) To identify any alteration in plasma zinc and iron concentration during 
fever due to a trypanosome infection or induced by leukocytic and 
bacterial pyrogens. 

(3) To evaluate the effects of flurbiprofen upon the responses to bacterial 
pyrogens. Flurbiprofen was chosen because, in the goat, this agent is 
more potent than other antipyretic drugs20 • 

RESULTS AND DISCUSSION 

Flurbiprofen (1 mg/kg i. v. twice daily) inhibited the febrile reactions during 
the acute phase of T. congolense or T. brucei infection. Again, parasitaemia 
of a progressive type could be observed during drug treatment (Table 39.1). 
All of the T. congolense infected goats treated with flurbiprofen died, in 

Table 39.1 The effect of f1urbiprofen· (1 mg/kg BW, i.v., twice daily) on the number of 
parasites per field (8 x 45; less than " 10 and from 10 to 20) in the blood from goats 
experimentally infected with T. brucei 1066 or T. congo/ense S 104 

Day T. brucei T. congolense 

0-3 
4 + NO NO + 
5 + + +. + 
6 + + + +. +. , 
7 + + + ,. ,. NO NO + + 
8 + , NO 10" '0-20* NO NO , + + 
9 + + + 10-20* 10-20" NO + + 1 1 + 

10 + + NO '0-20" '0-20" +" +. + NO , + 
11 + + + 10-20" 10-20* '* +" + NO + 1 

'2 + + , ,. ,. ,* +* + + + , 
'3 + + , ,. ,. '0* '0-20* , + , 
'4 

, + + ,. ,. ,. 10* + + , 
'5 + + + '" +" t 10" NO , 
'6 + + '" +" t NO + , 
17 + NO NO 10" +" 0 NO , 
'8 + + + t '" + NO + + 
'9 + + t NO + NO 
20 + + NO + + NO 

-, neg.; +, pos. using the haematocrit centrifuge technique; NO, not determined; t died 
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EFFECT OF ANTIPYRETIC AGENTS 

contrast to the infected control animals. However, a number of the T. brucei 
infected goats treated with the drug survived. This was also the case during 
long-standing trypanosome infections. Nevertheless, flurbiprofen induced a 
marked increase in the number of circulating parasites in these patients. In 
the next series of experiments other antipyretic agents were tested in T. vivax 
infected goats. Suprofen, an antipyretic agent which is less potent than 
flurbiprofen, induced parasitaemia of a progressive type as compared with 
the intermittent type in the controls. Treatment of T. vivax infected goats 
with sodium salicylate or flunixine meglumine only had a partial inhibitory 
effect upon the febrile reactions, whereas no significant effects upon the 
number of circulating trypanosomes could be seen. In conclusion, in goats 
both flurbiprofen and suprofen induce a progressive increase in the number 
of circulating trypanosomes, which often terminate in early death. We have 
measured also the plasma zinc and iron concentration in T .. vivax and T. 
congolense infected goats (Figure 39.1). During the course of infection 

50 

o 4 5 

t 
6 7 8 9 10 

days 

Figure 39.1 Fever and changes in plasma zinc (0) and iron concentrations ( ,.) in Trypano
soma vivax infected goats (n = 8). The animals were infected by subcutaneous inoculation using 
106 parasites (t) 

hardly any significant changes in plasma zinc concentration could be found. 
Plasma levels of iron, on the other hand, tended to undergo some decline 
after temperature peaks, although the reduction was much less pronounced 
as compared with the values found during bacterial pyrogen-induced fever. 

When goats were injected i. v. with staphylococcal enterotoxin B (SEB) or 
E. coli endotoxin (LPS), a variety of clinical effects were observed such as 
febrile responses accompanied by malaise, changes in heart rate and 
inhibition of rumen motility22. The febrile reactions after SEB were less 
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progressive, which demonstrates that in goats the enterotoxin is not a potent 
pyrogenic agent. Furthermore, E. coli LPS caused a short-lasting neutro
phylic leukopenia, which was followed by a significant increase in the 
number of circulating neutrophylic leukocytes; lymphopenia was also seen, 
causing significant changes in the lymphocyte: neutrophil ratio. SEB induced 
a long-lasting decrease in the number of white blood cells caused by a decline 
in circulating lymphocytes and neutrophils, with a marked shift to less 
mature cells. Within 6 h after E. coli LPS or SEB administration, significant 
decreases were seen in both plasma zinc and plasma iron concentrations. The 
decline in these trace metal levels was more persistent after SEB than after 
E. coli LPS. Moreover, no clear relationship could be found between the tem
perature reactions (Fever index) and the alterations in zinc and iron levels22 • 

The intramammary infusion of E. coli LPS (1 mg) was followed by a 
certain lag-period before the onset of local signs of inflammation. Approxi
mately 1.5 h after infusion, the gland started swelling markedly, the phenom
enon progressing rapidly to its maximum towards the second and third hour. 
At this time the udder was very firm, hot and painful. Among the systemic 
signs observed were shivering, rise in body temperature and an increase in 
heart rate. The absence of marked effects on rumen motility was striking22 • 27. 

In the next experiment, SEB was given intramammarily to four lactating 
goats (1 mg). Typical inflammatory reactions such as swelling and palpate 
sensitivity developed in the udders within 6 h, but the intensity of this 
response was less pronounced than after E. coli LPS. About 3 h after 
infusion, rumen contractions gradually diminished and body temperature 
started to rise. A fall in total white blood cell count was observed after SEB 
infusion. This was caused by a decline in both lymphocytes and neutrophils, 
accompanied by an increase in the number of less mature neutrophils22 • Both 
toxins induced significant decreases in plasma zinc and plasma iron concen
trations. Furthermore, and most remarkable, the drop in plasma iron 
concentration developed more rapidly after SEB than after E. coli LPS, 
whereas the decline in plasma zinc concentration after SEB was more 
delayed. When kids were injected i. v. with E. coli LPS, biphasic temperature 
responses coupled with significant decreases in plasma zinc and iron were 
seen. The i.v. injection of leukocytic pyrogen (EP) induced characteristic 
monophasic temperature responses in these animals. However, no significant 
changes in plasma trace metals were observed during and after the febrile 
episodes23 • Our findings that (1) leukocytic pyrogen induces fever without 
changes in plasma zinc and iron concentrations, and (2) that no clear relation
ship could be found between the temperature responses and the alterations 
in zinc and iron plasma levels after SEB and E. coli LPS administration or 
in the course of a trypanosome infection, support the theory that febrile 
reactions and the changes in plasma trace metals are mediated by different 
proteins (e.g. EP and LEM are not identical proteins). Moreover, in 
trypanosome infections and after intramammary SEB administration, the 
pattern of changes in plasma zinc and iron concentrations was different in 
comparison with the pattern observed after i. v. E. coli LPS and SEB adminis
tration. These results suggest that plasma zinc and iron do not behave in a 
similar way. 
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Antipyretic agents inhibit both endogenous and bacterial pyrogen-induced 
fever. However, these agents have no influence upon the synthesis and release 
of EP6. Pretreatment with flurbiprofen completely abolished the febrile 
reactions to E. coli LPS. However, the LPS-induced inhibition of rumen 
contractions was only delayed (Figure 39.2). The drug blocked the initial 
tachycardia to LPS, but it did not prevent the secondary biphasic increase 
in heart rate. Moreover, flurbiprofen failed to modify the LPS-induced 
decrease in plasma zinc concentration, whereas the decline in plasma iron 
concentrations was delayed. This again suggests that plasma zinc and iron 
concentrations are regulated by different mechanisms. After drug pretreat
ment the changes in circulating white blood cells were more pronounced24 • 

These data demonstrate that most of the haematological, blood biochemical 
and clinical effects to E. coli LPS cannot be blocked by flurbiprofen, and 
that these effects are not due to the increase in body temperature alone. In 
the control goats, flurbiprofen (2mg/kg, which is a somewhat high dose) 
slightly depressed both body temperature and rumen motility, whereas urea 
nitrogen concentrations gradually increased. Plasma iron concentration and 
the number of circulating lymphocytes were significantly lower24 • Many 
antipyretic agents, given in relatively high doses, induce renal papillary 
necrosis, acute tubular damage and interstitial nephritis. In men, these 
pathomorphological effects are often associated with raised blood urea and 
creatinine levels 7• Tissue lesions induce non-specific host responses, termed 
the acute phase reaction2 • These include infiltration of activated leukocytes, 
changes in the concentration of certain plasma proteins and trace metals and 
various associated metabolic adjustments. Previous work in our laboratory 
has documented renal lesions following the administration of flurbiprofen 
in goats21 • Consequently, there might be a relationship between flurbiprofen
induced renal lesions and the drop in plasma iron concentrations. If this is 
correct, plasma iron concentration might be an interesting criterion for tissue 
lesions during toxicity studies. 
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40 
Efficacy of penicillin against 
Streptococcus zooepidemicus. 
Infection model in the horse 
K. J. Varma, T. E. Powers, R. c. Garg, 
s. L. Spurlock and J. D. Powers 

INTRODUCTION 

Experimental infectious models of target animal species are useful for 
determining in vivo pharmacological efficacy and dosage regimens of 
antimicrobial agents4. In antimicrobial therapy, the ultimate aim is to 
maintain the drug in the biophase surrounding the pathogen at a concen
tration and for the duration that is optimum for eliminating the pathogen 
from the body. In clinical practice, the minimum inhibitory concentration 
(MIC) of the antibiotic for the pathogen may be determined and efforts are 
made to maintain the drug concentration in blood equal to or higher than 
the MIC. 

In our investigations, we have produced an experimental disease model 
using t3-haemolytic Gram positive Streptococcus zooepidemicus. The disease 
was treated with sodium penicillin G by constant intravenous infusion to 
maintain concentrations of 4 x MIC, 1 x MIC and 0.25 x MIC in groups of 
six animals each to observe the effects of different blood levels in curing the 
experimental Strep. zooepidemicus infection. 

MATERIALS AND METHODS 

The characteristics of the disease model desired were that (1) it be caused 
preferably by a single pathogen, (2) it should produce clinically observable 
signs of the disease in an acute and chronic phase, (3) it should run a course 
of 15-20days, and (4) it should be treatable by commonly available anti
biotics to provide positive controls. 
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The following parameters were titrated to produce the effective disease 
model: 

(1) Age of the animal, 
(2) Route of inoculation, 
(3) Inoculum size (number of pathogens and volume of inoculum), 
(4) Frequency and interval between inoculations, 
(5) Preparation of culture suspension for inoculation. 

Streptococcus zooepidemicus model 

The organism, quick frozen and stored at - 70°C, was thawed and inocu
lated in 10 ml Brain Heart Infusion media (BHI) and incubated for 18 h. Of 
this culture suspension, 0.1 ml was inoculated in 400 ml BHI and incubated 
for 18 h. This was centrifuged later, the bacterial pellet washed twice with 
normal saline and reconstituted in 35 ml of normal saline for i. v. inoculation. 

All the parameters listed above were titrated in preliminary experiments 
and the final dose titration was performed based on conclusions from 
previous experiments as described in Table 40.1. 

Table 40.1 Final dose titration 

Time of Group I Group II 
inoculation (40 and 28)t (35 and 48)t 

Day I I x 1010 • I X 1010* 
Day 2 I x 1010• I X 108* 

·Size of inoculum (cfu of Strep. zooepidemicus); route = intravenous; 
t = horse number 

Group III 
(50 and 63)t 

In Group I, the animals showed intense signs of the disease and in Group 
III, one animal did not show the signs at all. The Group II animals showed 
all the signs of the disease and these could be observed until postinfection 
day (PID) 15. 

After this, we challenged six horses with 1010 colony forming units (cfu) 
as the first i. v. challenge, and 108 cfu, 24 h later, as the second i. v. challenge. 
This was done to test the reproducibility of the disease model and to deter
mine the effects of the infection upon blood cell counts and blood chemistry 
parameters. The horses were observed for clinical signs of the disease up to 
PID 13. 

Penicillin study 

Sodium penicillin G was infused intravenously at a constant rate starting 
from PID 3 for 5 days in groups of six horses to maintain 4 x MIC, 1 x MIC 
and 0.25 x MIC of the drug in the blood. One group of six infected animals 
received only the diluent (normal saline) and another group of six healthy 
animals received the drug to maintain 4 x MIC and served as a healthy 
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control. The blood cell counts, blood chemistry parameters and clinical 
evaluations were done until PID 13, which was 5 days after cessation of 
therapy. The animals were necropsied on PID 13. 

RESULTS AND DISCUSSION 

Strep. zooepidemicus model 

Blood counts 

The blood cell counts of infected animals demonstrated a neutrophilic 
leukocytosis with both the relative and absolute increase in neutrophils 
(Tables 40.2 and 40.3). This change was first noticed in all the animals 
between PID 1 and PID 4. 

Table 40.2 Changes in total blood leukocytes (counts/ Jll) in horses infected with Strep. 
zooepidemieus (mean ± SE, n = 6) 

Preinfeetion 
day 

10667 

±656 

11933 

±1063 

3 

14100 

±1343 

Postinfeetion day 
579 

14817 

± 1014 

15300 

± 1880 

17417 

±2383 

11 

19717 

±3045 

13 

20067 

±2905 

Table 40.3 Changes in neutrophils (counts/ JlI) iIi horses infected with Strep. zooepidemieus 
(mean ± SE, n = 6) 

Preinfeetion 
day 

5649 

±794 

6516 

±893 

Blood chemistry 

3 

8801 

± 1779 

Postinfeetion day 
579 

9427 

±1098 

10808 

± 1934 

12747 

±2242 

11 

13095 

±2452 

13 

15205 

±3005 

The levels of blood chemistry parameters, such as glucose; electrolytes 
sodium, potassium, chloride; enzymes SOOT, SOPT; minerals, calcium, 
phosphorus; and total proteins, remained in the normal range until PID 13. 

The level of alkaline phosphatase showed a gradual fall up to PID 13, 
although it stayed in the normal range (Table 40.4). Due to young horses 

Table 40.4 Changes in alkaline phosphatase (IU/I) in horses infected with Strep. zoo
epidemieus (mean ± SE, n = 6) 

Preinfeetion 
day 

382 

±6 

402 

±12 

3 

320 

±22 

Postinfeetion day 
579 

282 

±32 

431 

269 

±30 

270 

±30 

11 

299 

±29 

12 

277 

±33 
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(3-6 months of age) used in this experiment, the levels at the start of the 
experiment were almost two times higher than the normal level in adult 
horses. The gradual fall in alkaline phosphatase may be indictive of the 
slowing of the growth process in these animals because of infection. 

There was a drastic fall in the serum iron level even one day after the 
challenge, and it remained low until PID 13 (Table 40.5). 

Table 40.5 Changes in serum iron (",g/dl) in horses infected with Strep. zooepidemicus 
(mean ± SE, n = 6) 

Preinjection 
day 

157 

±28 

59 

±9 

3 

52 

±22 

Postinjection day 
5 7 9 

27 

±7 

38 

±11 

48 

± 15 

11 

36 

± 10 

12 

54 

±14 

The infections lead initially to hypoferraemia and, in chronic processes, 
result in anaemia2 • The agents which block the reticulo-endothelial system 
prevent the development of hypoferraemia and it appears that this is the site 
of deposition of serum iron!. 

Kluger and Rothenburg3 grew Pasteurella multocida in vitro at various 
temperatures and different concentrations of iron and found that these 
bacteria do not grow well at febrile temperatures in iron-poor media, which 
supports the hypothesis that fever coupled with reduction in serum iron may 
be part of co-ordinated host defence response. 

Clinical signs 

The clinical signs observed are give in Table 40.6. All the infected animals 
were depressed by PID 2. The abnormal lung sounds were heard as early as 
PID 1. The horses started to show lameness by PID 2. 

Table 40.6 Clinical signs observed in horses infected with Strep. zooepidemicus 

Sign Earliest observation Latest observation 

Temperature Afternoon of 1st Afternoon of 1st 
challenge challenge 

Depression PID 2 PID 2 

Abnormal lung sounds PID 1 PID 4 

Lameness PID 2 PID 5 

Joint involvement PID 3 PID 7 

Lameness was associated with enlarged joints although it preceded joint 
swelling. Up to four joints were involved in different animals. The carpal and 
tarsal joints were most commonly affected. Occasionally, the fetlock, stifle 
and pastern joints were also involved. 
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Penicillin in Strap. zooepidemicus challenged 
and unchallenged horses 

Blood cell counts 

Marked leukocytosis was observed in the horses which only received the 
diluent. In all the groups receiving penicillin treatment at different dose 
levels, the white cell counts remained in the normal range, although there was 
a relative increase in neutrophils. In the healthy control group, the white cell 
counts remained in the normal range (Table 40.7). 

Table 40.7 Changes in total blood leukocytes (counts! Itl) in Strep. zooepidemieus challenged 
and unchallenged horses receiving different doses of penicillin G (mean ± SE. n = 6) 

Pre-
infection 

Group day Post infection day 
3 5 7 9 11 13 

Diluent 12383 14116 13717 14133 15600 16867 18200 21150 
±791 ± 1290 ±3798 ±923 ± 1299 ±2023 ±2066 ±2053 

025 MIC 12150 16750 15768 13268 15117 13600 16500 19717 
± 1334 ±1039 ±737 ±932 ± 1521 ±958 ± 1273 ±2204 

1 MIC 11750 13783 12467 12000 12633 11850 15883 16533 
±2707 ± 1519 ±867 ±629 ±897 ± 1104 ± 1333 ±693 

4 MIC 11033 13083 12733 10067 12017 12283 17200 16417 
± 1166 ± 1087 ±989 ±837 ±448 ±480 ± 1482 ± 1502 

4 MIC' 12150 11967 11967 11917 12483 12417 11900 11900 
± 1262 ± 1123 ± 1444 ± 1144 ± 1167 ± 1459 ± 1533 ± 1234 

"Healthy control 

Blood chemistry 

The levels of blood chemistry parameters, such as glucose, sodium, pot
assium, chloride, SOOT, SOPT, calcium, phosphorus and total proteins 
remained in the normal range throughout the experimental period. 

The mean alkaline phosphatase levels are given in Table 40.8. There was 
a progressive fall in alkaline phosphatase level in all infected animals and this 
may indicate slowing of growth process in these horses. 

The serum iron levels in the healthy control group remained constant 
throughout. There was a drastic fall in serum iron levels even 1 day after 
infection (Table 40.9). The levels started to return to normal after PID 7 in 
all treatment groups, but started to decline again in post-treatment period, 
i.e. by PID 11. This may be indicative of a flaring up of infection again by 
organisms seated in deep tissues. A serum iron level as low as 20±2JLg/dl 
was observed on PID 13 in the horses receiving only normal saline. 
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Table 40.8 Changes in alkaline phosphatase (IU/I) in Strep. zooepidemicus challenged and 
unchallenged horses receiving different doses of penicillin (mean ± SE, n = 6) 

Pre-
infection 

Group day Postinfection day 
3 5 7 9 II 13 

Diluent 347 365 243 195 197 195 208 203 
±23 ±34 ±24 ±25 ±30 ±27 ±30 ±39 

0.25 MIC 369 392 294 236 228 226 218 209 
±63 ±43 ±37 ±34 ±37 ±33 ±39 ±28 

I MIC 382 374 258 221 252 284 281 268 
±23 ± 14 ± 14 ±25 ±25 ±25 ±24 ±22 

4 MIC 406 387 249 212 239 272 271 244 
±49 ±38 ± 18 ± 15 ±24 ±30 ±36 ±35 

4 MIC* 399 1408 404 397 404 403 406 408 
±28 ±33 ±33 ±29 ±38 ±41 ±50 ±45 

*Healthy control 

Table 40.9 Changes in serum iron (Jtg/dl) in Strep. zooepidemicus challenged and un
challenged horses receiving different doses of penicillin (mean ± SE, n = 6) 

Pre-
infection 

Group day Postinfection day 
3 5 7 9 II 13 

Diluent 206 90 28 35 36 41 36 20 
±53 ±36 ±8 ± 17 ± 16 ± 19 ± 16 ±2 

0.25 MIC 224 60 28 41 56 67 59 65 
±28 ±9 ±4 ±9 ± 15 ± 15 ± 18 ±22 

1 MIC 220 37 19 30 79 103 77 59 
±53 ±6 ±I ±4 ±27 ±27 ±30 ± 19 

4 MIC 160 52 23 44 103 108 37 42 
±37 ±IO ±5 ±IO ±27 ±20 ± 16 ±IO 

4 MIC· 184 179 193 162 189 206 243 219 
±39 ±23 ±26 ±48 ±33 ±43 ±38 ±52 

·Healthy control 

Necropsy 

The animals recelVlng the diluent and penicillin to maintain 0.25 x MIC 
showed pulmonary congestion and hyperaemic splenic and mesenteric lymph 
nodes. No gross abnormality was observed in any organ in horses receiving 
the drug to maintain 1 x MIC and 4 x MIC. 

CONCLUSION 

The Streptococcus disease model developed in this study has both an acute 
and chronic phase. Acutely, the disease was characterized by fever, anorexia, 
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bacteraemia, leukocytosis, abnormal lung sounds and lameness. The chronic 
phase was characterized by lameness, joint swelling, emaciation, loss of 
weight and anorexia. 

This model can be of great value in testing the in vivo pharmacological 
efficacy and pharmacokinetics of newer antimicrobial agents in horses. The 
animals receiving penicillin to maintain 1 x MIC and 4 x MIC levels in serum 
showed improvement but relapsed 3-4 days after cessation of therapy. The 
animals receiving 0.25 x MIC showed no improvement over the control 
animals. 
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41 
Receptor binding methods: 
application to the study of 
cyclopyrrolones, a new family 
of minor tranquillizers 
J. C. Blanchard and L. Julou 

The receptor theory is not a new one. It was first introduced at the beginning 
of this century between 1905 and 1910 by Ehrlich working on tetanus toxin 
and trypanocidal dyes and Langley working on the action of nicotine and 
curare on muscle l6 • At that time, of course, very limited proof supported this 
notion which was almost purely conceptual l . However, many pharmaco
logical studies thereafter, especially those of Clark around 1926, reinforced 
the interest in this concept which became very fruitful and was finally 
validated during the 1960s when the existence of receptors was directly 
established, thanks to the development of binding techniques with radio
labelled ligands l • A new and decisive stage was reached with the isolation 
around 1977 of the nicotinic receptor from the electric organ of electric 
fishes l1 • 

We must recall that, in the field of binding techniques, a major impetus 
came from earlier studies on cytoplasmic hormone receptors (estradiol, 
around 1960) and peptide hormone receptors (insulin, 1971). The techno
logical background which they provided was especially useful for designing 
adequate models for the study and characterization of binding (or recog
nition) sites of opiates (1973) and soon thereafter of neurotransmitters such 
as dopamine, norepinephrine and serotoninl8 • 

From about 1973 the use of receptQr binding methods became introduced 
widely in pharmacology and especially neuropharmacology. These tech
niques are basically similar to classical competitive protein binding assays: 
after incubation for various times, of an isotopically labelled hormone, 
neurotransmitter or drug (ligand) with a suitable receptor preparation, the 
ligand-receptor complex is separated from the free ligand by centrifugation 
or filtration. The receptor-bound radioactivity is then measured. As stated by 
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Cuatrecasas et al. 8 , binding properties of ligands are considered to be specific 
and to correspond to the existence of specific receptor sites if the following 
criteria are fulfilled: 

(1) High affinity for physiological or pharmacological concentrations of 
the ligand. 

(2) Saturability, which indicates a finite number of binding sites. 

(3) Tissue specificity, in accordance with those organs or regions on which 
the ligand is known to act. 

(4) Reversibility, which is consistent with the physiological mechanism 
involved in the termination of the action of a natural ligand. 

(5) Correlation between the binding affinities of the ligand and of its 
analogues and their biological activities. 

It was thus possible to demonstrate the existence of specific brain receptors 
for many neurotransmitters such as dopamine, serotonin, norepinephrine, 
etc. and also for drugs such as opiates and, more recently, for the minor 
tranquillizers of the benzodiazepine family. 

Our paper will be mainly devoted to a part of the work which we have 
performed on benzodiazepine binding sites using new ligands belonging to 
a quite original chemical family, the cyclopyrrolones. However, we have first 
to indicate the major contributions that specific binding techniques have 
brought in the field of pharmacology. 

MAJOR CONTRIBUTIONS OF RECEPTOR BINDING 
METHODS IN PHARMACOLOGY 

The usefulness of these techniques as screening methods is well recognized, 
their major advantages being: 

(1) Their rapidity. 

(2) The need for only small samples of drugs. 

(3) The possibility of analysing the interaction of a drug with a broad 
spectrum of receptors by using various ligands. 

(4) The establishment of direct relationships between chemical structures 
of drugs and their activities at the receptor level (this can be especially 
helpful for directing the synthesis of new potentially active com
pounds). 

However, since these are in vitro techniques and have inherent limits, a 
promising compound must be studied in vivo as-soon as possible to be sure 
that it can reach its specific receptors. Moreover, one drawback of these in 
vitro techniques must not be forgotten: a compound which is only active in 
vivo after it has been metabolized will not be detected. 
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The use of receptor binding techniques makes it possible to measure the 
change in the number of receptor sites in pathological conditions such as 
Parkinson's disease, myasthenia gravis and insulin-resistant diabetes. In 
addition, similar measurements following experimental subacute treatments 
have allowed the explanation of side-effects of some drugs such as tardive 
dyskinesia induced by neuroleptics. 

Moreover, when no sensitive analytical method is available to study blood 
levels, receptor binding techniques can be used. However, it may be pointed 
out that the radioreceptor assay not only measures the plasma level of the 
drug itself but also that of its possible active metabolites. If other drugs which 
also recognize the same receptor are given simultaneously, the results of the 
radioreceptor assay cannot be interpreted. 

The discovery of specific binding sites for drugs can lead to the discovery 
of new neurotransmitters: the discovery of opiate sites and the enkephalin
endorphin system is probably the best known example. 

Finally, for the study of the mechanism of action of drugs at the molecular 
level, receptor binding methods are of paramount importance. It is this 
aspect which we would like to develop now, taking into account the work we 
have performed with zopiclone (RP 27267) and suriclone (RP 31264), two 
new compounds discovered in our laboratories of the cyclopyrrolone family 
whose chemical structures are completely different from those of the 
benzodiazepines (Figure 41.1). 

In spite of their original chemical structures, zopiclone and suriclone have 
the same spectrum of activities by classical psychopharmacological tech
niques as minor tranquillizers of the benzodiazepine family2, 10, i.e. anti
convulsant, antiaggressive, myorelaxant, sedative-hypnotic and anxiolytic 
properties (Table 41.1). Moreover, both compounds have a high margin of 
safety (ratios of acute LDso to EDso in the pentylenetetrazole test in rats) 

ZOPICLONE 

FLUNITRAZEPAM 

~VI 
I ~ I 

OC-O-CH 
II \..J 3 
o 

SURICLONE 

DIAZEPAM 

Figure 41.1 Chemical structure of cyciopyrrolones (upper part) and benzodiazepines (lower 
part) 
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which is at least as high as those of some well-known benzodiazepines. Both 
drugs have been found to be useful in therapeutics, zopiclone as a hypnotic 
(as potent as nitrazepam) and suriclone as an anxiolytic (more potent than 
diazepam). 

APPLICATION OF RECEPTOR BINDING METHODS TO THE STUDY 
OF THE MECHANISM OF ACTION OF MINOR TRANQUILLIZERS: 
CYCLOPYRROLONES VS. BENZODIAZEPINES 

Studies of the cyclopyrrolones using classical psychopharmacological tech
niques had been performed in our laboratories for about 10 years when, in 
1977, two groups of scientists, Squires and Braestrup from Denmark 19 and 
Mohler and Okada from Switzerland and Japan!3, demonstrated the 
presence in the rat brain of high affinity binding sites for diazepam. More
over, a few months later the same two groups demonstrated the presence of 
similar specific binding sites in human brain6 , 14. In their papers, these 
authors emphasized the specifity of benzodiazepines for their binding sites 
since no other compounds, even barbiturates or meprobamate, or known 
neurotransmitters-neuromodulators, had been shown to be able to displace 
benzodiazepine ligands from their binding sites. In addition, a good corre
lation was shown between the affinities of the different benzodiazepines for 
their binding sites and their activities in pharmacological tests such as 
inhibition of pentylenetetrazole-induced convulsions in mice or reversal of 
conflict-induced suppression of performance in rats. Thus many criteria 
were fulfilled leading to the assumption that benzodiazepine binding sites 
could be considered as receptors. It was, therefore, very interesting to 
investigate whether cyclopyrrolone derivatives, which had pharmacological 
properties close to those of benzodiazepines, were also able to recognize the 

Table 41.2 Inhibition of [3Hlzopiclone, PHlsuriclone and [3Hlflunitrazepam binding to rat 
hippocampus 

Compound [3 Hlzopiclone *t [3 Hlsuriclone *t [3 Hlflunitrazepam *t 
Ki (nmolll) Ki (nmolll) Ki (nmolll) 

Flunitrazepam 3.4 (2.9-3.9) 4 (4.6-3.4) 2.3 (2.1-2.4) 
Nitrazepam 18 (12-24) 14.5 (10-19) 9 (7-11) 
Diazepam 19 (13-25) 19.5 (17-22) 14.5 (15-14) 
Chlordiazepoxide 428 (303-553) 56lt 397t 
Zopiclone 19 (10-27) 29 (27-31) 36 (35-37) 
Suriclone 1.1 (0.9-1.3) 1.0 (1.0-1.0) 0.8 (0.8-0.8) 

*The Ki values were calculated using the following equation: 

ICso 
Ki = 1+[LlIKn 

where [Ll is the concentration of ligand and Kn the dissociation constant of the complex with 
the ligand . 

tResuits are the mean of two experiments with individual values in brackets 
tFor this value only one experiment 
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~ CEREBRAL CORTEX (0° C) . 'ii 
c: 

15 100 

~ lC SO 'u 
8. .. .......... suriclone 0.8nM 
~ 75 

b----l'. flunitrazepam 1.8nM 
o~ :>-- diazepam 10nM 

a 0---0 zopiclone 28nM 
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..,:1:. 
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Figure 41.2 Inhibition of specific [lHldiazepam binding by suric1one, zopic1one, flunitra
zepam and diazepam. Membranes were incubated with 3nmolll of [JHldiazepam for 15 min in 
the presence of unlabelled compounds 

benzodiazepine binding sites. Preliminary experiments that we performed 
with zopiclone seem to confirm this point3. 

Using tritiated diazepam as a ligand, we have found that zopiclone and 
suriclone also possess high affinity (expressed here by the IC50 value) for 
benzodiazepine binding sites (Figure 41.2). The IC50 of the two cyclo
pyrrolones are, like those of the benzodiazepines, in the nanomolar range, 
that of suriclone being somewhat lower than that of flunitrazepam and that 
of zopiclone being very similar to that of diazepam. This demonstration that' 
pharmacologically rather similar, but chemically very dissimilar, compounds 
compete for common binding sites supports the concept that benzodiazepine 
sites are not only chemical recognition sites but are, in fact, true biologically 
relevant receptors. 

The availability of [3Hlzopiclone and [3Hlsuriclone has allowed us to study 
in more depth the nature of the binding sites of the minor tranquillizers of 
the benzodiazepine and cyclopyrrolone families. As shown in Figures 41.3 
and 41.4 equilibrium binding studies with tritiated zopiclone and suriclone 
have confirmed the existence of high affinity binding sites for the cyclopyr
rolones. The Scatchard plots of these equilibrium binding curves were linear, 
sup,gesting that zopiclone and suriclone bind to a single or homogeneous 
population of binding sites without co-operative interaction. With both 
ligands, the Hill coefficient (nH) is close to 1 which also supports this conten
tion. The dissociation constant (KD) calculated from different experiments 
is 13.24 ± 1.14 nmolll for zopiclone and 0.5 ± 0.04 nmolll for suriclone. The 
total number of binding sites in the hippocampus is 0.70 ± 0.02 pmollmg 
protein for zopiclone and 1.5 ± 0.28 pmollmg protein for suriclone. 
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Figure 41.3 Scatchard plot of [lHlzopiclone binding to rat hippocampus membranes. Inset: 
saturation curve (incubation time 30 min) 
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Figure 41.4 Scatchard plot of [lHlsuriclone binding to rat hippocampus membranes . Inset : 
saturation curve (incubation time 2 h) (From J. Neurochem. In Press) 
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As shown in Table 41.2, the binding sites labelled by zopiclone and 
suriclone are also well recognized by benzodiazepines. Moreover, the 
potencies of the different benzodiazepines to inhibit cyclopyrrolone binding 
is very similar to their potencies for inhibiting flunitrazepam binding. We 
must add that, as in the case of benzodiazepines, neither neurotransmitters 
nor other compounds (even sedatives such as phenobarbital and mepro
bamate) are able to recognize the cyclopyrrolone binding sites4 • 5. 

All these facts suggest the existence of close similarities between cyclo
pyrrolone and benzodiazepine binding sites. However, by using special 
experimental conditions, we have been able to compare in more depth the 
interaction of cyclopyrrolones and benzodiazepines with the 'minor tran
quillizer receptors' and this has permitted us to detect some possible differ
ences between the two families. 

First of all, it is known that there exist, for at least some benzodiazepines, 
peripheral sites and especially renal sites in addition to central benzo
diazepine binding sites. As shown in Figure 41.5, using equilibrium binding 
studies, we have confirmed the existence of renal flunitrazepam sites but we 
have not found such specific renal sites for suriclone. Displacement studies 
of flunitrazepam have also confirmed that neither suriclone nor zopiclone 
recognize the renal flunitrazepam binding sites. 

Certain factors, such as the inhibitory neurotransmitter 'Y-aminobutyric 
acid (GABA), chloride anion and some barbiturates, have been described as 
able to modify benzodiazepine binding9 • 15. The use of such agents is par
ticularly interesting for more precise study of. the nature of benzodiazepine 
and cyclopyrrolone sites . 

RAT KIDNEY ( ooc ) . 

['H] SURIClONE . [' H] FlUNITRAZEPAM . 

10000 20000 

01O:....---:;;----::~------,~_ o ~---:;;;----::r::_-----:;;o--

CONCENTRATION (oM). CONCENTRATION (oM ) . 

Figure 41.5 Equilibrium binding of [lHJsuriclone and [lHJflunitrazepam on rat kidney 
membranes. Membranes were incubated for 2 h with each ligand 
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- PH] ZOPICLONE. [3H] SURICLONE. [3H] FLUNITRAZEPAM. ! 
CJ 150 -+- la) Z 
i5 z 
iii NS 
0 

t + NS 
i:i: 100 100 rl- t 100 r+ (3 
w 
Q, 
U) 

50 50 50 

o o o 

o 100 o 100 o 100 

GABA (pM). GABA (pM). GABA (pM). 

Figure 41.6 Effect of GABA (100 ~molll) on specific zopiclone (15 nmolll) suriclone 
(0.4 nmolll) and flunitrazepam (1 nmolll) binding to washed (three times) hippocampus 
membranes. Results are the mean of six (zopiclone) or three (suriclone and flunitrazepam) 
determinations. (a) p< 0.001, NS = not significant 

As shown in Figure 41.6, we have confirmed that GABA at the high 
concentration of 100 j.tmol/l is able to enhance flunitrazepam binding to 
washed rat hippocampus membranes*. On the contrary, GABA does not 
enhance the binding of suriclone or zopiclone at the same concentrationt. 
Moreover, as shown in Figures 41.7 and 41.8, two barbiturates (secobarbital 
and pentobarbital) and the chloride anion induce a concentration-dependent 
enhancement of flunitrazepam binding, while zopiclone binding is not 
modified or only partially enhanced (a slight increase for the highest concen
tration of NaCI). Similar results have been obtained with suriclone. 

Binding properties of ligands can be modified not only by the previous 
agents which probably induce a conformational change in the receptor, but 
also by certain agents which interfere with some amino acids entering into the 
chemical structure of the receptors. With this latter idea in mind we have used 
diethylpyrocarbonate (EtzC20 S) which interacts with the imidazole moiety of 
histidine to form N-carbethoxy histidine 7• As shown in the upper right hand 
part of Figure 41.9, this interaction results in a 54070 decrease in the number 
of sites labelled with flunitrazepam (Bmax control = 1.3 pmol/mg protein; 
Bmax EtzC20S = 0.6 pmol/mg protein) without modification of the affinity of 
the ligand (KD control = 1.9 nmol/l; KD EtzC20 S = 1.7 nmol/l). As shown in 

*This effect of GABA is due to an increase in the affinity of the benzodiazepines for their binding 
sites with no modification of the number of sites. 

tIt is worth mentioning, however, that zopiclone and suriclone binding sites, like flunitrazepam 
sites, are protected by GABA (10~molll from thermal inactivation4 • 5). 
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the upper left hand part of Figure 41.9, suriclone binding sites are less 
sensitive to EhC205 interaction: the decrease in binding sites is only 28010 
(Bmax control = 1.8 pmollmg protein; Bmax Et2C205 = 1.3 pmollmg protein) 
without modification of affinity. Similarly, acetylation of the phenolic group 
of tyrosine with N-acetylimidazole induces a decrease in flunitrazepam 

[3H] ZOPICLONE (8 nM) 

100 100 r+ r+ + 
50 50 

o o 
o 100 500 o 100500 

[3H] FLUNITRAZEPAM (5 nM) 

-+-
150 150 r+ 

r+ 
100 + 100 r+ 

50 50 

o ~o~~~~~~ __ 
o 100 500 0 100500 

SECOBARBITAL ( pM ) PENTOBARBITAL ( pM ) 

Figure 41.7 Effect of barbiturates (secobarbital and pentobarbital) on zopiclone and 
flunitrazepam specific binding in rat cerebellum. Results are the mean of six determinations 

binding!7 which is N-acetylimidazole concentration-dependent [N-acetyl
imidazole (10 mmolll gives a 47% decrease (Figure 41.9(b»1. At this concen
tration, N-acetylimidazole has no effect on suriclone binding [6% decrease 
(Figure 41.9(b»1. These differences between the effects of diethylpyro
carbonate or N-acetylimidazole on suriclone and flu nit raze pam binding 
indicate that there might be some differences in the amino-acid functional 
groups involved in the recognition sites for these two minor tranquillizers. 
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[3H] ZOPICLONE 8 nM . 
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o 50 100 200 
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[3H] FLUNTRAZEPAM (5 nM) 

4000+ 

2000 

o 
o 50 100 200 

NaCI (mM). 

Figure 41.8 Effect of NaCI on zopicJone and fiunitrazepam specific binding in rat cerebellum. 
Results are the mean of six determinations (a) p < 0.05 (b) p < 0.001 

DISCUSSION 

The introduction of receptor binding techniques has been a fundamental step 
in the validation of the 'receptor concept' put forward at the beginning of 
this century. In addition to their contributions to basic research (such as in 
the discovery of the mechanism of disease caused by impaired receptor 
function), receptor binding techniques have also provided very fruitful new 
tools for pharmacologists. Their usefulness as screening methods is ciear but 
they have some drawbacks which must be taken into account. It is also worth 
mentioning the practical importance of radio receptor assays. However, one 
of the most exciting applications of receptor binding techniques is probably 
the study of the mechanism of action of drugs which possess specific binding 
sites. It must be pointed out that such studies can lead to the discovery of 
new endogenous ligands (neurotransmitters, hormones, etc.). 

We have illustrated this application of binding techniques by presenting 
the results we have obtained with zopicione and suricione, two new hypnotic 
or anxiolytic compounds of the cyciopyrrolone family which recognize the 
'so-called benzodiazepine receptors' described for the first time in 1977. 

Displacement studies indicate similarities between cyciopyrrolone and 
benzodiazepine central binding sites. However, contrarily to some benzo
diazepines such as flunitrazepam and diazepam, zopicione and suricione do 
not possess peripheral renal binding sites. Similarly, zopicione and suricione 
binding, in contrast to that of flunitrazepam, is not enhanced by barbiturates 
and chloride anion. GABA protects zopicione, suricione and flunitrazepam 
binding from thermal inactivation, while it enhances only flunitrazepam 
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[3H) SURICLONE . 

BOUND (nM). 

HIPPOCAMPUS (OOC). 

[3H] FLUNITRAZEPAM . 
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Figure 41.9 (a) Scatchard plot of [3Hlsuriclone and [3H]flunitrazepam binding for control and 
diethylpyrocarbonate (1 mmolll)-treated rat hippocampus membranes. Results are the mean of 
one experiment in triplicate (b) Effect of increasing concentrations of N-acetylimidazole on 
specific suriclone and flunitrazepam binding to rat hippocampus membranes 

binding and not zopiclone and suriclone binding. Moreover, the effects of 
diethylpyrocarbonate and N-acetylimidazole on the sites result in a more 
pronounced impairment of binding in the case of flunitrazepam than with 
suriclone. All these facts indicate that, although the receptors recognized by 
the benzodiazepines and cyclopyrrolones are probably rather similar, the 
interactions with these receptors and their sub sites are probably somewhat 
different by the two chemical families. 
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The discovery of specific receptors for benzodiazepines in the brain 
suggests that there probably exists a natural ligand which might be expected 
to have anxiolytic or anxiogenous effects. Many research teams are working 
on this subject12 , but up to now none of the proposed substances seem to 
correspond to a natural ligand. Finally, the availability of new ligands such 
as zopiclone and suriclone, belonging to chemical families other than the 
benzodiazepines, can be of great help in learning more about the exact nature 
of the 'so-called benzodiazepine receptors', and in this way contribute to the 
search for the natural ligand. Indeed, the more we know about the 'minor 
tranquillizer receptors', their natural ligands, and their role, the sooner we 
can hope to find still more specific anxiolytic drugs. 
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42 
Multiplicity of kappa opiate sites 
in the central nervous system 
Y. Audigier, B. Attali, C. Gouarderes, 
H. Mazarguil and J. Cros 

The pharmacochemical requirements for morphinomimetic action21 , 39 have 
led to the search for and characterization of an opiate receptor in the central 
nervous system of mammals43 , 46, 48. The existence of this receptor suggested 
the presence of an endogenous substance for which this binding site would 
be the physiological target and for which the exogenous opiates would substi
tute to induce their pharmacological effects. Such a hypothesis was cor
roborated by the isolation of the enkephalins26, two related pentapeptides, 
whose biological actions 7,23,26 and regional distribution 14,27 corresponded 
to the pharmacological effects of opiates and the localization of the opiate 
binding sites32. 

These findings suggested, therefore, the existence of a 'single' endogenous 
ligand interacting with a homogenous population of opiate receptors. 
However, recent discoveries of a plurality of endogenous opioid peptides and 
a multiplicity of opiate receptors have challenged this simple idea. 

Although all the opioid peptides possess the common feature of con
taining the amino-acid sequence of either Met-enkephalin25 , 35,47 or Leu
en kephalin 17,40, their gene sequences l2, 13,29,41,42, their biosynthetic 
pathways 30, 37 and their regional distribution6, 18,40,45,50 favour their distinct 
physiological functions. Furthermore, this plurality of opioid peptides has 
been followed by the characterization of multiple opiate receptors in the 
central and peripheral nervous tissues36. According to biochemical8, 9, 31, 36 
and pharmacologicaP6, 28, 38,49 experiments, the opiate receptors have been 
subdivided into three main types: 

(1) The p. receptors of which pentacyclic opiates such as morphine are 
potent agonists. 

(2) The 0 receptors with which the enkephalins and some opioid peptides 
such as (o-Ala2, o-Leu5)enkephalin8 or (o-Ser2, Thr6)Leu-enkephalinI5 

preferentially interact. 
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(3) The x receptors which are recognized by tricyclic opiates such as the 
benzomorphan drugs, ketazocine and ethylketazocine. 

All these data raised the question ofthe physiological relationship between 
an endogenous ligand and a receptor subtype as well as the pharmacological 
relationship between an opiate subtype and a definite biological response. 
The main biological effect of this pharmacological class is the analgesic 
activity which involves some brain areas (supraspinal sites)5 and some regions 
of the spinal cord (spinal sites)34. Whereas the anti nociceptive action has 
been shown to preferentially implicate the p, subtype in the supraspinal 
structures3, the pharmacological nature of the spinal opiate receptors remain 
to be elucidated, and especially in the lumbo-sacral part of the spinal cord 
where the intrathecal administration of opiates induces a long-lasting and 
naloxone-reversible analgesia33 . 51. 53. 

Preliminary experiments described the absence of [3Hlmorphine (p, 
agonist) and [3Hl(D-Ala2, D-Leu5)enkephalin (0 agonist) binding in the 
lumbo-sacral spinal cord from various mammals l9, suggesting the absence 
of these two subtypes in this tissue. On the other hand, specific binding sites 
for [3Hletorphine and [3Hlethylketazocine can be characterized in the spinal 
cord from the rat2 and other speciesl. 19.20. In the rat spinal cord, the binding 
characteristics and the binding properties of [3Hletorphine and [3Hlethyl
ketazocine clearly show that these two ligands are interacting with the same 
class of binding sites2o• In this context, the absence of p, and 0 sites suggested 
that these binding sites would correspond to the third subtype, the x subtype. 

We report here that these binding sites are not related to the )( sites and 
binding studies performed on different tissues from various species strongly 
favour the subdivision of the x binding sites into two distinct subclasses, XI 

and X2 sites. 

MATERIALS AND METHODS 

Binding assays 

Rats (300-350 g) or guinea-pigs (300-400 g) were killed by decapitation and 
selected tissues (lumbo-sacral spinl cord or striatum) quickly removed and 
placed on ice; the spinal or striatal tissue was homogenized with a Teflon
glass homogenizer (V = 1500 rpm; 5 strokes) in 12 volumes 0.05 molll Tris
HCI buffer, pH 7.4. After preincubation at 37°C for 30min, the hom
ogenate was centrifuged at 49000xg for lOmin; the resulting pellet was 
homogenized as described before. After a second centrifugation, the pellet 
was resuspended in sufficient Tris buffer to obtain a final concentration of 
1 mg protein per ml. 

The membranes (0.8 ml) were incubated with [3H]ligand (0.1 ml) either at 
37°C for 30min for opiate drugs (O.lml) or at O°C for 150min for 
endogenous opioid peptides (0.1 ml). Non-specific binding was determined 
with lO p,mollilevorphanol. The incubation mixture was filtered and counted 
as previously· described3 . 
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Data analysis 

In competition experiments, the ICso of drugs were estimated from Hill plots 
with 5-10 concentrations of unlabelled ligands. Assuming a competitive 
interaction, the K/ values were calculating according to the formula K/ = 
ICso/(1 + SIKD) in which S is the concentration and KD the dissociation 
constant of the radioligand. 

Drugs 

Bremazocine (gift from Sandoz, Basle); SKF 10047 (N,allylnorcyclazocine, 
kindly gift from Dr J. P. Vincent, Nice); ketazocine, ethylketazocine and 
cyclazocine (Sterling-Winthrop, USA); MR 2034 « - )5,9-dimethyl-
2 I hydroxy-2-tetrahydrofurfuryl-6, 7 -benzomorphan) and MR 2035 « + ) 
inactive enantiomer of MR 2034) were kindly provided by Dr. H. Merz 
(Boehringer, Mannheim FRO); morphine (Francopia, Paris); naloxone 
(Endo, USA); dextrorphan and levorphanol (gift from Hoffman-La Roche, 
Basle); diprenorphine and etorphine (Reckitt and Colman, England); 
fentanyl (Janssen Pharmaceutica, Beerse, Belgium); FK33824 [(O-Ala2, N
Me-Phe4, Met-(O)S-ol-enkephalin) gift from Sandoz, Basle)l (o-Ser2, 
Thr6)Leu-enkephalin (gift from Professor B. Roques, Paris); human {3 
endorphin and dynorphin (1-+ 17) (Bachem, Budendorf, Switzerland); 
Morphiceptin, (o-Ala2, o-LeuS)enkephalin, (Arg6, Phe 7)Met-enkephalin, 
Met-enkephalin and Leu-enkephalin (synthetized by Dr H. Mazarguil, 
Toulouse); [3Hletorphine (46Ci mmol- 1) was purchased from the Radio
chemical Centre, [3Hlethylketazocine (15 Ci mmol- 1) from New England 
Nuclear. 

RESULTS 

Binding studies in rat spinal cord 

[3Hletorphine binds to a single class of high affinity sites (KD = 0.21 ± 
0.04 nmolll) whereas [3Hlethylketazocine interacts with a homogenous 
population of lower affinity sites (KD = 2.2 ± 0.4 nmolll) (Figure 42.1). The 
similar binding capacity and the homogeneity of K/ values (calculated from 
displacement experiments) and KD values (extrapolated from saturation 
curves) for the two radioligands strongly suggest that [3Hletorphine and 
[3Hlethylketazocine are labelling the same binding sites. This assumption is 
confirmed by the identical order of potency of opiates and opioid peptides 
which compete for [3Hletorphine or [3Hlethylketazocine binding (Table 
42.1); etorphine and benzomorphan-like drugs are the most potent com
petitors; naloxone and morphine (p. ligands) display a lower affinity, 
(o-Ala2, o-LeuS)enkephaiin has an intermediate K/ value equal to 250 
nmolll whereas (o-Ser2, Thr6)LeuS-enkephalin (0 agonist) interacts poorly 
with these binding sites. The K/ values of the endogenous opioid peptides 
against [3Hletorphine binding range from 20 nmolll to 190 nmolll (Table 
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Figure 42.1 Scatchard analysis of [3Hletorphine (e-e) and [3Hlethylketazocine (0 ---0 ) 
binding in rat lumbo-sacral spinal cord 

Table 42.1 Affinity of opiates and opioid peptides for [3Hletorphine and [3Hlethylketazocine 
binding sites in rat lumbo-sacral spinal cord. Opiates and exogenous peptides were assayed at 
37°C for 30 min against [3Hletorphine (0.3 nmolll) and [3Hlethylketazocine (3 nmolll) binding. 
The affinity of endogenous opioid peptides was determined at O°C for 150min against 
[3Hletorphine (1.5 nmolll) binding. Results are expressed as mean ± SEM for the number of 
separate experiments indicated in parentheses 

Substance 

Etorphine (3) 
Bremazocine (3) 
Diprenorphine (4) 
Cyclazocine (3) 
Ethylketazocine (5) 
Naloxone (3) 
Ketazocine (6) 
Fentanyl (3) 
Morphine (6) 
(D-Ala2,O-LeuS)-enkephalin (3) 
(D-Ser2 , Thr6)-Leu-enkephalin (3) 
Morphiceptin (3) 

Endogenous opioid peptides 
~-endorphin (5) 
(Arg6 , Phe7)Met-enkephalin (7) 
Dynorphin (1-17) (7) 
Met-enkephalin (4) 
Leu-enkephalin (5) 

[3 Hlethylketazocine 
KI (nmolll) 
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0.6±0.1 
0.7 ±0.1 

1.3 ::0.4 
5.7 ::0.8 
8.0::0.4 
9.7±1.6 

48::3 
269:: 14 

101O±309 

[3 Hletorphine 
KI (nmolll) 

1.0±0.1 
2.1 ::0.1 
3.0±0.5 
3.1 ±O.I 
9.5 ± 1.2 
13 ± I 
18± I 
44±2 
52±5 

220±55 
853 ± 75 

1490:: 164 

18±2 
32±4 
40±4 
61 ± 13 

185 ± 11 
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42.1). IJ-endorphine and (Arg6 ,Phe7)Met-enkephalin possess the highest 
affinity, whereas dynorphin (1-17) has a K/ value equal to 40 nmol/I. Met
enkephalin and especially Leu-enkephalin are the less active compounds. 

Binding studies in guinea-pig spinal cord 

In this species, the binding characteristics of [3Hletorphine and [3Hlethyl
ketazocine are very different since [3Hlethylketazocine binds to two classes 
of high affinity sites (KD = 1.02 ± 0.06 nmol/I) and low affinity sites (KD = 
5.8 ± 0.5 nmol/l) and its total binding capacity (Bmax = 218 ± 14 fmol/mg 
protein) is larger than that of [3Hletorphine (Bmax = 73 ± 4 fmol/mg protein) 
(Figure 42.2 and Table 42.2). 

Preliminary displacement experiments revealed that 5 p.mol/l of (0-
Ala2,0-Leu5)enkephalin could only displace 70070 of the high affinity 
binding of [3Hlethylketazocine, suggesting that the high affinity sites repre
sented two different types of interaction, one sensitive to (0-Ala2,0-
Leu5)enkephalin (oAL sensitive sites) and the other unaffected by (0-
Ala2,0-Leu5)enkephalin (oAL insensitive sites). In these same conditions, 
the specific binding of [3Hletorphine is completely abolished and the total 
number of these sites strictly corresponds to the partial loss of [3Hlethyl
ketazocine binding (Table 42.2). 
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Figure 42.2 Scatchard analysis of [3Hletorphine (e-e) and [3H]ethylketazocine (0 .. -0) 
binding in guinea·pig lumbo·sacral spinal cord 
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Table 42.2 Binding characteristics of [3Hletorphine and [3Hlethylketazocine in guinea-pig 
lumbo-sacral cord. Results are expressed as mean ± SEM for the number of separate experiments 
indicated in parentheses 

[ 3H1Etorphine 
[3H1Ethylketazocine 

Ligands 

high affinity sites 
high affinity sites 
low affinity sites 

In the presence oj 5 p.molll (D-Ala2,D-Leu5)enkephalin 
[3H1Etorphine loss of specific binding (10) 
[3HlEthylketazocine high affinity sites 

low affinity sites 

Equilibrium 
dissociation 

constant 
KD (nmol/I) 

0.18±0.03 (15) 
1.02 ± 0.06 (23) 
5.83 ±0.48 (23) 

0.36 ± 0.05 (6) 
6.30±0.90 (6) 

Maximal 
number oj 

binding sites 
Bmox (fmol/mg 

protein) 

73±4 (15) 
107 ±5 (23) 
III ±9 (23) 

30±2 (6) 
121±5(6) 

Table 42.3 Affinity of opiates and opioid peptides for [3Hlethylketazocine binding in the 
presence of 5 p.mol/I (o-Ala2 ,o-Leu5)enkephalin and [3Hletorphine binding in guinea-pig 
lumbo-sacral spinal cord. Opiates and opioid peptides were assayed at 37°C for 30min against 
[3H]ethylketazocine (0.8 nmol/I) residual binding and [3Hletorphine (0.5 nmol/I) binding. The 
affinity of endogenous opioid peptides was determined at 0 °C for 150 min against [3Hlethyl
ketazocine (0.8 nmol/I) residual binding and [3Hletorphine (0.6 nmol/I) binding. Results are 
expressed as mean ± SEM for 3-4 separate experiments 

Substance 

Bremazocine 
Ethylketazocine 
Cyclazocine 
Ketazocine 
Naloxone 
Etorphine 
Diprenorphine 
Morphine 
Fentanyl 
FK33824 
(0-Ala 2,0_ Leu 5)-enkephalin 
(o-Ser2, Thr6)-Leu-enkephalin 

Endogenous opioid peptides 
Dynorphin (1-17) 
(3-endorphin 
[Arg6 , Phe71Met-enkephalin 
Met-enkephalin 
Leu-enkephalin 

[3 Hlethylketazocine 
in the presence oj 

5 p.molll DAL 
K, (nmol/I) 

0.4±0.03 
1.1 ±0.07 
1.3 ±0.11 
8.1±1.5 
8.9±0.5 

12.5 ±2 
14±2 

242±67 
640± 103 

1373 ±28 
> 10000 
> 10000 

0.36±0.08 
111±7 
22S±4 

1819± 115 
4991 ± 140 
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[3 Hletorphine 
K, (nmol/I) 

0.6±0.15 
3±0.12 

0.9±0.09 
12± I 
10±2 

1.6±0.18 
0.3 ±0.09 
35±5 
28±2 

9.5± I 
57±6 

329±49 

10.3 ± 1.8 
4.9± 1.3 
4.5 ± 1.4 

11.8 ± 1.09 
16.7 ± 1.3 
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These results demonstrate that [3Hlethylketazocine interacts with two 
classes of high affinity sites, oAL sensitive and oAL insensitive, whereas 
[3Hletorphine only binds to oAL sensitive sites. The binding properties of 
oAL sensitive sites have therefore been investigated with [3Hletorphine and 
those of oAL insensitive sites with [3Hlethylketazocine in the presence of 
5llmol/1 (o-Ala2,o-Leu5)enkephalin. 

Although benzomorphan-like drugs poorly discriminate between oAL 
sensitive and oAL insensitive sites, some opiates and many opioid peptides 
differentially interact with these two binding sites (Table 42.3). In agreement 
with the selective labelling by [3HJetorphine of oAL sensitive sites, the 
oripavines display a lower affinity for oAL insensitive sites. Furthermore, 
the opioid peptides except dynorphin (1-17) interact better with oAL sen
sitive sites than with oAL insensitive sites. The most active compound at 
oAL insensitive sites is dynorphin (1-17) whereas (Arg6, Phe7)Met-enk has 
the highest affinity for oAL sensitive sites. 

Preliminary displacement experiments performed on the low affinity sites 
for [3Hlethylketazocine suggest that this binding site cannot be considered 
as an opiate binding site (B. Attali, personal communication). 

Binding studies in guinea-pig striatum 

The binding capacity of [3HJetorphine (Bmax = 267 ± 47 fmol/mg protein) 
and [3Hlethylketazocine (Bmax = 270 ± 30 fmol/mg protein) are very similar 
and each radioligand appears to interact with a homogenous population of 
binding sites (Figure 42.3). In the presence of 5llmol/1 (o-Alpha2,o-Leu5) 

~\ 

~ \ 
• 

100 200 300 a 
Figure 42.3 Scatchard analysis of [3H]etorphine (e-e) and [3H)ethylketazocine (0---0) in 
guinea-pig striatum 
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Table 42.4 Binding characteristics of PHletorphine and PHlethylketazocine in guinea-pig 
striatum. Results are expressed as the mean:l::SEM for the number of different experiments 
indicated in parentheses 

Ligands 

PH]ethylketazocine 
PH]etorphine 

Equilibrium 
dissociation constant 

KD (nmolll) 

1.43 :1::0.43 (4) 
0.56:1::0.12 (6) 

In the presence oj 5 ",molll (D-Ala2,D-LeuS)enkephalin 

Maximal number oj 
binding sites 

Bmax (fmollmg protein) 

270:1::30 (4) 
267:l:: 47 (6) 

PH]ethylketazocine 2.16:1::0.55 (3) 137:1:: 17 (3) 
PH]etorphine loss of specific binding (3) 

In the presence oj 1 ",molll morphiceptin and 0.1 ",molll (D-Ser2, Thr6)Leu-enkephalin 
PH]etorphine 0.34:1::0.12 (3) 165 :1::48 (3) 

enkephalin, a concentration which also saturates Jl. and {; sites present in this 
tissue, [3Hlethylketazocine still binds to a homogenous population of high 
affinity sites (KD = 2.16 ± 0.55 nmolll) which represent 500/0 of the specific 
binding (Bmax = 137 ± 17 fmollmg protein). On the other hand, specific 
binding of [3Hletorphine is completely abolished (Table 42.4). 

The binding properties of this residual binding are identical to those of 
DAL insensitive sites (guinea-pig spinal cord): the oripavines again interact 
with a lower affinity with these binding sites and among the endogenous 
opioid peptides, dynorphin 1-17 is the most active substance (Table 42.5). 

Table 42.S Affinity of opiates and opioid peptides for [3H]ethylketazocine binding in the 
presence of 5 ",molll (0-Ala2o-LeuS)enkephalin in guinea-pig striatum. Opiates and all the 
opioid peptides were assayed at 0 °C for 150 min against PH]ethylketazocine (5 ",molll) residual 
binding. Results are expressed as mean:l:: SEM for 3-4 separate experiments 

Substance 

Bremazocine 
Ethylketazocine 
Ketazocine 
Naloxone 
Etorphine 
Diprenorphine 
Morphine 
Fentanyl 
FK33824 
Morphiceptin 
(o-Ser2, Thr6)-Leu-enkephalin 
(0-Ala2 ,0-LeuS)-enkephalin 

Endogenous opioid peptides 
Dynorphin (1-17) 
(3-Endorphin 
(Arg6, Phe7)-Met-enkephalin 
Leu-enkephalin 
Met-enkephalin 
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KI (nmolll) 

0.76:1::0.09 
5.7:1::0.7 
7.0:1::0.8 
9.1:1:: 1.7 
15 :1::2.0 
8.1:1:: 1.2 
185:1:: 19 
819:1:: 117 

1782:1::624 
>20000 
>20000 
> 15000 

0.90:1::0.15 
89:1:: 16 

127 :1::24 
5251:1:: 321 
2207:1::242 
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Table 42.6 Affinity of opiates and opioid peptides for [3Hletorphine binding in the presence 
of 1 ~molll morphiceptin and 0.1 ~molll (o-Ser2,Thr6)LeuS-enkephalin in guinea-pig striatum. 
Opiates and opioid peptides were assayed at 37°C for 30 min against [3Hletorphine residual 
binding (0.6 nmolll). Results are expressed as the mean ± SEM of 3-4 separate experiments 

Substance 

Bremazocine 
Etorphine 
Diprenorphine 
Ethylketazocine 
Ketazocine 
Naloxone 
Morphine 
Fentanyl 
FK33824 
(o-Ala2,o-Leu5)enkephalin 
(o-Ser2, Thr6)Leu-enkephalin 
Morphiceptin 

0.55±0.08 
1.93 ±0.50 
2.20±0.20 
2.97±0.88 
3.81 ±0.70 
1O.2±0.3 
54.9± 1.4 
101 ± 11 
145±9 
471 ±67 

4476±655 
4748 ± 783 

After the blockade of /-' sites by l/-,molll morphiceptin and 0 sites by 
O.I/-,molll (0-Ser2, Thr6)Leu5-enkephalin, an important residual binding of 
[3H]etorphine is still observed which corresponds to 600;0 of the total specific 
binding (Table 42.4). The binding properties are similar to those of the same 
radioligand in rat and guinea-pig spinal cord (Table 42.6): benzomorphan
like drugs and oripavines have a high affinity for these binding sites, whereas 
naloxone and morphine display a lower affinity. (0-Ala2,0-Leu5)enkephalin 
has an intermediate KJ value equal to 470 nmolll and (0-Ser2, Thr6)Leu5-enk 
poorly interacts with these residual binding sites. 

DISCUSSION 

In the rat spinal cord where the absence of /-' and 0 sites has been previously 
reported 19, the similar binding capacity and the identical binding properties 
of [3Hletorphine and [3Hlethylketazocine indicate the existence of a 
homogenous population of opiate binding sites. The high KJ values of /-' 
agonists such as morphine8 or morphiceptin10 and of 0 agonists such (0-
Ala2, 0-Leu5)enkephalin 8 or (0-Ser2, Thr6)Leu-enkephalin 15 confirm that 
these binding sites do not correspond to either the /-' nor to the 0 subtype. 
However, the affinity of morphine, (0-Ala2,0-Leu5)enkephalin and dynor
phin (1-17) is very different from that reported for the third subtype, the )( 
binding sites in guinea-pig brain31 . Interestingly, these binding properties are 
very similar to those of the benzomorphan sites characterized in rat brain 11. 

Since the )( sites have not been detected in rat brain22, 24, the question arose 
concerning a possible phylogenetic variation without any pharmacological 
consequence. Indeed, the benzomorphan binding sites and the)( binding sites 
could only represent a phylogenetic modification of the pharmacochemical 
requirements from the rat to the guinea-pig. Such an assumption is ruled out 
by the coexistence of )( and benzomorphan binding sites in guinea-pig spinal 
cord and guinea-pig striatum. 
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In the guinea-pig spinal cord, the differential affinity of (D-Ala2 ,D
Leu5)enkephalin (DAL) for benzomorphan and )( sites has been useful to 
characterize their coexistence in terms of DAL sensitive sites (benzomorphan 
sites) and DAL insensitive sites ()( sites). Furthermore, their distinct binding 
properties have been extended to the oripavines and many opioid peptides. 
The DAL insensitive sites have the same binding properties which have been 
characterized for the )( sites in guinea-pig brain3I , except for oripavines. In 
fact, our experimental conditions which represent a simple methodology for 
the direct characterization of the )( subtype, clearly demonstrate that the 
oripavines cannot label at low concentrations the )( sites in agreement with 
their higher KJ values for )( sites than for benzomorphan sites. 

In the guinea-pig spinal cord, the denomination of DAL sensitive sites is 
strictly referred to benzomorphan sites since the presence of J-t and 0 sites has 
not been detected in the lumbo-sacral spinal cordI9 . Although the KJ values 
of opiates and opioid peptides are lower than those obtained in rat brain II 
and spinal cord20 , the relative order of potency is very similar to that at the 
benzomorphan site characterized in rat brain and spinal cord. 

In the guinea-pig striatum where the presence of J-t and 0 sites has been 
reported8 , the characterization of benzomorphan and )( sites required a 
different methodology. However, since (D-Ala2 ,D-Leu5)enkephalin interacts 
better with 0 and J-t sites than with benzomorphan sites8 • 9, the DAL insensi
tive sites always correspond to the )( subtype; the binding properties of the 
residual [3Hlethylketazocine binding in the presence of 5 J-tmolll (D-Ala2,D
Leu5)enkephalin are strictly identical to those of the )( sites characterized in 
guinea-pig brain3I and spinal cordI, 2. Consequently, [3Hletorphine does not 
label )( sites and unlabelled etorphine and diprenorphine display high KJ 
values for )( sites. After the blockade of J-t and 0 sites, [3Hletorphine still binds 
to an important population of opiate binding sites whose binding properties 
strongly correspond to those of the benzomorphan sites described in rat 
brainll and spinal cord2o and to those of DAL sensitive sites characterized 
in guinea-pig spinal cord2 • 

Taken together, these results clearly show that benzomorphan and )( sites 
do not correspond to the same binding entity and that their coexistence in 
the guinea-pig central nervous system would indicate their distinct physio
logical relevance. Furthermore, preliminary protection experiments clearly 
establish the absence of cross-protection for the binding to each binding site 
(B. Attali, personal communication). Finally, the differential affinity of 
oripavines and many opioid peptides suggest that the pharmacochemical 
requirements are different for the binding to these two sites: this conclusion 
is illustrated by the high affinity of dynorphin (1-17) for )( sites and by the 
preferential interaction of (Arg6 , Phe7)Met-enkephalin with benzomorphan 
sites. 

From a pharmacological point of view, the similar affinity of the benzo
morphan-like drugs, the similar KJ value of naloxone related to the Ke value 
for the antagonism of )( agonists in guinea-pig ileum28 and the differential 
affinity of opioid peptides are better distinguished as a subdivision into two 
subclasses rather than to a real dissociation between two classes of opiate 
binding sites. For these reasons, we propose a different denomination based 
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upon the subdivision of x binding sites into two subclasses, XI sites (x or 
DAL insensitive sites) and X2 sites (benzcmorphan or DAL sensitive sites). 

The phylogenetic differences between rat and guinea-pig raise some ques
tions concerning the generalization of XI and X2 sites to other species and 
man. Indeed, the rat brain and spinal cord would contain only X2 sites 
whereas XI and X2 sites coexist in guinea-pig brain and spinal cord. Binding 
studies performed in human brain reveal the presence of two 'x' sites, 
dynorphin-sensitive sites (XI sites) and dynorphin-insensitive sites44 • 

Although dynorphin has a lower affinity for X2 sites in guinea-pig2 and rat 
spinal cord, the relation between these dynorphin-insensitive sites and X2 sites 
remains to be clarified. 

The relationship between the affinity of some endogenous opioid peptides 
and one subclass of X binding sites is still a question of debate. The high 
affinity of dynorphin (1-17) for X 1 sites would favour its preferential 
implication in the endogenous activation of these sites. On the other hand, 
the high affinity of (Arg6 , Phe7)Met-enkephalin for X2 sites characterized in 
the spinal cord and the presence of high amounts of this peptide in this 
region50 could argue for its physiological role in relation to X2 sites. However, 
no conclusion can be drawn before the demonstration of a strict correlation 
between the localization of an endogenous peptide and the distribution of 
one subclass. 

It is noteworthy that this subdivision of X binding sites is mainly based 
upon biochemical investigations and therefore the biological effects induced 
by the stimulation of each subclass are far from known. A recent study 
provides some evidence for the subdivision of x 'receptors' in isolated 
organs52 , but the biological response would represent the same phenomenon, 
i.e. the modulation of neurotransmitter release. 

The characterization of a homogenous population of X2 sites in rat spinal 
cord is in good agreement with the preferential spinal site of action of the 
benzomorphan-like drugsS I. However, the heterogeneity of x sites in guinea
pig spinal cord raises the problem, in this species and others, of the distinct 
involvement of Xl and X2 sites in the modulation of medullary systems. 

In conclusion, although a subdivision of X binding sites has been estab
lished in guinea-pig central nervous system, it is tempting to speculate upon 
its existence in human cerebral tissues where it would lead to many bio
chemical, pharmacological and clinical applications. 
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43 
Hepatocyte cultures as a 
research tool in 
pharmacology and toxicology 
F. R. Althaus 

Because of the central role of the liver in homeostasis this organ is the site 
as well as the target of complex regulatory processes, which keep its functions 
in tune with the metabolic requirements of the whole body system39 • In 
studies of liver-specific functions in whole animals, almost invariably various 
endogenous and exogenous factors influence the specific function under 
study. Because of complex interactions of the liver with other organs and 
physiological processes, a large number of investigators have turned to 
simpler model systems. This is to distinguish primary effects of a particular 
experimental manipulation from those inflicted secondarily. Hepatocyte 
cultures are a widely used model system to study the regulation of gene 
expression62 • This has led to the accumulation of a large number of research 
data on the physiology, pathophysiology, biochemistry and pathobio
chemistry of the liver5!. A particular advantage of the model system of 
hepatocyte cultures is that new research findings can be weighed against this 
broad background of information. 

This paper summarizes recent developments in the use of hepatocyte 
cultures in pharmacology and toxicology research. Various aspects of this 
topic have been comprehensively reviewed in the recent past and for a general 
overview I refer to those publications24 , 30, 55, 60, 64. Because of the limited 
space the emphasis will be first on the use of hepatocyte cultures in the study 
of the regulation of drug metabolism. The second part will focus on the role 
of hepatocyte cultures in toxicology research, particularly in the area of 
chemical carcinogenesis. 

METHODOLOGICAL ASPECTS OF THE ISOLATION OF 
HEPATOCYTES AND THEIR MAINTENANCE IN CULTURE 

First attempts to isolate hepatocytes from rat liver were reported almost 
40 years ag054 • It was not until the development of non-destructive enzymatic 
techniques 10, 34, 35 that experimental work with isolated viable hepatocytes 
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became feasible. Today, most laboratories use various modifications of these 
principle techniques49 . This technique involves preperfusion of the liver to 
flush the organ free of blood, and to obtain relatively low Ca concentrations. 
Then enzymatic digestion of intercellular matrix is achieved by perfusing the 
liver with crude collagenase at 37°C. The third step is a gentle mechanical 
dissociation of the collagenase-digested liver followed by differential 
pelleting of the isolated hepatocytes, in order to separate intact cells from cell 
debris and non-parenchymal liver cells. This technique allows for the 
isolation of viable hepatocytes with high yields. The collagenase-perfusion 
technique has been successfully used to isolate hepatocytes from different 
species such as eeJ33, frog63 , fetal chickens, guinea-pig21 , mouse36 and ratIO. 

Hepatocytes have also been isolated from the livers of other species by 
techniques without perfusion of the organ24 . 25. These techniques require less 
manual skills but yield lower recoveries of cells. However, they can be easily 
adapted to other species, and even to biopsy materiaJ24. 

The high recovery of viable hepatocytes obtained with the collagenase
perfusion technique has also opened the way for biochemical studies in 
hepatocytes maintained in primary culture. 

Conditions to maintain liver specific functions of isolated hepatocytes for 
several days in culture have been described2 and used to culture hepatocytes 
at high initial density onto plastic dishes (Figure 43.1). Subsequent efforts 
were directed to increase the survival of hepatocytes in culture. A major 
improvement of viability was achieved by using collagen gels reconstituted 
from an acid extract of rat tail fibre collagen as a substratum for the culture 
of hepatocytes43 . Hepatocytes cultured on the collagen gel substratum were 
viable for over 3 weeks. This technique was modified by including a piece of 
nylon mesh in the collagen gels which allowed for easier handling of these 
cultures61 . Moreover, hepatocytes have been removed from the collagen 
gel-nylon meshes in a viable state by short collagenase treatment. A con
siderably longer survival time (5 months and more) has been reported 

Figure 43.1 Hepatocytes derived from an adult rat liver (male 230 g Holtzman rat) after 44 h 
in monolayer culture. The amorphous material on the monolayer surface repreSents non-viable 
cells. Phase contrast, approx. x 700 
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recently for hepatocytes that were cultured on a novel substratum, called 
biomatrix53 • This material, an extract from the fibrous extracellular liver 
matrix, has a composition which is not yet fully defined. Although this 
method offers some promise, it requires comparatively low seeding densities 
for high attachment efficiency51. This may be inconvenient for the main
tenance of large numbers of cells over a long period of time. 

HEPATOCYTE FUNCTIONS EXPRESSED IN CULTURE 

Convincing evidence from a number of laboratories shows that the pheno
typic expression of hepatocellular function undergoes fairly dramatic 
changes during culture58 • For example, some functions typical of adult liver 
are rapidly lost when adult rat hepatocytes are established in primary mono
layer culture. Meanwhile, other functions that are specific for fetal liver start 
to be expressed. On the other hand, fetal hepatocytes express various adult 
genes during monolayer culture. A well-studied example for this is the 
synthesis of adult types of plasma proteins by cultured chick embryo hepato
cytes29 • However, some functions remain unaltered throughout prolonged 
culture and therefore the battery of functions expressed in vitro is a com
bination of gene products which would never be expressed simultaneously 
during the normal ontogeny of the liver in ViV0 16 , 58. Thus a 'hybrid' pheno
type is expressed by cultured hepatocytes in response to the new environment 
represented by the culture conditions. In view of these dynamic changes, it 
is not surprising that the microsomal drug-metabolizing system also under
goes some adaptive changes in response to the artificial environment of tissue 
culture (vide infra). 

THE MICROSOMAL BIOTRANSFORMATION SYSTEM OF 
CULTURED HEPATOCYTES 

Metabolism of drugs by enzymes (,biotransformation') is the principle 
mechanism affecting intensity and duration of the action of most drugs. A 
large number of endogenous and exogenous factors affect biotransformation 
and there is increasing evidence that these factors act on the 'function of 
microsomal drug-metabolizing enzymes 17 . A large number of studies have 
focussed on the microsomal enzymes that are involved in the metabolism of 
xenobiotics17 • The uptake of drugs by hepatocytes or their intracellular 
transport to the site of enzymatic modification playa negligible role in the 
overall fate of xenobiotics that undergo metabolic modification31 • 

Among the enzymes involved in the metabolism of xenobiotics, the 
cytochrome P-450 system located in the endoplasmic reticulum of the liver 
has a key role65 • Essential parts of this system are a group of haemoproteins 
collectively called cytochrome P-450, a NADPH-requiring flavoprotein 
(NADPH-cytochrome P-450 reductase) and a lipid part of the membrane. 
Cytochrome P-450 enzymes play an important role in determining the 
substrate specificity of microsomal biotransformation. They have the ability 
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to adaptively increase their concentration in response to various substrates 
('enzyme induction'); any influence on these enzymes may differentially alter 
the metabolic capacity of the whole enzyme system22 • Any factor altering the 
actual concentration of the eight or more postulated cytochrome P-450 
species38 present in microsomal membranes may change the rate of for
mation and pattern of metabolites formed from a specific substrate. A 
number of laboratories have investigated the function of cytochrome P-450 
enzymes in hepatocytes during culture. Unfortunately, the maintenance of 
these hepatocytes is associated with a rapid and selective decrease in cyto
chrome P-450 concentration and in the activity of NADPH-cytochrome 
P-450 reductase. This leads to a differential loss of biotransformation 
capacity60. In addition, drug-mediated induction of cytochromes P-450 
could not be demonstrated in the first 48 h in these primary cultures60 and 
this 'Yas paralleled by the lack of an induction response of the rate-limiting 
enzyme of haem biosynthesis, o-aminolevulinic acid synthetase (ALA-S), to 
these same drugs41 • However, addition of the product of ALA-S reaction, 
o-aminolevulinic acid, to these cultures does not restore the inducibility of 
cytochrome P-450 by drugs, although the rapid loss of cytochromes P-450 
is somewhat diminished when hepatocytes are cultured in the presence of this 
acid32 • 33. This demonstrates the complex nature of the interactions between 
haem biosynthesis and the formation of cytochromes P-45Q42. 

Various manipulations of culture conditions .have succeeded in main
taining cytochromes P-450 near in vivo levels, at least for a short period of 
time. These manipulations included supplementation of the culture medium 
with hormone cocktails l8 , vitamins I I , and pyridines47 as well as modification 
of the substratum for attachment of cells. In regard to the latter, the 
cytochrome P-450 maintenance was improved by culturing hepatocytes on 
a collagen gel substratum45 • In addition, an increase in spectral cytochrome 
P-450 was observed in response to phenobarbital. A more elaborate study 
of this phenomenon, however, indicated that this response of cytochrome 
P-450 in phenobarbital-treated hepatocyte cultures markedly differs from 
the differential induction of cytochromes P-450 by barbiturates in vivo23 • 

Thus, despite attempts by a number of laboratories, a satisfactory main
tenance of cytochrome P-450 concentrations over longer culture periods and 
a preservation of the differential induction response of these enzymes by 
drugs, similar to the liver in vivo, have not yet been achieved in hepatocyte 
cultures derived from adult rodents. The key factors involved in the regu
lation of adult drug-metabolizing function in these hepatocytes remain to be 
elucidated. In view of the fetal changes discussed in the preceding section, 
it is interesting to note that the cytochrome P-450 system of these hepatocytes 
also undergoes alterations during culture that lead to a fetal-like pheno
typical state. 

In contrast to hepatocytes derived from adult mammalian liver, chick 
embryo hepatocytes maintain inducible haem biosynthesis in culture28 . Some 
pioneering work in this area was based largely on the use of this culture 
system 15. These studies prompted the use of chick embryo hepatocyte cul
tures to investigate the regulation of haemoproteins involved in microsomal 
mono-oxygenase function. Further investigations have demonstrated that 
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chick embryo hepatocytes maintain high levels of cytochromes PA50 and 
drug-metabolizing enzymes in culture9 • 50. In addition, these studies showed 
that a number of inducing agents, most notably phenobarbital, increased 
the concentration of several forms of cytochromes P-4509 (Table 43.1). 
This differential induction of drug-metabolizing enzymes could be achieved 
under chemically defined culture conditions and this opened the way to the 
investigation of the regulation of cytochrome P-450 enzymes in this culture 
system. 

Hormones have a differential influence on the induction of cytochrome 

.-• 
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to. 
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MroJ 
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Inducer protein 
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Figure 43.2 Halflives (tll2) of drug-inducible microsomal proteins from cultures chick embryo 
hepatocytes. Top, SDS-polyacrylamide gel electrophoresis of microsomal proteins from 
cultured chick embryo hepatocytes. Cultures were treated with solvent (0.02 ml of dimethyl
sulphoxide, B and E), {3-naphthoflavone (22 "molll, C), or phenobarbital (1.57 mmol/I, F) for 
9 h prior to preparation of micro somes for gel electrophoresis. The molecular weight positions 
of induced bands (see arrows) were extrapolated from the positions of marker proteins A and 
D (from Fef. 8). Below, estimated half-lives of three drug-inducible microsomal proteins, which 
on the basis of their molecular weights, spectral and catalytic properties have been identified 
as cytochrome P-450 haemoproteins (from 8, 9) 
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P-450 and /l-aminolevulinic acid synthetase, the rate-limiting enzyme of the 
pathway that provides haem for the association with newly formed cyto
chrome P-450 apoprotein56 • This effect of hormones was permissive in its 
nature, i.e. the hormones by themselves apparently did not induce any of 
these functions. 

A double isotope technique in this culture system was used to demonstrate 
that drug-mediated induction of three cytochrome P-450 species, charac
terized by electrophoretic, spectral and catalytic properties, is almost 
exclusively the result of de novo enzyme synthesis and not due to inhibited 
enzyme degradation8, 9. The halflives of three different inducible forms of 
cytochrome P-450 apoproteins in these hepatocyte cultures were also calcu
lated8 (Figure 43.2). These studies allowed for the characterization of 
modulatory influences on drug-mediated cytochrome P-450 induction. For 
example, treatment of these hepatocytes with chemicals that affect their 
proliferative rate was shown to enhance drug-induced de novo synthesis of 
a number of microsomal proteins including cytochromes P-450. These 
findings clearly illustrate that drug-mediated induction of cytochrome P-450 
enzymes is only part of a pleiotropic response of these hepatocytes. 

The use of the cultured chick embryo hepatocyte system has also allowed 
for the demonstration of nutritional effects on the induction of microsomal 
mixed-function oxidases and this has shed some light on the interdependence 
of hepatic haem biosynthesis and microsomal drug oxidation during hepatic 
porphyria. Recently a phenomenon in these cultures was described which 
closely resembled what has been termed the 'glycose effect' on /l-amino
levulinic acid synthetase in rodents,in ViVO I4 ,27. Also observed was a dose
dependent inhibition by glucose of the induction of /l-aminolevulinic acid 
synthetase by phenobarbital. Secondarily, the induction of cytochromes 
P-450 was also diminished in these hepatocyte cultures. These effects could 
be obtained in the complete absence of extrahepatic factors such as serum 
or hormones and, therefore, allowed for the identification of glucose, 
glucose-6-phosphate and non-glycolytic metabolites as the agents respon
sible for this action 14. With cultured chick embryo hepatocytes26 , it was 
found that the induction of cytochrome P-450 by phenobarbital proceeds 
independently from haem biosynthesis. These data support the concept that 
the supply of haem for the association with apocytochrome P-450 does not 
playa rate-limiting role in the synthesis of cytochrome P-450 in these hepato
cytes42 • These findings clearly illustrate the usefulness of chemically defined 
hepatocyte culture systems in the study of a regulatory mechanism which 
would not lend itself to experimental investigation in the complex environ
ment of the liver in vivo. 

The identification of ethanol as an inducer of cytochrome P-450 in 
chemically defined chick embryo hepatocyte culture57 is another example 
where the use of this culture system provided a solution to a problem that 
is difficult to approach in animals in vivo. The in vitro approach led to the 
conclusion that ethanol-induced cytochromes P-450 can be a major factor 
in the altered pharmacological response of humans chronically exposed to 
ethanol. It is again important to realize that the contributions of complex 
extrahepatic influences could be excluded in these studies57 • 
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HEPATOCYTE CULTURES IN TOXICOLOGY RESEARCH 

By virtue of its blood supply, the liver in vivo tends to receive higher con
centrations of xenobiotics than do most other organs. A large number of 
these xenobiotics undergo enzymatic conversion that leads to less toxic 
and/ or more readily excretable metabolites. However, this same process may 
lead to more toxic metabolites that impair hepatocellular or other organ 
functions. Because of this central role of the liver in the prevention and 
enhancement of toxicity, hepatocyte cultures have become a very important 
research tool in biochemical toxicology. The important role of hepatocyte 
cultures in biochemical toxicology research has been comprehensively 
reviewed24. 30. 

In the spectrum of toxic actions by xenobiotics, carcinogenic effects often 
pass unrecognized. The initial perturbation of cellular function by carcino
gens is often very discrete and only recognizable by means of biochemical 
analysis48. In contrast to conventional acute cytotoxicity, carcinogen
mediated alterations in cellular physiology are not only compatible with, but 
advantageous for, the survival of the target cells. Another aspect of carcino
genic action is the long latency period between the 'first hit' and the develop
ment of morphologically manifest neoplasia48 . These characteristics of 
chemical carcinogenesis have prompted a great deal of research into the de
velopment of short-term in vitro test systems which allow for the early detec
tion of potential carcinogens 19. In the hierarchy of test systems available, 
cultured hepatocytes have become increasingly important because of their 
differentiated procarcinogen metabolizing capacity44. This capacity makes 
liver cells also a probable site for the early interaction with carcinogens. 

The widely accepted concept is that the carcinogenic properties of a large 
number of chemicals arise from the metabolic activation of their precursors, 
procarcinogens46. This metabolic activation leads to the 'ultimate' metab
olite(s) that actually interact(s) with cellular constituents to cause neoplastic 
transformation. A common property of these ultimate metabolites is that 
they contain relatively electron-deficient atoms that seek to react with 
nucleophilic sites, particularly in nuclear DNA44. This interaction with 
nuclear DNA causes structural modification of DNA ('DNA damage') which 
can be reversed by mechanisms of DNA repair40. The occurrence of DNA 
repair, particularly DNA repair synthesis, is more amenable to rapid analysis 
than the direct identification of DNA damage by carcinogens. Therefore, for 
practical purposes, analysis of DNA repair synthesis is a suitable method for 
large scale screening of potentially carcinogenic agents. DNA repair synthesis 
in cultured hepatocytes can be determined by autoradiographic analysis of 
[3Hlthymidine incorporation into nuclear DNA60. Due to the large differ
ences in [3Hlthymidine incorporation into DNA during replicative synthesis 
and repair synthesis of DNA, these two processes can be readily distinguished 
by nuclear grain counting. However, the auto radiographic procedure for 
determination of DNA repair synthesis in hepatocyte cultures has some 
technical shortcomings, the most notable one being that this technique is 
fairly time consuming. This is a serious handicap in regard to its application 
for testing large numbers of chemicals. 
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Table 43.2 Utility of hepatocyte cultures for screening potential carcinogens in the hepatocyte
DNA repair test. The agent under study and [methyPHlthymidine were simultaneously added 
to the culture medium containing IOmmolll hydroxyurea and the amount of [methyPHlthy
midine incorporated into DNA during an 18 h treatment period was quantified (see refs. 3-6) 

DNA repair 
Dose range tested of EDmax Inter-

Test compound (molll) (% of control) pretationt 

Direct acting carcinogens 
N-acetoxy-2-acetylaminofluorene 10-4-10-5 1174 ± 290 (4)* Positive 
Methyl methanesulphonate 10-3-10- 5 521 ± 54 (19) Positive 
N-nitrosomethylurea 1.8 x 10-3-8.9 x 10-9 827 ± 77 (2) Positive 
Proflavine 10-3-10-6 193 ± 8 (3) Positive 

Procarcinogens 
Aflatoxin Bl 10-5-10-9 432± 81 (2) Positive 
Benzidine 10-3_10- 6 142± 5 (2) Positive 
Benzo(a)pyrene 1.6 x 10-3-4.0 x 10-9 271 ± 40 (2) Positive 
Diethylnitrosamine 10-2_10- 6 149± 8 (2) Positive 
Safrole 10-2-10-6 135± 12 (4) Positive 

Tumour promoters 
a-Hexachlorocyclohexane 10-4_10- 6 115± 6 (3) Negative 
Phenobarbital 2.0 x 10-3-2.0 X 10-4 103± 7 (4) Negative 
2,3,7,8-tetrachlorodibenzo-p-dioxin 2.0 x 10-7-10-8 101 ± 4 (2) Negative 

Non-tumourigenic chemicals 
L-ascorbic acid, Na-salt 5.7 x 10-3-5.7 x 10-7 109± 10 (3) Negative 
Methionine 6.7 x 10-3-1.3 x 10-7 J04± 18 (2) Negative 
Retinylacetate 3.0x 10-3-3.0 x 10-7 112± 11 (2) Negative 

*Number of tests in separate cell preparations, at least two measurements in each cell 
preparation 

tThe interpretations were based on a paired t-test analysis of a minimum of two measurements 
per cell batch, in at least two different cell preparations per compound 

Our laboratory has been involved in the development of alternative 
procedures for the rapid and sensitive determination of DNA repair synthesis 
in cultured hepatocytes3,4,44,59. By using chemical analysis of DNA repair 
synthesis, we were able to get quantitative results within a few hours after 
exposing hepatocyte cultures to carcinogens6 ,7 (Table 43.2). The usefulness 
of this in vitro screening system was documented in a test series involving 
more than 40 chemicals, including procarcinogens, direct-acting carcino
gens, tumour promoters, and non-carcinogenic compounds6,7. It was 
interesting to see that the anti histaminic drug, methapyrilene hydrochloride, 
which had passed unrecognized in several in vitro carcinogenesis tests, scored 
positive in our test system4 • Methapyrilene hydrochloride has been shown to 
be a potent liver carcinogen in the rat37 • 

Beyond the practical aspects of the use of hepatocyte cultures in toxico
logical screening batteries, this culture system has recently been used in our 
laboratory for the investigation of a novel mechanism by which the vitamin 
nicotinamide or the widely used drug theophylline can modify the biological 
response of hepatocytes to chemical carcinogens!' 3. The recent observation, 
that nicotinamide enhances DNA repair synthesis in carcinogen treated 
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Figure 43.3 Structure-activity relationship of the action of 3-, 2- and 4-aminobenzamides 
(aba) on the nuclear enzyme ADP-ribosyltransferase and on DNA repair synthesis in cultured 
rat hepatocytes following exposure during 16 h to the carcinogen methyl methanesulphonate 
(5 x 10-4 molll) 

hepatocytes, prompted us to hypothesize that the nuclear enzyme ADP
ribosyl transferase might act to modify the process of DNA repair3• ADP
ribosyl transferase catalyses the cleavage and transfer of ADP ribose from 
NAD to various acceptor sites, particularly chromatin proteins that become 
ADP-ribosylated. Among the inhibitors of ADP-ribosyltransferase activity 
are nicotinamide and other pyridines, theophylline, benzamides, and 

Table 43.3 Effect of the ADP-ribosyl transferase inhibitor, isonicotinamide (lOmmolll), on 
DNA repair synthesis of cultured hepatocytes treated with various carcinogens. The following 
carcinogens stimulated different levels of repair synthesis which was either enhanced or 
unaffected by isonicotinamide treatment. Accordingly, carcinogens which induced repair 
synthesis that is sensitive to isonicotinamide treatment can be classified 'isonicotinamide
positive' in order to contrast them with carcinogens which stimulate isonicotinamide-insensitive 
repair ('isonicotinamide-negative') 

/sonico!inamide-positive 

2-acetylaminofluorene 
N-acetoxy-2-acetylaminofluorene 
aflatoxin Bl 
4-aminobiphenyl 
benzidine 
!,2 benzpyrene 
cyclophosphamide 
diethylnitrosamine 
9,1 O-dimethyl-! ,2-benzanthracene 
3-methylcholanthrene 
methyl methanesulphonate 

/sonicotinamide-negative 

4-acetylaminofluorene 
3,4 benzpyrene 
methapyrilene hydrochloride* 
2-methyl-4-dimethylaminoazobenzene 
a-naphthylamine 
{3-naphthylamine* 
4-nitroquinoline-N-oxide* 
proflavine* 

*Repair synthesis elicited by these compounds was also tested in 3-aminobenzamide (5 mmolll) 
treated hepatocytes and found equally unresponsive to this treatmentS 
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others52 • All these enzyme inhibitors enhanced DNA repair synthesis of 
cultured hepatocytes following carcinogen treatment and, for three isomers 
of benzamide, there was a structure-activity relationship for the action on 
ADP-ribosylation as well as on DNA repair synthesis (Figure 43.3). These 
data and others indicated that ADP-ribosylation interacts with the process 
of DNA repair at the level of repair synthesis and removal of DNA strand 
breaks5, 13,20. Another interesting aspect of these observations was that this 
interaction depended on the chemical nature of the DNA damaging agent5 

(Table 43.3). 
These findings have some relevance for an understanding of the complex 

series of events that ultimately lead to the initiation of tumour formation. 
In view of recent evidence for an involvement of ADP-ribosylation in 
differentiation processes, the further investigation of this enzyme function 
might help clarify the mechanisms leading from DNA damage by carcinogens 
to altered gene expression in early stages of neoplasia. 

Results from our laboratory indicate that ADP-ribosylation might also 
playa regulatory role in the fetal-genic expression of hepatic functions in 
cultured hepatocytes2 • Further investigations are required along these lines. 

The examples of ongoing research from our laboratory presented above 
are intended to demonstrate the versatility of the hepatocyte culture system 
as a research tool in biochemical toxicology. Complex regulatory mechan
isms can be dissociated from extrahepatic influences and can be subjected to 
experimental manipulation. This approach has not yet been fully explored 
in biochemical toxicology. 

OUTLOOK 

The model system of hepatocytes in primary monolayer culture has offered 
many insights into a large number of cellular functions and mechanisms. The 
last decade of research work with this system has brought about some major 
improvements regarding the preservation of hepatocellular functions over 
extended time periods under chemically defined in vitro conditions. How
ever, the preservation of some other liver functions, that are invariably lost 
during culture of these cells, poses a challenge for future research. In rat 
hepatocyte cultures, conditions will have to be defined that prevent the loss 
of cytochrome P-450 species typical of the differentiated drug-metabolism 
of the adult liver in vivo. In addition, for the study of basic regulatory 
mechanisms in drug metabolism, it will be important that all cytochrome 
P-450 species retain their differential inducibility under culture conditions. 
The preservation of this adaptive response to inducing substrates eventually 
will be closely related to the maintenance of inducible o-aminolevulinic acid 
synthetase activity in these cells. Further knowledge of these conditions 
would offer substantial advantages for research directed towards an under
standing of the interactions between the haem biosynthesis pathway and 
haemoproteins involved in drug metabolism. 

Another line of future research will have to be directed towards the study 
of conditions that can trigger hepatocellular proliferation in vitro similar to 
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the response observed in the liver in vivo following partial hepatectomy. This 
manipulation could eventually become the basis of experiments where 
tumour initiation and promotion can be studied in hepatocytes under com
pletely defined in vitro conditions. 
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44 
Metabolic radical formation from 
halothane and enflurane and its 
modification by enzyme induction 
and inhibition 
W. Beuter and A. Schmid 

Of the side-effects of halogenated inhalation anaesthetics, damage to the 
liver and kidneys is the most prominent21 • 

The incidence of the so-called 'halothane hepatitis' in humans is given to 
be 1 in 10 000 cases12 , 13 with extensive cell necroses, especially after repeated 
halothane anaesthesias and/or anaesthesias with oxygen-deficiencies. The 
rate of lethality supposedly amounts up to 500/0 13 • 

Damage of the liver caused by halothane has been detected in animals as 
well, so obviously no species can be excluded with certainty 10, 11, 14, 18,22,23,25. 

Particularly revealing tests are repo;ted by Chang and Katz4 , who exposed 
rats to halothane concentrations from 10 to 500 parts per million for 
4-8 weeks and examined their brain, liver and kidneys under an electron 
microscope. Their result was that in all three organs very subtle patho
morphological changes ofthe plasma membrane, the endoplasmic reticulum, 
the mitochondria, the Golgi apparatus and the nuclear membrane had taken 
place. The authors therefore conclude that the primary cell damage caused 
by halothane and/or its metabolites obviously happens on cellular and 
subcellular membranes; at the same time they point out that 'the pathogenic 
mechanism of halothane or its metabolites still needs to be investigated and 
cannot be determined at the present time' . 

Could the mentioned generalized damage of the membrane caused by 
halothane and to a lesser extent by enfIurane, whose rate of metabolism 
amounts to only about one sixth of that of halothane9, result from its 
metabolic transformation into radicals, as radicals are pronounced mem
brane poisons, due to their reactivity and their oxidative effect8? 
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EXPERIMENTS 

Male mice, weighing about 40 g were tested without prior food reduction. 
They received halothane (Halothan®, Hoechst, Frankfurt) in six doses from 
250 to 1250 mg/kg, or enflurane (Ethrane®, Abbott, Delkenheim) in seven 
doses from 234 to 1285 mg/kg; some of the animals were injected additionally 
with 3-methylcholanthren puriss. (Fluka, Basel) at a dose. of 20 mg/kg daily 
for 3 days before the test, or with piperonylbutoxide p.a. (Serva, Heidelberg) 
at a dose of 400 mg/kg 1 day before the test, on induction or inhibition of 
mixed-function mono-oxygenases (MFO) respectively. For that purpose, 
substances were dissolved in paraffinum liquidum (Merck, Darmstadt) -
3-methylcholanthrene in propanediol(1,2) (Merck, Darmstadt) - and 
applied in a total volume of 5 mllkg. 

As indicators of radical formation in vivo, ethane was determined gas 
chromatographically17 in the expired air of the animals, and malone di
aldehyde production in the liver was determined spectrophotometrically24. 

For each experiment four mice were put into a glass desiccator with a total 
volume of 860 ml after the application of halothane or enflurane, which 
contained synthetic air (Linde, UnterschleiBheim) and 100 g soda lime 
(Drager Sorb® 650 CH 508, Dragerwerk, Lubeck) for the absorption of C02 
and was provided pressure-free with oxygen (99.995070 by volume; Linde, 
UnterschleiBheim). After 3 h, the animals were anaesthetized with nitrogen 
and decapitated to be bled. 

With each dose of halothane or enflurane a double test was performed, 
i.e. for the six resulting dose-effect curves 312 mice had been used as well 
as 48 animals for the corresponding controls. 

RESULTS 

Figure 44.1 shows a typical polyculminating dose-effect curve of the 
expiration of ethane following halothane injection. The same result was 
found following enflurane injection. 

To obtain a quantitative comparability of various dose-effect curves, the 
control areas (control value multiplied by maximum dose) were subtracted 
from the dose-effect areas (below the dose-effect curves) and have been 
summed up in Table 44.1 as 'effect areas' in the form of the arithmetic mean 
(x) including ranges (R). 

Table 44.1 shows that: 

(1) The application of halothane or enflurane to unpretreated animals 
results in a distinct increase of ethane expiration (p~O.OI) and a slight 
increase of malone dialdehyde production in the liver. 

(2) With an enzyme induction by 3-methylcholanthren(20), the expiration 
of ethane is raised even further after halothane (p~O.OI) or enflurane 
(p ~ 0.05), respectively, whereas the production of malone dialdehyde 
in the liver is slightly inhibited. 
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Figure 44.1 Ethane expiration of ·male mice as function of the halothane dose 

Table 44.1 Effect areas of ethane expiration and of malone dialdehyde production in the liver 
of male mice 

Ethane Malone dialdehyde 
Treatment (nmol mg/kg2 3h) (nmol mg/ g kg 3h) 

Halothane 
Halothane 46311 t 10011 

45566-47055 6498-13523 

Halothane 53607t -3618 
+ 3-CH3 cholanthren(20) 53316-53898 -8134-898 

Halothane 34234t 2171 
+ Piperonylbutoxide 32181-36287 -258-4600 

Enflurane 
Enflurane 29488t 14015 

27806-31170 9658-18372 

Enflurane 35752t 1290 
+ 3-CH3 cholanthren(20) 35459-36044 -3467-6046 

Enflurane 18868* -4845 
+ Piperonylbutoxide 16841-20894 - 3766- - 5923 

*resp. tmean dose-effect area greater/smaller than mean control area at p:S;;0.05 resp. 
p:S;;O.OI 

(3) Following an enzyme inhibition with piperonylbutoxide the expiration 
of ethane is inhibited after halothane (p:S;;;O.Ol) or enflurane (p :S;;;O.05), 
respectively; there are corresponding results for the production of 
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malone dialdehyde in the liver, the inhibiting effect of enflurane 
(p:::;;O.Ol), however, being stronger than that of halothane. 

(4) In the tests with halothane, the expiration of ethane and the production 
of malone dialdehyde in the liver are influenced qualitatively in the same 
way as in the tests with enflurane. Concerning the quantity, expiration 
of ethane in the tests with halothane is more evident than in the tests 
with enflurane, while the production of malone dialdehyde remains 
comparable. 

DISCUSSION 

The results can be interpreted as evidence that halothane and enflurane 
caused a lipid peroxidation (of cellular and subcellular membranes) in 
unpretreated male mice due to biotransformation into radicals, because 
ethane expiration of the observed kind is interpreted in this way by 
numerous authors1,5,6,17,19,20. 

It is striking, however, that radical formation from halothane is 
obviously higher than that from enflurane, which can be explained by 
the more intensive biotranfiformation of halothane9 • 

This interpretation of ethane expiration only seems to be a contra
diction to the inhibition of malone dialdehyde production in the liver 
after an enzyme stimulation with 3-methylcholanthren(20), which was 
observed simultaneously. Although malone dialdehyde production -
like ethane expiration - is taken as an indicator for lipid peroxi
dation3, 7, 24, the malone dialdehyde production, or radical production 
respectively, in the liver comes to a standstill after a high initial rate of 
radical formation, because mixed-function mono-oxygenases are 
increasingly damaged, as is known from the metabolic radical for
mation from carbon tetrachloride15 . The same is true for the ethane 
formation in the liver. As the expired and measured ethane, however, 
originates from the whole organism and not only from the liver, and as 
halothane, or enflurane respectively, exist in the different distribution 
volumes in different concentrations, and as they are further trans
formed into radicals to a different degree (due to different enzyme 
activities), the expiration of ethane after an enzyme stimulation is not 
correlated to the production of malone dialdehyde in the liver. 

A different inactivation of radical-inducing mono-oxygenases in the 
distribution volumes of halothane and enflurane, which depend on the 
dose given, could be the most probable explanation of the fact that the 
dose-effect curve of the expiration of ethane is unorthodoxically 
polyculminating20 • 

More understandable is the explanation of the effects of piperonyl
butoxide. These are thought to originate from an inhibition of halo
thane and enflurane metabolizing MFO, i.e. reduced production of 
radicals from both inhalation anaesthetics. Potentially, there exists now 
a possibility of avoiding prophylactically the supposedly most damaging 
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side-effects of both anaesthetics. As mentioned in the introduction, the 
morphological halothane damage in the rat described by Chang and Katz4 
can be explained without difficulty with a metabolic radical formation in all 
tissues or organs with mono-oxygenase activity. This mechanism of damage 
is underlined also by the clinical experience that 'halothane hepatitis' occurs 
especially after repeated halothane anaesthesias (enzyme induction) and/or 
anaesthesias with oxygen deficiencies (since a reductive dehalogenation is 
discussed as the mechanism of metabolic radical formation2 ,16. 

If this is true, then the parenchyme damaging side-effect of halothane and 
enflurane is correlated to the mono-oxygenase activity, which means that it 
differs between different species and maybe depends on an existing enzyme 
induction. Moreover, the parenchyme toxicity will be dependent on the 
metabolizability of the halogenated inhalation anaesthetic, i.e. it will decline 
in the following order: methoxyflurane> halothane> enflurane> isoflurane9• 

The results lead to the conclusion that halothane and enflurane are 
biotransformed in vivo into radicals whose production is stopped after an 
induction of MFO due to radical damage to the enzymes and is reduced in 
animals with inhibited mono-oxygenases. 
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45 
Anaesthesia in 
pharmacological research 
R. Boivin 

General anaesthetic drugs are substances which produce a reversible state of 
unconsciousness and insensibility. In addition to these principal effects, 
anaesthetic drugs nearly always modify the major functions of the organism. 
As Claude Bernard9 remarked more than a century ago, 'An anaesthetic is 
not merely a special poison for the nervous system. It anaesthetizes all the 
cells, it invades all the tissues.' Despite these drawbacks, anaesthetic drugs 
are widely used today for in vivo experiments. However, it must be borne 
in mind that their use may considerably modify the outcome of a physio
logical or pharmacological experiment. While a great amount of data has 
been accumulated with respect to the physiological effect of general anaes
thesia, little information is available on pharmacological effects. 

The aim of this report is to provide information on the possible inter
actions between general anaesthetic drugs and other pharmacological agents. 
This review is limited to drugs currently used only in experimental work. . 

METHODOLOGY 

A specific, defined methodology is necessary to observe the effects of 
anaesthetic drugs. While the procedure itself is fairly straightforward and 
amounts to the compilation of two comparative series of data (one with and 
the other without anaesthetic drug use), it cannot always be followed. All too 
often, physiological determinants demand surgery with difficult to control 
situations such as haemorrhage, vasomotor disturbances, stimulation or 
destruction of sensitive nerve fibres, and, finally, endocrinological changes. 
Under such conditions, the comparisons between anaesthetic and non
anaesthetic conditions lose their significance. It is difficult to distinguish the 
physiological effects due to anaesthesia from those effects derived from the 
surgical procedure itself (or any combination of the two). Thus, irregardless 
of the intervention required, and whether it be simple (catheterization under 
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general anaesthesia) or complicated (laparotomy, thoracotomy), it should be 
carried out well in advance of the proposed study (several days to 2 weeks). 
Complete recuperation of the subject must occur before beginning experi
mentation. Furthermore, it is advisable not to consider results obtained 
without separation of effects due to anaesthesia and those linked to surgical 
procedures. 

Another difficulty is to maintain a constant level of anaesthesia during 
the experiment. Cardiac output, blood pressure, and systemic resistances, 
depend upon the degree of anaesthesia (Figure 45.1 (a». Moreover, for a 
given constant level of anaesthesia, the possibility of physiological adap
tation has been shown, e.g. during anaesthesia with halothane, a number of 
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Figure 45.1 (a) Influence of anaesthesia level on some cardiovascular parameters in dogs. Light 
anaesthesia: chloralose 53 mg/kg, urethane 535 mg/kg, and deep anaesthesia: chloralose 
98mg/kg, urethane 980mg/kg (from ref. 34). (b) Effect of pentobarbital, urethane and 
chloralose on diameter (Jtm) of second order vessels in the bat wing (from ref. 33) 
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physiological parameters regain their original values; adaptation seen when 
ether is employed is even more rapid. On the other hand, some physiological 
parameters might deteriorate, e.g. during more severe drop in cardiac output 
in the third than in the second hour after administration of chloralose
urethane. Accordingly, a close monitoring of the chronological evolution of 
all parameters is necessary during an experiment. Variations in the results 
from different authors often seem to be linked to inadequate monitoring. 

ANAESTHESIA AND PHARMACOKINETICS 

The concentration of a pharmacological agent at its receptor sites and target 
organs will depend on its absorption, distribution, metabolism, and its 
elimination. Very often anaesthesia alters factors considerably. 

Absorption 

The quantity of drug at the site of absorption, its solubility, and local circu
lation are involved. During digestive or pulmonary absorption, anaesthesia 
may have an influence on the quantity of substance actually absorbed. Res
piratory depression, which almost always accompanies general anaesthesia, 
retards the alveolar penetration of an inhalated drug. Motor inhibition of 
various portions of the digestive tract by anaesthetics would account for ir
regularities seen in oral drug absorption28 • This is illustrated by the variations 
incurred in the dog's gastric emptying time depending on the anaesthetic 
used. Indeed, an increase of 15070 in gastric emptying time can be observed 
with nitrous oxide as compared to 40% with ether, and 64% with chloroform. 

In addition, regardless of the route of drug administration, local circu
lation at the site of absorption may be affected by the changes of the cardio
vascular function under anaesthesia. Changes in blood supply to the canine 
digestive tract under pentobarbital anaesthesia have been studied with two 
types of marked microspheres17 • In the unanaesthetized animal, the amount 
of blood received by the jejunum was greater than that of the ileum and 
colon. During the first 15 min of anaesthesia, however, the amount of blood 
received by the digestive system increased in equal proportion in all regions 
of the digestive tract, and returned to original levels only 1 hour later. These 
results confirm those obtained in the rat anaesthetized with chloral, which 
consisted of a reduction of 68% in the blood supply of the femoral muscles, 
and an increase in that of the duodenum (96%), colon (74%) and kidney 
(25%) without any modification in the blood supply to heart, lung, skin and 
liver 13 • 

These considerations favour, as 'a corollary, the intravenous adminis
tration of pharmacological agents in anaesthetized animals. 

Distribution 

The distribution of a drug will depend largely on circulatory parameters, 
especially the partition of the cardiac output to various tissues, which is pro
foundly modified under anaesthesia 13,21. Cardiac output, local circulation 
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and vascular resistances of several organs have been measured in the 
anaesthetized (pentobarbital 30 mg/kg) and non-anaesthetized monkey24. 
The fraction of the total cardiac output delivered to the kidney, skin, lungs 
and bone increased at the expense of that of the brain, skeletal muscles, 
adrenals and thoracic wall without significant changes for the liver. Regard
less of the mechanisms involved in these circulatory modifications, the tissue 
distribution of the drug is altered and consequently the induced pharmaco
logical changes. Not only must one take into consideration the repartition 
of cardiac output but also the absolute value of blood supply to the tissues 
themselves. An increase in the retention time of sulphobromophtalein (SBP) 
in the dog under methoxyflurane anaesthesia has been attributed to a de
crease in hepatic circulation. In the rat under ether anaesthesia the shortening 
of the halflife of an ethylcarbamate derivative was linked to the reduction 
in the enterohepatic cycle. 

The distribution of a drug depends also on the extent of its binding to 
plasma proteins. Sodium acetrizoate is more highly bound in an animal 
anaesthetized with pentobarbital, and sodium acetrizoate increases the free 
fraction of plasma pentobarbital, which may then diffuse with greater ease 
into the nervous system and thus contribute to a prolongation of the anaes
thesia15 . Competition between certain anaesthetics and other drugs exists for 
pharmacological receptor sites as well. An antagonism exists between 
dehydromorphine and xylazine or ketamine31 . Further studies will, however, 
be necessary to elucidate differences in analgesic activity between various 
anaesthetics. 

Metabolism 

A recent review considered the long discussed interferences of anaesthetics 
with biotransformations43 . The mechanisms involved ~re oxidations medi
ated by hepatic microsomes. Microsomal induction is especially clear for 
cytochrome P-450, the key-enzyme of oxidative metabolism, the concen
tration of which considerably increases following the administration of 
barbiturates. Microsomal induction has important pharmacological con
sequences for many agents such as coumarine, prednisone, and the bar
biturates, as their length of activity is greatly reduced. However, the hypnotic 
effects of barbiturates are increased and prolonged with ether and this is most 
likely due to the inhibition of microsomal enzymes. 

When rats inhale various anaesthetics such as chloroform, ether, en
flurane, halothane, isoflurane or methoxyflurane the length of sleep pro
duced by hexobarbital is decreased. This is believed to be due to enzymatic 
induction by volatile anaesthetics32. Other workers22 have demonstrated that 
longterm exposure to volatile anaesthetics'causes a smoothening of the rough 
endoplasmic reticulum and an increase in cytochrome P-450 concentration, 
as well as in other enzymes involved in drug metabolism. In the rat, diphenyl
hydantoine metabolism is particularly inhibited, likely due to effects on 
hydroxylation. In the same species, a delay in antipyrine and paracetamol 
elimination is caused by ether, whereas the same agent slightly stimulates the 
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acetylation of sulphanilamide4. A recent study30 of an ether-antipyrine
paracetamol interaction indicates that this lag may be attributed to a lower 
hepatic catabolism of those substances. The effects of ether are seen even if 
the substances studied are administered after awakening. In this case, how
ever, paracetamol elimination shows a greater time lag than that of anti
pyrine in comparison to the conscious rate. This difference is linked to the 
halflife of these drugs (15 and 75 min for paracetamol and antipyrine, 
respectively). In the apparently conscious rat, the ether concentration in the 
liver inhibits paracetamol catabolism for several halflives30. On the other 
hand, one could assume that a greater amount of the ether remaining in the 
liver would be eliminated during the first halflife of antipyrine. While the use 
of ether is prohibitive for the study of those substances with short halflives, 
it may be used in the study of substances with long halflives. In vitro, ether 
inhibits the normal function of mitochondria and protein synthesis in iso
lated hepatocytes from the rat. In homogenized hepatic tissue, certain 
oxidative as well as conjugative reactions are inhibited by powerful volatile 
anaesthetics such as halothane. A decrease in the catabolism of hypnotics, 
barbiturates and local anaesthetics has also been demonstrated43 as well as 
the in vitro dose-dependent oxidation of antipyrine and the conjugation of 
paracetamol due to ether. 

Elimination 

Any disturbance in tissues or organs necessary for the elimination of a drug 
or its metabolites affects the clearance rate of this drug. A decrease in the 
speed of elimination is most frequently noted for volatile agents because of 
their depressive action on pulmonary ventilation. Any change in the blood 
supply to the liver, with .consequent effects on the enterohepatic cycle, affects 
the rate of elimination of drugs by the liver. The effects of anaesthesia on 
hepatic circulation have been widely studied13·21.24.3o.5o. The blood supply 
to the liver is diminished in the dog anaesthetized with halothane, due to a 
decreased cardiac output50. The amount of drug captured by hepatocytes 
depends not only on the blood supply but also on the efficiency of extraction. 
Elimination of agents whose extraction is low (antipyrine, oxyphenbutazone) 
is slightly and less affected by changes in hepatic circulation. However, 
changes in hepatic circulation affect substances whose extraction is high 
(propranolol) . 

While a great number of studies have dealt with the influence of anaes
thesia on urinary output 10, little wor k exists on the relationship between renal 
blood supply and the renal clearance of drugs eliminated in the urine. It is 
clear that the renal clearance of drugs eliminated by filtration alone depends 
on the level of glomerular filtration. Since glomerular filtration rate remains 
fairly constant, it may be assumed that general anaesthetics have little effect 
on the elimination of such drugs. Renal elimination of drugs by active 
secretion is influenced by circulatory conditions which vary according to the 
anaesthetic employed. High, moderate and low vasoconstriction is seen with 
cyclopropane, ether and barbiturates, respectively45. 
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ANAESTHESIA AND PHARMACOLOGICAL ACTIVITY 

Besides affecting the pharmacokinetics of drugs, general anaesthetics can 
even inverse the organism's responses to drugs. Such modifications may 
result from anaesthetic effects on the function of organs or their endocrine 
and nervous regulation. Most of the research on the effects of anaesthesia 
on major body functions concern cardiovascular physiology and its 
regulation. . 

Circulation 

The previous section illustrated the great imporances of the cardiovascular 
system in pharmacokinetics. Anaesthesia demonstrates the earliest and most 
far-reaching effects on the cardiovascular system, and while relatively good 
descriptions for the changes in cardiovascular response during anaesthesia 
exist, the actual mechanisms involved remain somewhat unclear. Thus, the 
conclusions reached by various authors are from time to time at odds with 
one another. 

Table 45.1 Effects of parenteral administrations of different non-volatile anaesthetics on 
arterial pressure of rat, rabbit, dog, pig, sheep, and monkey 

Change in arterial 
pressure from 

Dose Route of awake state 
Anaesthetic (mg/kg) administration Species (mmHg) (0,70) Reference 

Chloralose 60 i.v. dog +20 + 18 3 
60 i. v. dog 0 0 27 
80 i.v. dog -4 -4 19 

100 i.v. dog +9 +9 18 
80 i.p. rat -29 -21 14 

Ketamine 100-150 i.p. rat -29 -21 14 
4 i.v. dog +30 +30 23 

Ketamine+ 55 i.m. rabbit -29 -30 46 
Xylazine +5 

Pentobarbital 30 i.v. dog 0 0 25 
25-30 i.v. dog -10 -8 40 

27 i. v. dog -42 -35 36 
25 i.v. dog -10 -8 19 
30 i. v. dog +6 +5 12 
30 i.v. dog -2 -2 44 
40 i.p. rat -15 -12 14 
30 i. v. monkey -35 -43 24 
38 i.v. pig +10 +8 47 

+ 16* 

Thiamylal 26 i. v. pig +40 +34 47 
+ 16t 

Urethane 1300 i.p. rat -15 -12 14 

Vinbarbital 40 i.v. sheep + 15 + 16 11 

* Additional hourly dose 
t Additional dose when required 
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The measurement of blood pressure allows for the most straightforward 
evaluation of the activity of the circulatory system. The effects of anaesthesia 
on blood pressure are summarized in Tables 45.1 and 45.2. Pentobarbital -
depending upon experimental conditions and the authors - produces a rise, 
drop, or no change in blood pressure. With chloralose, frequently either a 
slight rise or no change occur in blood pressure, whereas the volatile anaes
thetics always show a marked hypotension. Blood pressure is the resultant 
of two main factors: the cardiac output which itself depends on the rate and 
force of contraction of the heart, and the peripheral vascular resistance. 

Table 45.2 Effects of different volatile anaesthetic agents on arterial pressure in rat, rabbit, 
dog, and pig 

Anaesthetic 

Cyclopropane 

Ether 

Ethrane 

Halothane 

Administration 

31l,7o in 02 

1-31l,7o 

1.51l,7o 

Methoxyflurane 1.51l,7o 

Species 

dog 

rat 

rabbit 

dog 
dog 
pig 

pig 

Change in arterial 
pressure from 

awake state 
(rnrnHg) (1l,7o) Reference 

+ 15 + 13 38 

-10 -8 14 

-25 35 

-24 -22 19 
-47 -40 38 
-40 -41 47 

-30 -29 47 

Modifications in the cardiac output vary with: barbiturate used, species, 
time of measurement, and authors themselves. Cardiac output increases with 
thiopentaF9, which may first decrease blood pressure before raising it. This 
phenomenon has also been observed in the dog with pentobarbital and would 
appear to be due to a decrease in the systolic ejection volume ( - 40070) which 
was partially compensated by an increase in the heart rate ( + 65070 )40. After 
1 h, cardiac output was slightly superior to that of the control (+ 7070), the 
decrease in systolic ejection volume (- 35070) being compensated by a strong 
increase in heart rate (+71070)17,37,40. A prolonged reduction in cardiac 
output in the pig is linked to a decrease in the systolic ejection volume, which 
is attributed to an increase in peripheral resistance along with a decrease in 
venous return and thus ventricular filling47. The increase in cardiac rate is 
generally related to the vagolytic effects of pentobarbitaF6, 28, although it 
may be that barosensitive reflexes contribute as well. Finally, pentobarbital 
has been shown to depress the contractibility of heart muscle fibre. Bar
biturates have the ability to influence the action of those substances which 
normally affect calcium metabolism. Hence, the interactions between anaes
thetics and aminoside antibiotics which are known to have effects on the 
mechanism of calcium1. 

Generally speaking, cardiac output is not modified by chloralose, but 
decreases with halothane from 25 to 60070 in the dog. This reduction, also seen 
in the heart-lung preparation, is proportional to the plasma concentration 
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of halothane and to the decrease in the volume of systolic ejection. The 
myocardial depression is linked to the depth of the narcosis itselfl6. As the 
tachycardia observed with halothane is eliminated by the use of atropine, the 
depressive action of this anaesthetic may be due, partially, to its parasym
pathomimetic action. Methoxyflurane also shows a dose-dependent decrease 
in cardiac output which varies from 27 to 65070 depending on the concen
tration inhaled. The decreased cardiac output is a consequence of a simul
taneous reduction in cardiac rate and the volume of systolic ejection. 

Vascular resistance is often diminished by general anaesthesia. Chloralose 
is responsible for a moderate and transitory vasodilatation, which would 
account for the hypotension frequently observed during induction. Despite 
the peripheral vasodilatation and an increase in cardiac output incurred in 
the onset of anaesthesia, pentobarbital causes an increase in peripheral 
resistance with a drop in cardiac output40 , 44. In the dog, resistance increases 
by 7% for the first 5 min after induction, and 26% 1 h later. Variations and 
even contradictions in some of the results obtained may be explained by 
differences in procedure, especially in cases where premidication is used. 
Many barbiturates, acting on the contractibility of isolated vascular muscle, 
will often inhibit spontaneous contractions of arteries and veins, and will also 
increase the response to adrenaline, calcium and serotonin2 • Both halothane 
and methoxyflurane inhibit smooth muscle in main vasular fields according 
to a mechanism already described. A direct action may be involved41 or these 
drugs may inhibit the action of norepinephrine l6. With isoflurane, pro
gressive vasodilatation is seen which increases as the anaesthesia deepens. 

Control of blood pressure 

Modification of control mechanisms is another source of blood pressure 
variation seen in general anaesthesia. The sinocarotid reflex is often 
examined in physiology and cardiovascular pharmacology as an excellent 
indicator of the function of the autonomic nervous system. Variations of 
blood pressure in the carotid sinus are a function of the anaesthetic 
employed. The respective influences of the three most widely used anaes
thetics in the dog (chloralose, halothane, pentobarbital) have been compared 
recently 19. It is concluded that baroreceptor functions are less affected by 
chloralose or halothane than with pentobarbital. The effect of occlusion of 
the carotids has been compared in both anaesthetized and non-anaesthetized 
dogs. The hypertension thus created was more marked when the dog was 
under chloralose anaesthesia. Yet, as with urethane, a fall in blood pressure 
may be observed with pentobarbital. With identical studies no variation 
occurred when cyclopropane was administered, but less marked hyper
tension was seen under halothane38 • 

Bradycardia, following hypertension induced by an i.v. injection of 
norepinephrine (0.5 or 1 p.g/kg), has been reported in the rat. This reflex is 
reduced by 25-80% in the rat under pentobarbital, totally suppressed 
under ketamine, and increased by 20% with chloralosel4 . Both ether and 
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urethane caused fluctuations in reflex bradycardia, attributed to great 
fluctuations in cardiac rate, before norepinephrine was administered. This 
would explain the interest still seen today in the use of chloralose as an 
anaesthetic in cardiovascular experimentation. It is clear that only chloralose 
can allow a cardiovascular response to norepinephrine which is similar to that 
of the non-anaesthetized animal. 

Local circulation and microcirculation are affected by general anaes
thesia33 • Calibre changes are related to both the anaesthetic used and the 
vessels involved (Figure 45.1 (b». A possible explanation fOf anaesthetic 
influence in the toxicity of cardiac drugs may be found here. Indeed, the 
toxicity of ouabaine is less in cats anaesthetized with pentobarbital than those 
under chloralose-urethane49 • It is suggested that this difference is due to the 
disparity of anaesthetic effects on cardioregulator innervation. Pento
barbital, for example, reduces vagal tone during induction, and shows 
minimal effects on sympathetic tone with but a slight inhibition in the 
secretion of medullar catecholamines by the adrenal glands. This is contrary 
to chloralose which strengthens sympathetic tone, and urethane which 
stimulates epinephrine secretion in the adrenal medulla. The differences in 
the toxicity of ouabaine can be linked to differences seen in sympathetic tone. 

Respiration 

Respiratory depression is likely to result from any general anaesthetic, 
provided that the dose administered is of sufficient magnitude36• 39. The 
mechanisms involved are related to the diminished responsiveness of 
respiratory centres, changes in vagal afferences, and curariform effects on 
the respiratory muscles themselves. Thus, general anaesthesia cannot be 
recommended for the study of drugs with respiratory effects. This has been 
illustrated by a decrease in the response of subjects to C02 inhalation while 
under anaesthesia. Prudence is advised in the study of antitussive drugs, as 
anaesthesia depresses the cough reflex in the organism. It is necessary to work 
with chronic preparations or with animals under light narcosis. 

Digestive tract 

The effects of anaesthesia on the motility of the digestive tract has aroused 
much interest. Recently, the influence of thiopental was studied on the 
gastrointestinal motility of the dog28 . As soon as this drug was administered, 
a brief but powerful stimulation of motility occurred in both the duodenum 
and jejunum, although the ileum and the pyloric area of the stomach 
remained unaffected. Ketamine had no effect. Halothane not only inhibited 
motor responses to vagal stimulation by a ganglioplegic action, but responses 
to j3-methylcholine and barium chloride are inhibited as well, this suggesting 
a musculo-depressive action. 

It is known that secretory responses of the stomach to both physiological 
and pharmacological agents may be modified considerably by an anaesthetic. 
For a given dose of gastrin or synthetic peptide (ICI 50 123), a rise in gastric 
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secretion of acid is noted when urethane was administered to the rat (i.m.). 
Gastric secretion is decreased with barbital (i.m.) and is reduced with halo
thane. It is believed that a reduction in vagal tonus due to barbital and 
halothane was responsible for the diminished gastric secretion. In addition, 
it is claimed - although without providing a satisfactory explanation - that 
the gastric secretion curves (gastric secretion/ gas trine dose or gastric 
secretion/ICI 50 123) are quite different, depending upon the route of 
administration (i.m. vs. i.v.). In the second case, the response decreases with 
increasing doses of secretagogues. 

Urinary secretion 

Anaesthetics are responsible for considerable disturbances in renal function, 
and are invariably responsible for a reduction in diuresis. These modifi
cations are the results of: circulatory effects (augmentation or diminution of 
blood pressure), variations in renal vasoconstrictor tone, or effects on 
endocrine regulatory systems (ADH, catecholamine, renin-aniotensing, 
aldosterone). Besides their influence on the elimination of drugs by the 
kidney, anaesthetics are liable to modify renal responses to various phar
macological agents. Thus, in non-anaesthetized sheep, papaverine or 
acetylcholine, when administered in the renal artery, produce considerable 
vasodilatation with an increase in glomerular filtration, but without increas
ing the amount of Na+ excreted!!. In sheep, anaesthetized with pento
barbital, the same agents produced not only vasodilatation and increased 
glomerular filtration, but also a considerable increase in the excretion ofNa+. 
It appears that the differences noted in anaesthetized sheep were due to 
concurrent increases in arterial blood pressure. An increase in peritubular 
capillary blood pressure would appear to be the cause of decreased reabsorp
tion of Na+. It is also possible that the above changes may vary with species 
or age. Modifications in the renal function of the neonate pig were not 
observed after anaesthesia with ether, halothane or N20/ketamine despite 
a general reduction in blood pressure and cardiac output5 • On the other hand, 
in the adult a decrease in urinary secretion was observed. The differences are 
linked to incomplete sympathetic innervation of the kidneys in the neonate 
along with high and fixed renal vascular resistances. 

Neurovegetative system 

Most general anaesthetics modify the activity of the autonomic nervous 
system. Certain anaesthetics such as pentobarbital have marked parasym
patholytic action and tachycardia is noted. This effect is not seen in a dog 
having previously received atropine. In the same fashion, the absence of 
atropinic action in a dog under pentobarbital is an additional argument for 
powerful vagolytic action. Absence of atropinic effect on cardiac rate was 
noted in the rat anaesthetized with pentobarbital, while atropine produced 
tachycardia in the rat under urethane (Figure 45.2 (c»)1. 
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Figure 45.2 (a) Effect of anaesthesia on heart rate response in dogs to atropine and pronethalol 
(from ref. 7). (b) Increase in heart rate produced by isoprenaline (O.4/-1g/kg) in conscious or 
anaesthetized dogs, after administration of leI 50 172 (from ref. 20). (c) Effect of pento
barbitone and urethane on heart response of rats to {3-adrenergic blockade by pronethalol 
(PRON), propranolol (PRO) and sotalol (SOT) at 5 mg/kg i. v., and to an adrenaline infusion 
of 2/-1g/kg per min (from ref. 7) 

Many general anaesthetics have sympathomimetic effects demonstrated by 
an increase in plasma catecholamine levels with nitrous oxide, or pre
ganglionic activity with ether, cyclopropane or halothane in the rabbit. This 
may explain, in part, the influence of anaesthetics on drugs which are 
mediators or which modify the autonomic nervous system42 • 

Several acetylcholine effects may be modified by pentobarbital. An 
injection of acetylcholine decreases the volume of systolic ejection in the 
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non-anaesthetized dog but the inverse is true for the dog under anaesthesia. 
The effects of epinephrine and norepinephrine with respect to the anaesthetic 
used have been the object of several studies14 including cardiovascular 
response to norepinephrine in the rat under ether, urethane, pentobarbital, 
chloralose and ketamine (Figure 45.3). The hypertensive effects of nore
pinephrine are very diminished by ether and urethane, little changed by 
pentobarbital, but augmented in the case of chloralose or ketamine6 • The 
increase in cardiac period (and thus a decrease in frequency) due to nore
pinephrine is less in the dog under chloralose than in the non-anaesthetized 
animaP8. 

The arrhythmogenic effects of catecholamines are considerably increased 
under halothane as well as halothane-like anaesthetics. Even small quantities 
of epinephrine induce a bigeminal rhythm in the anaesthetized dog, and 
under such conditions either tachycardia or ventricular fibrillation can 
happen 

In the rabbit, the hypertensive reaction to dopamine is inversed during 
urethane anaesthesia. Chloralose does not modify the responses to isopro
terenol except for a higher cardiac acceleration in response to hypotension. 
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Figure 45.3 Effect of anaesthetics on the pressor response to noradrenaline in rat. Changes 
are expressed in percentage from pressor response in conscious rat (from ref. 14) 
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This would suggest an increase in baroreceptor activity seen in this type of 
anaesthesia. The tachycardia seen after isoproterenol administration is 
higher for the dog under pentobarbital as compared to the non-anaesthetized 
animal (Figure 45.2 (b», but due to the high cardiac rate in the non
anaesthetized dog, the relative increase in cardiac rate is less than in the non
anaesthetized animal. 

The decrease in peripheral vascular resistance provoked by isoproterenol 
is reduced by administration of pentobarbitaP7. The importance in the 
choice of an anaesthetic in the study of the responses to isoprenaline is illus
trated by the fact that, in order to increase the cardiac rate in the pento
barbital-anaesthetized rat by 100, O.l/Lg/kg of isoprenaline is needed, 
compared to 2/Lg/kg for urethane-anaesthetized rat 7. In order to reduce the 
resultant tachycardia by 500,10, 0.82 mg/kg of propranolol is needed in the 
case of pentobarbital, while 16.5 mg/kg are required for urethane. 

Response to {3-sympatholytics will also depend upon the anaesthetic used. 
An intravenous injection of propranolol modifies neither cardiac rate nor 
output in the non-anaesthetized animal, but greatly decreases both para
meters in the animal under chloralose8•27. In a similar fashion, ICI 50 172, 
a {3-sympatholytic, is able to suppress the increase in cardiac rate and con
tractibility provoked by injections of epinephrine, norepinephrine or 
isoprenaline, provided the animal has been anaesthetized with pentobarbital. 
ICI 50 172 in the non-anaesthetized subjects shows no such effects (Figure 
45.2 (b». 

Indeed, isprenaline, as all {3-sympathomimetics has a double action 
mechanism: 

(1) Direct action on the sino-atrial node which can be blocked by ICI 50 
172. 

(2) Reflex action as a consequence of hypotension induced by vasodila
tation. This latter effect is not blocked by ICI 50 172 but can be blocked 
by anaesthetics such as chloralose or barbiturates. 

The effects of pronethalol were compared in two groups of rats anaes
thetized either with pentobarbital or with urethane7. While tachycardia was 
seen in the group under pentobarbital, bradycardia was seen in the group 
under urethane (Figure 45.2 (c». Propranolol had no effect on the heart rate 
of the non-anaesthetized rat but bradycardia was seen in the rat under 
urethane. The results depend on the pre-existing sympathetic tone of the 
individuals. When the tone is reduced (e.g. pentobarbital) no effect is 
observed with antagonists; inversely, when the tone is high (e.g. urethane) 
{3-blockers have marked effects. Thus, propranolol provokes hypertension 
in the rat under urethane as a consequence of the inhibition of peripheral 
vasodilatation by catecholamine, vasodilatation being reinforced by the 
anaesthetic. Certain {3-sympatholytics such as oxprenolol, alprenolol or 
practolol do not show negative inotropic properties in the non-anaesthetized 
subject. On the other hand, such properties can be clearly seen under halo
thane anaesthesia48 • Indeed, in the non-anaesthetized individuals, the reduc
tion in cardiac output due to bradycardia is compensated by an increase in 
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sympathetic tone. However, individuals under halothane may show both 
myocardial depression as well as peripheral vasodilatation. The adjunction 
of l3-blockers decreases cardiac rate to a still greater degree, and the resultant 
reduction in cardiac output is therefore more marked. It has also been 
demonstrated that propranolol decreases coronary supply only when the dog 
is under anaesthesia; this is explained by the reinforcement of sympathetic 
tone as compensation for the depressive action of the anaesthetic. Other 
sympatholytics produce more complex effects as many of these agents show 
simultaneous agonistic as well as antagonistic effects (Figure 45.2 (c». 

Neuromuscular junction 

The inhibition of neuromuscular transmission by ether or enflurane is due 
to a specific mechanism. In addition, these agents potentiate the effects of 
curares. A number of years ago, the variations in the interactions of anaes
thetics and antibiotics were demonstrated on the cardiovascular system and 
neuromuscular junction. The way in which amino glycoside antibiotics 
inhibit neuromuscular transmission is well known. These antibiotics not only 
decrease Ca2+ availablity at the synapse, and thus inhibit the liberation of 
acetylcholine, but are also in themselves competitors with acetylcholine, at 
the cholinergic receptor sites of the motor end plate1• These effects are then 
added to the general depressive effects of such anaesthetic drugs as ether, 
pentobarbital, halothane and methoxyflurane on the neuromuscular syn
apse. A case of permanent respiratory failure during pentobarbital adminis
tration is reported in the dog undergoing treatment with streptomycin 1. 

CONCLUSION 

Bearing in mind the complex interactions possible between anaesthetics and 
drugs, one quickly arrives at the conclusion that pharmacological studies 
should first be carried out on non-anaesthetized individuals. Indeed, with 
few exceptions, the great majority of drugs are destined for use in the 
conscious individual. Despite advances in investigated techniques with the 
unanaesthetized animal, general anaesthetics are still largely employed, not 
only for technical reasons, but because of ethical considerations as well. For 
this reason, systematic observation should be made for possible physiological 
and pharmacological modifications due to anaesthesia, and interspecies 
differences. Such observations would allow for the best possible choice of 
anaesthetic technique. The interpretation of data should take into account 
not only changes in the responses of effector organs, but also the influences 
of the anaesthesia on the bioavailability and pharmacokinetics of the drug 
under investigation. 

While some mechanisms such as barbiturate enzymatic induction are 
clearly understood, others are hypothetical. For this reason caution must be 
the rule for any extrapolation between anaesthetics and conscious animals. 
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46 
Evaluation of 
analgesic drug combinations 
A. J. M. Seegers. L. P. Jager and J. van Noordwijk 

The experimental pharmacological assessment of the therapeutic value of a 
single drug for a well-defined indication often requires more than one animal 
model. The evaluation of drug combinations is even more complicated, 
because it necessitates a quantification of effects, which implies the assess
ment of dose-response relationships of the individual components of the 
combination and the efficacy of the combination itself for a specified effect. 

ANALYSIS OF EFFICACY 

The simplest relationship between dose and effect is given by Clark's classical 
theory13. According to this theory, as extended by Ariens2 , the analysis of 
drug-receptor interactions in vitro is based on the following postulates: (1) 
applicability of the law of mass action, (2) proportionality between response 
and fraction of receptors occupied, and (3) quantitative insignificance of the 
fraction of drug bound to receptors. A direct relationship between activation 
of receptors and the response measured is assumed, thus neglecting charac
teristics of intermediate steps. An S-shaped log dose-response curve of a 
drug observed in vivo can be analysed under the assumption that the response 
is mediated via one type of receptor, irrespective of its actual existence. In 
order to evaluate results obtained with drug mixtures a common receptor has 
to be postulated for the component drugs. This contention derives some 
support from the fact that different drugs, producing the same qualitative 
response, generally have at least one step in common. 

Consequently, if drugs are administered simultaneously, their actions on 
different receptors can be projected as interactions at the common step. On 
the basis of the kinetics of drug-receptor interaction the relationship 
between the effect observed, v, and the dose of the drug given, A, is presented 
by: 

Vmax'A 
V=---

k+A 
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The parameters which characterize this equation, and which can be estimated 
from the observations, are Vmax, the maximum effect which is theoretically 
attained when all receptors are occupied by an infinite dose of the drug, and 
k, the dissociation constant of the drug-receptor complex. Since the 
relationship between the independent variable, A, and the dependent 
variable, v, is curvilinear, it has been customary to facilitate estimation of 
the two parameters by employing linear transformations of Equation I. The 
suitability of the various transformations in different types of experiments 
has been evaluated by Dowd and Riggs28. 

Under the hypothesis of additive interactions between component drugs 
on the same receptor population the in vitro efficacy of a drug mixture 
(Vab ... z) can be calculated by the following general equation, using estimates 
of Vmax and k of the component drugs: 

(Alka)· Vmaxa + (Blkb)· Vmaxb+ ... + (Zlkz)· Vmaxz 
Vab ... z = 1 + (Alka) + (Blkb) + ... + (Zlkz) (II) 

in which for drugs a, b, ... , z, respectively: 

ka, kb, ... , kz = the dissociation constant of the drug-receptor complex, 
Vmaxa, Vmaxb, ... , Vmaxz = the maximum effect attainable with the drug 
indicated, and A, B, ... , Z = the dose used in the drug mixture. 

In the case of competitive antagonism Vmax of the antagonist (b) equals 
zero, yielding the well-known equation: 

A· Vmaxa 
Vab = ------

ka+A+B· kalkb 
(III) 

Furthermore, Equation II predicts that mixtures of drugs with largely dif
ferent Vmax-values, used in concentrations within the range of their k-values, 
will exhibit dose-response relationships typical for partial antagonism. 
Thus, the effect of a drug mixture is to be classified as additive when the mean 
response observed does not differ significantly from the expected value 
calculated using Equation II. In an optimal experimental design the dosages 
used in admixture should be equivalent to about half of the individual 
k-values of the drugs; potentiation or inhibition is hard to discern if the 
expected efficacy of a drug mixture is close to 1000/0 or to 0%, respectively. 

In our experience, using agonists, Equation II proved to be a powerful tool 
to analyse in vivo data providing that the dose-response relationships of 
the individual drugs can be represented by Equation I and that the com
ponent drugs do not exhibit pharmacokinetic interactions9s . Of course, other 
methods are used in assessments of the efficacy of drug combinations than 
that represented by Equation II which involves the law of mass action. 
Generally, these methods are based on either a comparison of the dose
response curve of one component drug given alone with that of the mixture, 
or on a comparison of the EDso-values of a component drug in the absence 
and in the presence of subliminal doses of additives. By now it will be clear 
that combinations of drugs, with widely different Vmax-values and/or in 
dosages outside the range of the dose-response curves, can yield results due 
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to additive interactions but which are interpreted as non-additive. In mice, 
Grotto et al. 46 observed that with the mixture of aspirin + paracetamol 
(50 + 66 mg/kg) the pain reaction time was longer than that after adminis
tration of twice as much aspirin (l00mg/kg) or paracetamol (l32mg/kg) 
alone. The interaction between these compounds was classified as an aug
mentative synergism. This classification seems questionable because the 
dosages of the drugs used in the mixture were half the amounts needed to 
induce a just detectable increase in pain reaction time when given alone. 
Apart from the fact that measurement of threshold responses yields relatively 
large errors, summation of the effects of equipotent amounts of drugs is only 
justified when their intrinsic activities are similar. Addition of a drug with 
low intrinsic activity to another drug or drug mixture does not necessarily 
increase the response. This is illustrated by the observation46 that addition 
of caffeine to the combination of aspirin + paracetamol reduced the analgesic 
effect, as predicted by Equation 1195 • 

A comparison of a drug combination with one of the component drugs at 
a dosage unlike that used in the combination cannot yield meaningful 
information concerning the interactions between the component drugs of the 
mixture54 • 

Furthermore, divergent interpretations of the concepts of inhibition, 
addition and potentiation contribute largely to the rather confusing results 
regarding evaluation of drug mixtures. Within the analytical framework 
outlined above, effects of drug mixtures not significantly different from that 
predicted using Equation II are classified as due to additive interactions 
between component drugs. Especially in in vivo experiments this class 
consists of different subtypes of additive interactions, ranging from inter
actions between full or partial agonists on the same receptor and competitive 
antagonists to physiological interactions between drugs of which a common 
intermediate step governs the intensity of the measured response. 

In case of non-additive interactions the main advantage of Equation II 
becomes clear. Subsequent experiments determining whether the drug 
mixture yields responses significantly smaller or greater than expected in case 
of addition (one-tailed tests), unambiguously signify a non-competitive 
inhibition or a potentiation (augmentative synergism), respectively, between 
component drugs. 

MECHANISMS OF ACTION 

Since the observation of Vane lOO our understanding of the mechanisms of 
action of this group of drugs, preferentially referred to as NSAID (non
steroidal anti-inflammatory drugs; aspirin-like drugs; non-narcotic anal
gesics), is growing rapidly. The involvement of NSAID in the biosynthesis/ 
release of prostaglandins (PGs) is now well-established. Generally, these 
drugs alter the metabolic pathways of arachidonic acid and structurally 
related fatty acid precursors (Figure 46.1). This influence can proceed, e.g. 
via an irreversible or a reversible inhibition of a specific enzyme (cyclo
oxygenase) as with aspirin or indomethacin, respectively. Many defensive 
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responses of the body are triggered by the release of fatty acids from the 
afflicted locus or loci. The anti-inflammatory action of corticosteroids 
(SAID) resides mainly in a stabilizing effect on the cell membranes, of which 
the phospholipids are the main source of the unsaturated fatty acids48. 

The enzyme systems functioning in the metabolic pathways of the un
saturated fatty acids are present throughout the whole body, their presence 
becoming apparent only when their substrate is liberated. Two main path
ways starting from arachidonic acid can be distinguished (1) one starting with 
the cyclo-oxygenase system yielding the various prostaglandins and throm
boxanes, and (2) the other one starting with the lipoxygenases yielding the 
various eicosatetraenoic acids and leukotrienes (Figure 46.1). 

In this overview, emphasis is given to arachidonate, the dominant 
eicosapolyenoic acid occurring in man, with the Greenland Eskimo still living 
on a fish diet as the well-known exception. Besides the dienoic PGs derived 
from arachidonic acid, similar pathways can yield the monoenoic and 
trienoic PGs from homo--y-linolenic acid and from eicosapentaenoic acids, 
respectively. However, although all three precursors yield en doper oxides 
PGGr, PGG2 and PGG3 as well as PGs of the D, E and F series, PGGI does 
not yield a thromboxane Al (TXAI) or PGI I. Also, the biological properties 
of a metabolite depend on its degree of unsaturation. For example, PGEI 
inhibits and PGE2 facilitates human platelet aggregation. Quantitatively, 
there is a difference between TXA2 and TXA3 on aggregation82 . 

The various peroxidases all yield free oxygen-centred radicals (possibly 
hydroxyl radicals) besides the products indicated29,30,47,6o,61 (Figure 46.1). 
As these free radicals can modulate the activity of several cellular enzyme 
systems - including those involved in the metabolism of the eicosanoids - a 
pivotal role of these short-living reactive intermediates is postulated in the 
pathophysiology of inflammation. Recently, Lands62 reviewed the modu
lating functions of the free radicals on the activity of the cyclo-oxygenase 
pathway. Besides limiting availability and mutual inhibition of the different 
polyunsaturated fatty acids, the biosynthesis of prostanoids is, to a large 
extent, regulated via the level of free radicals. The biosynthesis of pros
tanoids by the cyclo-oxygenase is regarded as taking place by a lipid peroxide
induced free radical chain reaction mechanism5o . The instability of a chain 
reaction might contribute to the self-continuing nature of rheumatic dis
orders, e.g. polyarthritis in pigs following infection with Erysipelothrix 
insidiosa. 

ANALGESIA 

Mechanisms of analgesic action 

Pain relief afforded by NSAID may result from both a peripheral and a 
central nervous system (eNS) effect. 

If the site of its origin is a locus of inflammation, these drugs modify the 
pain by protecting the pain receptor from the nociceptive effects of brady
kinin, serotonin and other mediators involved in pain56 ,63 and by an 
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enhancement of fluid reabsorption from swollen, inflamed tissues64 • In these 
processes the inhibitory action of the aspirin-like drugs on the biosynthesis 
of POs plays an important role39.101. POs, at concentrations found in 
inflammatory exudates, are capable of causing hyperalgesia due to a long
lasting sensitization of pain receptors to mechanical or chemical stimuli35 . 
Moreover, they cause erythema and exacerbate oedema induced by other 
mediators38 . In addition, the analgesic activity of most classical acidic 
NSAID correlates with their pKa-value (around 4). It was demonstrated that 
weak acidic compounds concentrate in inflamed tissues (as well as in gastric 
mucosa and kidneys) where they could then exert their PO-synthetase 
inhibitoryaction9.10, 

Besides an involvement in the peripheral component of hyperalgesic 
processes, POs may also be involved in the central component and may 
participate in eNS pain circuits. When injected into the cerebral ventricles 
of rats they have been shown to enhance hyperalgesia which was induced 
peripherally by POs themselves or other inflammatory stimuli37. 

In therapeutic doses, paracetamol and phenacetin, in particular, are 
thought to act centrally. These drugs probably inhibit the PO-synthetase 
system in the eNS more strongly than in peripheral tissues; a differential 
sensitivity of the synthetases from different tissues has been found40. 41. This 
might explain why, for example, paracetamol is an effective ana!gesic
antipyretic, whereas it only exerts an anti-inflammatory effect at doses 
considerably in excess of those required for analgesia. Drugs like aspirin, 
which display a general antisynthetase action, act by blocking both the local 
and the central release of POS36. Whether the inhibition of PO-biosynthesis 
and/or -release in the eNS accounts for the suggested interference of the 
aspirin-like drugs with the transmission of pain impulses at subcortical brain 
sites is not clear, 

Models for evaluation of analgesics 

With regard to the models used to evaluate the analgesic activity of drugs 
different classifications are applicable. 

(1) Different types of pain-producing stimuli can be filed into four broad 
groups: heat, pressure, electricity and chemicals27 . The chemical 
production of pain usually results in an inflammatory response in the 
biological system; therefore, compounds which are evaluated in the 
presence of chemical algesic stimuli usually exhibit anti-inflammatory 
activity. Pain produced by all the four groups can be alleviated by 
NSAID, local anaesthetics, central stimulants, hypnotics, narcotics and 
anaesthetics. The evaluation of the analgesic activity of NSAID in 
animal models is thus based on a comparison of dose-response 
relations observed using chemical stimuli with those observed using 
stimuli of physical origin. 

If the analgesic potency in tests involving chemical stimuli is much 
larger than that observed using only physical stimuli, the analgesic 
activity resides mainly or totally in the periphery, On the other hand, an 
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apparently equal or more pronounced pain-reducing activity following 
physical stimuli indicates a more centrally located mechanism of action. 
Thus, tests involving hot plates lll , radiant heat22 , microwaves74 , 
electrical stimulation via electrodes in dental pulp or skin 75,105, 
vibrators45 or artery clips as in Haffner's tail flick test49 generally 
produce identical potency profiles for an analgesic relative to others 
tested simultaneously2. 

However, a far less homogenous picture is obtained when tests are 
used involving only chemical pain stimuli. Basically, these tests employ 
the abdominal constriction response in mice l5 and are similar despite 
the use of a wide variety of chemicals. The stimuli range from injection 
of non-specific irritating, hypo- or hypertonic salt solutions or acidic 
solutions to more specific agents like autacoids. Thus, it is not sur
prising to find a difference of opinion with regard to the usefulness of 
these tests, particularly when the characterization of the analgesic 
activity of anti-inflammatory compounds is concerned. Especially for 
this purpose the use of chemical stimuli producing inflammation 
(brewer's yeast, carrageenan, etc.) in conjunction with physical pain 
stimuli is to be preferred83 • 

(2) Different types of response towards painful stimuli can be labelled in 
accordance with the established or supposed extent of participation of 
the CNS. Although in most experiments different types of responses can 
be distinguished, ranging from spinal reflexes to struggle and after
vocalization, mostly a single reaction is used to measure the response. 
A differentiation between the responses following a single pain 
stimulus, permitting discrimination between different pain projection 
levels within the CNS, yields more information about the sites of action 
of the drug in study 75. 

(3) A dichotomous classification of tests based on the kind of results 
obtained, namely population characteristics like ED50 using qualitative 
measurements or dose-response metameters using quantitative 
measurements, are of importance in order to determine whether a test 
is suitable for further comparative evaluation; this particularly applies 
to the evaluation of drug mixtures. As outlined in the preceding para
graph, the assessment of analgesic drug combinations makes sense only 
if the dose-response metameters of the individual drugs are measured. 
Results from semi-quantitative tests, e.g. dose-threshold measure
ments, can readily be converted into dose-response data via the differ
ences between the control value and the experimental values. 

In our opinion qualitative analgesic tests employing physical pain stimuli 
alone and in combination with inflammation give usable indications of 
analgesic activity in a first screening. However, the appraisal of analgesic 
activity of single or of compound drugs requires quantitative tests, specified 
by the presumed or the intended sites of action. 

Consequently, the evaluation of analgesic activity of NSAID involves 
quantitative tests in which physical pain stimuli are employed in conjunction 
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with induced inflammation. As a corollary, the assessment of the therapeutic 
value of combinations of NSAID with other types of drugs (e.g. narcotics) 
has to exploit the same NSAID-specific tests. 

ANTI-INFLAMMATORY EFFECTS 

Mechanisms of anti-inflammatory action 

NSAID may affect inflammation and the immune system in several ways. 
Inflammation sometimes involves an antigen-antibody reaction acti

vating the complement system. In this way and also as a result of the direct 
tissue damaging effect of the inflammatory stimulus, substances such as 
chemotactic factors, histamine, serotonin, bradykinin, slow reacting sub
stance of anaphylaxis (SRS-A) and other metabolites of arachidonic acid 
(e.g. P002, POh and POE2) are locally liberated4. Chemotactic factors, 
mainly non-cyclic eicosanoids, especially 12-HETE (Figure 46.1), attract 
leukocytes which migrate into the inflamed tissue, phagocytize inflammatory 
material and release lysosomal enzymes. These enzymes then cause injury to 
cartilage and other tissues and enhance inflammation. Histamine, serotonin 
and bradykinin cause pain and fever and, by causing vasodilation and by 
increasing vascular permeability, mediate oedema formation. Bradykinin, in 
addition, activates the release of POS55, 102. In contrast to these mediators, 
POs playa modulatory rather than a direct role in acute inflammatory con
ditions (see ref. 72). By themselves, POs evoke only some of the local and 
systemic manifestations of inflammation produced by histamine, serotonin 
and bradykinin. 

However, they intensify the effects of these mediators by enhancing the 
increased vascular permeability induced by these agents; this may be due to 
their vasodilatory activityl07. Furthermore, POEs appear to enhance migra
tion of leukocytes 104. In contrast to these inflammatory effects, the actions 
of POEs on the proliferative (tissue) component of chronic inflammation 
appear to be mostly inhibitory (see ref. 5). This may indicate, as proposed 
by Bonta and Parnham (see ref. 6) that POEs have a dual function in chronic 
inflammation, i.e. reinforcement of the vascular processes and inhibition of 
tissue events. The short-lived, but potentially more active products of PO
synthetase such as the PO endoperoxides (P002 and POH2), POh and 
TXA2, may also be involved in the development of inflammation and may 
even be more important than the POEs, at least in acute inflammation 72. 

Low, therapeutic doses of NSAID, as employed in acute inflammation, 
exert their anti-inflammatory action mainly via an inhibition of the cyclo
oxygenase enzyme system, and, in this way, suppress the many signs and 
symptoms of the exudative component of inflammation, enhanced or 
mediated by the prostanoids. However, by blocking the cyclo-oxygenase 
pathway in these doses, the drugs cause an increase in the production of non
cyclic eicosanoids, namely 12-HETE (Figure 46.1). In turn, the 5-lipoxy
genase enzyme system of the activated leukocytes may produce non-cyclic 
eicosanoids with much higher chemotactic potency. Thus, the migration of 
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polymorphonuclear leukocytes into inflamed tissue is enhanced by the 
administration of NSAID in this way (see ref. 51). On the other hand, high 
therapeutic doses of NSAID, as generally used in chronic inflammatory 
diseases, also inhibit the several lipoxygenase pathways and thus reduce 
leukocyte migration. However, the ongoing inhibition of the production of 
the prostanoids precludes regenerative or beneficial effects of endogenous 
PGE2 during the proliferative phase of chronic inflammation6 • 

Actions of NSAID which may be related to their anti-inflammatory 
activity, but probably not related to alterations in arachidonate metabolism, 
include suppression of antigen-antibody reactions, inhibition of cyclic 
nucleotide phosphodiesterase, stabilization of lysosomal membranes and 
uncoupling of oxidative phosphorylation (see ref. 33). However, a number 
of these actions generally require drug concentrations in excess of those 
achieved with therapeutic doses. 

As the anti-inflammatory action of NSAID is closely related to their 
peripheral analgesic activity, and models to evaluate the latter include an 
induced inflammatory response, the anti-inflammatory assessment of these 
drugs is discussed rather extensively. 

Models for evaluation of anti-inflammatory compounds 

The animal models used in the evaluation of the anti-inflammatory activity 
of drugs are usually classified according to the pathological condition 
induced. 

(1) In most reports the acute inflammatory situation is mimicked by the 
response elicited by one of the following three types of treatment: 

(a) A subplantar injection with chemical stimulants (brewer's yeast, 
carrageenan, dextran, etc.) into the rat hind paw invariably causes 
oedema the severity of which can be diminished by both SAID and 
NSAIDllO. Depending on its pharmacokinetics, the drug studied 
is given before or simultaneously with the oedema-inducing agent. 
As cyclic eicosanoids exert their action mainly during the second 
exudative phase of inflammation, dose-dependent, oedema
reducing effects of NSAID become apparent only 3 h after induc
tion of oedema. 

(b) Injection of a sodium urate crystal suspension into the dog knee 
joint cavity induces an acute inflammatory response comparable 
to that above-mentioned and equally susceptible to the actions of 
SAID and NSAID. This technique, however, has the advantage 
that other inflammatory parameters as well as oedema size can be 
monitored65 • 

(c) The experimentally-induced erythema with radiant heat l09 or with 
UV -illumination 73 resembles the first exudative phase of acute 
inflammation and is modulated by antagonists of the main 
mediators active during that phase. Thus, it can only reflect the 
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small augmentative or enhancing role of the cyclic eicosanoids 
during that phase when used to estimate the activity of NSAID. It 
is to be expected that the SAID are also hardly effective in these 
tests. Using a prolonged and/or a more intensive stimulus, these 
tests are used also to assess the analgesic activity of narcotic 
analgesics. 

(2) The chronic inflammatory condition is usually established 25 days after 
injection of Freund's adjuvant. The addition of killed, dried Myco
bacterium butyricum (complete adjuvant) to the oil phase of the water 
in oil emulsion (incomplete adjuvant) elicits cell-mediated immunity 
(delayed hypersensitivity) as well as humoral antibody formation44 • 

With this technique, a pathological autoimmune condition is evoked 
which strongly resembles the clinical symptoms of rheumatoid arthritis. 
The immunomodulatory role of PGs is reflected in the efficacy of 
NSAID8. In this test the anti-inflammatory action of SAID, which 
restrains all pathways of arachidonate metabolism, is generally more 
pronounced than that of the NSAID which in high doses interferes only 
with some of these pathways. 

The symptomatic relief obtainable with pharmacotherapy in rheuma
toid arthritis seems to correlate well with the results obtained with this 
test. 

(3) The intermediate, subacute or sub chronic inflammatory model can be 
obtained by one of the following procedures: 
(a) Induction of a granuloma by implantation, e.g. of cotton pellets 

impregnated with carrageenan 7 • Fukuhara and Tsurufuji42 

reported that NSAID were mostly effective in reduction of only the 
developing granuloma, whereas SAID also reduced already 
developed granulomas. 

(b) Induction of an abscess, evolving after injection of carrageenan or_ 
turpentine (see acute inflammatory tests) of which the develop
ment in time is followed, e.g. by monitoring the migration of 
radioactive labelled leukocytes into the inflamed locus. 

(c) The subplantar injection of Freund's adjuvant in the hind paw of 
rats, for example, is regularly employed to study the successive 
inflammatory stages, ranging from acute inflammation to poly
arthritis. As is to be expected, the consecutive phases exhibit 
differential sensitivities towards anti-inflammatory agents. 

Most of the inflammatory models yield quantitative data, which are 
readily converted into dose-response relationships (increasing responses 
with increasing dosages) suitable for further analysis. 

ANTIPYRESIS 

Mechanisms of antipyretic action 

Body temperature is maintained by a delicate balance between heat produc
tion and heat loss, processes which are regulated mainly by the eNS, in 
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particular the hypothalamic nuclei. In fever, endogenous pyrogen, released 
following infection and/or inflammation, directly interfere with the neuro
chemical pathways involved in the thermoregulatory function of these nuclei. 
Ultimately, the set-point temperature is increased, resulting in a decrease in 
heat loss and an increase in heat gain (see ref. 90). 

NSAID inhibit the temperature-elevating effect of both endogenous and 
bacterial pyrogens, predominantly through a central site of action and not 
via their anti-inflammatory effect, although this does contribute. Their 
antipyretic effect, however, is not due to a direct interference with neuro
chemical pathways, nor to competition between the antipyretic and pyrogen 
for a receptor site, but probably to modulation of eicosanoid-biosynthesis 
in the CNSI4. When injected directly into the thermoregulatory area of the 
anterior hypothalamus in various species, POEs stimulate heat gain and 
inhibit heat loss mechanisms in a manner very similar to that produced by 
bacterial or endogenous pyrogens26, 103. Moreover, the level of POE found 
in the cerebrospinal fluid is enhanced during fever induced by all kinds of 
pyrogens. When antipyretic NSAID are administered during fever they 
inhibit this rise in POE-levels at the same time as they produce antipyresis34 . 
Though the body of data indicating a causal relationship between fever and 
central POE-release is impressive, evidence against it has also been put 
forward l9,20 and the direct relation between POE and fever still remains in 
question. Moreover, other metabolites of arachidonic acid, such as the cyclic 
endoperoxide intermediates (P002 and POH2) may be important in central 
fever production 18. 

The fall in body temperature produced by the NSAID 'families' like 
phenacetin-paracetamol, when given in the absence of fever, is probably not 
the result of inhibition of PO-biosynthesis in the CNS. This effect seems to 
be due to an action of the drug on the heat loss mechanisms 70 and is regarded 
as additional evidence that POs are not involved in normal thermoregulation. 

Apart from inhibition of PO-biosynthesis NSAID-like salicylates may also 
cause antipyresis by shifting the distribution of body water from intracellular 
to extracellular compartments, causing haemodilution and sweating. This 
mechanism may be related to the protein binding affinity of these NSAID, 
which can alter the affinity of intracellular protein for available water64 • 

Although the sites of action of the NSAID in the CNS are far from eluci
dated, it is remarkable that the NSAID with a clear central analgesic activity 
are also the NSAID with a pronounced antipyretic or hypothermic potency. 
It remains to be seen whether this kind of correlation is meaningless or 
indicates that these NSAID act via similar sites of action or employ similar 
mechanisms of action in the CNS. 

Models for evaluation of antipyretics 

A model currently used in the screening of NSAID is hyperthermia induced 
with brewer's yeast. Two or three hours after an injection of a yeast 
suspension in the flanks of the animal (generally rats), a fever develops which 
reaches a peak at about 5 h while the body temperature is back to normal 
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level within 24 h. NSAID are administered according to their pharmaco
kinetic characteristics and their efficacy in reducing the peak temperature. 
On the NSAID-induced reduction of this peak temperature quantitative 
dose-response relations can be based for use in the assessment of drug 
combinations. 

PLATELET AGGREGATION 

Although the influence of NSAID on platelet aggregability is of minor 
interest for the evaluation of analgesic potency, it is mentioned here briefly 
because of its pertinence for the evaluation of their therapeutic value. 

Effects of NSAID on platelet adherence, aggregation and plasticity 
directly depend on the inhibitory action of these drugs on the cyclo
oxygenase pathway of arachidonate metabolism, possibly leading to a 
disturbance of the delicate balance between production by platelets of TXA2 

(platelet aggregation and vasoconstriction) and the production by the vessel 
wall of PGh (inhibition of platelet aggregation and vasodilatation)7!. As the 
cyclo-oxygenase in platelets seems to be more sensitive to aspirin than the 
enzyme in vessel wall, the therapeutic value of aspirin as an antithrombotic 
is currently under investigation89 • With a few notable exceptions, e.g. para
cetamol, all NSAID prolong bleeding time and thus aggravate their main and 
common side effect namely gastrointestinal bleeding and ulceration. 

GASTROINTESTINAL EROSION 

Mechanisms of NSAID-induced gastrointestinal damage 

The erosive activity of NSAID on the gastrointestinal mucosa is amply 
documented76 and, with regard to the mechanisms underlying this toxicity, 
the following picture appears to emerge from the literature. By inhibiting the 
endogenous production of PGs in the gastrointestinal wall NSAID weaken 
the defensive capacity of the mucosa indirectly108. Several types of pros
tanoids are reported to stimulate production of mucus3 or to inhibit acid 
secretion88 and all PGs tested seem to exert a cytoprotective action in the 
gastrointestinal tract86 • Furthermore, back diffusion of hydrogen ions from 
the stomach lumen into the gastric wall through the broken mucosal barrier 
seems to be essential for the development of gastric damage (see ref. 104). 

Models for evaluation of ulcerogenic compounds 

The models currently employed in the evaluation of the mucosal damage of 
ulcerogenic compounds fall into three main classes: gastrointestinal irri
tation, gastrointestinal fluid retention and/or secretion, and estimation of 
faecal blood loss. Ulcerogenic effects of NSAID have been studied mainly 
in the upper part of the gastrointestinal tract, this because the gastric models 
of ulceration appear to be most useful for studying the pathomorphology of 
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ulceration and the process of ulcer healing, and for assessing the activity of 
antiulcer agents23 , 52, 98,112. Of all the side-effects of the NSAID, the gastric 
ulcerogenic activity is the one the most frequently compared to their phar
macodynamic potencies77 ,78 and involved in studies on structure activity 
relationships 79. 

(1) Gastric ulceration techniques are usually applied in rats, dogs and mice. 
After administration of the compounds - most orally - the incidence 
of the mucosal lesions is determined macroscopically several hours later 
at autopsy. In monitoring the mucosal damage, a large variety of 
scoring systems is employed ranging from the determination of only the 
number of animals with haemorrhagic lesions to the more accurate 
screening of both the number and magnitude of the erosions. With this 
latter method not only the incidence but also the severity of the mucosal 
damage is taken into account. Furthermore, it enables the elucidation 
of dose-response relationships on ulcerogenic activity of NSAID. 

Using this method in rats we found the severity of gastric glandular 
erosions observed 17 h after a single oral dose of aspirin to be closely 
correlated with the logarithm of the dose administered. This relation
ship between erosion score and aspirin dose was not affected when 
phenacetin was added in equal amounts. Addition of caffeine to the 
aspirin (dose ratio 1: 5) increased the erosion scores. Paracetamol in 
admixture with equal amounts of aspirin appeared not to induce gastric 
damage at a1l91 . Further investigation of the interactions between 
aspirin and caffeine or paracetamol revealed that both drugs increased 
or decreased the erosions induced by aspirin, in a log-dose dependent 
way92 (Figure 46.2). 

In the study of gastric ulcerogenic activity several sensitive techniques 
have been developed. The animals used can be sensitized by deprivation 
of food or by exposure to cold80 or temporary immobilization 12. 
Furthermore, for the full expression of gastric ulcerogenic activity 
mechanical (e.g. distension of the stomach97) or chemical (instillation 
of additional acid98) stimuli can be combined with the administration 
of the compound under investigation. Other factors influencing gastric 
erosive activity of NSAID include the lodging, species, strain and age 
of the animals99, 106. 

For example our observation that paracetamol, administered orally 
with aspirin, inhibited aspirin induced erosions in the rat stomach91 , 92, 

was corroborated by van Kolfschoten et al. using the same animal 
species58 , whereas Kawano et al., using comparable doses of aspirin and 
paracetamol in mice, could not find such a protective effect57 . In 
addition, results obtained with the simultaneous administration of 
paracetamol and indomethacin to rats were contradictory in so far that 
Rainsford81 could not demonstrate a protective action of a small dose 
of paracetamol while data of van Kolfschoten et al. 58 show that higher 
doses of paracetamol do inhibit the gastric erosive activity of indo
methacin. Sodium salicylate, on the other hand has been demonstrated 
unambiguously to reduce gastric ulceration by indomethacin 17,31,32. 
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Figure 46.2 Interactions between aspirin and caffeine or paracetamol on gastric erosions 
observed 17 h after oral administration. 0, t:.: aspirin (250 mg/kg); .: aspirin (250 mg/kg) 
and caffeine; .. : aspirin (250 mg/kg) and paracetamol; 0: vehicle, 5 mllkg 4070 Tween-80 
solution; n = 10 

In experiments on gastric ulcerogenic activity, great importance 
should be attached also to the development of the erosions in course of 
time. In our studies to elucidate the interaction between aspirin and 
paracetamol, surprisingly we found that the gastric damage induced by 
the mixture of aspirin and paracetamol during the first 2 h hardly 
differed from that induced by aspirin administered alone. Analysis of 
the erosion score data indicated that during the first 4 h the number of 
erosion foculi induced by the mixture of paracetamol and aspirin was 
not significantly different from that induced by aspirin alone. Thus, 
paracetamol did not inhibit the induction of erosion foculi by aspirin, 
but apparently prevented the growth of foculi into erosions. Moreover, 
after 2 h the foculi started to disappear and 8 h after administration of 
the mixture the stomachs seemed not to be damaged at a1l53 , 92, 93. A 
study of the absorption of the drugs from the stomach gave no indi
cations that the inhibitory action of paracetamol on the erosive activity 
of aspirin is accompanied by any effects of paracetamol on the absorp
tion and accumulation of salicylate in the glandular part of the gastric 
tissue. On the contrary, the absorption of paracetamol into the gastric 
tissue increased in the presence of aspirin94 • 

Since paracetamol has been reported to stimulate PG-synthesis in 
vitro66 ,84 and since co-administration of PGs protects the gastric 
mucosa against irritation by aspirin, this observation led to the propo
sition that paracetamol might protect against the erosive activity of 
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aspmn by counteracting the aspirin-induced inhibition of PG-bio
synthesis in the glandular part of the stomach53 . 93. 

However, van Kolfschoten et al. 59 recently found that in vivo para
cetamol, in the presence of aspirin, did not alter the inhibitory activity 
of the latter drug on the PG-biosynthesis system of the glandular 
mucosa of the rat stomach. As an alternative explanation for the pro
tective activity of paracetamol against aspirin-induced gastric damage, 
they suggested that the drug acts as a scavenger of noxious free radicals. 
The generation of these radicals, together with lipid peroxides out of 
alternative pathways of lipoxygenation of arachidonic acid, may be 
increased during the inhibition of cyclo-oxygenase by the aspirin. 
Whether a reduction of these peroxides and scavenging of free radicals 
by paracetamol explain the antagonistic interaction between para
cetamol and aspirin on gastric damage in rats or not, needs further 
investigation. With regard to the interaction between caffeine and 
aspirin on gastric ulcerogenic acitivity, studies on gastric acid output 
revealed that both in the absence and in the presence of aspirin, caffeine 
increased acid secretion53 . 92. As gastric acid is an important factor in 
the development of erosions induced by aspirin16 it seems reasonable to 
ascribe the potentiating effect of caffeine on the erosive activity of 
aspirin to this stimulation of acid secretion. 

Finally, as another factor influencing the gastric ulcerogenic activity 
of NSAID, the route of administration should be mentioned. The 
erosive activities of indomethacin after oral and after subcutaneous 
administration to rats are similar whereas those of aspirin differ con
siderably in that subcutaneous aspirin causes far less gastric damage 
than oral aspirin59. In addition, subcutaneously administered para
cetamol inhibits indomethacin-induced erosions but is inefficient in 
reducing aspirin-induced erosions, but orally administered paracetamol 
is effective in inhibiting both58 . 92. According to van Kolfschoten et al. 
these observations point to a more important role of direct tissue con
tact in the erosive mechanism of aspirin that in that of indomethacin59 . 

Various other techniques can be employed for the evaluation of 
gastric mucosal ulceration. These methods include the detection of 
gastric lesions in pylorus-occluded rats23 . 96, measurement of ionic 
fluxes and potential difference across the gastric mucosa in dogs with 
Heidenhain pouches24. 25, the autoradiographic approach as proposed 
by Brunell and the determination of cellular exfoliation, where the 
number of gastric cells sloughed off is measured quantitatively21. To 
complete investigations on gastric irritating effects a very precise 
evaluation of the mucosal damage can be made by microscopical 
examination and/or by using special photographic techniques69 . 

The gastrointestinal fluid retention and/or secretion methods are 
employed in studies on (gastro-) intestinal dysfunction rather than in 
evaluations of ulcerogenic activity. In several types of these dysfunctions 
changes in intestinal PG-biosynthesis may be involved. Using an entero
pooling assay as a test for diarrhoea produced by PGs, Robert et al. 
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demonstrated that POEs give rise to an increase in enteral secretion 
whereas POh decreased this phenomenon85 . 87. 

(3) Faecal blood loss methods take the leakage of labelled blood constitu
ents into the gastrointestinal contents as a measure of the drug-induced 
mucosal damage. For the determination of the gastrointestinal blood 
loss 51Cr radioactive labelled erythrocytes are applied most often. 
Results of animal experiments in which this tracer was used demonstrate 
that it is suitable and permits reliable quantitative comparisons of the 
gastrointestinal side-effects of drugs in animals67. 68. However, this 
sensitive technique has also considerable disadvantages. The method 
does not provide any information about the localization, the extent and 
the depth of the mucosal injury. The pathological changes are only 
determined in toto. Furthermore, drugs which lead to a pronounced 
increase of bile production may be overestimated in causing gastro
intestinal damage as a result of excretion of 51Cr-Iabelled material with 
the bile. 

To arrive at a meaningful evaluation of the side-effects of combinations 
of drugs on the gastrointestinal tract it is not only essential that the experi
mental technique should be sensitive; the selection of a method which yields 
quantitative data convertible into dose-response relations is just as 
important. 

INTERACTIONS 

As can be inferred from the discussion above the experimental assessment 
of the efficacy of a single drug is far from easy; with drug combinations the 
same problems are encountered, often in an aggravated form. Furthermore, 
specific difficulties are to be expected due to interactions between the com
'ponent drugs. Three types of interaction are possible; they will be discussed 
with regard to NSAID combinations: 

(1) Physicochemical interactions. In animal experiments, drugs can be 
combined using vehicles which are not suitable for therapeutic use. 
Mixtures of aspirin and paracetamol suspended in Tween-80 can be 
administered to laboratory animals, but for therapeutic purpose special 
formulations have to be developed, e.g. benorylate, an ester of aspirin 
with paracetamol. 

(2) Pharmacokinetic interactions. 
(a) The absorption of the component drugs given in admixture can be 

radically different due to changes in gastrointestinal motility and 
in other gastrointestinal functions, influenced by prostaglandins. 

(b) The distribution of the component drugs may be affected by the 
albumin binding of many NSAID. 
The component drugs may compete for the same inactivation or 
excretion mechanism. 
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(3) Pharmacodynamic interactions. 
(a) The efficacy of the component drugs may change due to addition 

or to non-competitive interactions (potentiation and antagonism), 
as discussed above. 

(b) The time course of a given reaction to one of the component drugs 
can change dramatically. 

CLOSING REMARKS 

To make use of addition of effects and in the absence of other interactions 
(especially pharmacokinetic ones) rational dosages of the individual drugs in 
mixture are those producing about 25% of the maximal response when given 
alone. 

It should be borne in mind that pharmacodynamic interactions may apply 
to the desired therapeutic effect but also to unwanted effects, such as 
intestinal dysfunction. 

Furthermore, combination with drugs which presumably do not interfere 
with arachidonic acid metabolism can enhance both the efficacy and/or the 
side-effects of NSAID in admixture. Thus, addition of caffeine enhances the 
gastrotoxicity of aspirin but also adds to the analgesic potency. 

The precise role of eicosanoids in toxicopharmacology is far from simple 
and straightforward and inhibition of PO-biosynthesis/release per se does 
not explain entirely the pharmacological effects of NSAID43. 

The data reviewed suggest that although a plethora of NSAID combin
ations are used in abundance, the experimental pharmacological assessment 
of their therapeutic value generally still has to be made. Techniques and 
analyses aimed at evaluation of drug combinations have started to emerge 
only recently. 
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47 
Enzyme induction and inhibition 
A. Anad6n 

The pharmacological effect of a drug is partly dependent upon its concen
tration at its site of action, which in turn is partly dependent upon its rate 
of elimination. The rate of elimination of many drugs is governed largely by 
the rate of metabolism, and, therefore, any change in the activity of the drug
metabolizing enzymes may result in a modification of drug action. 

Most drugs are taken orally because of the convenience offered by this 
route of administration. However, the amount of drug which eventually 
reaches the target tissue in an active form depends not only upon its physico
chemical characteristics but also upon the extent of metabolism occurring in 
tissues. Metabolism and excretion before a drug can reach the systemic 
arterial circulation is referred to as presystemic drug elimination. 

Extensive presystemic (first pass) metabolism is of considerable clinical, 
pharmacological and toxicological importance and can limit the usefulness 
of certain drugs. Thus, many drugs are normally given by injection because 
when given orally most are destroyed by presystemic metabolism. The major 
site of drug metabolism is the liver (endoplasmic reticulum), but other tissues 
such as the lung, kidney, placenta, skin, white blood cells and the gut 
especially may play an important role in metabolizing drugs or xenobiotic 
substances. The rough endoplasmic reticulum of the liver is the main site of 
protein synthesis, whereas the smooth endoplasmic reticulum is probably the 
most important site of drug metabolism. 

Many drugs and foreign compounds are metabolized by an NADPH
dependent microsomal enzyme system. The terminal oxygenase for this 
enzyme system is thought to be a carbon monoxide-binding cytochrome 
P-450. The essential physiological action of the drug-metabolizing enzymes 
is to convert lipophilic drugs into water-soluble metabolites which are more 
readily excreted. The rate of elimination of many lipophilic drugs is governed 
by the activity of the hepatic microsomal P-450 mixed-function oxidases. 
Any alteration in the activity of these enzymes may result in a modification 
of drug action. A wide range of biologically and chemically unrelated agents 
are able to alter the activity of the drug-metabolizing enzymes. 

The aim of this paper is to discuss the action of these drug-metabolizing 
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enzymes that can be enhanced by enzyme induction (increase in the concen
tration of a particular enzyme), or reduced by enzyme inhibition (direct 
action on the enzyme). 

ENZYME INDUCTION 

Enzyme induction involves an adaptive increase in the number of molecules 
of a specific enzyme in response to an enzyme-inducing agent. Inducers of 
drug oxidation have several features in common, such as lipophilicity, the 
ability to bind to cytochrome P-450 enzymes, and relatively long biological 
halflives. Many drugs share these properties without inducing enzyme 
synthesis. 

Animal studies have shown that inducing agents may be divided into 
groups according to their activityll. The first group, represented by pheno
barbitone, is characterized by its ability to stimulate the metabolism of a large 
number of substrates by various pathways. The second group, typified by 
3-methylcholanthrene and 3,4-benzopyrene, stimulates a more limited group 
of reactions. These inducing agents differ, in their time course, in their inten
sity of induction, and in the production of either cytochrome P-450 or P-448 
within the hepatic endoplasmic reticulum. Steroid compounds constitute a 
third group. This classification is an oversimplification both in terms of 
enzyme-inducing agents and the oxygenases, the activity of which they alter. 
The time for onset and offset of induction depends on the halflife of the 
enzyme, but significant induction generally occurs over a few days and it 
passes off over 2 or 3 weeks following withdrawal of the inducer. A phar
macokinetic model has been developed to describe the time course of drug 
concentrations during induction and after removal of the inducing agent24. 

The inducers, when administered over a few days or more, induce an 
increase in endoplasmic drug-metabolizing enzyme activity (chiefly hepatic, 
but also extrahepatic) which is accompanied by an increase in amino-acid 
uptake and in total cell protein. That this induction of enzymes (which 
are proteins) is due to increased synthesis is suggested by the fact that 
inhibitors of protein synthesis, e.g. actinomycin D, prevent enzyme 
induction. A great number of reports suggest the presence of several forms 
of drug-metabolizing enzymes (cytochrome P-450) in liver microsomes of 
experimental animals1S ,23,2S,37. Marked differences exist in the activities of 
drug-metabolizing enzymes between species and strains of experimental 
animals. It has been established that drug-metabolizing activities are changed 
by pathological and non-physiological states, in experimental animals21 . The 
pharmacokinetic studies have indicated significant changes in drug-metabol
izing activites caused by endogenous and exogenous factors, such as disease 
states and drug intake. Thus, the next challenge must be to determine relative 
changes in the amounts of multiple forms of cytochrome P-450 by these 
numerous factors, and to determine implications of the presence of multiple 
forms of cytochrome P-450 in veterinary and human therapy. 

The phenomenon of enzyme induction is important also in the lungs, 
gastrointestinal tract and skin. The lung can metabolize chemicals of 
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extrapulmonary origin. These include endogenous substances which may 
originate in the organism (but outside the lungs) and exogenous chemicals 
which originate outside the organism. Endogenous compounds generally 
reach the lungs via the circulation, whereas exogenous ones enter via the 
inhaled air and/or the circulation. Several classes of exogenous compounds 
are metabolized by the lungs (polycyclic hydrocarbons: benzo(a)pyrene, 
benzanthracene; aromatic compounds: benzene, aniline, biphenyl; drugs: 
aminopyrine, acetophenetidin, ethylmorphine; pesticides: parathion, 
carbaryl). Many simple aromatic hydrocarbons are liquids with high vapour 
pressures which may enter the body by inhalation, whilst polycyclic hydro
carbons usually enter the lungs adsorbed to inhaled particles. Insecticides 
such as parathion are often sprayed and may be inhaled in large amounts by 
animals and farm workers. The lungs appear to be highly active and versatile 
in their ability to transform oxidatively both endogenous and exogenous 
substrates. The oxidative metabolism of exogenous compounds by the lungs 
has been the subject of several reviews6, 14,43. The major pathway is via the 
cytochrome P-450-dependent mono-oxygenase system, which basically is 
similar to that present in the liver33 , and accounts for the enormous metabolic 
versatility of the lungs. The ratio of the concentrations of cytochrome P-450 
in liver and lung microsomes varies from about 3 : 1 in the rabbit 17,33, to 10: 1 
in small rodents28 , 33. Many xenobiotics are metabolized by the pulmonary 
cytochrome P-450 system and these reactions are, in general, similar to those 
found for the hepatic system although, when related to the cytochrome, 
reaction rates are higher within the pulmonary system. Therefore, xeno
biotics may act on pulmonary metabolism as enzyme inducers, repressors, 
activators or inhibitors. 

When drugs metabolizing in the gastrointestinal tract enter the gut they are 
exposed to a number of systems with the potential to modify chemically or 
to chelate the drug molecules that are not found within the tissues of the host. 
These include extremes of pH, unabsorbed nutrients and xenobiotics, 
digestive enzymes and the intestinal microflora. 

The intestinal micro-organisms represent a potent, diverse and adaptable 
metabolizing force that has a large potential for the metabolism of drugs and 
environmental anutrients. The gut flora consists of a complex, dynamic 
mixture of aerobic organisms that may show large variations (enterobacteria, 
lactobacilli, enterococci, bacteroides, clostridia and bifidobacteria). This gut 
flora may be altered by changes in the diet, by diseases and by the adminis
tration of foreign compounds. The gut micro-organisms thus represent an 
adaptable changing source of metabolic activity that may show large inter
and intra-individual variations in the numbers and types of organisms 
present. In addition, intestinal transit time and defaecation frequency may 
affect the duration of exposure of a drug to the gut flora in vivo and produce 
pronounced temporal variations in levels of metabolites. The bacteria of 
intestinal flora have been shown to be capable of performing a large number 
of different metabolic reactions, most of which are degradative in some way, 
i.e. hydrolysis, reduction or removal of functional groups. On the other 
hand, the use of the various tissue preparations has permitted the recognition 
of a wide variety of drug metabolism reactions in the gut such as C-oxidation, 
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hydroxylation, dealkylation, N- and S-oxidation, desulphuration reduction 
and hydrolysis, and conjugation reactions. 

The enzyme activity in the small intestine is less than that detected in the 
liver but the ratio of hepatic to small intestinal activity is highly variable. 

Such differences in enzyme activity suggest that the metabolic pathways 
of substrates of these enzymes would be different in the two tissues. The small 
intestine is exposed to a wide range of anutrients present in the diet and it 
is well established that 'standard animal diets' contain a number of anutrients 
known to be inducers of hepatic drug metabolism. This raises the possibility 
that such compounds maintain a constant state of induction of intestinal 
drug metabolism. Indeed, starvation or the feeding of an artifical diet 
depresses intestinal drug oxidation considerably45. It is possible therefore 
that, unlike the liver where drug oxidation is always present, the intestinal 
drug mono-oxygenases are dependent upon exogenous inducers present in 
foodstuffs. 

It is of interest to note that the degree of induction obtained with 3-
methylcholanthrene and other so-called cytochrome P-448-type inducers is 
generally much higher than can be obtained by the administration of pheno
barbitone, a potent inducer of the cytochrome P-450-type. This may reflect 
a difference between the liver and the gastrointestinal tract in terms of the 
enzymes normally present and in the genetic control of their synthesis in the 
presence of inducing agents. 

Foodstuffs contain a variety of compounds able to induce microsomal 
drug oxidation in the gut mucosa. These include naturally occurring 
anutrient chemicals, such as the various indoles present in plants of the genus 
brassica and xenobiotics produced from food constituents by cooking 
procedures. Among the latter are the polycyclic aromatic hydrocarbons 
produced from steroids in meat when cooked over charcoaI27, which, when 
taken in the diet, exert a selective inductive effect on the intestinal mucosa. 
Furthermore, inducers such as cigarette smoke and polycyclic hydrocarbons 
present in industrial and automobile exhausts may be found in the atmos
phere but, due to their particular nature, they are usually taken into the body 
via the gut rather than the airways12. 

The interspecies differences in intestinal drug metabolism are mostly due 
to genetic factors, but may also result from chemicals ingested with the food. 

The skin may play an important role in the metabolism of drugs. Many 
tissues other than liver possess mixed-function oxygenases necessary for drug 
oxidation. The induction of enzyme activity in skin has been demonstrated 
in both human and animal models. Cytochrome P-450-dependent mono
oxygenases catalyse the oxidation of many substances, in particular xeno
biotics. This system includes several distinct enzymes, each possessing a 
characteristic spectrum of substrate specificities. The only member of this 
group which has been extensively studied in skin is aryl hydrocarbon 
hydroxylase (AHH)36; this latter enzyme has recently attracted attention 
because of the report of a systemic defect in psoriatic patients9 • Another 
mono-oxygenase which is of importance in the degradation of xenobiotics is 
O-dealkylase (ODA) and ODA activity has been investigated in mammalian 
skin13. Induction of cutaneous ODA in mice was achieved by subcutaneous 
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injection of phenobarbitone (PB), hexachlorobenzene (RCB) and 20-methyl
cholanthrene (MC)13. Intraperitoneal administration resulted in a similar 
induction of hepatic aDA but had no effect on the skin, presumably because 
of rapid clearance of the agent from the circulation by the liver. 

Enzyme inducers may modify toxicological effects, both short-term and 
longterm, produced by foreign compounds. Certain types of drug metabol
ites, so-called chemically reactive metabolites, may produce a range of toxic 
drug effects by reacting covalently with essential cellular components. 

The enzymes responsible for the bioactivation of drugs to these chemically 
reactive metabolites are microsomal P-450 mixed-function enzymes, and 
inhibition or induction of these enzymes by drugs or environmental chemi
cals could therefore playa key role in determining drug toxicity. A pertinent 
example of increased drug toxicity is the hepatitis observed as a rare compli
cation of halothane anaesthesia, a risk that is greater with repeated exposure 
within 28 days19. Minor highly reactive metabolites of the drug are probably 
responsible for the liver damage and hepatotoxicity in animals occurs only 
after induction of the microsomal enzymes 7 • 

On the other hand, many enzyme-inducing agents can enhance their own 
metabolism as well as that of other drugs. When prolonged treatment with 
a drug results in a decrease of its action, a phenomenon known as tolerance, 
enzyme induction may be suspected, but is not always the cause. 

Some therapeutic agents are known enzyme inducers: phenobarbital, 
halogenated anaesthetics, phenylbutazone, phenytoin, griseofulvin, mepro
bamate, chlorinated hydrocarbons, chloral hydrate, etc. Phenobarbital 
increases the rate of biotransformation of barbiturates, warfarin, phenyl
butazone, testosterone and progesterone. 

Chronic administration of low doses of phenobarbital to dairy cows given 
DDT for 2 months resulted in a significant decrease in the content of DDT
related substances in the milk2 • Phenylbutazone increases the rate of 
biotransformation of corticosteroids; griseofulvin increases the rate of bio
transformation of warfarin, etc. 

Drug interactions are the sequelae attending the simultaneous use of two 
or more drugs. The consequences of enzyme induction for the animal depend 
upon the relative activity of a drug and its metabolites. The induction of 
microsomal enzymes by the concomitant use of another drug may lead to 
increased pharmacological effects, or even toxicity caused by the active 
metabolites. 

Although some substances, such as polycyclic hydrocarbons, which cause 
enzyme induction, are carcinogens, there is no evidence that the two 
properties are related. Nonetheless, the possible relationship between enzyme 
induction and carcinogenesis is intriguing. It has long been known that, in 
experimental animals, administration of polycyclic hydrocarbons, such as 
3-methylcholanthrene, can reduce the carcinogenic effect of such com
pounds as 3-methyl-4-dimethylaminoazobenzene or 2-acetylaminofluorene. 
Also, substances such as carbon tetrachloride, dimethylnitrosamine and the 
polycyclic hydrocarbons, are metabolized by micro somes to substances that 
are probably active carcinogens. Tumours may also appear long after 
exposure to the carcinogenic agent has ceased. Up to the present, there has 
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been little study of enzyme induction by drugs in relation to carcinogenesis. 
However, recent work has indicated that enzyme-inducing agents may 
influence both the initiation and promotion of experimentally-induced 
carcinogenesis35 • In mice, certain enzyme-inducing compounds, including 
dieldrin and DDT, griseofulvin and phenobarbitone, have been found to 
increase the incidence of hepatic neoplasias. Such an effect has not been 
found in other species including dogs, rats and monkeys. 

With respect to skin metabolism as a determinant of local toxicity, it is 
known that microsomal mono-oxygenases are capable of metabolizing a 
wide variety of compounds to reactive, electrophilic intermediates which 
bind themselves to macromolecules within cells. This process may be 
important in determining antigenicity, cytotoxicity and carcinogenicity. Skin 
lesions are one of the most common adverse reactions to drugs and some 
probably have an immunological basis. In both animals and man the topical 
application of a variety of polycyclic hydrocarbons produces skin cancers. 
The carcinogenicity of this diverse group of chemical substances appears to 
be determined by activation yielding electrophilic metabolites41 • The carcino
genicity of benzo(a)pyrene appears to be mediated by benzo(a)pyrene-7,8-
diol-9,1O epoxide42 • Recently, the molecular properties and biological 
functions of microsomal epoxide hydrase have been reviewed29 • The epoxide 
hydrase plays a central role in both the activation of mutagenic and carcino
genic metabolites of polycyclic aromatic hydrocarbons as well as in the 
activation of these metabolites to more toxic compounds. Studies in animals 
indicate that polycyclic hydrocarbons act as co-carcinogens with ultraviolet 
light, and it is therefore possible that aryl hydrocarbon hydroxylase and 
epoxide hydratase playa much wider role than supposed in the pathogenesis 
of skin cancer. Such an hypothesis would be supported in psoriasis40 • 

ENZYME INHIBITION 

Variously termed Kcat inhibitors, suicide enzyme in activators, and enzyme
activated irreversible inhibitors, and suicide enzyme inhibitors represent a 
relatively new approach to specific irreversible inactivation of enzymes. 
Simply stated, this approach requires that the inhibitor contains a latent 
reactive grouping and be accepted as a substrate by the target enzyme, follow
ing which the normal catalytic activity of the enzyme results in its own irre
versible inactivation or 'suicide'. 

In vitro, an inhibitor is identified as acting by a suicide mechanism when 
(1) loss of enzyme activity on incubation with inhibitors which is a time
dependent first-order process, (2) protection by substrate against inacti
vation is induced by the inhibitor, and (3) irreversible enzyme inhibition 
shown by techniques such as dialysis and gel filtration. In vivo, the desirable 
consequences of suicide enzyme inhibition in animals are: specificity and a 
generally long duration of effect. Even when the inhibitor is no longer 
present, synthesis of new enzyme is required for reversal of the effect. Two 
points of view are seen about the clinical value of enzyme inhibitors: enzyme 
inhibitors as potential drugs, and as causing side-effects or drug interactions. 
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Among enzyme inhibitors currently used in therapy, are monoamine 
oxidase inhibitors containing an acetylenic moiety. For example, pargyline 
hydrochloride and the xantine oxidase inhibitor allopurinol, act on their 
target enzymes by an 'activation' or 'suicide' mechanism. Thus, they may 
also be considered as pro-drugs. It is a surprising fact that many current drugs 
exert their therapeutic actions by inhibition of specific enzymes. These range 
from non-steroidal anti-inflammatory drugs acting on prostaglandin syn
thetase, to ,8-lactam antibiotics that inhibit bacterial cell wall transpepti
dases, although most of these drugs were discovered on a basis other than 
biochemical mechanism of action. 

The enzyme inhibitor approach to discovery of new drugs may appear 
rational and predictable; it is not necessarily so in practice. The area of 
GABA-transaminase (GABA-T) inhibition is very interesting because of the 
presumed importance of GAB A in several functional brain disorders. In the 
area of ornithine decarboxylase (ODC) inhibition, there are too many types 
of biological activity resulting from this ODe inhibition. Researchers are in 
the process of sorting out which of these, if any, is useful. Ornithine decar
boxylase (ODC) is a key enzyme in the biosynthesis of the polyamines that 
exist in all living cells, and play important roles in processes for enhanced 
cellular growth and replication8 • 

One of the more potent of these synthetic inhibitors, DL-o:-difluoro
methyl ornithine (DFMO) has inhibitory effects: on experimental tumours, 
on growth of the prostate gland, on embryogenesis, and on rapidly pro
liferating non-mammalian cells (parasitic protozoa). Polyamine metabolism 
had been suggested as a target in the chemotherapy of parasitic disease lO and 
specifically against trypanosomes4. Trypanosoma brucei brucei causes 
trypanosomiasis in cattle. It seems reasonable to conclude that the ODe 
inhibition may be a potential therapy for selected protozoal infections. In this 
field of suicide enzyme inhibitors as potential drugs, it may still be impossible 
to conceptualize and synthetize a potent specific inhibitor. The chances seem 
better with enzymes whose mechanisms of action are well defined. 

With respect to suicide enzyme inhibitors as causing side-effects or drug 
interactions: isoniazid impairs microsomal drug-metabolizing capacity and 
can lead to reduced clearance and elevated plasma levels of other drugs46. 
Phenytoin toxicity is described as a consequence of the use of phenytoin with 
isoniazid. Rifampicin, on the other hand, stimulates microsomal enzyme 
activity and may increase clearance of other drugs34 . The kinetic effect of 
isoniazid, ethambutol and rifampicin has been assessed on metabolic 
disposition of diazepam32. Short-term administration of the antibiotic 
rifampicin, a potent enzyme inducer, produces a consistent fall in plasma 
25-hydroxy-cholecalciferol (25-0HD), accompanied by increased oxidation 
of antipyrine and 6,8-hydroxycortisol, indicative of hepatic enzyme induc
tion. Since isoniazid is often given with rifampicin for periods up to 1 year 
the effects of isoniazid on vitamin D metabolism and hepatic mono
oxygenase activity have been studied5 • Isoniazid reduced serum calcium and 
phosphate levels, and also 10:-25 hydroxyvitamin D, the most active 
metabolite of vitamin D. Isoniazid inhibited hepatic mixed-function oxidase 
activity, as evidenced by a reduction in antipyrine and cortisol oxidation, and 
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a similar inhibition of the hepatic 25-hydroxylase and renal la-hydroxylase 
would explain the reduction in the corresponding vitamin D metabolites. 
Thus, both isoniazid and rifampicin interfere with vitamin D metabolism in 
different ways and the combination may well be synergistic and have 
important clinical consequences. 

The therapeutic problems associated with enzyme inhibition have received 
much less attention than those associated with enzyme induction. Inter
actions with the oral hypoglycaemic agent tolbutamide have resulted in 
hypoglycaemic crises from the administration of chloramphenicol, sulpha
phenazole, dicoumarol, phenylbutazone and phenyramidol to patients 
stabilized on tolbutamide!6. In each case there was clear evidence for reduced 
tolbutamide elimination. 

Despite the general lack of specificity associated with the drug-metaboliz
ing systems, drug interactions can be subtle and complex. Co-administration 
of phenylbutazone produced an augmented anticoagulant effect without 
altering the apparent plasma concentrations of warfarin. Since the S isomer 
is five times more potent an anticoagulant than R warfarin, it was concluded 
that inhibition of the metabolism of S warfarin provides one mechanism for 
the augmented anticoagulation which follows phenylbutazone treatment26. 
Administration of the H2-antagonist cimetidine may enhance the anti
coagulant action of warfarin39 by inhibition of the microsomal drug
metabolizing enzymes38 • Imidazole derivates, such as cimetidine, are thought 
to be potent inhibitors of P-450 enzymes because they can bind to both the 
oxygen and the substrate binding sites of the enzymes47 • 

Drugs may alter the pharmacological action of the other drugs by inhibit
ing non-microsomal pathways of metabolism. 

Disulphuram, used to treat chronic alcoholism, acts by inhibiting the 
enzyme aldehyde dehydrogenase which is involved in the conversion of 
ethanol into acetic acid. Allopurinol has been shown to increase both the 
toxic and therapeutic actions of 6-mercaptopurine in vivo. 

Furazolidone is widely used in the prevention and treatment of bacterial 
and protozoal diseases in poultry. At slightly above the therapeutic level the 
drug inhibits growth, produces anaemia and arrests spermatogenesis in the 
chicken and may also produce cardiac dilatation and ascites. 

The addition of furazolidone to the feed at the therapeutic level inhibits 
monoamine oxidase activity in chicken duodenal mucosa, heart, and brain, 
but in the liver the enzyme activity is unaffected by the treatment3• 

At present it is difficult to assess the prevalence of drug toxicity caused by 
drug accumulation from enzyme inhibition. Drugs that inhibit microsomal 
enzyme activity in animals include organophosphorous insecticides, pesticide 
synergics of the methylenedioxyphenyl type (e.g. piperonyl butoxide), 
quinidine, carbon tetrachloride and chloramphenicol. Intravenous chlor
amphenicol increases duration of immediately subsequent pentobarbitone 
anaesthesia by 1200/0 in dogs and 260% in cats!. The effect has been shown 
after administration by oral, intramuscular or intravenous routes and was 
detectable for up to 24 days after the last dose44 • Potentiation has also been 
identified between anaesthetics and aminoglycoside antibiotics. Compounds 
that inhibit drug-metabolizing enzymes in liver microsomes impair the 
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metabolism of endogenous steroids. Propranolol and metoprolol can inhibit 
drug metabolism in animals, and the effect of propranolol, the more lipid
soluble agents, is greater than that of metoprolol. 

One of the problems in assessing whether or not a drug is an inhibitor of 
metabolism is that chronic administration of some competitive inhibitors, 
such as SKF 525-A and piperonyl butoxide produce enzyme induction in 
animals. Such behaviour may explain why conflicting data are sometimes 
obtained concerning whether a drug is an inhibitor or an inducer. 

FACTORS AFFECTING DRUG METABOLISM 

Many factors such as genetic, environmental differences, age, sex, disease, 
nutritional status, etc. influence drug metabolism and can alter rates of drug 
elimination (Figure 47.1). 

While most clinical pharmacologists recognize the crucial role played by 
a few factors such as age, certain disease states, and concomitant adminis
tration of various drugs, other factors such as genetic constitution, diet, and 
environmental exposures to chemicals are much less appreciated and insuffi
ciently described. 

genetic factors 
(genetic differences) 

patho)ogical states 

diseases 
(liver function) 

environmental factors 
(environmental chemicals) 

enzyme inhibition test: 
- pentobarbitone sleeping time. 
- zoxazolamine paralysis time. 
- prolongation of drug halflives. 
- elimination of tolbutamide 

(t, inhibited/t~ normal). 

dietary factors 
(nutritional differences) 

enzyme induction test: 
- urinary D-glucaric acid. 
- urinary 6~-hydroxycortisol. 
- plasma concentration of 

-y-glutamyltranspeptidase. 
- catalytic activities of 

cytochrome P-450 purified. 

drugs intake 
(drugs interactions) 

age 

- changes in the halflife of antipyrine, 
(urinary 4-hydroxyantipyrine). 

- changes in endogenous substances. 
- ultrastructural hepatic cell changes. 
- cell cultures. 

Figure 47.1 Factors affecting drug metabolism 
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Geneticfactors playa prominent role in the determination of an animal's 
capacity to metabolize certain drugs, but numerous host factors can alter this 
capacity. They are primarily responsible for controlling the extent to which 
hepatic drug-metabolizing enzymes are induced in different subjects 7• A 
given dose of inducer may induce one enzyme more than another. This type 
of phenomenon has been seen, comparing the induction of aflatoxin Bl and 
B2 metabolism. 

Dietary factors may modify pharmacological and toxicological actions. 
These modifications concern mostly the nutritional influences on the hepatic 
drug-metabolizing enzyme system. The main factors important in this sense 
are simply starvation or deficiencies in macronutrients (carbohydrates, 
lipids, etc.) or micronutrients (vitamins, minerals) as well as the possible 
effects of food additives, or certain procedures of preparing food. These 
factors tend to influence the hepatic microsomal cytochrome P-450 and its 
catalytic action. Starvation produces rather complex effects on the oxidative 
drug-metabolizing system which are complicated by a certain sex and species 
dependency. 

Much better known are the effects of artificially unbalanced diets on the 
drug-metabolizing enzymes. It has been shown that unsaturated fatty acids 
possess a 'permissive' effect on the endoplasmic reticulum allowing a 
maximal induction by phenobarbitone only if they are present in the diet. 
Protein content and quality of the diet seem to be important factors in assess
ing the influence of macronutrients on toxic manifestations. Protein 
deficiency has been shown to reduce cytochrome P-450 and microsomal 
reaction rates for a number of substrates, mostly drugs whose metabolism 
depends on hydroxylation reactions. Lack of dietary vitamins in general 
depresses the mono-oxygenase activity and, thus, tends to increase the action 
of toxicants that are normally detoxified in the liver. Only riboflavin seems 
to be an obvious requirement for optimal activity since it is an essential 
component of the cytochrome P-450 reductase. Mineral trace elements are 
difficult to assess with regard to their influences on the microsomal mixed
function oxidase. Selenium deficiency would lead to a decrease in removal 
of harmful peroxidases such as those formed in lung tissues, after the 
ingestion of the dipyridilium herbicide paraquat. 

It is conceivable that food additives such as preservatives, antioxidants, 
flavours, etc., might induce changes that result in altered response to drugs, 
toxic agents or carcinogens. Antioxidants, within a certain concentration 
range, are capable of altering the hepatic mono-oxygenase activity by enzyme 
induction. Butylated hydroxytoluene (BHT) and ethoxyquin increase cyto
chrome P-450 and the metabolic reactions it catalyses. 

The antioxidants can also increase activation of carcinogens (benzopyrene) 
or accelerate also the detoxification of primary toxicants. However, the 
inducing doses are several orders of magnitude greater than those ordinarily 
incorporated. 

Many substances are not toxic per se, but require metabolic activation by 
the cytochrome P-450 oxidase enzyme system in the liver micro somes to exert 
a toxic effect. An increase in the activity of this enzyme system is caused by a 
variety of chemicals. As more sophisticated techniques for separating forms 
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Table 47.1 Xenobiotics that stimulate their own metabolism and/or induce unique forms of 
P-450 

Benzo(a)pyrene 
3-Methylcholanthrene 
Benzo(a)anthracine 
7,12-Demethylbenzo(a)anthracene 
Phenobarbital 
Phenylbutazone 
Aminopyrine 
Citrus red dye No.2 
Chlorpromazine 
Meprobamate 
Tolbutamide 
Hexobarbital 
Pentobarbital 
Glutethimide 
Chlorcyclizine 
Probenecide 
p,p'-DDT 
Chlordiazepoxide 
Benzene 
Methoxyflurane 
Phenytoin 
Caffeine 
Pregnenolone-16a-carbonitrile 
Alkanes 
Volatile deodorants 
Kepone 
Mirex 
Methadone 
Griseofulvin 
Methylated benzenes and naphtalenes 
Ethoxyquin 

Ellipticine 
Ethanol 
Isosafrole 
Piperonyl butoxide 
Ethinyloestradiol 
2-Acetylaminofluorene 
Polybrominated biphenyls 
Styrene 
trans-Stilbene oxide 
Chlorinated antibacterials 
TCDD 
Rifampicin 
Terpenes and sesquiterpenes 
Lindane 
Isoniazid 
a-Pinene 
Polychlorinated biphenyls 
Theophylline 
Halogenated naphthalenes and terphenyls 
Synthetic pyrethroids 
Acetone 
Cholestyramine 
Carbamazepine 10, II-oxide 
Camphor 
Cyclohexane 
Dibromochloropropane 
Clofibrate 
Toluene 
Medroxyprogesterone 
Propanol-2 
Pyrazole 

of P-450 and for assaying ail. increased number of mono-oxygenase activities 
have become available, an increasing number of inducing compounds appear 
to be neither precisely 3-methylcholanthrene-like nor precisely phenobar
bitone-like. Of these xenobiotic inducers have been reported (Table 47.1)30. 

Halogenated aromatic compounds, such as 2,3,7 ,8-tetrachlorodibenzo-p
dioxin (TCDD), polychlorinated biphenyls (PCB) and polybrominated 
biphenyls (PBB) have become major environmental contaminants. Residues 
from the use of PCB are now widely distributed in animals associated with 
polluted waters. Dietary exposure to PBB results in a variety of toxic 
manifestations in animals: cows exhibited toxic signs including anorexia, 
decreased milk production, and increased frequency of urination20. Inter
stitial nephritis and gross pathological changes including renal and hepatic 
degeneration, and haematomas and abcesses in the peritoneal and thoracic 
cavities were also observed in these animals20. 

Polychlorinated paraffins (CPs) and polychlorinated terphenyls (PTCs) 
are commonly used as PCB substitutes because of their suitable chemical and 
physical properties. A widespread distribution can be assumed because of the 
extensive use of CPs in lubricant and cutting oils, paint, rubber and plastics 18. 
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The resistance of peTs and CPs towards degradation, their tendency to 
accumulate in fish and mammals, the suspected carcinogenicity of PCT and 
possible synergistic effects with other environmental contaminants, make an 
uncontrolled industrial use of these substances questionable, although it has 
been indicated that they are less potent than the PCBs with respect to several 
effects on the liver22 • 31. However, it has been shown that PCT is a mixed type 
of rat liver microsomal cytochrome P-450 inducer3l • 

The demonstrated effects of the wide-spread industrial chemicals on the 
multiple forms of cytochrome P-450 make it highly relevant to perform a 
further investigation of environmental substances, both with respect to their 
potential toxicity and their effects on liver microsomal cytochrome P-450. 

METHODS OF ASSESSING ENZYME INDUCTION AND INHIBITION 

The assessments are based on the effects of inducing agents on the enzymes 
of the endoplasmic reticulum, the increased turnover of some endogenous 
substances, and foreign compounds. The induction is usually deduced from 
an increased rate in the production of drug metabolites in association with 
the administration of a drug which has been shown to be an inducing agent 
in animals. The absence of change in the apparent volume of distribution of 
either the parent drug or its metabolites is essential for assessment. 

Theoretically, direct measurement of enzyme activity in liver biopsy 
samples from domestic animals, before and after administration of the 
putative inducer, would be the ideal method. Less direct indexes of enzyme 
induction have been used, such as changes in the pharmacokinetics of a 
marker drug like antipyrine (antipyrine halflife). Hexobarbitone is often 
used in animal studies for assessing enzyme induction and is therefore useful 
for comparative studies. The activity of the drug-metabolizing systems can 
also be monitored in vivo by determination of pentobarbitone sleeping time 
and zoxazolamine paralysis time. Hexobarbitone and tolbutamide have also 
been used as drugs, because both are metabolized completely in the liver by 
microsomal enzymes48 • 

As has been shown, following administration of enzyme-inducing agents, 
there are some considerable physiological changes. Some of these changes 
afford an increased rate of drug metabolism, others stem from the effect of 
increased microsomal enzyme activity on endogenous compounds. These 
physiological changes are liver weight, bile flow, bilirubin, corticosteroid, 
sex-hormone, vitamin-D and folate metabolisms, etc. Normally standard 
biochemical liver function tests (bilirubin, aspartate transaminase, alkaline 
phosphatase and albumin), serum calcium and phosphate, 25-hydroxy
cholecalciferol (25-0HD), la-25 hydroxyvitamin D (1 ,25(OHhD) levels are 
estimated as indexes involving enzyme induction. 

For studies of assessing gut metabolism in vivo, isolated in situ intestinal 
loop preparations have been used. Usually, these preparations are under
taken in anaesthetized animals, and in most studies a loop of jejunum is used 
because of its good blood supply and high enzyme activity. Drug is intro
duced into the lumen and venous blood from the loops is collected via a 
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catheter. Parent drug and metabolites in the effluent can then be quantified 
by specific methods of assay. This method gives not only qualitative infor
mation on metabolite patterns, but also some indication of the effect of either 
physiological or pharmacological interference with in vivo metabolism in the 
gut wall. 

References 

1. Adams, H. R. and Dixit, B. N. (1970). Prolongation of pentobarbital anaesthesia by 
chloramphenicol in dogs and cats. J. Am. Vet. Assoc., 156, 902-5 

2. Alary, J. G., Guay, P. and Brodeur, J. (1971). Effect of phenobarbital pretreatment on 
the metabolism of DDT in the rat and the bovine. Toxicol. Appl. Pharmacol., 18, 457-68 

3. Ali, B. H. and Bartlet, A. L. (1980). Inhibition of monoamine oxidase by furazolidone in 
the chicken and the influence of the alimentary flora thereon. Br. J. Pharmacol., 71, 
219-24 

4. Bacchi, C. J., Hutner, S. H., Lambros, C. et al. (1978). Polyamine function in trypano
somatids: activation of cytoplasmic-glycerophosphate dehydrogenase by cationic try
panocides. In Campbell, R. A. et al. (eds.) Advances in Polyamine Research. Vo!. 2, pp. 
129-38. (New York: Raven Press) 

5. Brodie, M. 1., Boobis, A. R., Hillyard, C. 1. et al. (1981). Effect of isoniazid on vitamin 
D metabolism and hepatic monooxygenase activity. c/in. Pharmacol. Ther., 30, 363-7 

6. Brown, E. A. B. (1974). The localization, metabolism and effects of drugs and toxicants 
in lungs. Drug Metab. Rev., 3, 33-87 

7. Brown, B. R. and Sipes, I. G. (1977). Biotransformation and hepatotoxicity of halothane. 
Biochem. Pharmacal., 26, 2091-4 

8. Campbell, R. A., Morris, D. R., Bartos, D. et al. (1978). Advances in Polyamine Research. 
Vo!' 1 & 2. (New York: Raven Press) 

9. Chapman, P. H., Kersey, P. J., Keys, B. et al. (1980). Generalised tissue abnormality of 
aryl hydrocarbon hydroxylase in psoriasis. Br. Med. J., 281, 1315-16 

10. Cohen, S. S. (1979). Comparative biochemistry and drug design for infectious disease. 
Science, 205, 964-71 

11. Conney, A. H. (1967). Pharmacological implications of microsomal enzyme induction. 
Pharmacal. Rev., 19, 317-56 

12. Conney, A. H., Pantuck, E. J., Pantuck, C. B. et al. (1978). Role of environment and diet 
in the regulation of human drug metabolism. In Estabrook, R. F. and Lindenlamb, E. (eds.) 
The Induction oj Drug Metabolism (Symposia Medica Hoechst 14). pp. 583-605. 
(Stuttgart and New York: F. K. Schattaner Verlag) 

13. Damen, F. J. M. and Mier, P. D. (1982). Cytochrome P-450 dependent O-dealkylase 
activity in mammalian skin. Br. J. Pharmacal., 75, 123-7 

14. Gram, T. E. (1980). The metabolism of xenobiotics by mammalian lung. In Gram, T. E. 
(ed.) Extrahepatic Metabolism oj Drugs and Other Foreign Compounds. pp. 159-93. 
(New York: Spectrum Pub!.) 

15. Guengerich, F. P. (1979). Isolation and purification of cytochrome P-450, and the existence 
of multiple forms. Pharmacol. Ther., 6, 99-121 

16. Hansen, J. M. and Christensen, L. K. (1977). Drug interactions with oral sulpharylurea 
hypoglycaemic drugs. Drugs, 13, 24-34 

17. Hook, G. E. R., Bend, J. R., Hoel, D. et al. (1972). Preparation of lung micro somes and 
a comparison of the distribution of enzymes between subcellular fractions of rabbit lung 
and liver. J. Pharmacol. Exp. Ther., 182, 474-90 

18. Howard, P. M., Santodonato, J. and Saxena, J. (1975). Investigation oj Selected Potential 
Environmental Contaminants: chlorinated paraffins. EPA-56012-75-007, p. 122. 
(Washington: Office of Toxic Substances USA Environmental Protection Agency) 

19. Inman, W. H. W. and Mushin, W. W. (1978). Jaundice after repeated exposures to 
halothane: a further analysis of reports to the committee on safety of medicines. Br. Med. 
J., 2, 1455-6 

535 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

20. Jackson, T. F. and Halbert, M. S. (1974). A toxic syndrome associated with the feeding 
of polybrominated biphenyls contaminated protein concentrate to dairy cattle. J. Am. Vet. 
Med. Assoc., 65, 437-9 

21. Kato, R. (1977). Drug metabolism under pathological and abnormal physiological states 
in animals and man. Xenobiotics, 7, 25-92 

22. Kimbrough, R. D. (1974). The toxicity of polychlorinated polycyclic compounds and 
related chemicals. Crit. Rev. Toxicol., 2, 445-98 

23. Kuntzman, R., Lu, A. Y. H., West, S. et al. (1971). The importance of cytochrome P-450 
and P-448 in determining the specificity of the reconstituted liver microsomal hydroxy
lation. Chem. BioI. Interactions, 3, 287-8 

24. Lai, A. A., Levy, R. H. and Cutler, R. E. (1978). Time-course of interaction between 
carbamazepine and clonazepam in normal man. Clin. Pharmacol. Ther., 24, 316-23 

25. Lewin, W. (1977). Purification of liver microsomal cytochrome P-450: hopes and promises. 
In Ullrich, V. et al. (eds.) Microsomes and Drug Oxidations. pp. 735-47. (New York: 
Pergamon Press) 

26. Lewis, R. J., Trager, W. F., Chan, K. K. et al. (1974). Warfarin, stereochemical aspects 
of its metabolism and the interaction with phenylbutazone. J. Clin. Invest., 53, 1607-17 

27. Lijinsky, W. and Greenblatt, M. (1972). Carcinogen dimethylnitrosamine production in 
vivo from nitrite and aminopyrine. Nature (New BioI.), 236, 177-8 

28. Litterst, C. L., Mimnaugh, E. G., Reagan, R. L. et al. (1975). Comparison of in vitro drug 
metabolism by lung, liver, kidney of several common laboratory species. Drug Metab. 
Disposition, 3, 259-65 

29. Lu, A. Y. H. and Miwa, G. T. (1980). Molecular properties and biological functions of 
microsomal epoxide hydrase. Ann. Rev. Pharmacol. Toxicol., 20, 513-31 

30. Nebert, D. W., Eisen, H. J., Negishi, M. et al. (1981). Genetic mechanisms controlling the 
induction of polysubstrate mono oxygenase (P-450) activities. Ann. Rev. Pharmacol. 
Toxicol., 21, 431-62 

31. Nilsen, o. G. and Toftgard, R. (1981). Effects of polychlorinated terphenyls and paraffins 
on rat liver microsomal cytochrome P-450 and in vitro metabolic activities. Arch. Toxicol., 
47, I-II 

32. Ochs, R. H., Greenblatt, D. J., Roberts, G. M. et al. (1981). Diazepam interaction with 
antituberculosis drug. Clin. Pharmacol. Ther., 29, 671-8 

33. Oppelt, W. W., Zange, M., Ross, W. E. et al. (1970). Comparison of microsomal drug 
hydroxylation in lung and liver of various species. Res. Commun. Chem. Pathol. 
Pharmacol., I, 43-56 

34. Pessayre, D. and Mazel, P. (1976). Induction and inhibition of hepatic drug metabolizing 
enzymes by rifampicin. Biochem. Pharmacol., 25, 943-9 

35. Pitot, H. C. (1979). In Estabrook, R. F. and Lindenlamb, E. (eds.) The Induction of Drug 
Metabolism (Symposia Medica Hoechst 14), pp. 472-83. (Stuttgart and New York: F. K. 
Schattaner Verlag) 

36. Pohl, R. J., Philpot, R. M. and Fouts, J. R. (1976). Cytochrome P-450 content and mixed 
function oxidase activity in microsomes isolated from mouse skin. Drug Metab. Dis., 4, 
442-50 

37. Ryan, D., Lu, A. Y. H., Kawalek, J. et al. (1975). Highly purified cytochrome P-448 and 
P-450 from rat liver microsomes. Biochem. Biophys. Res. Commun., 64,1134-41 

38. Serlin, M. J., Challiner, M., Park, B. K. et al. (1980). Cimetidine potentiates the anti
coagulant effect of warfarin by inhibition of drug metabolism. Biochem. Pharmacal., 29, 
1971-2 

39. Serlin, M. J., Sibeon, R. G., Mossman, S. et al. (1979). Cimetidine: interaction with oral 
anticoagulants. Lancet, 2, 317-19 

40. Shuster, S., Chapman, P. H. and Rawlins, M. D. (1979). Psoriasis and skin cancer. Br. 
Med. J., 2, 941-2 

41. Sims, P. and Grover, P. L. (1974). Epoxides in polycyclic aromatic hydrocarbon metabol
ism and carcinogenesis. Adv. Cancer Res., 20,164-74 

42. Sims, P., Grover, P. L., Swaisland, A. et al. (1974). Metabolic activation of benzo(a)pyrene 
proceeds by a diol-epoxide. Nature (London), 252, 326-8 

43. Smith, B. R. and Bend, J. R. (1981). Metabolic interactions of hydrocarbons with 
mammalian lung. Rev. Biochem. Toxicol., 3, 77-122 

536 



ENZYME INDUCTION AND INHIBITION 

44. Teske, R. H. and Carter, G. G. (1971). Effect of chloramphenicol on pentobarbital induced 
anaesthesia in dogs. J. Am. Vet. Med. Assoc., 159, 777-80 

45. Watterberg, L. W. (1972). Dietary modification of intestinal and pulmonary aryl hydro
carbon hydroxylase activity. Toxicol. Appl. Pharmacol., 23, 741-8 

46. Weber, W. W. and Hein, O. W. (1979). Clinical pharmacokinetics of isoniazid. Clin. 
Pharmacokinet., 4, 401-22 

47. Wilkinson, C. F., Hetnar.ski, K. and Hicks, L. 1. (1974). Substituted imidazoles as inhibi
tors of microsomal oxidation and insecticide synergists. Pesticide Biochem. Physiol., 4, 
299-312 

48. Zilly, W., Breimer, D. D. and Reichter, E. (1975). Induction of drug metabolism in man 
after rifampicin treatment measured by increased hexobarbital and tolbutamide clearance. 
Eur. J. Clin. Pharmacol., 9, 219-27 

537 



48 
Rapid induction of cirrhosis in the liver. 
A model of hepatic disease 
A. A. Seawright. J. S. Lee and J. Hrdlicka 

In man the most important cirrhogenic agents are infectious organisms 
(hepatitis virus) and dietary abnormalities (regular high alcohol intake); 
hepatotoxins are occasionally responsible for the condition6 • In domestic 
animals the hepatotoxins are certainly the main cause of the disorder. The 
general characteristics of cirrhosis, i.e. loss of hepatic parenchyma, develop
ment of fibrosis and bizarre distortions of normal architecture, can readily 
be produced in experimental animals with a variety of chemical compounds 
and the resultant hepatic lesions closely resemble naturally occurring forms 
of cirrhosis in man and domestic animals6 , 23. Accordingly, such laboratory 
animal hepatotoxicity models continue to have extensive use in experimental 
investigations of this condition. 

One of the main problems associated with the production of a cirrhosis 
model by the use of hepatotoxic agents is that many weeks or months of 
dosing are usually required to achieve the desired effects, and the yield of 
cirrhotic livers is often unacceptably low2 , 10. In addition, a high proportion 
of the test animals may die from intercurrent disease during such a prolonged 
dosing period. 

Most of these difficulties in producing a reliable disease model in the rat 
were overcome15 by the use of simultaneous dosing with phenobarbitone and 
carbon tetrachloride (CC14). With this procedure, cirrhosis develops in 
4 weeks and the yield of cirrhotic livers can be high. CC14 has its necrogenic 
action preferentially on the centrolobular hepatic parenchyma, subsequently 
giving rise to annular patterns of fibrosis linking up the central veins, and 
eventually cirrhosis. Ngaione (Figure 48.1), a furanosesquiterpenoid essen
tial oil isolated from Australasian myoporaceous plants, has its injurious 
action rather on the periportal hepatocytes (Figure 48.2) after pretreatment 
of the animal with phenobarbitone9, 18. It could well be that experimental 
conditions are desired that require the initiation of hepatic fibrogenesis 
leading eventually to cirrhosis, other than around the central veins. Accord
ingly, the present cirrhosis model, which can be produced equally rapidly15, 
is proposed as a similarly satisfactory or even more desirable alternative 
procedure where appropriate. 
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o 

(-)- Ngaione 
Figure 48.1 The furanosesquiterpenoid essential oil (- )-ngaione found in Australasian 
myoporaceous plants 

Figure 48.2 Periportal parenchymal injury in the liver due to a single i.p. necrogenic dose 
(200mg/kg) of ngaione after pretreatment of the animal with phenobarbitone. H & E x 77 

EXPERIMENTAL PROCEDURE 

Ngaione was prepared from the fresh leaves of Myoporum desert; by steam 
distillation followed by fractionation7• Young male Wistar rats weighing 
from 100 to 115 g were used. These were kept together in meshed wire cages, 
fed a proprietary cubed rodent diet, and given tap water ad libitum. 
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The rats were given drinking water containing sodium phenobarbitone at 
1 gil beginning 1 week before daily dosing with ngaione dissolved in arachid 
oil by the intraperitoneal route beginning at 50 mg/kg, and increasing weekly 
by 50070 until in the fifth week of ngaione dosing, the dose rate of the oil was 
255 mg/kg. 

At least two of the experimental rats were killed by exsanguination from 
the carotid artery and jugular vein under light ether anaesthesia before 
phenobarbitone pretreatment, after a week of phenobarbitone drinking 
water, and before the start of ngaione dosing, and after each of the successive 
weeks of ngaione dosing, in order to study the changes taking place in the 
liver. 

PROGRESSIVE CHANGES IN THE LIVER 

The rats were apparently normal and grew as well as undosed animals of this 
strain for the first 3 weeks of the trial. During the fourth week rate of body 
weight gain was reduced and during the fifth week the animals actually lost 
weight. 

The livers were observed to be pale and swollen after each of the first 
3 weeks of dosing. After 4 weeks there were copious amounts of clear yellow 
serous fluid in the peritoneal cavity and the livers were pale, swollen, of firm 

Figure 48.3 The liver of a phenobarbitone-pretreated rat dosed i.p. with 50 mg/kg ngaione for 
I week showing a slight increase in portal connective tissue and mononuclear inflammatory cell 
infiltration. P = portal vein. H & E x 220 
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consistency with the surface having a finely granulated appearance suggestive 
of the early stage of cirrhosis. 

Histologically, the livers of the rats before phenobarbitone pretreatment 
were normal. After a week on phenobarbitone drinking water, there was an 
enhancement of the size of the hepatocytes of the centrolobular zone due to 
increased amounts of homogeneously pink-staining cytoplasm. The cells 
surrounding the portal tracts were slightly smaller than normal and their 
cytoplasm stained more basically than that of the centrolobular parenchymal 
cells. The cytoplasm of the centrolobular hepatocytes also contained 
sporadic vacuoles due to mild fatty infiltration. 

After 1 week of ngaione dosing at 50 mg/kg there was no significant alter
ation to the parenchymal cells except for sporadic nuclear enlargement and 
occasional mitotic figures. There was however, at this stage, a slight increase 
in the amount of connective tissue and in the numbers of mononuclear 
inflammatory cells in the smallest portal tracts (Figure 48.3). 

After 2 weeks of ngaione there was sporadic shrinkage necrosis of many 
of the darkly staining hepatocytes in the periportal zone with mild prolifer
ation of fibroblasts in the smallest portal tracts, spreading out to enclose 
small groups of hepatocytes to give the appearance of early pseudolobu
lation. Centrolobular hepatocytes appeared unaffected (Figure 48.4). 

Figure 48.4 The liver of a phenobarbitone-pretreated rat dosed with ngaione at 50 mg/kg daily 
for the first week followed by 75 mg/kg daily for the second week, showing sporadic necrosis 
of periportal hepatocytes and mild fibrogenesis with the beginning of separation of periportal 
from centrolobular parenchyma. P = portal area, C = central vein. H & E x 220 
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Figure 48.5 The liver of a phenobarbitone-pretreated rat dosed daily with ngaione at 50 mg/kg 
for the first week, 75 mg/kg for the second week and 113 mg/kg for the third week, showing 
distinct separation of the periportal and centrolobular parenchyma. P = portal tract, C = central 
vein . H & E x 110 

After 3 weeks there was a distinct separation of the periportal parenchyma 
from the centrolobular region by a thin band of connective tissue (Figure 
48.5). Within the periportal region the hepatocytes were pleomorphic and 
their arrangement somewhat irregular. Mitotic figures were present, the 
cytoplasm stained more basically than in the centrolobulal' zone, and there 
was mild biliary ductular proliferation which often extended into the encap
sulating zone of new connective tissue. These intermediate fibrous tissue 
zones also contained rudimentary blood vessels and occasional inflammatory 
cells, and often linked up the separated zones of periportal parenchyma. The 
hepatocytes of the centrolobular zones were still similar to those seen in livers 
after 1-2 weeks of dosing except at the margin of the midzonal fibrous 
tissue where the cytoplasm of most cells became less granular and more 
homogenous with occasional vacuoles, many nuclei stained darkly and were 
sometimes pyknotic and occasional apoptotic bodies derived from necrotic 
hepatocytes could be observed (Figure 48.6). 

After 4 weeks the intermediate zone of loose connective tissue separating 
the centrolobular from the periportal parenchyma was much wider (Figure 
48.7) and contained numerous blood vessels together with biliary ductules. 
The masses of periportal parenchymal cells assumed the form of typical 
regenerative nodules as the connective tissue appeared to contract around 
them, and small groups of hepatocytes were split off by connective tissue 
bands into typical pseudolobules (Figure 48.8). 
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Figure 48.6 The same liver as in Figure 48.5 showing the area of separation of the periportal 
(A) and centrolobular parenchyma (B). A thin band of connective tissue (arrow) separates these 
two populations of hepatocytes. Mild degenerative changes are present in the centrolobular 
hepatocytes adjacent to the fibrous tissue band, while the remaining centrolobular hepatocytes 
appear normal. H & E x 220 

Within the fifth week of dosing there was an acceleration in the necrosis 
of the residual centrolobular hepatocytes, beginning at the margin of the new 
midzonal fibrous tissue (Figure 48.9). This allowed a distinct widening of the 
connective tissue bands which now contained both central veins (Figure 
48.10) and other blood vessels appearing to be associated with portal tracts. 
Bile ductules were plentiful in the new fibrous tissue and appeared to be well 
separated from parenchymal cells. Histocytes and lymphocytes were present 
in increased numbers in the new connective tissue. During this week, com
plete destruction of the remaining centro lobular parenchymal cells occurred 
in some rats and the widened zone became filled with blood and cellular 
debris, often obscuring the midzonalloose connective tissue bands. This was 
followed by collapse of newly nodular periportal parenchyma into the space 
formerly occupied by the centrolobular parenchyma with the residual veins 
now caught up in the widened connective tissue bands (Figure 48.11). The 
liver at the end of the fifth week was then a mass of regeneration nodules 
and new connective tissue contained biliary ductules, residual portal and 
central veins with various mononuclear inflammatory cells, the picture in 
fact, of cirrhosis (Figure 48.12). Despite the high intake of the hepatotoxic 
essential oil in the final week, the parenchyma constituting the regeneration 
nodules remained tolerant to its injurious effects through the period of 
dosing. 
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Figure 48.7 The liver of a phenobarbitone-pretreated rat dosed daily with ngaione at 50 mg/kg 
for I week, 75 mg/kg forthe second week, 113 mg/kg for the third week and 170 mg/kg for the 
fourth week. The fibrous band (F) separating the periportal (A) and centrolobular (8) paren
chyma is thicker than in Figure 48.6 and there is sporadic necrosis and vacuolation of adjacent 
centrolobular hepatocytes. H & E x 220 

DISCUSSION 

Experimental cirrhosis caused by prolonged dosing with hepatotoxic 
chemicals normaIIy foIIows persistent and continuous injury to the hepatic 
parenchyma. In general, such agents preferentiaIIy damage the hepatocytes 
of either the centrolobular zone or the periportal zone. The final picture of 
cirrhosis, however, is identical in each case6 . With some of the earliest models 
to be described, the dose of the respective chemical had to be carefuIIy 
selected and administered for several weeks or months before cirrhosis could 
be expected to occur. Examples of such models were chronic phosphorus 
intoxication in the rabbit and guinea-pig for cirrhosis of periportal origin12 
and carbon tetrachloride intoxication in the rat for cirrhosis of centrolobular 
origin2. With the former, phosphorus is administered by the oral route daily 
at 1 mg/kg for several months to a year and in the latter, CC4 is dosed at 
the rate of 1 mIl kg every 3 or 4 days for several weeks or months. The pro
cedures have the disadvantages that the yield of cirrhotic livers is unpredict
able, and that, due to the severity of liver injury which is likely to occur from 
time to time throughout the dosage period, intercurrent diseases resulting in 
death are likely to occur before cirrhosis is established15 . 
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Figure 48.8 The same liver as in Figure 48.7 photographed at lower magnification to show the 
conversion of the periportal parenchyma (A) to typical regeneration nodules, some of which 
show early subdivision into pseudolobules. Most of the centrolobular parenchyma (B) still 
appears normal. H & E x 56 

In recent times, however, it has been shown that CCl4 needs metabolism 
by the hepatic microsomal mixed-function oxygenases (HMFO) for hepatic 
injury and overall toxicity for the animaP4. For any particular set of con
ditions, the susceptibility of the liver to a given dose of CC4 is directly related 
to the level of hepatic metabolism of the compound, and, accordingly, the 
activity of the HMFO at the time of dosingS, 17. The activity of the latter 
enzymes may be influenced markedly by numerous factors including the age 
and sex of the animal, nutrition, previous drug therapy or exposure to 
environmental chemicals, physiological state and so on3• Without prior 
knowledge of the level of activity of the HMFO, the degree of injury caused 
by a dose of CC4 in any particular animal cannot, therefore, be reliably 
anticipated and this would have accounted for much of the unpredictability 
attending early attempts at the induction of cirrhosis in experimental animals 
following CC4 dosing. 

This particular difficulty was largely overcome in the model for CC4-
induced cirrhosis in the rat IS. In the latter procedure rats were made maxi
mally susceptible to CC4 by raising their HMFO by medication of the 
drinking water with sodium phenobarbitone for 1 week before the start of 
CC4 exposures. This ensured that the degree of hepatocellular injury caused 
by a selected dose of the CCl4 would be largely predictable. Following initial 
exposure to CC4, hepatocytes tend to become resistant to subsequently 
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Figure 48.9 The liver of a phenobarbitone-pretreated rat dosed daily with ngaione at 50 mg/kg 
for 1 week, 75 mg/kg for the second week, 113 mg/kg for the tlrird week, 170 mg/ kg for the 
fourth week and 255 mg/ kg during the fifth week. There is accelerated necrosis of the residual 
centrolobular parenchyma (C) with haemorrhage into the necrotic area and associated midzonal 
connective tissue (arrows). R = regeneration nodule. H & E x 220 

administered doses of the compound16, 19, mainly because of loss of the 
microsomal activating enzyme, cytochrome P-4501, 4. This latter effect was 
to some extent prevented by maintaining the rats continuously on the 
phenobarbitone drinking water to stimulate microsomal enzyme induction 
throughout the period of CC4 dosing. The result was that many centro
lobular hepatocytes remained susceptible to the necrogenic effects of sub
sequently administered doses of CC4 and that cirrhosis developed in the 
animals in only just over 4 weeks of dosing or after only eight exposures to 
the drug. An important point made by the authors was that, in order for a 
satisfactory yield of cirrhotic livers to be obtained, particular care had to be 
exercised in the selection of the first six doses of the hepatotoxin 15. After this 
time, surviving parenchyma tends to become more tolerant to further CC4 
dosing22, and the dose rate is no longer critical. In the experimental induction 
of cirrhosis a possible disadvantage arises in using a compound such as CCl4 
which preferentially damages the centrolobular zone. The hepatic micro
somal mixed-function oxygenases are concentrated in the centrolobular 
parenchyma 13,21. These enzymes are responsible for the metabolism and de
toxification of a wide range of xenobiotic substances as well as various endo
genous molecules such as adrenal and sex steroids3 • The effect of periodic 
CC4 dosing, notwithstanding the continuous ingestion of phenobarbitone, 

547 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Figure 48.10 Similar liver to that in Figure 48.9 in which loss of centro lobular parenchyma 
is complete, with replacement of original centrolobular area by haemorrhage and loose new 
connective tissue. C = central vein, R = regeneration nodules. H & E x 220 

would result in the intermittent suppression of these detoxificating enzymes 
and, accordingly, give rise to significant periods of enhanced susceptibility 
to possibly noxious chemicals absorbed from the gut or atmosphere, which 
are normally dealt with by the HMFO and other enzyme systems without 
harm to the animal. Transient loss of other vital hepatic metabolic functions, 
due to the periodic episodes of parenchymal cell necrosis, could also be 
expected to occur after each CCl4 exposure. 

The procedure described here, in which daily ngaione dosing replaced the 
CCI4, overcomes such possible disadvantages of the latter compound. For 
example, only small numbers of periportal parenchyma cells become necrotic 
following the initial period of ngaione dosing, the centrolobular hepatocytes 
remaining entirely intact. In addition, the periportal parenchyma very 
quickly forms regeneration nodules which remain resistant to prolonged 
dosing with the toxic oil, while connective tissue is gradually built up on their 
margins, producing unique midzonal annular fibrotic patterns. After 
4 weeks, necrosis of the residual centrolobular parenchyma can be acceler
ated by increasing the dose of ngaione, leaving in the liver only the periportal 
regeneration nodules and the structures of the portal triads and the central 
veins caught up in the fibrous tissue band - the final picture in fact, of 
cirrhosis, within 4-5 weeks. 

The histogenesis of the cirrhosis due to simultaneous dosing with pheno
barbitone and ngaione is different from that reported for phosphorus6,12 
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Figure 48.11 Liver of phenobarbitone and ngaione dosed rat at end of 5 week treatment period 
showing conversion of liver to regeneration nodules dissected by fibrous bands with remainder 
of liver consisting of fibrous tissue containing portal and central blood vessels and proliferating 
biliary ductules. H. & E x 56 

and other periportal necrosis-producing agents!!. With the latter there 
occurs, with prolonged dosing, the development of annular patterns of 
fibrosis linking up portal tracts and extension of connective tissue into the 
parenchyma in the direction of the bloodflow until the central veins are 
involved, permitting porto-central shunting of blood. Regeneration nodules 
appear to develop rather later in the periportal regions. With the present 
model, subsequent to the development of the mid zonal annular fibrotic 
patterns within 2-3 weeks, the hepatocytes of the centrolobular zone, most 
remote from the central veins and lying alongside the midzonal fibrous tissue, 
appear very susceptible to the ngaione, more so than the immediately peri
venular parenchymal cells. Continuous, sporadic parenchymal degeneration 
and necrosis proceeds in this area, enhancing gradually the regional deposi
tion of connective tissue until all the centrolobular parenchymal region is 
replaced by it. By 5 weeks the liver may then consist only of regeneration 
nodules, and new connective tissue containing the hepatic vascular struc
tures, biliary ducts and ductules. 

A further advantage of the procedure is that very few, if any, animals are 
lost during the course of the cirrhosis induction, and that a day or two after 
cessation of treatment the animals would be suitable for use in experiments 
in which cirrhotic livers were required. 

549 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Figure 48.12 Similar liver to that shown in Figure 48.11 after 5 weeks of treatment, showing 
conversion of parenchyma to regeneration nodules and proliferating connective tissue with more 
extensive inflammatory cell infiltration. The pseudolobulation of the nodular parenchyma is less 
marked in this liver. H & E x 56 

A problem to be encountered in the exploitation of this model in experi
mental hepatology might well be considered to be the restricted availability 
of ngaione since it is found only in Australasian plants. However, the optical 
enantiomorph of ngaione, ipomeamarone, can be readily formed in sweet 
potato (Ipomoea balalas) tuber tissues treated with 1070 mercuric chloride 
and left to stand for several days at room temperature. Steam distillation of 
this material yields a fusel oil rich in the compound which can then be further 
fractionated and purified2o• Studies in the authors' laboratory with ipo
meamarone indicate that its biological action is identical to that of ngaione8 

and that it could serve as a substitute for ngaione in this model should the 
latter oil be unprocurable. 

SUMMARY 

Simultaneous administration of phenobarbitone and ngaione results in the 
induction of cirrhosis in young male rats within 4-5 weeks. Ngaione specifi
cally causes injury to the peripheral parenchymal cells under these conditions 
and the initial fibrogenic reaction takes place in this zone. This is followed 
by rapid development of regeneration nodules in the periportal zone which 
becomes separated from the apparently normal centrolobular zone by a 
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continuous midzonal band of connective tissue. With time and increase in 
the ngaione dose, the cells of the centrolobular zone remote from the central 
vein gradually undergo degeneration and necrosis at the midzonal margin, 
allowing the zone of fibrous tissue to increase in width. Finally, the centro
lobular parenchyma is completely lost and entirely replaced by new connec
tive tissue. The liver then consists of regeneration nodules which are resistant 
to the toxic ngaione, and connective tissue containing the hepatic vasculature 
and bile ducts and ductules - namely, the complete picture of cirrhosis. 

Apart from the short time needed to produce the model, few, if any, 
animals die in the course of development of the lesion and, for a substantial 
part of the induction period, the metabolically important centrolobular 
parenchymal zone remains undamaged. This is in contrast to what occurs 
with CC4 and other well-known hepatotoxic agents which specifically 
damage the centrolobular zone. 
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49 
Behavioural analysis of drug action 
R. Dantzer 

In order to understand what are the aims and means of behavioural analysis 
of drug action, a practical example may be useful. 

Mixing unacquainted pigs after weaning usually results in fighting. Such 
behaviour may last several hours with, in some cases, injury and even death 
of some of the protagonists. In addition, negative effects on growth have 
been reported. Let us assume that a drug company has made all the necessary 
steps to develop a chemical compound with antiaggressive properties and 
that this compound, referred to as drug A, is a centrally-acting drug. The 
question with which pharmacologists are confronted is to understand how 
the antiaggressive effects of drug A are produced. What are the behavioural 
processes affected by the drug treatment and leading to a reduction of 
aggression? What are the molecular mechanisms responsible for the 
behavioural effects of the drug, i.e. how is function at the neuronal level 
affected by the drug and how does this result in altered behaviour? 

If drug A is a neuroleptic agent, acting as an antagonist of dopaminergic 
postsynaptic receptors, the first question deals with the specificity of the 
antiaggressive effects, e.g. is the decrease in aggression due to non-specific 
factors such as impairment of locomotor activity, sensory-motor inco
ordination or sedation, or to a specific blockade of the aggressive moti
vation? The second question concerns the role of dopamine in aggressive 
behaviour and can be answered by looking for correlations between brain 
dopaminergic activity and fighting, and/or by assessing the behavioural 
consequences of specific alterations in brain dopaminergic functions. 

Both questions are of relevance for any subsequent development of new 
compounds. If drug A results in suppression of aggression but, at the same 
time, has profound depressive effects on cardiovascular activity and respira
tory function, some animals may die from an overdosage. It would, there
fore, be useful to search for more specific compounds, which are devoid of 
undesirable side-effects. In addition, the pharmacologist may be asked for 
drugs promoting aggressive behaviour, e.g. in the case of game cocks or 
fighting bulls. As far as dopamine is a good candidate for the control of 
aggression, dopaminergic agonists will be useful for their aggression
enhancing effects. 

Behavioural analysis of drug action is, therefore, concerned with the study 
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of how drugs affect behaviour. The subject of behavioural pharmacology is 
not limited to the study of psychotropic drugs; it also takes into account a 
variety of adventitious substances such as solvents and pesticides which may 
have behavioural side-effects. The contribution of studies using species 
different from laboratory animals (mainly rodents and primates) is rather 
limited for two main reasons: (1) the infrequent resort to psychotropic drugs 
in veterinary medicine, and (2) the limited knowledge available on the 
behavioural characteristics of many domestic animal species. In spite of these 
limitations, examples of behavioural studies of drug action in veterinary 
medicine can be found in the different fields of application of behavioural 
pharmacology and toxicology. 

USE OF BEHAVIOURALLY ACTIVE DRUGS AS A RESEARCH TOOL 

If one is interested in emotional behaviour a way of feeling a little more 
confident about the methods used to assess emotions in animals is to be sure 
that the behavioural variables selected are sensitive to the effects of anti fear 
agents. In this case, psychotropic drugs are used as a research tool, allowing 
researchers to categorize the observed behaviour within well-defined classes. 

For example, domestic fowls, exposed to a situation where they can see 
food but are unable to obtain it, develop stereotyped movements. These 
reactions have been suggested to be motivated by fear or distress elicited by 
this frustrating experience. In order to test this hypothesis, Duncan and 
Wood-Gush injected birds having already experienced this frustrating 
situation once or birds submitted to it for the first time, with a reserpine 
derivative, metoserpate hydrochloride, claimed to be a specific antifear 
agent II. Metoserpate reduced the severity of already developed stereotyped 
movements but was unable to prevent them unless it was given to naive hens. 
These results were interpreted as evidence for involvement of fear in the 
genesis of stereotyped movements occurring under frustration. However, 
this interpretation holds true only for metoserpate specifically relieving fear. 
This is an unlikely event, since neuroleptics have proven to be unable to 
directly affect motivations: alternative interpretations (e.g. a reduction of 
arousal or a decreased capacity to switch attention to non-pertinent extero
ceptive stimuli) are available to account for their behavioural effects l8 . 

The limitations of this approach become very clear when considering a 
recent study in which pigs were treated with a benzodiazepine derivative, 
diazepam, before being submitted to frustration I. Pigs had learnt to push a 
panel with their snout in order to get food in a modified Skinner box. They 
were then exposed to this situation but without the availability of more food 
under two different conditions, with or without access to the response panel 
and the feeding area. In the first case, when access to the response panel and 
feeding area was permitted, diazepam enhanced resistance to extinction, i.e. 
the pigs spent more time pushing the panel and trying to get access to the 
feeding area, but the treatment did not modify aggression. In the second case, 
when access to the response panel and the feeding area was not permitted, 
diazepam increased the severity of aggression observed between the animals 
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Figure 49.1 Effects of diazepam on extinction-induced aggression in the pig. Pigs were trained 
to press a panel with their snout to get food in a modified Skinner box. They were then exposed 
in pairs to this situation but without more food being available (extinction), and under two 
different conditions, i.e. with, or without, access to the response panel and the feeding area. 
When access was permitted, pretreatment with diazepam (1-2 mg/ kg) increased resistance to 
extinction but did not modify aggression. When access was prevented, diazepam (2 mg/ kg) 
increased the number of aggressive episodes observed between the animals 
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(Figure 49.1). These results demonstrate that diazepam does not act on 
frustration or aggressiveness per se, but exerts more complex effects which 
are critically dependent on the ongoing behaviour and its rate of occurrence. 
This is true for other psychotropic agents as well and leads to the idea that 
interpretations of the effects of drugs on behaviour in terms of motivational 
changes (e.g. changes in fear or anxiety level) have little explanatory value. 

As a matter of fact, behavioural pharmacologists have demonstrated for 
many years that the important concept is not the nature of the event that 
follows the behaviour (e.g. a food reward or the avoidance of an electric 
shock) but rather the way the event is occurring in relation to behaviour. In 
other words, to know how the behaviour is produced, i.e. its ongoing rate 
and pattern, is more important for the prediction of drug responses than to 
know why it is produced. 

ANAL VSIS OF BEHAVIOURAL MECHANISMS OF DRUG ACTION 

To arrive at an understanding of the behavioural effects of drugs experi
mental psychologists describe the behaviour under study in clearly defined 
elementary steps by which possible alterations under the effect of a drug may 
be measured. 
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Figure 49.2 Effects of azaperone on the sequence of agonistic interactions occurring when two 
piglets from different social origins are mixed together. The thickness of the lines and the 
number besides them indicate the frequency with which one activity is followed by the one to 
which the line leads. The abbreviations are as follows: S, smelling; T lA, threat by one animal, 
avoidance by the other; A, avoidance; P, pushing; B, biting; MB, mutual biting; F, fighting 
(shoulder to shoulder posture); BIE, biting by one animal, escaping or presenting its back by 
the other; HD, head down, snout to snout (the same attitude in the two opponents); L, lying 
down. Saline or azaperone (2 mg/kg) was injected 10 min before the beginning of the test which 
lasted 30 min 
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For example, azaperone, a butyrophenone derivative which is effective in 
the prevention and cure of aggressiveness in pigs24 gives a strong sedation 
within 10-15 min, which lasts for about 2 h. Azaperone-treated pigs lie 
down during this period instead of fighting like their untreated congeners. 
However, it can be questioned whether azaperone inhibits fighting by specific 
antiaggressive effects or if it prevents behavioural expression, because of the 
sedation. It was stressed that aggression was not simply delayed but that it 
was inhibited more or less permanently between the members of the newly 
constituted groups24. This has been the subject of some dispute since 
Blackshaw showed that the agonistic interactions were delayed but did not 
disappear in azaperone-treated animals3 • In addition, a sequential analysis 
of the behavioural patterns observed in pairs of unacquainted pigs mixed 
together after an injection of azaperone, revealed that the sequence leading 
to fighting did not disappear but was blocked at an early stage. Treated 
animals still showed mutual smelling, threats and avoidances and minor 
agonistic interactions (mainly mutual pushing), but due to sedation they were 
unable to engage in more elaborate fighting (Figure 49.2). 

Similar studies attempting to determine the behavioural processes affected 
by drugs have been carried out on the effects of neuroleptics on emotional 
behaviour of sheepl?, 20, on the effect of lithium on aggressive behaviour in 
pigs lO,2l and on the effect of benzodiazepines on emotional behaviour in 
pigs.8 
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FOOD COMPETITION SOCIAL ENCOUNTER 

Figure 49.3 Effects of lithium on aggressive behaviour of pigs. Left: mean number of attacks 
observed in groups of four pigs during a 10 min food competition test run after 10 days of 
chronic lithium treatment (mean level of plasma lithium: 0.53-0.74 mEq/I). Right: mean score 
of aggression observed between four pigs from two different pens when brought together in a 
neutral pen. The test was initiated after 11 days of chronic lithium treatment. Aggression was 
scored on a 3-point scale, according to intensity (ref. 10) 
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An interesting issue, raised by the study of the effects of lithium salts on 
aggressive behaviour, concerns the unitary vs. multiple nature of aggression. 
Aggression is often seen as a single class, in spite of its different origins and 
different ways of expression. It was found that non-toxic doses of lithium 
carbonate decreased aggression occurring among pigs of the same social 
groups when access to food was restricted, but did not prevent aggression and 
fighting observed after mixing pigs from different social groups (Figure 
49.3). This suggests that aggression elicited by food competition belongs to 
a functional class different from aggression occurring when unacquainted 
animals are brought together. Later, we will see other examples of drug
induced dissociations in aggressive behaviour with progestins. 

Altogether, these studies have a more pronounced bearing on theoretical 
issues concerning the mechanisms of action of psychotropic drugs in psycho
pharmacology than on therapeutic applications in veterinary medicine. 
However, their contribution to the expansion of knowledge in the field of 
animal behaviour should not be underestimated. For example, sensitive 
methods have been developed both in pigs and in sheep for quantitatively 
assessing emotionality traits using either techniques of observation or 
operant conditioning methods. 

ANALYSIS OF NEUROCHEMICAL MECHANISMS 
UNDERLYING BEHAVIOUR 

In the last two decades, progress in the understanding of neurochemistry led 
to the concept that psychotropic drugs alter neuronal function by acting at 
one or a few critical steps in the synaptic transmission. It then became 
fashionable to use drugs to interfere specifically with a given neurochemical 
system in order to determine its role by the behavioural alterations such inter
vention produced. A great deal of interest has focussed on the study of neuro
chemical mechanisms of feeding, in the hope of finding ways to increase food 
intake and/or feed efficiency in farm animals. 

For example, Simpson et al. investigated the role of catecholamines in the 
chemical control of feeding, by injecting norepinephrine in the lateral 
ventricles of the brain23 • In sheep, this injection induced an increased intake 
of feed (290-390070 of control values) which was blocked by, phenoxy
benzamine. This a-antagonist alone decreased intake. In contrast, the {3-
adrenergic antagonist, propranolol, did not modify the effects of norepine
phrine. In steer, injection of norepinephrine caused hypophagia, reducing 
intakes by 50-600/0; phenoxybenzamine blocked the norepinephrine
induced hypophagia in steer and, when injected alone, it increased feed 
intakes to 180070 of the control values. These experiments demonstrate, there
fore, that the neurochemical coding for feeding is different between sheep 
and steer. The possibility of eliciting and suppressing feeding behaviour with 
substances interfering with the neurochemical transmission led the Pennsyl
vania research group to engage in an intensive search for chemicals capable 
of increasing the motivation level for feeding. From this work came a new 
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compound, elfazepam, a benzodiazepine derivative, which may hold great 
promise as a chemical feed intake stimulant2. 

MISCELLANEOUS 

Effects of hormones on behaviour 

Hormones exert behavioural effects of which the most well known are those 
of androgens and oestrogens in sexual behaviour and the relationship 
between androgens and intermale aggression. 

Attempts to modify sexually-related behavioural problems in veterinary 
medicine have mainly focussed on the use of antiandrogens. Progestins have 
been reported to suppress urine marking, mounting and roaming in dogs and 
urine spraying and roaming in cats 13 • The same drugs were found to be 
effective in markedly reducing or eliminating fighting of male dogs with 
other males but were not able to significantly alter aggression directed 
towards the owner15 • 

Hormones other than sexual steroids are also able to affect behaviour. For 
example, it has been shown that treatments interfering with the pituitary
adrenal axis (i.e. ACTH or dexamethasone injections) alter reactions of pigs 
to a fear signaF2 (Figure 49.4). In addition, during the last decade, it has 
become more and more apparent that hormonal peptides are involved in the 
control of nervous activity as well as the more classical hormonal roles. This 
is true for peptides released at the periphery (e.g. ACTH, MSH, vasopressin) 
and peptides found in the gut (e.g. cholecystokinin) but also for more 
recently identified peptides with no known hormonal effect. Endorphins, 
which are endogenous opiate-like peptides able to specifically bind to opiate 
receptors, belong to this last class. Besides their role in analgesia, they are 
certainly involved in emotional behaviour9 • An injection of naloxone 
decreased the distress reactions observed in piglets separated from their social 
group and introduced alone into a new environment, but agonists of the 
opiate receptors had the opposite effect (Figure 49.5). This field of the 
behavioural effects of peptides is of growing interest since neuropeptides are 
believed to modulate chemical transmission or to act as transmitters in the 
brain and, therefore, offer promise for controlling behaviour. 

Drug-induced conditioned taste aversion 

Drugs can be used for their direct effects on behaviour, but also for their 
indirect effects, based on their aversive or appetitive consequences. Be
haviour which leads to unfavourable consequences, in this case drug-induced 
toxic effects, tends to be suppressed while behaviour which is followed by 
pleasant consequences (e.g. euphoria) tends to be repeated. An example of 
the first case can be demonstrated by attempts to control coyote predation 
by aversive conditioning as an alternative to killing the predators. Such an 
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.'igure 49.4 Pituitary-adrenal influences on the reaction to fear signals in pigs. Pigs trained 
to avoid electric shocks by jumping from one compartment to the other in a shuttle-box (upper 
diagram) were confronted with a fear signal, i.e. a tone which had previously been paired with 
inescapable electric shocks. The presentation of the fear signal induced an increase of the 
response rate from 0.25 response per 5 sec to about 0.9 response per 5 sec. The previous injection 
of 0.2 mg/kg dexamethasone or 6.25 IU/ kg ACTH 1-24 significantly increased the reaction to 
the fear signal 

approach makes use of the gustatory avoidance paradigm: when an animal 
eats a poisoned meal and survives, it will develop an aversion for the flavour 
of that meal 12. When ingestion of lamb meat by coyotes is accompanied by ill
ness produced with toxic doses of chloride lithium, a conditioned aversion to 
that specific food will develop and attack upon lambs will also be suppressed, 
while attack and eating of other preys will be unaffected 14. Although the 
practical effectiveness of this method has been questioned7, it represents an 
interesting approach to the problem of controlling undesirable behavioural 
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Figure 49.5 Effects of naloxone and morphine on behavioural reactions to social separation 
in piglets. Piglets were acutely separated from their social group and put alone in a new 
environment, whilst their behavioural reactions were monitored for 15 min. Under these 
conditions, control animals showed distress reactions, as evidenced by escape attempts and high 
levels of locomotion and vocalization. Naloxone decreased these reactions as well as the 
reactivity score (on a 4-point subjective scale) while morphine increased them 

traits and it could certainly be extended to other applications (e.g. acute 
episodes of tail biting in pigs). 

Neurotoxicology and behavioural toxicology 

Neurotoxicity is an undesirable side-effect observed with various classes of 
drugs such as antimicrobial agents (e.g. sulphones, furazolidone) and 
anthelmintics. It may include not only various neurological disturbances 
which occur mostly after prolonged administration of drugs but also strong 
depression or excitation of the central nervous system after a single dose of 
a drug. 

Information on the potential adverse reactions to new drugs is usually 
obtained in preclinical studies, when the drugs are given to healthy animals, 
at excessive dosages. However, many untoward side-effects show only in 
practice, which poses the problem of observing them and their attribution. 
Such a situation may be due to the fact that toxic reactions of the nervous 
system occur only with repeated drug administration or as the result of 
adverse drug interactions. But it can also come partly from the lack of 
suitable observation methods to quantify behaviour. 

Much effort has been invested in this field by combining the resources of 
toxicology and experimental psychology in order to assess the subtle effects 
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of chronic exposure to low levels of environmental toxicants. Although such 
studies are usually carried out using laboratory animals, they can be applied 
as well to farm animals or companion animals. For example, lambs, 
prenatally exposed to lead and then submitted to discrimination tests, 
exhibited a reduced learning ability at lead blood levels below the accepted 
levels6. 25 • 

This approach has led to the development of a new discipline known as 
behavioural toxicology which is of great value for predicting toxic effects of 
drugs and environmental toxicants. 

CONCLUSIONS 

From the preceding list of research subjects (which are examples of those 
generating the most concern in veterinary pharmacology and toxicology at 
present), it would appear that behaviourally active drugs (among which 
hormonal treatments should not be forgotten) are used more frequently by 
fundamental pharmacologists than by clinicians. In fact, chapters dealing 
with psychotropic drugs in standard veterinary pharmacology textbooks 
usually only contain rather vague descriptions of the clinical manifestations 
of psychotropic drugs, besides preanaesthetic purposes and sedation4 • This 
is unfortunate in view of the impressive list of psychopathological disorders 
observed in companion animals, farm animals and zoo animals19. It means 
that the prospects for behavioural analysis of drug action are still extensive 
in veterinary pharmacology, perhaps indicating the inclusion of more 
adequate training in basic behavioural science and psychopharmacology in 
a veterinarians' curriculum. 

To give just one example, behavioural therapies involving direct manipu
lations of organism-environment interactions have been used for curing 
behavioural abnormalities in animals, especially companion animals. There 
are well-documented reports on the treatment of excessive fears of specific 
stimuli ('phobic reactions') in dogs or cats by counterconditioning or 
desensitization procedures16, despite the fact that such treatments are usually 
laborious and give limited results. However, the advantages of psychoactive 
drugs as an adjunct to behaviour therapy or as a treatment on its own to 
control abnormal behaviour remains largely unexplored. There is, therefore, 
a need for systematic, well-controlled clinical trials in this field. 

Up to now, one of the main sources of progress has come, not from 
veterinarians, but from psychopathologists attempting to model human 
psychopathologies. The use of psycho stimulants (mainly methylphenidate) 
to control hyperkinesis in dogs or the treatment of distress reactions 
following social separation with tricyclic antidepressants (e.g. imipramine) 
are examples of by-products from research work on animal models in 
psychiatry. However, their contribution cannot be expected to continue in 
the future, due to the fact that, for practical reasons, most of the work in 
this field is done on laboratory animals rather than on companion or farm 
animals. 
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50 
Experimental models for 
respiratory diseases of ruminants 
and of swine 
J. Espinasse. J. P. Raynaud. l. Renault and F. Osdoit 

The respiratory diseases dominate the pathology of the ruminants and swine. 
A study recently carried out by Church and Radostits25 in Canadian feedlots 
shows that out of about 250000 heads, respiratory diseases were responsible 
for about 60070 of the disease conditions, i.e. a cost of about 40 FF per animal. 
In France, respiratory diseases also produce two thirds of the disease con
ditions and in some groups and at some seasons affect virtually the whole 
herd. Enzootic infectious bronchopneumonias sometimes seriously damage 
fattening units for lambs fed on milk replacers, including the exportation 
from flocks contaminated with the visna-maedi virus. In addition, respira
tory disease is one of the major causes of economic loss in swine breeding: 
mortality at all stages of breeding, delayed growth and an increase of the food 
efficiency index in fattening pigs. 

Knowledge is essentially based on epidemiological research but is also 
advanced by the use of experimental models. Furthermore, use of such 
models makes it possible to develop and evaluate many of the methods of 
control of respiratory disease. This report deals with various experimental 
models for respiratory diseases of ruminants (and of swine) on the basis of 
the part of the respiratory system involved, of the major aetiological factors 
and of clinical development. Practical use of these experimental models in 
the understanding and therapy of respiratory diseases will be discussed. 

EXPERIMENTAL MODELS FOR DISEASES OF THE 
UPPER RESPIRATORY TRACT 

Infectious bovine rhinotracheitis (IBR) and atrophic rhinitis of swine (AR) 
can be produced using the corresponding aetiological agents: bovine Herpes 
virus 1 in cattle, rabbit and ferret, Bordetella bronchiseptica in pig and 
rabbit. 
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Infectious bovine rhinotracheitis 

Whatever species is used, the test strain of IBR virus is usually cultured on 
cells: embryonic calf kidney cells or fetal calf cells. Brown and Cabass020 

used embryo calf cells cultivated in an Earle medium enriched with 20070 
normal calf serum and lactalbumin hydrolysate. The doses of the virus 
inoculated via the nasal route by means of a syringe or as an aerosol produced 
by various types of devices7 • 102 vary between lQ4 and 108 T.C.I.D. 50/mI. 

The young cattle used for the experimental reproduction of IBR are calves 
between 2 and 9 months old of any breed and they are raised in the conven
tional manner. They have routinely been fed with colostrum but do not have 
any IBR virus neutralizing antibodies. After a short incubation phase 
(2-5 days) the disease becomes apparent, sometimes by a brief attack of 
diarrhoea and always by a considerable rise in temperature. The symptoms 
and the usual lesions of the natural disease then follow: lacrymation, 
mucopurulent discharge, ptyalism and sometimes involvement of the inner 
lungs. 

In the rabbit69 • 70 and depending on the route of inoculation, the problems 
may go well beyond the respiratory system. 

In the ferret 106 infected by means of a virulent aerosol, the clinical and 
pathological picture is that of exudative rhinotracheitis. 

Atrophic rhinitis of swine 

Bordetella bronchiseptica is often associated with respiratory disease of 
swine and particularly with AR in which it is thought to playa determining 
role, even though genetic or feed practice may playa role and increase the 
atrophy of the nasal turbinates. 

AR may be produced either using material scraped or washed from the 
nasal cavities of diseased animals48 or, with greater accuracy of results, using 
a pure culture of some strains of Bordetella bronchiseptica. The phase 1 
strains (encapsulated), which can be recognized because of the smooth round 
shape of their colonies and which are obtained by culture on Bordet Gengou 
medium, appear to be the most pathogenic64 • The bacteria (106-108) are 
simply instilled into the nasal cavities or inhaled in aerosol form. 

In piglets without colostrum and only a few days old, raised under strictly 
isolated conditions, born from specific pathogen free (SPF) herds or else SPF 
themselves and initially free from any respiratory problems and not carrying 
Bordetella bronchiseptica in their nasal cavities, all the signs of AR are 
produced: cough, nasal discharge, slower growth, distortion of the snout. 
Two weeks after infection, the atrophy of the ventral nasal concha is seen; 
4 weeks later the entire lower and upper nasal turbinate is atrophied or has 
disappeared. The epithelium of the pituitary mucosa presents the lesions of 
acute catarrhal rhinitis with epithelium metaplasia. The skeleton shows a 
diminution and then an atrophy of the bone with a tendency for it to be 
replaced by cartilaginous tissue which later on tends to disappear. 

Other piglets (3-7 weeks old) can be used for the experimental repro
duction of AR but the clinical results are less good. Using apparently healthy 
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newborn rabbits without antibodies against Bordetella bronchiseptica and 
raised with their mother until the age of 3 weeks, inoculated via the nasal 
route with the same dose of inoculum, the lesions are especially marked in 
the lungs74 ,75. 

EXPERIMENTAL MODELS FOR DISEASES OF THE LUNG 

Viral pneumonia 

Pneumoenteritis of lambs due to adenovirus 

The pneumoenteritis of lambs due to adenovirus is obtained as follows: 
colostrum-deprived lambs aged between 1 and 3 weeks or colostrum-free 
calves a few days old are inoculated with the Belak and Palfi type 4 adeno
virus strain8 or the MacFerran et al. type 1 strain71 cultivated on secondary 
explant lamb kidney cells. Simultaneous injection via the nasal and intra
tracheal routes (1.5 ml and 1 ml respectively of a suspension titrating at 103 

T.C.I.D. 50/ml) quickly produces gastrointestinal and pulmonary symp
toms. The intestinal lesions are the same as those of catarrhal enteritis and 
the respiratory lesions are those of bronchiolitis with exsudative alveolitis. 

Visna-maedi of the small ruminants 

Visna-maedi is a slowly developing pneumonia of the small ruminants which 
is produced by a retrovirus related to the visna virus, another slowly develop
ing viral disease which affects the central nervous system. 

The maedi virus can be obtained from small ruminants (sheep or goat) aged 
between 6 and 12 months, raised in isolation after virulent inoculation and 
which have been obtained from flocks free from this type of pneumonia for 
the past 10-15 years at least. However, all the animals inoculated do not 
show the disease and do not always present lesions when sacrificed. It is, 
therefore, necessary to use groups of about ten animals in order to ensure 
some experimental cases. 

The virulent material is provided either by a 5 or 10070 suspension of 
infected lungs99 or by a culture of the virus on sheep plexus choroid cells lOO 

and containing 106-108 T.C.I.D. 50lmI. The inoculation is usually carried 
out via various routes: intranasal, intratracheal and intrapulmonary. 

Symptoms due to this form of pneumonia are rarely detected without 
an incubation period of several months, according to De Boer27 26-30 
months. However, macroscopic and microscopic lesions are often found in 
animals sacrificed at various intervals during the experimental period and 
examined for such lesions. These lesions are the same as those found in cases 
of the spontaneous disease. 

Pulmonary adenomatosis of small ruminants 

Pulmonary adenomatosis of small ruminants is a carcinoma of the bronchio
alveolar cells (the Clara cells and the type 2 pneumocytes) and seems to be 
produced by the combination of two viruses: a herpes virus (playing an 
auxiliary role) and a retrovirus different from that of visna-maedi. 
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The slow development of pulmonary adenomatosis produces the same 
problems for experimental reproduction of the disease as those described 
above. 

The animals used are lambs from adenomatosis-free flocks usually aged 
between 3 and 12 months but sometimes much younger (about 12 days). The 
inoculum is made up of virulent material which differs widely from experi
menter to experimenter: 

(1) The filtered supernatant of homogenized pulmonary lesions117. 

(2) A culture of tumoural cells removed from an affected lung taken from 
a recently sacrificed diseased animal114 • 

(3) Herpes virus and type C particles bearing a reverse transcriptase77 • 

The inoculation may be performed via very varied routes: aerosol, intra
tracheal, intrabronchial, intrapulmonary and intravenous routes with the 
addition of gelose to provoke embolisms. 

The onset of symptons (discharge, cough, dyspnoea) is always delayed, 
almost 4 months after infection 116, but macroscopic and microscopic lesions 
can be used to confirm the disease. 

Pleuropneumonia due to mycoplasma or haemophilus 

Contagious bovine pleuropneumonia 

Contagious bovine pleuropneumonia occurs in zebu cattle or the offspring 
of a cross of such animals with European breeds of cattle and aged between 
1 and 3 years, clinically healthy and free from antibodies against Myco
plasma mycoides, after the inoculation of virulent products via the nasal, or 
more often the endobronchic route. These virulent products are usually an 
homogenate of lungs from experimentally infected animals19 or a culture of 
the Oladysdale strain of the Mycoplasma mycoides variety mycoides97 • 

Symptoms develop within 2-10 days and are the same as those of the 
natural disease. 

Contagious caprine pleuropneumonia 

The experimental model for contagious caprine pleuropneumonia is pro
duced in the female goat aged between 6 months and 3 years, or in the White 
Swiss mouse weighing between 20 and 25 g and is based on the pathogenicity 
of the capri strain of Mycoplasma mycoides, cultivated on media which vary 
from author to author and inoculated alone or associated with the virus of 
small ruminant pest19 by aerosoP, by the intratracheal, the endobronchial83 , 

subcutaneous36 or intraperitoneal lOS routes. Here too, the clinical picture 
observed after an incubation period of 2-6 days is very similar to that of 
the spontaneous disease. 
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Porcine haemophilus pleuropneumonia 

Porcine Haemophilus pleuropneumonia due to Haemophilus pleuro
pneumoniae or H. parahaemolyticus presents various types of development 
which can be reproduced experimentally by a suitable modification of the 
doses of a pathogenic strain inoculated into sensitive animals. The piglets 
used for these trials are usually aged between 9 and 10 weeks, free from 
respiratory disease and raised either in a conventional environment or SPF 
and then infected via the nasal route98 with doses of H. parahaemolyticus 
of between 102 and 1010• Under these conditions the disease may develop the 
three clinical aspects found in practice: hyperacute, acute, subacute-chronic. 

Respiratory disease complex 

Acute bronchopneumonia 

Cattle Acute enzootic infectious bronchopneumonia (EIBP) of young 
cattle usually involves a complex flora of micro-organisms in which other 
elements (stress) combine with the pathological effect of various viruses, 
bacteria, mycoplasma and parasites33 • 

Experimental production of EIBP uses calves aged between 2 and 10 
months, usually of a dairy breed which mayor may not have received 
colostrum and have been raised in a conventional environment but which are 
free from serum antibodies against the inoculated micro-organisms. 

These organisms include the viruses Parainfluenza III (PI3) or IBR and the 
bacteria Pasteurella haemolytica or Pasteurella multocida. The experimental 
models often associate a virus and a bacteria. 

Contamination with PI3 virus (106-5 x 108 T.C.I.D. 50/ml) is produced 
using an aerosol by a combination of nasal and intratracheal inoculationsss . 
The IBR virus is administered by all the authors in the form of an aerosol 
using Henderson's apparatus. The Pasteurellas which are inoculated only a 
few hours after the PI3 virus or 3-5 days after the IBR virus (1()4-1010 

bacteria) are carried by an aerosol, injected into the trachea or simul
taneously introduced into the nasal cavities and into the trachea6• 78. 

Sheep The EIBP of young sheep has many similarities with bovine EIBP 
and so the experimental protocols for their production are fairly similar. 

The experimental animals are lambs of various breeds, aged between 4 and 
6 weeks, bred in a conventional or a SPF environment, but in all cases free 
from circulating antibodies of PI3 virus and not carriers of Pasteurella 
haemolytica in their nasal cavities. 

Many authors use the G2 strain of the PI3 virus isolated by Hores7 and 
cultivated on fetal lamb kidney cells and at various stages of passage. This 
strain (106-108 T.C.I.D. 50/ml) is usually inoculated both by the nasal 
route and by the intratracheal or intrabronchial route by means of a tracheo
bronchial catheter and using Smith's technique104• 
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MODELS FOR RESPIRATORY DISEASES 

The bacteria associated with the PI3 virus is biotype A Pasteurella 
haemolytica. The inoculation takes place 3-9 days after that of the virus by 
various routes: 

(1) Aerosols118 (106_107.7 bacteria), 
(2) Intratracheal12 5 ml of a suspension containing 5.3-9.7 x 108 bac

teria/ml), 
(3) Intranasal 0.5 ml in each nostril and intratracheal,S ml of a suspension 

containing 1-2.5 x lOs bacteria/mI26. 

As in cattle, the clinical signs and the lesions are similar to those of the 
naturally occurring disease, sometimes with diarrhoea in the terminal stage. 

Swine The first EIBP model in swine was developed in France by Raynaud 
et al. 89. The initial lesions of the pulmonary parenchyma are produced after 
oral administration of Ascaris suum eggs, and then the infection with 
Pasteurella multocida is done (Table 50.1). 

Young piglets (7-8 weeks), free from haemagglutinating antibodies 
against Pasteurella multocida, receive lOs embryonated Ascaris suum eggs 
by the oral route. Eight days later they are inoculated by means of an aerosol 
via the intratracheal route with an highly pathogenic strain of Pasteurella 
multocida. 

Under these conditions the authors obtained a typical respiratory disease. 
However, this was complicated by articular signs (lameness, paralysis, 
arthritis) and hepatic lesions (jaundice). One of the authors has since sug
gested another model for Pasteurellosis derived from that of Bentley and 
Farrington9 and using a strain of Pasteurella multocida type A isolated in 

Table 50.2 (a) Clinical development of the subacute form. (b) Pathological, bacteriological 
and zootechnical assessment after the 10 day observation period 

(a) Time after inoculation (hi days) 
+24h +4Sh +72h +96h +5days + 10 days 

070 dyspnoeic animals 
Controls 40 60 
Treated: 

oxytetracycline (20mg/kg i.m.) 60 60 

% animals with T~41 DC 
Controls 40 20 
Treated: 

oxytetracycline (20mg/kg i.m.) 0 0 

(b) 

Extent of lesions (maximum index16: 45) mean values 

Pasteurella multocida A per gram 
in the lesions 
in normal lung 

Mean weight change during the observation period 
(10 days) 
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France, and inoculated via the intratracheal route. Depending on the number 
of organisms injected (1011 or 109) in piglets aged 8-10 weeks, weighing on 
average 20 kg and obtained from a healthy herd, the symptoms recorded were 
acute or subacute. This model has been used particularly in order to check 
the clinical activity of an oxytetracycline product for injection (20 mglkg via 
intramuscular route) administered at the time of inoculation (Table 50.2 (a) 
and (b». 

Chronic bronchopneumonia 

In both series (sheep and swine) these conditions produce mild respiratory 
symptoms but, however, have considerable effects on growth. They are 
essentially interstitial pneumonias with peribronchic, peribronchiolar and 
perivascular lymphoid proliferation, and alveolar atelectasia following 
cellular infiltration, expecially by histiocytes, into the alveolar septa with a 
proliferation of the bronchial epithelium. 

Sheep In sheep, the chronic bronchopneumonia models use a mycoplasma 
or a chlamydia. Ovine mycoplasmosis can be produced in lambs of 5-7 
months old raised in a conventional environment and with no Pasteurella or 
Mycoplasma infection of the nasal cavities. The inoculum is either a sus
pension prepared from the lungs of diseased animals containing, for 
example4, Mycoplasma ovipneumoniae (1.2 x 1()4 Iml), Pasteurella haemo
Iytica (1()4 Iml), Neisseria (10" Iml), an haemolytic Streptococcus (1()4 Iml), 
Escherichia coli (103/ml) or else a mixed culture of Mycoplasma ovipneu
moniae and of Pasteurella haemolytica isolated from lungs collected from 
the slaughterhouse62. These virulent materials are used in an aerosol 
(10-15 ml) as a spray administered in each nostril or else via the endo
bronchial route into both lungs via the main bronchial tube (1 ml) using the 
technique of Foggie et al. 41 • 

Ovine chlamydiosis is reproduced in the SPF mouse38 or in normally raised 
lambs which mayor may not have received colostrum and which may be 
between a few days and a few weeks old. The strain of Chlamydia psittaci 
is cultivated on eggs and inoculated by the intratracheal route by an aerosoI24. 

Swine The experimental production of respiratory mycoplasmosis of 
swine requires piglets between 1 and 15 weeks old reared, in a conventional 
environment but obtained from disease-free herds or removed from the 
uterus of SPF sows and raised in gnotoxenic conditions. 

After the initial studies of Gulrajani and Beveridge47 the animals were first 
inoculated with homogenates of lungs from diseased pigs. Since then, cul
tures of Mycoplasma hyorhinis and especially of Mycoplasma suipneu
moniae have been used more commonly via the intranasal route76 (simple 
depots of the culture) or aerosol88, intratracheal66 or intrapulmonary84 
routes. It should be noted that the lesions may be aggravated by the simul
taneous effect of Ascaris suum larvae1l3 or of Metastrongylus sp. larvae72. 
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Parasitic bronchopneumonia 

Small laboratory animals (guinea-pig, rabbit and mouse) are suitable for the 
development of respiratory parasites of ruminants but the target species is 
preferable for the usual experimental models. 

Cattle 

The symptoms of dictyocaulosis due to Dictyocaulus viviparus can easily be 
produced within about 3 weeks in calves 2-3 months old following the oral 
administration via a stomach tube or more simply using a drenching syringe, 
of 3000-4000 infecting L3 larvae prepared by the Jarret and Urquhart 
technique61 . 

Sheep and goats 

This is true also for dictyocaulosis of small ruminants due to Dictyocaulus 
filaria in lambs or in kids of about 2 months old, infected under similar 
conditions43 . 

In the case of bronchoalveolitis due to Muellerius capillaris, lambs aged 
about 4 months are also infected via the oral route with about 60-70 infest
ing larvae taken from the foot of the molluscs which serve as the intermediate 
hosts. The lambs are infected 5 days per week for several weeks90• 

Swine 

Lungworm infection of the pig due to Metastrongylus elongatus and 
pudendotectus also requires an intermediate host, the earthworm Eisenia 
foetida. Piglets aged 6-8 weeks in good health, born either by caesarian or 
normally and having received colostrum or not, must ingest 2500-5000 
larvae before the first respiratory problems appear with 13-14days39. 

Allergic pneumonia 

Type I hypersensitivity 

Infecting larvae of Ascaris suum produce complex respiratory problems in 
the ruminants which have ingested them and these problems probably asso
ciate with both traumatic lesions and type I hypersensitivity phenomenal3 • 

An experimental model of atypical interstitial pneumonia of this type was 
suggested by Fitzgerald in lambs40 and by Greenway and MacCraw in the calf 
aged less than 8 days46. 

The latter used eggs produced from Ascaris females obtained from the 
small intestine of adult pigs which then underwent an incubation at 30°C for 
at least 3 weeks. The infecting capacity was checked by means of oral 
administration to rabbits fasted for 24 h (3000-5000 eggs). In our trials 
piglets were used as well as rabbits. 
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The infecting doses administered per os, sometimes by means of a stomach 
tube were variable: 8 x 105-3 X 106 eggs in the lamb, lQ4-107 in the calf, 
depending on whether this was a first dose or subsequent doses given at 
3 week intervals. 

Symptoms set in 2-3 days after inoculation. First hyperthermia and loss 
of appetite, then coughing, a rise in heart and respiratory rates, fairly severe 
dyspnoea accompanied by an expiratory grunt are detected. Auscultation 
detects bronchial rale and an increase in the tonality of normal sounds. These 
sounds result from serohaemorrhagic alveolitis complicated with a few weeks 

Figure 50.1 (a) Functional symptoms and biochemical lesions in calf 686, produced by Ascaris 
suum larvae (3 x 106 eggs per os at DI), (b) Functional symptoms and biochemical lesions 
produced in calf 687 by Ascaris suum larvae (3 x 106 eggs per os at DI) 
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to become interstitial pneumonia. After the administration of a second dose, 
the clinical symptoms become more severe. They may be complicated by 
urticaria. 

During our experiments (Figure 50.1 (a) and (b» the death of five out of 
six animals was produced by a single dose of 3 x 106 eggs in less than a 
fortnight, unlike Eyre'et al. 37 who used the same amount of larvae both for 
sensitization and for the challenge dose. 

Type 11/ hypersensitivity 

In the 'farmer's lung' syndrome particular to cattle from mountain areas 
eating mouldy hay during the period of winter stabulation, type I hyper
sensitivity phenomena seem to be associated with type III phenomena, which 
in fact seem to be predominant. 

In cattle, 'farmer's lung' disease can be produced in healthy calves of 
various breeds and between 4 and 10 weeks old 119. In most of the protocols, 
the animals were first sensitized by a subcutaneous injection of 30 mg of 
soluble Micropolysporajaeni antigen in Freund's complete adjuvant and by 
the intravenous injection of the same amount of this antigen. The clinical 
onset is usually produced by a 15 min exposure, 5-6 weeks later, to an 
aerosol of Micropolyspora jaeni in a 10,10 aqueous solution prepared with 
sonic radiated, lyophylized antigen. Administration of the aerosol directly 
to non-sensitized calves does not produce a clear response even after repeated 
exposures. 

The rabbie1 and the guinea-pig120 can also be used as models for 'farmer's 
lung' using a similar approach. 

In all these species, the main symptoms are seen within 3 h of exposure of 
the sensitized animal to the aerosol: increase of the respiration rate for 
3-10 h often complicated by dyspnoea. The animals remain still and refuse 
to move. Auscultation reveals an increase in the tonality of normal sounds, 
rales and dry emphysema crepitations. 

Toxic pneumonia 

Fog fever 

Fog fever is no longer considered to be the clinical manifestation of a hyper
sensitivity reaction but rather an intoxication by various molecules including 
an L-tryptophan derivative, 3-methyl-indole (3 MI). Symptoms very similar 
to those of the natural disease appear within 24 h of the oral administration 
of 3 MI and 6-9 h after i. v. administration of 3 MI. 

The administration via the oral route of tryptophan in ruminants produces 
symptoms of that of fog fever. Adult cattle of various breeds, usually fed 
with hay and in any case all receiving the same diet for several weeks prior 
to experimentation, can be used. Various authors administer the DL-trypto
phan per os as a suspension in water at doses of between 350 and 700 mg/kg. 
The D-isomer of tryptophan is inactive at 400 mg/kg whereas the L-trypto
phan isomer is active at 350 mg/kg23 
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L-tryptophan ingestion metabolism in rumen to decarboxylation of IAA by 
in pasture ) indoleacetic acid (lAA) ----+) 

Pulmonary lesions, 
congestion, oedema, 

Lactobacillus spp. to produce 
3-methyl-indole 13 MI) 

3 MI in blood 

hyaline membranes, destruction of metabolism by 
interstitial emphysema type I pneumonocytes mixed-function 
alveolar epithelial +(-----and non-ciliated ( oxidase 
hyperplasia, bronchiolar pneumotoxicity system 
bronchiolar epithelial secretary IClara) 
cell hyperplasma cells 

Urinary metabolites, 
largely oxindoles 

Figure 50.2 Pathogenesis of the pulmonary lesions in cattle caused by ingestion of L

tryptophan 

In cattle, 3-methyl-indole (Figure 50.2), given orally or by the intraruminal 
route, produces fog fever symptoms at a dose varying between 100 and 
300 mg/kg according to the authors. The symptoms are produced in sheep 
with a dose of 200-600 mg/kg15 and in goat22 • Our trials in cattle are in 
agreement with the literature data34 . 

Slow intravenous perfusion (for about 12 h) with a solution containing 
110 mg/ml 3 MI in propylene glycol at a dose of 60-70 mg/kg body weight 
produces the symptoms and lesions of fog fever. Similar results are obtained 
in rabbits with a 1.5-2 h perfusion of 20-40 mg/kg body weight14 . 

Since cattle which had eaten mouldy sweet potatoes contaminated by 
Fusarium solani had shown similar symptoms and lesions to those of fog 
fever, this same material was used by Peckham et al. 87 to reproduce the 
spontaneous disease. This was also possible using Fusarium solani myco
toxin, 4-ipomeanol, dissolved in propylene glycol within equal parts with 
water and given via the oral route30. 

Hydrocarbon intoxications 

Oils of varying quality and kerosene introduced via a stomach tube into the 
rumen of young calves or directly by means of a fistula at a dose of 8 mg/kg 
body weight per day produce digestive problems (ruminal tympany) and 
respiratory symptoms92. 

Mechanical pneumonia 

Aspiration pneumonia is produced in the calves aged 4-5 months by the 
administration on two consecutive days of 250 ml of milk103. 

Chronic arterial pulmonary hypertension develops in the pig following 
pneumectomy or lobectomy63 and in the calf following ligature of the left 
pulmonary artery115. Chronic arterial and venous pulmonary hypertension 
occur in the calf following partial obstruction of the pulmonary veins 101 . 
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PRACTICAL USE OF EXPERIMENTAL MODELS 

The experimental models of respiratory diseases in ruminants and in swine 
are of value in comparative pathology due to the lack of spontaneous models 
(thrombosis of the posterior vena cava of cattle and the Hughes-Stovin 
syndrome in man as well as heaves of the piglet and hyaline membrane disease 
in children). They are of special interest in agricultural production with 
respect to epidemiology, physiopathology, therapeutics and prophylaxis. 

Contribution of experimental models to the epidemiology 
of respiratory diseases 

Experimental models for respiratory diseases are an index of the population 
at risk: 

(1) Dhar and Sharma29 observed that goats are far more sensitive to Dictyo
caufus filaria infestation than sheep. Wilson l21 shares their opinion. 

(2) Montlux et af.80 studied the sensitivity of various breeds of cattle to 
tryptophan given at an oral dose of 600 mg/kg body weight and con
firmed the greater sensitivity of Herefords. Jerseys are slightly less sensi
tive, Holsteins, Friesians, Angus and Shorthorns are fairly sensitive. 

(3) Logomarsino et af. 67, having investigated a possible influence of the 
phosphocalcium content of the diet on the incidence of atrophic rhinitis 
of swine, noted that a calcium deficiency resulted in osteopenia but not 
in the lesions characteristic of atrophic rhinitis, and that it had no effect 
on the development of the experimental condition. On the other hand, 
in chlamydiosis of sheep, Stevens et af.108 demonstrated the protective 
role played by vitamin E in animals inoculated 15 days previously with 
1000 IU/day per os of a-tocopherol. 

(4) Drummond et af. 31 defined the role of the levels of atmospheric 
ammonia in the housing of piglets on the development of experimental 
atrophic rhinitis. The severity of the rhinitis and the extent of atrophy 
of the turbinate bone were related to the atmospheric level of ammonia 
(50 vs. 100 parts/106). 

Experimental models of respiratory diseases also give information con
cerning the conditions for infection: 

(1) After several trials carried out in parallel, Kobisch et af.64 concluded 
that lesions of the nasal cavities of atrophic rhinitis in swine were more 
easily obtained using phase I Bordetella bronchiseptica. The amount of 
bacteria inoculated also plays a determining part: too high a dose results 
in pneumonia and not in rhinitis. 

(2) Dungworth and Cordy32, and Charton et af.24 found that chlamydia 
isolated from enzootic abortions, from the faeces of healthy animals or 
of pneumonia cases had the same pathogenic effect when inoculated via 
the intratracheal route. 
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(3) According to Brown and Cabass020 the respiratory form of IBR may 
be produced by conjunctival, intranasal or intratracheal inoculation, 
but the highest and most consistent rises in temperature were produced 
by intranasal inoculation. 

(4) Shope et al. 98 studied the pathogenic power of Haemophilus pleuro
pneumoniae in function of the dose and of the route of inoculation and 
found that via the subcutaneous route, not only did the symptoms fail 
to appear but that the piglets resisted to intranasal inoculation with 
3.4 x 107 organisms. 

(5) MacOwan and Minette73 demonstrated the possibility of contagion with 
Contagious Caprine Pleuropneumonia by placing control animals in 
contact with infected animals. The controls developed the hyperthermia 
and then the symptoms of pleuropneumonia 10-30days after the 
inoculation of the infected animals. 

Contribution to the physiopathology of respiratory diseases 

Latency, reactivation and re-excretion of the IBR virus 

The phenomena of latency, reactivation and re-excretion of the IBR virus 
were considered only following the use of the experimental model and of 
immunodepressors. 

After six consecutive days of treatment with dexamethasone (0.1 mg/kg 
body weight via the intravenous route) cattle, which had been inoculated 
2 months previously with a pathogenic strain of IBR virus, re-excreted this 
virus in the nasal discharge. Physical particles appeared well before infec
tious particles, probably because of neutralization of the infectious particles 
at the onset of excretion. This re-excretion could occur 24 h after the first 
injection of dexamethasone; the rapidity of this response seems to suggest 
a mechanism of action of dexamethasone involving direct cellular activation, 
rather than an immunodepressive phenomenon85 • 

In cattle prepared in the same way as above, the injection of a massive dose 
of cyclophosphamide via the intravenous route (35-40 mg/kg body weight) 
produced no such re-excretion, whereas they proved to be still sensitive to 
dexamethasone. The immunodepression produced by the injection of 
cyclophosphamide seemed to be unable to produce reactivation and re
excretion of IBR virus in this species86 • 

In cattle contaminated with the IBR virus by the method of Pastoret et af. 85 

and in the latency phase, the oral administration of 3 MI at doses of 50 and 
75 mg/kg body weight produced minor clinical signs, a local and systemic 
immunological response and re-excretion of the IBR virus. At doses of 100 
and 200 mg/kg body weight, 3 MI produced severe clinical signs which 
resulted in death at 200 mg/kg. Local and systemic immunological responses 
were present but no re-excretion of the IBR virus was detected (Figures 50.3, 
50.4,50.5 (a) and (b». These results suggest that there may be some connec
tion between disturbances of fermentation in the reticulo-rumen zone and the 
respiratory problems extending well beyond the clinical syndrome of fog 
fever35 • 
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Figure 50.4 Effects of 3 MI (SO mg/kg) on the clinical and laboratory parameters (calf no. 309). 
Same symbols as in Figure 50.3 
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Figure 50.5 Changes in the anti-IBR antibody levels in the serum (Elisa method). (a) Calf No. 
4, (b) Calf No. 309 

Effects of stress in respiratory diseases 

The role of stress in determining the severity of EIBP in cattle has been sug
gested by several authors, who reach somewhat different conclusions, all of 
which, however, point to a multifactorial aspect of these disease conditions. 

Saunders and Berman94 applied three types of stress: intramuscular injec
tion of cortisone and of ACTH, transport stress and the i.v. injection of 
mucosal disease virus. They did not detect any difference between the groups 
conditioned in this way and the control groups. However, Hamdy et al. so 
detected an aggravation of the disease in calves undergoing thermal stress 
(40°C during the daytime and 1.1 °C at night), Handy and Pounden49 

reached similar findings in lambs receiving an injection of cortisone acetate. 
Stockdale et al. 109, comparing the effects of thermal stress (daytime tem

perature of 25°C and night-time temperature of 15 0c) with those of trans
port stress, found that the latter was mOre active. 

In pigs, Fontaine et al. 42 investigated the effects of hygiene and of parasitic 
factors on the extent of the lesions in virus pneumonia. They reported that 
a fall in the surrounding temperature, a sudden change in the living con
ditions Or in diet produced an aggravation of the lesions. 

Synergism of pathogenic agents in respiratory diseases 

The EIBP produced by means of the combined effect of a virus and of a 
bacteria led authors to investigate the possible synergism between these two 
factors. Baldwin et al. 6 in cattle and Sharp et al. 96 in sheep investigated the 
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period during which the bacteria were most active following inoculation with 
the virus. In the mouse, Jakab and Dick60 showed that the number of live 
bacteria (Pasteurella pneumotropica) taken up by the lung was highest when 
the virus (Sendai virus) developed peak pathogenic effect. Subsequently, 
J akab59 confirmed this by showing that pneumonia was most easily produced 
by administering the virus 6 days before the Pasteurella. In cattle, Lopez et 
al. 68 reached the same conclusions: the number of live bacteria colonizing the 
lung (83% on average) peaked 7 days after inoculation with PI3 virus. 

The part played by Ascaris suum larvae in the experimental production of 
EIBP in swine has already been pointed out. These larvae may also be a factor 
in the development of chronic bronchopneumonia lesions as indeed may be 
those of Metastrongylus sp. . 

Immunological, humoral and cellular responses 

Diagnostic methods are based on the study of the immunological, humoral 
and cellular reactions during infectious respiratory diseases of ruminants and 
swine. Experimental models facilitate the study of these reactions and the 
development of up to date techniques. 

In acute bovine EIBP the level of antibodies neutralizing against PI3 virus 
peaks 14-21 days after experimental infection6 whereas that of the haem
agglutinating antibodies begins to rise towards day 16 or 1755 • 

In chronic bronchopneumonia of the pig due to Mycoplasma suipneu
moniae the haem agglutination inhibiting antibodies are present within 
2-4 weeks of infection and reach peak levels from the 8th or 9th week56• 

Complement-binding antibodies appear at about the same time and the level 
of these antibodies is a fairly accurate reflection of the progression of these 
lesions 110. 

During trials against swine pleuropneumonia due to Haemophilus pleuro
pneumoniae, Bachman5 compared various serological tests. He concluded 
that complement-fixing was a better index (specificity, sensitivity) than 
agglutination or than precipitation in agar or immunoelectrophoresis. 

With the aim of detecting and eliminating from the market recently 
purchased animals with latent infection of IBR virus in the reactivation/re
excretion phase following the stress caused by transport and modified 
environmental conditions, the authors are at present attempting to develop 
an ELISA method for the assay of specific IgM. This study is based on the 
use of the experimental model of the reactivation/re-excretion of the IBR 
virus by means of dexamethasone in subjects previously contaminated in the 
laboratory. 

The use of sensitive cattle made it possible for Aguilar-Setien et al. 2 to 
detect a delayed cellular hypersensitivity reaction in experimental IBR 
infection using a purified virus injected via the intradermal route to detect 
latent infected animals. The same authors3, using the same experimental 
model for the same purposes, have also presented an inhibition test of the 
migration of plasma leukocytes in the presence of IBR antigen. 
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Contribution to the treatment of respiratory diseases 

Most experimental models of respiratory diseases of ruminants and swine 
facilitate the carrying out of the controlled therapeutic trials essential to 
the development of effective drugs and of protocols to check adequate 
treatments. 

Mohanty et al. 79 attempted to develop a treatment for IBR by means of 
2-desoxY-D-glucose to inhibit the maturation of the virus on the eye surface. 
The drug was administered for 1 week, either at a dose of 20 mg/kg via the 
intravenous route or by twice daily instillation on the eye of 20 mg/ml 
solution from the day of inoculation or for 8 days following the appearance 
of the first symptoms. 2-desoxY-D-glucose is not active by the systemic 
route, but via the local route it has a beneficial effect on the ocular symptoms 
in all cases. 

Breeze et al. 17 have compared a daily 3-day treatment with oxytetracycline 
and a single-dose treatment with a long acting oxytetracycline in calves 
inoculated with Pasteurella multocida via the intratracheal route and pre
pared by thermic stress and the tracheal injection of an 8OJo solution of acetic 
acid. The results suggest that the second protocol is much less difficult to 
apply and equally effective clinically (Table 50.3). 

Table 50.3 Effects of experimental Pasteurella multocida challenge in control (Tl) and treat-
ment groups (T2, T3). Treatment description: Tl, Pasteurella infected, non-medicated; T2, 
Pasteurella infected and given conventional oxytetracycline (50 mg/ml) intramuscularly in three 
daily injections of 3 mg/lb body weight (T2X) or two daily injections of 5 mg/lb body weight 
(T2Y); T3, Pasteurella infected and given long-acting oxytetracycline (200mg/ml) in a single 
intramuscular injection of 9 mg/lb body weight 

Depression Lung Average 
No. index* at day lesion Mortality daily 

Location Treatment cattle Onset 3 Final scoret "70 gain,lb 

Oregon Tl 5 3.2 1.6 1.9 2.2 0 0.88 
T2X 5 4.3 1.0 1.0 0.8 0 1.44 
T3 5 4.4 1.1 1.0 1.2 0 1.66 

Colorado Tl 5 4.0 4.6 2.4 2.0 20 0.20 
T2X 5 4.0 2.2 1.4 1.2 0 0.20 
T3 5 4.6 1.6 0.0 0.8 0 0.31 

Indiana Tl 5 4.8 5.6 5.4 3.8 80 -1.57 
T2Y 5 3.8 1.0 0.6 1.8 0 1.03 
T3 5 4.0 0.6 0.2 1.2 0 2.57 

Washington Tl 4 6.5 4.8 3.5 3.4 50 0.05 
T2Y 5 6.6 0.0 0.0 1.0 0 1.34 
T3 5 7.0 1.6 0.0 0.5 0 1.61 

Summary of Tl 19 4.6a 4.2" 3.3a 2.9a 37a -0.21a 
four experiments T2X&Y 20 4.7' 1.1b 0.8b 1.2b Ob 1.00 

T3 20 5.0- 1.0b 0.3b 0.9b Ob 1.54b 

*Depression based upon index 0 through 7 (0 = normal; 7 = moribund). Where mortality 
occurred, index means were derived using last recorded value 

tLung lesions based upon score at necropsy of 0 through 4 (0 = no lesions; 4 = extensive 
consolidation) 

'. bMeans which do not share a common superscipt are significantly different (p < 0.05) 
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Many anti-infectious agents have been tried in the experimental control of 
chronic bronchopneumonias in swine: 

(1) Penicillin has no effect11 • 111 • 

(2) Streptomycin has little therapeutic effect, but is of prophylactic 
interest 11. 110. 

(3) Chloramphenicol has no effect11 • 

(4) Chlortetracycline prevents lesions at a dose of 400parts/106 in the 
feed76 • 

(5) Tetracycline has the same properties when administered in the feed at 
the onset of clinical signs and allows the growth curve to become 
normal45 • 

(6) Oxytetracycline has the same effects as tetracycline11 • 

(7) Tylosine at a dose of 10 mg/kg body weight via the intramuscular route 
for 4 consecutive days, beginning the day before the infectious contact 
reduces the extent of the lesions44 • 

(8) Tiamuline, 200parts/l06 in the feed for 10 days, has a similar effect95 • 

(9) Lincomycin 200 parts/ 1 06 in the feed for 3 weeks produces similar 
results28 • 

(10) Sulphamonomethoxine and sulphamethazine are inactive11 • 110. 

Table 50.4 Clinical signs and treatment* of goats infected with contagious caprine pleuro-
pneumoniae 

Duration of 
fever after Maximum febrile No. dose 

Group designation Days to first dose of response within of 
and antibiotic onset of antibiotic group antibiotic 
employed fever (days) (days p.j.i.)t given 

Tylan 3-4 1-3 41.1 °C (3) 1-3 
Terramycin 3-4 1-3 42.0 °C (3) 1-3 
Leukomycin 3 4-7 41.3 °C (3) 2-7 
Penicillinl streptomycin 3-4 5 41.8 °C (4) 4-6 
Untreated control 3 20 41.7 °C (3) 0 

*Treatment commenced and continued daily as long as individual temperatures exceeded 
39.4 °C 

tp.f.i.: postnasal first instillation of the organism 

The experimental reproduction of caprine pleuropneumonia has con
firmed the effects of some antibiotics82 (Table 50.4). 

(1) The association of penicillin-streptomycin and chloramphenicol have 
poor efficacity. 

(2) Oxytetracycline at a dose of 15 mg/kg body weight reduces the symptoms 
but does not prevent the development of the lesions. 

(3) Tylosine is active at a dose of 11 mg/kg body weight. 
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Many anthelmintics have also been tested on the experimental models of 
respiratory diseases such as tetramisole91 and levamisole18 ; fenbendazole93 

and albendazole10 • 

With a view to the treatment of atypical interstitial pneumonia Eyre et 
al. 37, using the Greenway MacCraw model46 and introducing Ascaris suum 
larvae, attempted to determine the efficacy in young calves of various anti
histaminic drugs (tripelennamin), anti-5-hydroxytryptamine drugs (methy
sergi de) and anti-inflammatory drugs (aspirin). Only acetyl salicylic acid per 
os 100 and 250mg/kg b.i.d. was particularly effective. 

Contribution to the prophylaxis of respiratory diseases 

Sanitary prophylaxis 

The sanitary prophylaxis of infectious respiratory syndromes depends to a 
large extent on the meastues taken to detect infected, latent and carrier 
animals. The knowledge, by means of experimental models, of the humoral 
and/or cellular reactions to the respiratory disease agents and the develop
ment of techniques making it possible to identify them, also represent 
important contributions to the methods of sanitary prophylaxis. 

Medical prophylaxis 

Experimental models of respiratory diseases of ruminants and of swine are 
also valuable in drawing up protocols for therapy. 

Amongst the non-contagious respiratory diseases, the fog fever model 
using 3 MI has led to attempts of prevention. Hammond et al. 54 obtained 
no protection against the experimental disease with various molecules (acetyl 
salicylic acid, mepyramine maleate, sodium meclofenamate, dimethyl
carbamazine citrate, betamethasone). Better results were obtained with 
chlortetracycline51 and especially with monensin at doses of 100-200 mg/kg 
administered 1 day before and 4 days after the beginning of the triaP2. 53. 

The challenge inoculation of vaccinated and control subjects with the 
protection of the former and the onset of the disease in the latter, is a criterion 
frequently used in the assessment of the usefulness of a vaccine. 

Live vaccines Kucera et al. 65 have investigated the protection conferred 
by a thermo sensitive strain of the IBR strain following intratracheal 
vaccination. 4 weeks after vaccination, the 20 vaccinated calves were pro
tected except for one of them, which showed no seroconversion after the 
vaccination. 

Tewari et al. 112 investigated the vaccine against dictyocaulosis of small 
ruminants prepared with irradiated Dictyocaulus filaria larvae. The vaccin
ated lambs were aged between 4 and 6 months and received an initial dose 
of 1000 irradiated larvae, and then, 28 days later, a second dose of a further 
2000 irradiated larvae. The challenge infestation then involved 5000 larvae. 
A high degree of immunity resulted from this double vaccination. 
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Inactivated vaccines The authors have studied 107 the protection con
ferred by an inactivated vaccine in an oily adjuvant against IBR, using an 
experimental model involving young calves inoculated via the intranasal 
route by means of a nasal brush. The protection obtained as assessed from 
the re-excretion of the virus in the nasal discharge, following the challenge 
inoculation, was better in the animals which had received two injections, at 
a fortnight's interval (group 1), than in the group which had only received 
one (group 2) (Figure 50.6). This challenge dose had the effect of a booster 
on the neutralizing serum antibodies in both groups (Figure 50.7). 

VI r us excre ed 
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2 
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Figure 50.6 Nasal virus excretion post challenge 

Mohanty and Lillie78 administered a vaccine prepared by using the SF4 
strain of the PI3 virus, inactivated by formol, and emulsified in a mineral 
oil with an adjuvant, to vaccinate, via the intramuscular route, calves aged 
3-4 months. After 7 weeks, the animals underwent transport stress and 
then a climatic stress lasting 2 days and were then inoculated via the intra
nasal route with the virulent SF4 strain. The intratracheal inoculation with 
Pasteurella mu/tocida was carried out 48 h later. All of the non-vaccinated 
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Figure 50.7 Changes in the serum levels of neutralizing antibodies after testing and/or 
vaccination 

calves became ill, the vaccinated animals showed no signs of illness and did 
not excrete the virus. However, Pasteurella could be isolated from some of 
them. 

Nielsen81 experimented with two formulations of inactivated vaccine 
against haemophilosis in piglets due to Haemophilus parahaemolyticus 
based on two different adjuvants and 6 and 24 h cultures. 2 weeks after the 
booster vaccination, he carried out a virulent test and showed that the better 
protection was given by the 6 h bacterial culture with Freund's complete 
adjuvant. 

Hudson and Turner58 , comparing the efficacy of two vaccines against 
contagious bovine pleuropneumonia by exposing the vaccinated animals to 
an inoculation with Mycoplasma mycoides variety mycoides, reported that 
the protection afforded by the vaccine prepared on egg was both more rapidly 
effective and more powerful. However, lor 2 months after vaccination, the 
difference between the two vaccines was very slight. 

CONCLUSIONS 

Respiratory diseases are difficult to distinguish in practice, and only some 
of them result from a single aetiological cause. Despite this complexity, 
experimental models can be devised for most of these syndromes and can lead 
to a better understanding of the conditions under which respiratory disease 
appears and develops, hence a more realistic approach to new therapeutic 
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and prophylactic methods. From this point of view, given the multiple diffi
culties of trials in the field, they not only provide a useful tool for the 
pharmacologist and the toxicologist, but also an excellent observation base 
for the clinician. 
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51 
Environmental pollution: the animal 
as source, indicator and transmitter 
M. Debackere 

Environmental sciences are constantly in flux, because new pollutants are 
identified, new effects are discovered, and old ones are better understood. 
A precise definition of environmental pollution is difficult, subjective, 
reflecting the opinion of the contributor. An often cited definition is: 
'Environmental pollution is the unfavourable alteration of our surroundings 
through direct or indirect effects of changes in energy patterns, radiation 
levels, chemical and physical constitution and abundances of organisms. 
These changes may affect humans directly or through their supplies of water 
and of agricultural and other biological products, their physical objects or 
possessions or their opportunities for recreation and appreciation of 
nature'26. However, this definition is incomplete as it is restricted to human 
aspects of pollution. Environmental pollution is not limited to the quality of 
the human environment, but has many harmful consequences and adverse 
effects on animal health and animal production. 

Indeed, it can be suggested that animals occupy an even more complex 
position in environmental pollution. Although pollution results largely from 
human activities, animals can be also sources of pollution, e.g. by their 
wastes. Wastes contribute to agricultural pollution by their content in growth 
promotors, antibiotics, anthelmintics or hormones and infectious agents 
(bacteria, virus). Clinical signs and toxicological analytical data of poisoned 
animals are helpful indicators for the detection of emissions and immissions 
of toxic pollutants in the environment. Certain species are reared and used 
for human consumption, and these edible animal products may be contami
nated with pollutants. These animals can be considered as transmitters of 
pollution by way of the food chain. 

The purpose of this paper is to discuss the aspects related to this triple 
function of the animal: source, indicator and transmitter of pollution. 
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THE FARM ANIMAL AS A SOURCE OF 
ENVIRONMENTAL POLLUTION 

The explosive evolution of animal breeding in the last decades has brought 
not only a growth of the production capacity, but also certain regional 
concentrations. The increasing investment of capital and the decreasing 
dependence on soil has given an industrial character to animal breeding. This 
is especially so for pig, poultry, and to some extent for cattle breeding. A 
serious environmental problem with mass production of livestock in 'factory 
farms' is the large volume of animal waste. 

Three cycles can be distinguished in the animal environment relation
ship22: 

(1) Primary, which covers metabolic waste products like heat, water 
vapour, carbon dioxide, methane, faeces and urine. 

(2) Secondary, which comprises metabolic waste products broken down 
and transformed from faeces and urine. 

(3) Tertiary, which covers the agents that have been eliminated from the 
indoor to the outdoor environment, e.g. chemicals from liquid manure 
(Na, K, nitrate), and pathogenic micro-organisms. 

The magnitude of the potential animal waste problem dwarfs that of the 
human waste problem. For Belgium, it was calculated that the total dry 
matter production coming from animal manure evolved from 2.45 million 
metric tonnes in 1959 to 3.5 million metric tonnes in 197856 • Daily wet 
manure production per animal is estimated to average 30 kg for cattle, 3.5 kg 
for sheep, 3-8 kg for pigs and 0.2 kg for poultry40,41. 

Formerly, farm animal wastes were regarded as important soil fertilizer. 
The increasing number of farm animals, however, has caused a discrepancy 
between the manure production and the area of arable land available for 
manure disposal. This has provoked a waste-supersaturation and waste
overdosage of the available ground with potential harmful consequences. 
The problem is further aggravated by the liquid wastes from intensive units. 

Risks for plants and animals 

The nature of the wastes produced depends on the type of animal and the 
diet. Normal wastes consist of undigested foods, largely cellulose, and fibres. 
However, the increased use of growth promotors, antibiotics, and other 
therapeutic substances in farm animal production during the last decade has 
aggravated the environmental risks already existing from normal com
ponents. 

Environmental risks from normal animal wastes 

Although nitrogen, phosphorus and potassium are essential fertilizers for 
grass and crops, excess amounts, especially nitrogen, have detrimental 
effects. The forms of nitrogen returned to the soil from animal wastes are 
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converted into soluble and absorbable nitrates by soil micro-organisms. The 
absorption from a well-balanced soil is regulated to satisfy the growth 
demands of the crops. If the soil has an excess of available nitrate, the plant 
accumulates more than normally required and the plant tissues contain an 
excess of inorganic nitrates. This accumulation is influenced by many 
factors43 , and can affect the health of livestock. Inorganic nitrate is not 
especially toxic, but, reduced to nitrite, it is potentially more toxic as it can 
oxidize haemoglobin to methaemoglobin and reduce its oxygen-carrying 
capacity. Nitrate-nitrite poisoning is very well known in cattle. The theorical 
formation of carcinogenic nitrosamine from these nitrites is possible as for 
other nitrite-containing foodstuffs59 • Excessive nitrogen levels in arable land 
can also lead to negative effects on crops33. Dunging of grassland with 
excessive potassium, especially in the presence of high nitrogen levels in the 
manure, can adversely influence the magnesium and manganese content of 
grass. Magnesium deficiency in grass can provoke hypomagnesaemia in 
cattle, and manganese deficiency can lead to infertility in cattle56 . 

Other endogenous compounds excreted by animals and recycled are 
oestrogens and androgens. Oestrogenic activity can be detected in fresh 
excreta from almost all livestock and poultry. The quantities are quite vari
able and the levels are highest in excreta from pregnant dairy cows and high
producing laying hens. The effect of these oestrogenic residues in excreta 
recycled for feed or fertilizer has not yet been evaluated. Androgenic activity 
has been found in excreta of livestock and poultry. Microbial conversion of 
progesterone to androgens seems possible in cattle faeces. Fresh dried poultry 
excreta show no androgenic activity. It must be incubated in order to become 
androgenically active. This process is accelerated by fly larvae 7 • 

The dispersal of pathogenic bacteria.and other micro-organisms, which 
populate the alimentary tract of domestic animals, by spreading animal 
wastes and manure on pastures is a real problem. In particular Entero
bacteria, such as certain strains of Salmonellae, can cause sickness in man 
and animals. These micro-organisms persist for periods up to 12 weeks in 
animal waste slurries, but the soil is fairly effective in removing these bacteria 
from liquid slurry, probably by absorption onto mineral components of clay. 
Nevertheless, bacteria in the top layers of pasture may be a source of infec
tion for grazing animals. 

Environmental risks from feed-additives and 
growth-promotors pollutants 

The practice of adding copper in concentrations varying from 125 to 250 
parts/106 in pig feeds is very common in western Europe. This has led to an 
enhancement of the copper levels in the slurries coming from intensive pig 
rearing units. Levels even higher than 1000 parts/106 copper in dry matter 
have been reported2 • Single application of over 50000 IIha of copper-rich 
slurry would increase the copper content of grass for a short period to levels 
of 10-14 parts/l06 on dry matter basis. This may be considered as a poten
tial hazard to sheep, which are particularly sensitive to enhanced dietary 
levels of copper46 • It was concluded that copper in pig slurry is almost as 
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available to sheep as copper presented as copper sulphate4s, 51. The main risk 
from high-copper slurries on pasture comes from the ingestion of copper as 
a foliar contaminant. 

In most countries some antibiotics are allowed in animal nutrition as 
growth stimulating agents. Much attention has been paid to the use of these 
antibiotics and the risks of their possible residues in foods of animal origin 
for human consumption47 • Their use has environmental consequences as 
they are excreted unchanged or as metabolites in animal wastes that ulti
mately reach arable grounds and surface waters. Theoretically, these residues 
of antibiotics may harm the environment by several wayss. They disturb the 
microbiological equilibrium and the cycling processes in water and soil. They 
accumulate in the environment, are absorbed by plant roots and retain their 
activity in these plants for a longer time (e.g. streptomycin, tetracyclines). 
They provoke a selection and propagation of resistance. This is demonstrated 
for avoparcine, lincomycin, nitrovine and tylosine, used as feed additives in 
chickens, that increased and prolonged the excretion of resistant Salmon
ellae49 • Manure from natural dunging not only contains antibiotic residues, 
but also faecal micro-organisms which disturb the homeostasis of the soil. 
These effects depend on the persistence of the antibiotic residues in the soil. 
Therefore biodegradation in the aquatic and solid phases of the soil is of great 
importance. This biodegradation has been studied for tylosine, oleando
mycine, spiramycine and zinc-bacitracin, as has their probable influence on 
soil homeostasis. For tylosine and oleandomycine, their aerobic and anaero
bic catabolism in aquatic systems are limited. Soil degradation for tylosine 
is very slow, and for oleandomycine is related to the concentration. Lower 
concentrations of spiramycine show a very quick breakdown, as well in 
aerobic aquatic systems as in the solid soil phase. At higher concentrations, 
the breakdown is only completed after 6 months. Under anaerobic conditions 
there should not be any breakdown at all. Zinc-bacitracin is completely de
graded after 3-4 months in aerobic circumstances. In an anaerobic medium 
the degradation is very slow and only partial. 

In some countries anabolic agents are legally used in cattle in order to 
increase growth rate and improve feed efficiency. These compounds and 
their metabolites, usually excreted in faeces and urine, may have conse
quences for the environment if recycled in feed and fertilizer. A significant 
increase of abortions is reported in pregnant cows fed litter from poultry 
receiving feed containing 35 mg of dienesterol diacetate per kg of feed20 • 

More research is needed to determine the levels of anabolic hormone residues 
in excreta of treated animals, and the effects of these residues on animal 
performance when recycled in feed. The uptake of diethylstilboestrol (DES) 
or its metabolites by plants seems to be dependent on soil characteristics and 
crop variety 7• Also DES seems to have an inhibitory effect on several species 
of soil bacteria. There is some discussion about the levels that provoke this 
effect in relation to the levels found under practical livestock production 
procedures. Environmental hazards following the use of synthetic grit con
taining mestranol for pigeon control are reportedso• The degradation of 
mestranol in animals and plants is very rapid, and the presence of soil micro
organisms seems very important. 

598 



THE ANIMAL IN ENVIRONMENTAL POLLUTION 

Risks for surface waters 

Animal wastes are a major problem once they are permitted to enter water 
supplies. Any organic matter oxidized by micro-organisms provokes an 
increased demand for dissolved oxygen and leads to the depletion of the 
oxygen content of the water with a detrimental influence on animal life. 
These wastes are relatively nitrogen and phosphorus rich so that explosive 
growths of algae and plankton occur. Their subsequent decay and oxidation 
leads to a supplemental increase in oxygen demand with even greater des
truction of normal animal life in the aquatic environment. Explosive growth 
of algae, known as eutrophication, may create further serious ecological 
disturbances like extraordinary growth of dinoflagellates, which occur 
occasionally in the early summer months on the North Sea coasts of the 
Netherlands and Belgium. These organisms produce a highly toxic substance 
absorbed by mussels, and create dangers for human consumption and health. 

Liquid waste products from animals may reach the water supplies as run
off into lakes and streams, and by percolation through the soil to under
ground water sources. This leads to a contamination of drinking water, 
especially with nitrate and bacteria. Harmful levels of several pathogens 
from pig and cattle wastes, such as coliform bacteria and faecal streptococci, 
had been found in drinking water. In the USA, a survey of dairy cattle wastes 
found in rivers indicates that 90070 of the samples exceeded state-accepted 
bacterial counts30 • 

THE ANIMAL AS AN INDICATOR OF 
ENVIRONMENTAL POLLUTION 

It has been estimated that men use about four million different chemical 
substances. Only 30000 are commercially produced, the remaining ones 
being intermediates or waste products. Substances can enter the environment 
through different and sometimes complex and interrelated paths. A first 
group, fertilizers, pesticides, and herbicides, enters the environment by direct 
application. A second group, sulphur oxides, nitrogen oxides, and polycyclic 
aromatic hydrocarbons, results from combustion processes. A third source 
is the waste effluents from industry or manufacturing units. Many manufac
turing processes generate air- and water-borne wastes which are sometimes 
more toxic than the raw parent materials. Some chemical substances, once 
in the environment, undergo physical and chemical changes, and become 
toxic by-products53 • 

Pesticides 

Chemical pesticides are used on a great scale and they contribute to an 
increase in agricultural production, but they have also caused serious eco
logical damages. Their effects on non-target organisms have been a source 
of worldwide contention for more than a decade. 
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Of the three classes of the most-used pesticides, insecticides offer the 
greatest potential for detrimental non-target effects, fungicides the least, and 
herbicides are intermediate62• 

The most readily identified insecticide effects on non-targets result from 
the persistent organochlorine insecticides and their metabolites or conversion 
products. Several of their characteristics, slow rate of biodegradability, 
persistence, ubiquitous nature, and tendency to concentrate in organisms, 
make them very appropriate for food chain accumulation and for indirect 
toxicity on non-target animals of various sensitivities. Besides the adverse 
effects on non-target organisms, having physiological functions common 
with those of the target organisms, a second, and usually unpredictable 
response, is the effect of the pesticide on dissimilar physiological systems in 
non-targets62 • One of these effects is biomagnification or bioconcentration 
which is the accumulation of a pesticide in a living organism3. In bio
magnification, the key factor is aquatic invertebrates. The role of domestic 
animals as indicators for environmental pollution through pesticides is 
negligible. The only role played by livestock is the transfer of pesticides 
residues in meat and milk when they are exposed to therapeutical doses of 
persistent insecticides. Bats seem to be the most suceptible mammal to 
poisoning42. The most susceptible non-target animal species seem to be fish 
and birds. The chlorinated insecticides are outstandingly toxic for fish, 
especially trout and salmon. Based on this sensitivity, a detection method for 
pesticides pollutants in drinking water has been devised29. This ichtyotest is 
based on the physiological modification of the electrical activity in the 
olfactory bulbs of the trout for micro-quantities of pesticides and similar 
compounds. Concentrations of 10 parts/1012 can be detected in a repro
ducible way within 0.5 s, which lies in the neighbourhood of the classical 
analytical methods. A review of the use of biological indicator organisms, 
such as teleosts or marine mammals, and their major advantages has been 
produced. 

Birds seem to be affected in two ways. Mortality is due to the accumulation 
of organochlorine residues in their foods, resulting in lethal brain levels of 
the insecticide. This was noted for the first time in the Californian Lake Clear 
following routine applications of DDD27, and a second and similar example 
was noted some years later in Lake Michigan23 . Many similar accidents with 
the death of birds at the top of food chains have been described as a result 
of biomagnification. In general, predatory birds contain higher residues of 
these compounds than herbivorous ones, insectivorous species occupy an 
intermediate position 55. 

In the Zoological Park of London after many deaths in owls, livers and 
brains were found to contain toxic concentrations of dieldrin. This dieldrin 
residue was traced back to the mice on which they were fed and in turn to 
the sawdust used as bedding for the mice. This sawdust had been obtained 
from a builder who was using a timber preservation containing dieldrin to 
protect against woodworm32. A second effect in birds is death of the embryos 
due primarily to premature cracking of thin egg shells and secondarily 
to lethal pesticide levels in the embryos24. The phenonomenon of thin egg 
shell has been attributed to induction of hepatic microsomal enzymes that 

600 



THE ANIMAL IN ENVIRONMENTAL POLLUTION 

metabolize steroid hormones and hence decrease the blood-calcium levels62. 
Both effects make birds very good indicators for environmental pollution 
through accumulation of pesticides in concentrations that have no percep
tible damaging influences on animals and mankind. 

Honey bees also have proven to be very good indicators as they are very 
sensitive to many insecticides belonging to the carbamate and organophos
phate classes. Wettable powders and dusts are particularly hazardous while 
microencapsulated materials are more toxic than all other formulations 
because the vinyl spheres are about the size of pollen grains and are treated 
as such, leading to brood kills'. 

Other organic pollutants 

Polychlorinated biphenyls (PCBs) are substances with identical chemical and 
physical properties to the organochlorine insecticides. Although their tox
icity was already known in the 1940s, their persistence in the environment and 
their accumulation in the food chain were demonstrated only in 19663'. 
Many environmental pollutions with these compounds have been detected 
and identified thanks to the presence of poultry36, 44, birds 10 and even 
cattle60 , 63. Later on, it was demonstrated that the toxicity of PCBs was 
similar to the toxic effects of the chick oedema factor which produces hydro
pericardium and death. Some toxic properties attributed to PCBs may be due 
to contamination by the very toxic chlorinated dibenzofurans and dibenzo
dioxins. The latter were the cause of a large and severe pollution near Seweso 
(Italy) resulting from an explosion in a chemical plant. On this occasion it 
was shown that rabbits and rodents were much more sensitive than other 
animal species. In another study the rabbit populations living on polluted soil 
had accumulated dioxins in the body up to the concentration of the soil itself, 
probably through pelt contamination and ingestion of soil particles with the 
grass'6. Hence, rabbits are used as indicators for the decontamination of 
these areas. 

It has been known for a long time that cattle feeding on spoiled sweet clover 
hay develop haemorrhagic disease. Castration of such cattle provoked a 
staunchless haemorrhage. The active substance was isolated from spoiled 
clover and found to be bishydroxycoumarine39. 

Outbreaks of an apparently new disease in turkey poults occurred in 
England in 1960 causing an estimated loss of about 100000 birds. A 
short time later similar outbreaks were diagnosed in ducklings and young 
pheasants. The common factor was the presence of Brasilian groundnut
meal in the food. Simultaneous with the outbreak of Turkey 'X' disease in 
England, there was a widespread occurrence of hepatomas in trout in the 
United States. Subsequent research revealed that in all these cases the 
common toxic factor was a mixture of toxins produced by Aspergillus flavus 
and therefore called 'aflatoxins'. This was the start of an intensive search as 
it was shown that the most active of these aflatoxins, aflatoxin B" which 
caused trout hepatomas, is one of the most potent carcinogens to date. 
Therefore ducklings and rainbow trout are used as biological indicators for 
the presence of aflatoxin-producing fungi in foods and feeds'9. 
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Trace metals 
Trace metals are widely distributed in the environment. Many trace metals 
are essential to plant and animal life, but in excessive amounts they disturb 
the environment for animal health. This is especially the case for industrial 
pollutants and emissions. As metals have no perceptible properties but a very 
strong cumulative character, the presence of domestic animals on pastures 
in the vicinity of the immission sources can be of an unexpected value. By 
eating the contaminated vegetation daily, a progressive accumulation occurs 
till clinical signs appear at a stage when the presence of the environmental 
trace metal pollution is still unperceptable12. 

Fluorine injures vegetation and grazing animals as a result of industrial air 
pollution. For fluoride emissions, cattle, specifically milk-cows, are very 
good indicators because they are herbivores, and they have a very active 
calcium metabolism. In Belgium, two severe environmental fluoride pollu
tions existed, one by a brickworks and one by an enamel factory13. Thanks 
to the presence of cattle, the fluoride pollution was detected before damage 
happened to humans. From the dental lesions observed and the calculated 
data of eruption and crown formation of the incisor teeth, it was possible 
to estimate the start of the fluoride pollution. 

As already mentioned, sheep are extremely susceptible to excess copper. 
Forage copper levels of 15-20parts/1Q6 (on a dry matter basis) are critical 
for sheep and levels of 30-40parts/106 are definitely toxic. Small increases 
above the normal grass copper levels of 8-15 parts/106 will be toxic. Sheep 
are accepted as very good indicators for environmental pollutions by copper 
industries and copper smelting works12 . 

Lead is one of the most ubiquitous heavy metals in the environment as its 
use is diverse and widespread. In urban pollution through motor vehicle 
emissions and contamination of the street dust, dogs and cats can give a very 
good idea of the lead pollution, as their liver and kidney lead levels increase 
significantly IS. The feral pigeon C/umbia Uvea is suggested to monitor lead 
contamination, and to serve as a model for chronic lead toxicity28. The ability 
of the pigeon to accumulate elevated lead concentrations is due to feeding 
at ground levels and ingestion of food contaminated with roadside dust. In 
the case of industrial pollutions or of motor vehicle emissions in the neigh
bourhood of speedways, where high concentrations of lead are deposited on 
the vegetation, cattle4.12, sheep61 and horses18 are good indicators of these 
pollutions. Sheep and even rabbits have been used for the differentiation of 
oral and inhalatory lead uptake under combined exposure in a polluted area21. 
Terrestrial small mammals have been used for the study of the impact of 
abandoned metalliferous mines on terrestrial ecosystems48 . The determin
ation of lead levels in bats and terrestrial small mammals is mentioned for 
the study of lead emissions near highways9. Geese and ducks can easily show 
lead intoxication by excessive ingestion of lead pellets in the mud of ponds 
surrounding fields with shooting pitss2. 

Industrial poisoning due to arsenic-bearing emissions is one of the most 
commonly occurring poisonings in bees, because bees are very susceptible to 
arsenic. Death usually occurs within the first few hours after intake or 
contact and can continue up to 5-6 days afterwards 14 . 
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For radioactive pollution and fall-out, special attention is paid to 90Sr and 
mes, mainly in view of their physical characteristics. Both have a long half
life which determines their persistence, and they are produced in a high yield 
by nuclear fission. All authorities agree that animal products and especially 
fresh milk and milk products are important sources of these long-lived radio
nuclides. Their concentrations in milk and its products have been followed 
as indicators for environmental pollution through radioactive materials, and 
have provided the major part of any regular monitoring programme in most 
countries. 

Mercury, especially organic mercury, is another metal that has attracted 
attention as an extremely hazardous environmental pollutant. The best 
known case occurred at Minamata Bay in Japan. Before the human cases 
were recognized, it was noticed that cats in the area became ill, screamed 
incessantly and jumped of cliffs into the ocean. It was finally established that 
the link between the feline and the human diseases was the consumption of 
fish contaminated with Hg, rather than an infectious agent26 • 

THE ANIMAL AS A TRANSMITTER OF 
ENVIRONMENTAL POLLUTANTS 

Animals can act as transmitters of pollutants by way of the food chain. For 
most pollutants there are two possible food chains: (1) sea-water and fish, 
and (2) soil, plants and herbivores or seed-eating animals. 

Pollution of the food chain can be provoked by pollutants: (1) which enter 
accidentally, e.g. waste products from industrial or traffic sources, or from 
final products that are used in agriculture or the manufacture of feedstuffs; 
and (2) which enter the food chain from intentional use in animal production 
(growth promotors), or in food-processing. 

Accidental pollutants 

Many heavy metals can accumulate in the tissues of fish and food
producing animals. Products of animal origin represent 45070 of the total 
daily diet, fruits and vegetables account for 55070. The daily dietary consump
tion of lead with the latter is three times higher than with the former. From 
kinetic studies it seems that in cattle and poultry there is a discrimination 
against lead and, just as with strontium, the observed ratio diet/milk and 
meat is smaller than one. This means that even for poisoned animals meat 
concentrations do not differ much from normal animals. Only liver and 
kidneys can offer exaggerated lead charge that can exceed the tolerable 
weekly intake of 3 mg38 • 

Cadmium is a very controversial pollutant. Its concentration factor, from 
soil into plants, is about ten. In kidney and liver of cows, pigs and poultry 
it accumulates with a concentration factor of about ten, in comparison to the 
level in the dry matter of the rations. Accumulation does not occur in milk, 
muscle, bones or eggsS4 , S8, In cattle there seems to be a highly significant 
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relationship between the age of the animals and the cadmium content of the 
kidneys. The kidneys of older cattle often contain many times the quantity 
of cadmium found in younger animals37 . Notwithstanding this accumulation 
of cadmium, obvious toxicological influences on domestic animals have not 
yet been observed or described. Although the food-producing animals may 
act as an effective filter of cadmium, consumption of kidney and liver from 
such animals would supply cadmium above the tolerable level and may pose 
a hazard. A statistical evaluation shows that about 36070 of cadmium ingested 
by men in West Germany is related to residues in food-producing animals6 • 

In the transmission of mercury, and especially organic mercury, fish is the 
only serious source in the human diet. Only in exceptional cases, such as some 
years ago in the Netherlands with calves, may domestic animals be a potential 
source of mercury transmission. 

For fluorine, even in poisoned cattle, milk, meat and visceral organs do 
not offer hazards for the consumer as there is no accumulation at all in soft 
tissues. 

Pesticides are the most widespread substances that come in contact with 
animal foods and contaminate edible products from food-producing 
animals. They can be divided into two groups, the non-persistent com
pounds, e.g. organophosphate-esters and carbamate-esters, and the more 
persistent compounds, e.g. organochlorines. Organophosphate- and car
bamate-esters are estimated to leave no residues at all or only in such small 
quantities that they are excreted from the animal body within a short time. 
There are some species differences, which make residue transmission less 
problematic. This is the case in ruminants, where rumen metabolization can 
detoxify a lot of esters by hydrolysis and by anaerobic reduction. This means, 
that when properly used, meat and edible products from ruminants are not 
a source of transmission of these pesticides34 . 

Organochlorine pesticides and polyhalogenated biphenyls are a problem 
for the food chain as they are very persistent and cumulative in the ecosystem. 
Since the ban of DDT in most countries, organochlorine pesticide residue in 
edible domestic animals is mainly lindane. Some studies have been carried 
out after oral administration in poultry35. It seems that there is an accumu
lation in eggs and tissues and that this accumulation is dose-related, and 
proportional with the fat concentration of the tissues. In pigs and cattle the 
accumulation factor seems to be much higher than in poultry. The quantity 
of residues found in meat and meat products after oral intake of contami
nated food seems to be much lower than the permissible levels fixed in most 
countries. Only the use of lindane as an ectoparasitical on lactating cows can 
provoke a sudden contamination of milk with high levels that persist for at 
least 3 weeks57 . In the case of accidents with organochlorine pesticides and 
related compounds, hazards for the consumer can be much more pro
nounced. This has been proven by the Michigan accident in 1973 with 
polybrominated biphenyls8. Concentrations in bodyfat and milk seem 
higher. It has been calculated that some farmers, consuming milk from their 
own cows, could have obtained as much as 10 g of PBB during the period 
between contamination and identification of the pollutant, which took 
2S0days17. 
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Pollutants after intentional use 

Apart from the use of medicines for therapeutic objectives, many of the same 
substances are used for growth purposes in mass-production units. Accord
ing to their pharmacotherapeutical properties they are divided into three 
groups: antibiotics, chemotherapeutics other than antibiotics, and com
pounds with an hormonal activity. 

The literature on the problem of antibiotic residues in animals products 
is very confusing, and agrees that growth stimulating concentrations of 20 
and even 50parts/106 result in no measurable residual amounts in the meat, 
and only parts/109 concentrations in the visceral organs. Prophylactic doses 
up to 100 parts I 1 06 give rise to levels of some tenths of partsl 106 in the meat, 
and some parts/106 in the organs 11. From acute and chronic toxicity studies 
there are no indications that these quantities of residues offer hazards for the 
consumer. Risks of allergic reactions from the most allergenic antibiotics are 
not fully excluded. The problem of development of microbial resistance 
seems to be most serious. It is agreed that the practice of using antibiotics 
as growth-promoting factors has contributed not only to the selection of 
resistant organisms in animals, but also to the spread of R factors, and such 
strains may have been transferred to the consumer. Recent publications 
support the importance of this transfer of resistant micro-organisms from 
animals to humans. 

Among the other chemotherapeutics, organic arsenic derivatives are widely 
used. Levels above 1 partll06 (accepted as the permissible level) are found 
in tissues and muscles of treated swine up to 6 days after the last treatment. 
Chronic effects only begin to appear above 3 parts/106 • Different cocci
diostatics at their usual doses give detectable amounts of residues in muscles 
and liver. Their toxicological significance is, however, still unknown. 

The use, residues and toxicology of hormones as growth promotors are for 
the moment the subject of a very controversial debate in the Western 
European countries. Their use for animal fattening is still allowed in some 
countries. The main health hazard associated with their use is based on 
residues present at slaughter. The nature, quantity and risks of these residues 
depend on the type of anabolic agent used2s • A distinction must be made 
between endogenous steroids and exogenous anabolic agents. 

Endogenous steroids, also called natural hormones, would not present any 
harmful effects to the health of the consumer when used under the appro
priate conditions. They are rapidly metabolized, predominantly in the liver, 
to compounds with little if any biological activity. These metabolites are 
eliminated very quickly and only a small percentage can reach the systemic 
circulation and accumulate in the tissues, particularly in the kidney and the 
liver. Under appropriate conditions, the treatment of animals with natural 
steroids results in edible tissues with residues lower than those occurring 
naturally in mature males, females and pregnant females. 

The most dangerous application lies in the use of the synthetic exogenous 
hormones: diethylstilboestrol (DES), and methyltestosterone, particularly 
their illegal use, with totally uncontrolled formulations, dosages and treat
ment-intervals, and without any regard to withdrawal periods. These hazards 
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are not imaginary as has been proven by the detection of high residue levels 
in canned babyfood of animal origin. Moreover, DES is a proven carcinogen. 
The risks of two other exogenous anabolic agents, trenbolone, a synthetic 
steroid with a physiological activity similar to testosterone but with a greater 
anabolic activity, and zeranol, a non-steroidal oestrogen with anabolic 
activity, are still under discussion. They are claimed to be the safest products 
used as hormonal growth promotors63 • Some data in the hormonal non
effect level and the toxicology of these compounds and their metabolites are 
still needed to settle the discussion. 

CONCLUSIONS 

Although incomplete, this study proves that the animal takes a special posi
tion in the interrelationship between animal and environment and vice versa. 
It can be the cause and the victim of environmental pollution. However, as 
a source it is on a more restricted scale and in complicity with human beings. 
As victim it can readily be affected and even lethally poisoned before human 
beings are aware of any change in their environment. This can be a protection 
for the human population in some chronic and insidious pollutions. Despite 
the disastrous consequences for the animals themselves and the ecosystem, 
it is a blessing that animals act as very sensitive indicators. In some cases the 
animal can be a danger for human beings as it can act as a transmitter for 
several persistent pollutants by way of the food chain, even to consumers that 
are far away from the pollution site and the polluted environment. The three 
functions of the animal as source, indicator and transmitter of pollution 
indicate an important role for the veterinary profession in the protection of 
the environment and the ecosystem. As clinician, epidemiologist and food
hygienist, the veterinarian, in cooperation with environmental toxicologists, 
plays an important role in safe-guarding our environment. 
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52 
Residues of drugs and 
pesticides in milk 
W. Heeschen and A. Bllithgen 

The occurrence of chemical residues in milk reflects both the increasing 
number of chemicals in agriculture as well as a more or less polluted environ
ment of the dairy animal or the processing sites. 

The first mentioned aspect includes the wide abundance of plant-protect
ing agents, fertilizers, veterinary drugs, cleaning and disinfecting agents 
which are more and more essential for economic and sufficient production 
of agricultural commodities including milk. 

On the other hand, chemicals, which are in some cases highly undesirable, 
may get access into the direct or indirect environment of the cows. This 
process is, in some cases, additional to the normal site-borne contamination, 
e.g. with heavy metals. 

Table 52.1 Criteria for the hygienic-qualitative property of milk 

1. 

2. 

3. 

4. 

5. 

6. 

Pathogens 
(Salmonellae, Staph. aureus, Cldstridiae et al.) 

Microbial toxins 
(mycotoxins, enterotoxins et al.) 

Biocides and environmental chemicals 
Pesticides (insecticides, fungicides, herbicides) 
Veterinary drugs (fasciolicides, antibiotics, ectoparasiticides et al.) 
Toxic heavy metals (lead, cadmium, mercury, arsenic) 
Environmental organics (PCB et al.) 
Cleaning and disinfecting agents (iodine, QAC et al.) 

Somatic cells 
(cell count) 

Saprophytes 
(spoilage germs) 

Sensory properties 
(smell, taste) 
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Despite the different origin of chemical residues in milk, all efforts should 
be undertaken to protect the consumer as well as possible from any undue 
impact with food-borne chemicals. As milk is also used as a food for infants, 
children, sick and elderly people, these efforts have high priority. 

From the scientific point of view, the occurrence of chemical residues in 
milk is part of a larger field of hygienic activities, which is outlined in brief 
in Table 52.1. 

This paper will deal with the more chemical and pharmaceutical aspects 
of the featured criteria, excluding the microbial and sensory criteria of the 
problem. 

SOURCES AND PATHWAYS OF CONTAMINATIONs 

The chemical contamination of milk is mainly the result of three partially 
overlapping sources, which are more or less directly associated with the dairy 
cow or milk production. Figure 52.1 shows the rather complex connection, 
with selected typical examples. The sources, such as lactating animals, agri
culture and environment, production and processing sites, bear the risk of 
a secretory or postsecretory contamination with one or more chemicals cited 
in the outlined section. It is evident that contamination in some cases is not 
restricted to the exclusive source given. 

ARABLE FARMING AND ENVIRONMENT 

FARM ANIMAL 

Veterinary drugs 

e.g. Antibiotics 

Antiparasiticides 

Neuroleptics 

Vitamins 

Hormones 

Feed additives 
e.g. Trace elements 

Antioxydants 

Feed drugs 

\ , 
Agrochemicals 

e.g. Pesticides, Stock protection, 

growth promotors/inhibitors 

Emissions 
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Figure 52.1 Chemical contamination of milk 
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DRUGS AND PESTICIDES IN MILK 

A well-known phenomenon in the possibility of chemical residues in milk 
is the kinetics of the included food chain, which begins in the environment 
with soil and plants, then affects the cow and ends with the human consumer 
of milk and meat. For substances, which are so stable that they withstand 
any impact and diminution in the environment including physiology of plants 
and animals, the food chain will be a pathway of considerable magnification 
of residues from link to link. The lipophilic chlorinated hydrocarbons are an 
excellent example of this possibility. On the other hand, less stable or ionic 
residues will be kept at low levels from link to link, so that these substances 
will not build up concentrations exceeding the originally low concentration. 
Figure 52.2 shows the terrestrial food chain including milk and man with the 
organochlorines as a representative for magnifying residues up to several 
powers of ten. 

The role of the food chain will be briefly mentioned for some residues in 
the following, if it is of importance in the formation of the specific residue. 

• 

• ~ 0 "\.Y / :111' .., ' .. 

~~~") :.:" 
c ~~ 

~f-CL!!' • 
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Canil!lr 

Hum.llnm ilk 

Hu manf.1 
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the .nima' 

• • Rl!lative enrfchment 
Area 

Pathways 0' 
- - ... conC.min,tion 

Prim.,-y USI!!I (with bvoBIM ... . J 

Globll environment 

Figure 52.2 Pathways of contamination and accumulation of organochlorine insecticides from 
the environment in the food chain - air, soil, water - plant - fat - man 
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SPECIFIC RESIDUES IN MILK6,8 

As already mentioned, quite a large number of environmental chemicals and 
drugs can get access into the milk. The following can, of course, only deal 
with a restricted number of different residues which share special public and 
scientific attention. 

Drugs! 

The most direct cause of residues in milk is the application of drugs to the 
farm animal. These substances may be used for the treatment of microbial 
infections of the mammary gland, the prevention of such infections and for 
campaigning against any kind of parasites in or on the animals. 

Antibiotics2 

The frequency of so-called inhibitory substances in bulk milk is, after the 
introduction of suitable test methods, now in the order of 1 % or less. The 
cause is mainly the treatment of the udder with antibiotics against mastitis. 

In 1968, our Institute developed the so-called brilliant black reduction test 
for quick and reliable detection of antibiotic residues in milk, with special 
attention to fermentation processes in the dairy plant. Table 52.2 features the 
limits of detection for some inhibitory substances, which may occur in milk. 
In some cases the borderline limits are still above the limit of technological 
disturbances, so that there still remains a risk for the dairy industry. This can 
be overcome by additional specific methods of analysis. Normally, antibiotic 
residues will not be present in milk when the legal withholding periods are 
carefully kept or the necessary treatment is carried out, when possible, in the 
dry-cow phase. 

Table 52.2 Limits of detection for so-callf:d 'inhibitory substances' with the brilliant black 
reduction test (Bac. stearothermophilus) 

Penicillin G 
Ampicillin 
Streptomycin 
Tetracycline 
Chloramphenicol 
Sulphonamides 
Nitrofurazone 

Teat disinfectants4, 7,!4 

8 IV/kg 
0.06 mg/kg 

8 mg/kg 
0.8 mg/kg 
20 mg/kg 

1000 mg/kg 
20 mg/kg 

An important approach in mastitis prophylaxis is teat dipping with 
iodophors, containing 3000-5000 mg of active iodine/kg of formulation. 
This, of course, leads to an increase in the normal milk iodine level, which 
should be kept below 150 JLg/l. As there is a rather narrow span between the 
maximum daily iodine intake of the adult of 600-700 JLg of iodine/day and 
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Table 52.3 Iodine (fig/kg) in milk in northern Germany (March/May 1980) 

Number Teat disinfection 
of with iodine 

Milk samples Min. Max. Mean ±sd yes no 

Herds bulk 130 54 373 118 89 x x 
Herds bulk 63 61 373 155 88 x 
Herds bulk 77 54 226 83 24 x 
Road tanker 55 66 128 87 13 x 
Market milk 19 66 458 105 86 x 
UHT milk 8 111 246 179 54 x 

the observed extra in the milk after treatment, the indication should be 
handled stringently and be limited to so-called problem herds. From our 
investigations, a risk of undue high iodine intake as the result of mastitis 
prophylaxis is not apparent (Table 52.3). 

Anthelmintics3,l1 

Though lactating cows are rather resistant to helminths of the juvenile 
bovine, in some areas the liver fluke Fasciola hepatica and its smaller form, 
the lancet fluke Dicrocoelium lanceolatum, lead to massive invasions of the 
animal, which require specific therapy. These drugs are halogenated and/or 
phosphorylated phenols, which are, to a small extent (maximum 2% of the 
dose administered), excreted with the milk. One of the compounds (niclo
folane) shows a relatively high mammalian toxicity. Therefore, the treatment 
should be done in the dry-cow phase or the specific cut-off time carefully 
observed. From our investigations the following figures are derived. They 
show the concentration of fasciolicide residues in milk 5 days after treatment, 
which is the general legal withholding period (Table 52.4). The most favour
able compound seems to be oxyclozanide, not only from its excretion in 
traces, but also from a toxicological point of view. Other anthelmintics, 
especially fenbendazole, are almost exclusively excreted in urine and faeces, 
so that milk is not affected by residues of any relevance. 

Table 52.4 Excretion of fasciolicides with milk 120 h after treatment 

Compound 

Niclofolane 
Oxyclozanide 
Nitroxinil 
Bromphenophos 

Ectoparasiticides6 

Dosage 
(mg/kg body wt.) 

3 
10 
10 
12 

Application 

orally 
orally 

subcutaneous 
orally 

Residues 
(mg/kg) 

0.02 
0.01 
0.2 
0.01 

Efficient control of ectoparasites including larvae of warbles on the bovine 
is still a problem of high residuological importance. As the animal is directly 
in contact with high doses, it is obvious that non-persistent compounds 
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should be used to avoid longterm excretion and thus retention in the milk. 
On the other hand, the substances should only form residues in milk of low 
hygienic and toxicological interest and disappear within hours or a couple of 
days after treatment. Lindane was cancelled in certain countries from its use 
on the lactating animal, but proved to be very effective against most para
sites. The successors are bromocyclene, coumaphos, trichlorphone and 
heptcnophos, with the exception of bromocyclene organophosphates, they 
have waiting times of 'zero' or up to 1 day. 

At present, these substances are only available by veterinary prescription 
as concentrates. It could be advantageous for low concentrated pulverized 
formulations to be sold freely. 

Environmental chemicals 

The rich abundance of environmental chemicals, either of natural origin or 
from human sources, can be discussed only with a few typical representatives 
from different groups. 

Heavy meta/56 

Amongst the heavy metals, lead, cadmium, mercury and arsenic are of 
special toxicological and food hygiene interest. They belong to the normal 
mineralogical components of any site in the environment, so that life has time 
enough for physiological adoption of the typical concentrations in the 
environment. Only when this tolerated concentration is dramatically 
exceeded by emissions or other distribution in the biosphere the toxicological 
threshold will be passed with the well-known fatal phenomena of 'Minamata-' 
and 'Itai'-disease as two examples. 

For milk, the bovine organism acts as a filter, which is capable of buffering 
very high concentrations from environmental sources, before milk is 
markedly affected. This, of course, is only valid for the inorganic forms of 
the metals under discussion. In the food chain, these elements are markedly 
diminished from the precursing to the final links. 

A few typical concentrations found in milk and dairy products are featured 
in Table 52.5. The daily consumption of 11 milk will contribute only a small 
percentage to the tolerated daily intake of lead, cadmium and mercury. 

Table 52.5 Toxic trace elements in milk and dairy products (mg/kg wet weight, medians 
(ranges» 

Product Lead Cadmium Mercury Arsenic 

Market milk 0.02 0.0015 0.0005 0.004 
(0.001-0.09) (0.0005-0.07) (0.0-0.025) (0.0-0.018) 

Condensed milk 0.18 0.018 
(0.001-2.8) (0.001-0.086) 

Butter 0.121 0.025 0.009 
(0.01-0.45) (0.0004-0.12) (0.002-23) (0.0-0.04) 

Cheese 0.080 0.046 0.003 
(0.001-0.610) (0.006-0.104) (0.009-0.03) (0.0-0.015) 
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Polychlorinated biphenyls9 

Other types of typical 'modern' environmental chemicals are the polyhalo
genated biphenyls, especially the polychlorinated form, the PCBs. As they 
withstand nearly any environmental impact, including digestion (valid for 
the higher chlorinated molecules), and behave lipophilically, they accumu
late in the natural food chain and food webs. In cow's milk there is a 
moderate contamination of 0.2 partsl 1 06 in fat base, but in human milk these 
residues are magnified by at least one power of ten. As PCBs are a mixture 
of approximately 200 isomers, the toxicological evaluation is difficult. A 
worldwide ban on PCB in so-called open systems could help to stop further 
pollution of the global environment, as done in the EEC in 1978. 

Mycotoxins10, 12 

Twenty years ago the potent carcinogen aflatoxin M was discovered in milk. 
Continued studies revealed that approximately 1-3070 of the orally adminis
tered dose of aflatoxin B appeared as the hydroxylated metabolite in milk. 
The main source of aflatoxin B is peanut meal from the oil seed industry, 
which is high energy feed concentrate for lactating animals. Beside peanuts, 
cottonseed linters are frequently contaminated with aflatoxin B. 

As aflatoxin M residues in milk are exclusively secretory residues from a 
rather constant carryover, any measures for diminishing the contamination 
in the fodder will lead to less contamination of milk. Recent proposals for 
a tolerance level for aflatoxin M in market milk focus on the 50 ngillimit, 
which would allow no more than 5-10 p.g of aflatoxin Blkg in feed concen
trates or half of this amount in the total ration, when high amounts of 
concentrates are fed. Normally, roughage is not contaminated with aflatoxin 
B. The following table shows some concentration figures in Germany 3 years 
ago (Table 52.6). 

Table 52.6 Aflatoxin Ml in milk and milk powder in the Federal Republic of Germany (ng/kg) 
(parts/1012) November 1978-March 1980 

Product 

Market milk 
Raw milk (road tanker) 
Raw milk· (herds bulk) 
UHT milk 
Milk powder (10070 reconstituted) 

• All samples from winter period 

Pesticides 13 

Number of 
samples 

279 
46 
53 
28 
28 

Min, 

0.2 
0.6 
3.3 
2.4 
2.3 

Max. Mean 

67.5 13.7 
37.8 8.3 

333.3 50.3 
28.1 9.1 
31.1 12.4 

The most classic agrochemicals in connection with chemical residues in food 
are the pesticides. Whilst plant material is directly impacted with pesticidal 
agents, food of animal origin is normally indirectly contaminated with 
residues via the carryover mechanism in the food chain. 
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Lipophilic organochlorine pesticides are still of great public and food 
hygiene interest. Beginning in the 1940s with a climax in the mid 1960s, they 
are now almost banned from the pattern of insecticidal compounds in agri
culture, due to their undesired persistence in the environment and their 
occurrence in nearly every food of animal origin. 

In many industrial countries, the contamination of milk, meat and eggs 
with chlorinated hydrocarbons was carefully observed over years and re
flected in legislation, with the establishment of tolerances or maximum 
residue limits for the consumer's protection. Meanwhile, the residues have 
markedly declined in these countries and only traces will be found. Most of 
the pesticides used in agriculture in industrial countries are herbicides. Under 
the insecticidal compounds, the organophosphates and carbamates, which 
bear no significant risk for residues in food when used in accordance with 
good agricultural practice, are favoured more and more and the lipophilic 
organochlorines have been abandoned. 

In the following sections the organochlorine situation in Germany and the 
regional hot spot occurrence of HCH will be discussed. 

Chlorinated hydrocarbons 

As mentioned above, the organochlorines accumulate during their passage 
through the food chain from link to link. Despite this biological phenom
enon, only traces in the range of a few hundreds of parts/106 in fat base are 
found in milk, meat and eggs. Figure 52.3 shows the relation of the average 
values in market milk to the legal tolerances over a period of 8 years in the 
Federal Republic of Germany. 

As can be seen, the trend for the cyclodienes, HCB and DDT, is stable 
towards less than 10070 contribution to the limit, whereas this movement in 
the case of the HCH isomers is irregular and still remains on rather high 
levels. Compared to the ADI, the consumption of 11 of market milk per day 
will fill up this marginal dose to a maximum of 3% in the case of dieldrin. 

The HCH problem6 

Despite the nationwide decrease in the residues of organochlorines, except 
for HCH, these substances show sporadic and regional hot spots, which gave 
rise to further research work, especially in reconnaissance of the contami
nation sources. 

The problem was characterized by rather frequent violations of the 
common tolerance for a- and {3-HCH, with the climax in the winter months 
and extraordinary high concentrations in herds or individual lactating 
animals, which could not be explained from the present state of knowledge. 

Under the HCH isomers, the 'Y-isomer is the most unstable configuration, 
due to the axial and equatorial position of the chlorines to the carbon 
skeleton, which favours ring fission and dechlorination in the environment. 
So 'Y-HCH is not the problematic compound in residue research. Far more 
stable is the {3-configuration with all six chlorines in the equatorial or axial 
position. Such a molecule is extraordinarily stable and withstands even 

616 



en
 

-.
J 

n
-

H
C

H
(.

1
1

 
• 

a
+,

.. 
6.

 
Y

 
-H

C
H

 (
.2

) 

X
 

H
C

B
 (

.5
1

 
( 

1)
 

Io
.'o

re
p

ox
 .d

e 
. 

• 
....

 ep
t3

C'
l 

• 
D

;e
ld

r;
n 

( 
.1

) 
I 

I 
D

D
T

 (
1

.0
) 

• 

::
~:~
~
.
~/
 

JO
 

.\.
 

20
 

~
6 
_

_
_

 A
 

-
-
-
-

" 
~

A 
"..

.-
~
0
:
 s'!

;;
;;

 
=:

t>
< 

:::
;: 

~ .=
::::

::::
::::

:. 
I 

, 
,.

 
,
_

 

19
78

 
19
7~

 
1

9
8

0 
I 

(a
 I 

19
81

 
19

7!
t 

1
9

7
6

 
19

7
7

 

10
 

19
7 

.. 

F
ig

ur
e 

52
.3

 
R

es
id

ue
s 

o
f 

ch
lo

ri
na

te
d 

hy
dr

oc
ar

bo
ns

 i
n 

m
ar

ke
t 

m
ilk

 (
in

 %
 o

f 
le

ga
l 

to
le

ra
nc

es
) 

o :I
I 

C
 

G
) 

(J
) » z o '1
J m
 

(J
) 

--
t n a m
 

(J
) Z
 
~
 . A

 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Udder care 

HCH-isomers as residues 
in ingr@dient:5 

with secretory 
HCH·residue-s 

Ectoparasiticides 

yHCH only. non-lactating ilnimals 

Barnspraying 

{ ... ia atmospnerel 
"Y HCH and/or 

techo. HCH as x ti'ole 
compound 

Environment. Roughage 

1 HCH Itechn. HCHI .s 
active compound in plant 

protection agents. 
a HCH from micfobial 

conversion? 

Figure 52.4 Pathways of contamination in the lactating cow with HCH-isomers 

stronger alkaline media for a considerably long time. This chemical feature 
makes ,B-HeH the residue of the most toxicological interest due to its high 
chronic toxicity. 

The occurrence of ,B-HeH in milk is always a signal for a long chronic 
exposure, whereas a-HeH points to a more recent event of contamination. 
For the bovine, the contamination pathways in Figure 52.4 are relevant. 
From the possibilities outlined, the ectoparasiticides, udder ointments and 
feed concentrates are the main causes of contamination, when containing 
HeH-isomers as the active agent or residue. 

The use of technical HeH (a-, ,B-, -y-isomers and others) is forbidden in 
agriculture and veterinary medicine in Germany and many other countries. 
Only lindane (pure -y-isomer) may be used on non-lactating animals. Feed 
concentrates containing even traces of ,B-HeH in the parts/l012 range still 
become relevant, as the observed carry-over rate for ,B-HeH is 30-100070, 
which leads to appreciable contamination even with low contaminated 
forage. Here it is necessary to establish a tolerance for ,B-HeH in forage in 
the range of 2-5 parts/1012 on dry matter base to prevent excessive milk 
contamination over the 0.05 parts/l06 level. The actual German tolerance in 
milk is 0.1 parts/106 for a~and--.B-.HCH. 

The fatal results of the treatment of a lactating cow with technical HeH are 
shown in Figure 52.5. The animal was powdered with 16 g (2 tablespoons) of 
a talc powder containing 4 g of technical HeH in the above given distribution. 
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Figure 52.5 Excretion of HCH-isomers with milk after a single treatment with 16g of talc 
powder, containing 4g of technical HCH 

The contamination for 'Y-HCH declined rather rapidly and reached the 
tolerance level after 3 weeks. On the other hand, the excretion of a- and {3-
HCH took more than three times longer to come to the 0.1 parts/106 level. 
This example points out the high persistence of {3-HCH in lactating animals 
and the residue problems in milk associated with this isomer. 

RESIDUES IN HUMAN MILK 

Survey 

It is a well-known fact that human milk is highly contaminated with organo
halogenated compounds due to its final position in the food chain and to 
maternal lactation. The comparison of national monitoring data is 
problematic as the persons under study differ in nearly all parameters affect
ing the formation of residues in mother's milk. Table 52.7 shows the concen
tration figures of organochlorines in a rather small, but carefully selected, 
cohort of a small town in the middlewest of Germany. 

The four major residues in human milk are HCB, {3-HCH, p,p'-DDE and 
PCB. The right column gives the frequency of violations of the legal toler
ances as established for cow's milk and applied to human milk. From the 
HCH-isomers, here also 'Y-HCH reveals no problem, whereas the {3-isomer 
shows a very high frequency of samples above 0.1 parts/l06 • 
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Table 52.7 Residues of chlorinated hydrocarbons in human milk from a town in the middle 
west of Germany (mg/kg on fat base) (1981) 

% of 
Number samples 

of Range above 
Compound samples Min. Max. Mean factor tolerance· 

HCB 102 0.Ql5 2.209 1.011 146 82.4 
O!-HCH 100 0.001 0.208 0.030 521 3.0 
!3-HCH 102 0.023 5.319 0.553 230 92.2 
O!+!3-HCH 100 0.023 5.383 0.593 228 95.0 
'Y-HCH 101 0.005 0.413 0.094 75 12.9 
HepE 100 0.001 0.173 0.030 193 1.0 
Dieldrin 91 0.001 0.438 0.054 389 12.1 
DDT total 102 0.196 7.058 1.761 36 70.6 
PCB 102 0.237 13.754 2.608 58 

• As compared to the tolerances for cows milk 

Tentative evaluation and toxicology 

Though it is incorrect to compare the daily intake of a breastfed infant with 
the ADI parameters established for the adult, Figure 52.6 reveals one aspect 
of breast feeding. It is obvious that for some compounds the ADI is far 
exceeded, so that the two powers of ten safety distance to the no-effect level 
is shrinking to approximately 1 power of ten in the case of HCB. Unfor
tunately, {1-HCH is not ranged in the ADI scale, so that this interesting and 
toxicologically relevant isomer cannot be evaluated this way. 

As derived from assays with sensitive laboratory animals, the tumouri
genic threshold for HCH-isomers in toto comes short of one power of ten, 
when a daily ration of highly contaminated mother's milk is drunk by the 
infant. The tumourigenic risk is enlarged, when all organohalogenic residues, 
present in the breast milk, are taken together. Nevertheless, despite the 
residues in human milk, the advantages of breast feeding must be estimated 
higher than the potential risk of toxic chemicals in concentrations between 
ADI and no-effect level. 

SUMMARY 

The impact of chemicals, either drugs and/or environmental chemicals on 
milk or the lactating animal respectively, is a phenomenon of our times, 
which is very complex in its estimation and evaluation. Use of chemicals in 
agriculture is a necessity of undoubted certainty to produce food of high 
quality and enough quantity. This area, however, seems to be governable by 
legislation and related administration to ensure a complete protection of the 
consumer's health. The latter should be the absolute aim in all efforts to 
increase agricultural production. 
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Figure 52.6 Percentage of the ADI for a breastfed infant drinking 700mi of mother's milk 
daily 

In the case of drugs for the treatment of farm animals, these efforts should 
be rather successful. Antibiotics should only be used with strict prescription 
by the veterinarian. After treatment, a withholding period is obligatory 
before the milk is delivered to the dairy. This seems to be sufficient to prevent 
residues in milk, which on one hand may affect the consumer by promoting 
resistant strains or sensitizing allergy processes. On the other hand, antibiotic 
residues may disturb microbial fermentation processes in the dairy, which 
lead to high financial losses, if large bulks are affected. The control of such 
inhibitory residues after the 3 day period is simple and reliable, so that there 
is hardly a risk of violation of the legal claim. 

Parasiticides against parasites in or on the animal compile a widespread 
pattern of compounds and indication. Generally, the lactating animal should 
be treated with drugs,.which show no significant carry-over into the milk or, 
if impossible, the duration of excretion should be only in the order of a few 
days. Lipophilic compounds should be used in no case on the lactating 
animal. The latter problem became evident in the HCH hot spots in several 
regions of Germany. The organophosphates and carbamates, as well as 
natural or synthetic pyrethrins, are the compounds of choice due to their 
effectiveness, rapid metabolization and non-persistent residues, which bear 
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no risk for the consumer. The waiting time for these compounds may be 
reduced to 0 hours. 

The use of pesticides is always connected with the residue problem for 
different reasons. These substances necessarily hit their targets as well as the 
environment of man and farm animals. Some of them must be persistent to 
ensure effectiveness, few are of higher toxicity, in some cases health hazards 
are not yet known. In recent years in this field, a worldwide ban on the high 
persistent organochlorines was made and proved to be effective. In addition, 
registration of new formulations and compounds includes more and more the 
interest of consumer's health and food hygiene, so that residue problems 
become more transparent and resolvable, if not avoidable. 

Under the organochlorines, the HCH-isomers a and especially {3 still cause 
some problems arising from their presence in feed concentrates, in addition 
to the high carry-over rate for {3-HCH into milk. Far more difficult is the 
complex abundance of so-called environmental chemicals from human and 
non-human origin. As an approach to a short description of the problem, 
it can be stated that in all cases, where the natural balance and concentration 
is heavily disturbed by an human activity, toxicologically relevant sources 
and residues may arise. This can clearly be observed in the case of heavy 
metals in the biosphere. Mycotoxins, though belonging to the evolutionary 
process, has become of high interest in the last decades with a change in farm 
management and feeding of high amounts of concentrates. 

Human milk is undoubtedly one of the highest contaminated foods of 
mammalian origin. An increase of the content of the lipophilic organo
chlorines in the last decade could not be observed, but there is a shift to 
slightly lower residues. 

Though milk is a target for a great number of residue-forming chemicals 
from the natural and man-formed environment, it can be said that it is one 
of the best investigated foods for human consumption. 
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53 
Mycotoxin residue problem and 
human health hazard 
P. Galtier and J. La Bars 

The word mycotoxin is used to designate a toxic secondary metabolite 
synthetized by fungi when moisture and temperature are suitable. These 
metabolites may be retained within the fungus or incorporated into an 
alimentary substrate. In this case, mycotoxicosis corresponds to poisoning 
of the host. 

Mycotoxins have affected the health of man or animals for centuries: 
gangrenous and nervous ergotism caused by ingestion of ergot toxic alkaloids 
in European countries, deaths among horses which had eaten hay infested 
with Stachybotrys atra in the Soviet Union during the Second World War or 
facial eczema of sheep and cattle on pasture in New Zealand containing 
spores of the fungus Pithomyces chartarum. However, mycotoxins have 
definitely attracted the interest of an increasing number of scientists since the 
discovery of natural occurrence in foods and the carcinogenic power of 
aflatoxin Bl elaborated by Aspergillus f1avus. 

Beside direct toxicological effects, edible tissues of food-producing 
animals may represent a toxicological food hazard for humans. Thus, the 
mycotoxin may occur specifically in edible tissues such as meat, fat and 
giblets or may be eliminated in milk and eggs. On the other hand, the toxin 
may be effectively transformed as a more or an equally toxic derivative which 
can exert its own deleterious effect, another possible pathway for the myco
toxic contamination of human alimentation. The purposes of this report are 
to summarize the sources and occurrence of the more significant mycotoxins 
in animal feed and to describe the fate and residue problems of mycotoxins 
in edible animal tissues, hence the human health risk related to mycotoxin
contaminated food consumption. 

NATURAL OCCURRENCE OF MYCOTOXINS IN ANIMAL FEEDS 

Toxigenic fungi have an ubiquitous geographic distribution. But their critical 
development and mycotoxin production depend on: 
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(1) Climatic conditions. 
(2) Cultivation, harvesting and storage techniques. 
(3) Method of livestock production (extensive or intensive). 

Table 53.1 Origin of main mycotoxins 

Toxins Fungi 

Mycotoxins produced in pasture 
Sporidesmins Pithomyces 

chartarum 

Siaframine Rhizoctonia 
leguminicola 

Ergot alkaloids Claviceps 
purpurea, paspa/i 

Tremorgen toxins Claviceps paspa/i 
Penicillium sp. 

Phomopsin A & B Phomopsis 
leptostromijormis 

Myrothecium toxins Myrothecium 
roridum 
verrucaria 

Coumestrol Pseudopeziza 
Leptosphoerulina 

Toxins primarily produced in storage 
Aflatoxins Aspergillus flavus 

parasiticus 

Zearalenone Fusarium spp. 

Ochratoxin A P. viridicatum 
A. ochraceus 

Patulin Byssochlamys nivea 
P. granulatum 

Trichothecenes Fusarium 
T 2, nivalenol, tricinctum 
deoxynivalenol 

Stachybotrys toxins St. atra 

Dicoumarol Humicola, Mucor 
Penicillium spp. 

Plant or feedstuffs 

Ray grass 

Red clover 

Graminaceous 
plants 
(inflorescences) 

Paspalum, 
ray grass 

Lupin 

Ray grass, white 
clover 

Clover, alfalfa 

Peanut, cotton, 
corn, sorghum, 
oats, barley, soya 

Corn, hay, 
sorghum, barley 

Barley, oats 
corn, wheat 

Silages (corn, sugar, 
beet pulp, grass) 

Cereals, hay, straw 

Straw, hay (cereals) 

Sweet clover 
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Promoting conditions 
and geographical 
distribution 

Wet autumn after dry 
summer, short grass 
(NZ, Australia) 

Second cutting, wet 
autumn, acid soils 

Extensive grazing 
summer, autumn 

Dry summer short 
grass (NZ, GB) 

After first rainfall in 
autumn (Australia, 
S. Africa) 

Summer, autumn 
(wet and warm 

Autumn 

Moist and warm 
conditions 10 Itropical 
countries, 2°/all over 
the world in bad 
storage conditions 

Sequence of cool and 
mild weather; 
temperate climates 

Wet and cool climates 
humid harvesting and 
storage conditions 

Anaerobiosis defect 
after first 3 months 
storage 

Sequence of frost and 
thaw cool climates 

Long time of wet 
storage 

Humid self-heated 
forage 
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It follows that these toxins occur primarily in particular feeds and regions. 
Moreover, for toxins from phytopathogenic fungi (which are often parasitic 
for only one plant species) and for toxins arising by fungal bioconversion of 
vegetal compounds (such as dicoumarol in mouldy sweet clover), the occur
rence is closely linked to the plant species. The leading origins of the main 
mycotoxins harmful to animals are presented in Table 53.1. 

Investigations on the mycotoxins produced in pasture lack analytical 
techniques for quantitative and epidemiologic studies, except for a few 
metabolites like coumestrol. Statements such as 'photosensitive pasture' and 
'oestrogenic forage', give very little information. For storage toxins, inter
national exchanges contribute to spread particular toxins into countries 
unfavourable for toxinogenesis (i.e. aflatoxins in peanut cakes). Surveys 
have concentrated on aflatoxins, ochratoxin A and zearalenone; natural 
occurrence of other mycotoxins has been described for patulin, sterigmato
cystin, penicillic acid72 , citrinin and trichothecenes65 • It is important to 
distinguish between unbiased surveys (usually on grains in commercial 
channels) and surveys or even single analyses biased because the samples are 
associated with mycotoxicoses in farm animals and are obviously moulded 
or improperly stored. In the first case, levels are low but widespread and main 
hazards for health result from toxins showing cumulative toxic effects. The 
second situation is concerned with undiluted feedstuffs where toxin yields 
may be high. In both cases, sampling is hazardous, because major contami
nation may occur in only a few of the kernels. 

Aflatoxins 

Since the discovery of aflatoxins in peanut cake, groundnut has been sur
veyed in many countries because of its harmful effect on human and animal 
health. Its occurrence, resulting from invasion by Aspergillus flavus, is 
comparatively high in subtropical regions and depends on numerous factors 
such as weak plants after drought stress, insect or mechanical damage, delay 
and climatic conditions before drying and improper storage conditions. In 
USA for the 1967-1972 period, the percentage of lots with more than 
100J.l.g/kg aflatoxin Bl varied from 0 to 3070. On the contrary, frequencies 
of 49 and 17% and mean levels of 1530 and 363 J.l.g/kg were found in Thailand 
and Ouganda respectively70. Aflatoxin yield sometimes may exceed 
lOmg/kg. 

Aflatoxins may be formed on other grains like corn, cottonseed and soya
bean, sometimes before harvest. Insect damage appears as a critical factor 
in field infection, which leads to moderate toxin levels. High contents result 
from bad harvesting and storage conditions. In an unbiased survey on 924 
samples of corn in France, during the 1973-1974 period, only one was con
taminated (42 J.l.g/kg)24. In a biased study (mouldy samples of corn stored in 
cribs), aflatoxins were present in 2.6070 of the 75 samples tested (10 J.l.g/kg)10. 
During the last decade of our survey on feedstuffs associated with animal 
disorders, the most frequently contaminated grain was self-heated barley (up 
to 600 J.l.g/kg AFB1). In spite of a high A. flavus frequency in hay, a part of 
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the thermopreferent mycoflora, AFB1 is rare and levels are low; this 
substrate, like soya40. 71 is unfavourable for biogenesis of polyketide 
mycotoxins38. 69. 

Zearalenone 

Zearalenone, an oestrogenic factor formed by various species of Fusarium, 
particularly by F. roseum graminearum, is found in corn and to a lesser 
extent in other grains and in hay48. These organisms invade developing corn 
at the silking stage in periods of heavy rainfall and proliferate on mature 
grains that have not dried because of wet weather before and at harvest 7 or 
on prestored grains before drying29. But the main source of zearalenone is 
corn on cobs stored in cribs in regions where climatic conditions do not allow 
a sufficient initial drying rate, especially in humid autumns which are 
conducive to Fusarium ear rot in epidemic proportions. In a survey organ
ized by CNEEMA in a mountainous zone, toxin yield varied from 2.8 to 
6 mg/kg when cribs were discarded. In contrast, in Haute-Garonne (around 
Toulouse), a similar investigation on well-devised cribs revealed a maximal 
yield of 0.1 mg/kg in zones with' Autan' wind and 1 mg/kg in the southern 
part (without this wind). We found a toxin level as high as 80mg/kg in corn 
on cobs from a farm, with reproductive disorders in cows, in the central part 
of France. In USA, as a result of the bad year 1972, zearalenone was found 
in 170/0 of the 223 samples assayed, at an average level of 0.9 mg/kg (range 
0.1-5 mg/kg) with no relation to grade or intended use including food usel4. 

The concentration of zearalenone within the corn kernel is distributed in 
the same fashion as aflatoxin; on dry milling of contaminated corn, the 
highest concentrations of zearalenone were in the high fat fractions usually 
used for oil and feed. 

Ochratoxin A 

Ochratoxin A (OA) originally isolated from Aspergillus ochraceus strains, 
is more frequently concomitant with Penicillium viridicatum66 • Because of 
reports from Denmark, showing contents as high as 27500 /kg/kg in barley 
associated with porcine nephropathy36, FDA undertook a survey of domestic 
barley; OA was found in 14% of 159 samples (range 1O-29/kg/kg) with no 
relation to grade. In a Canadian survey of mouldy feedstuffs, 18 of 29 
samples of heated grains (wheat, oats, rye) were contaminated with OA at 
30-27000 /kg/kg66. In a survey, on corn from commercial channels in 
France, 1.9% of samples presented OA content in the range 15-200 /kg/kg24. 

Citrinin 
Citrinin is often a co-contaminant with OA levels as high as 80000 /kg/kg 
found in mouldy grains in Canada66. In the Danish survey previously men
tioned36, citrinin was detected in the range 160-2000/kg/kg. We found this 
toxin at the 5000/kg/kg level in germinated barley associated with nephro
pathic and other disorders in goats. 
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Patulin 

Natural occurrence of patulin, originally proved in rotten apples invaded 
with Penicillium expansum6 , appears at significant toxin levels in hydrated 
foods and feeds. Silages are the major source of this toxin: in a local survey 
it was found in 506,10 of samples (range 1.5-40 mg/kg)15. This contaminant 
is also highly probable in immature cereals, where the toxigenic agents 
Byssochlamys nivea and Paecilomyces varioti are frequent. 

Trichothecenes 

Out of more than 30 chemically known trichothecenes, only four have been 
identified as natural contaminants31 (T2, diacetoxyscipenol, nivalenol and 
deoxynivalenol) associated with haemorrhagic disorders or feed refusal. 
Practical detection is based on the dermonecrotic action of the extracts27 . 
Several toxins from Stachybotrys atra are trichothecenes13 • As a result of its 
ecological features, this fungi and its highly toxic metabolites primarily occur 
in old wet straws39. 

Other mycotoxins 

Sterigmatocystin, formed by Aspergillus versicolor which is frequent in hay38 
and in hot spot grains, is seldom at a high level. Penicillic acid, produced by 
numerous Penicillium and Aspergillus species, is unstable at moderate 
temperatures, depending on water activity; it may occur and accumulate at 
significant concentrations in feeds stored at low temperatures. 

FATE AND RESIDUES OF MYCOTOXINS 
IN EDIBLE ANIMAL TISSUES 

The fate of a mycotoxin in an animal body depends upon the extent and rate 
of its absorption from gastrointestinal tract, its distribution, its binding or 
localization in tissues, its biotransformation and its excretion processes. The 
rate of each of these events, which contribute to both pharmacokinetics and 
pharmacodynamics of a drug or a toxin, is determined by the chemical and 
physical properties of the compound and by its interaction with tissues 
responsible for elimination. 

It has been known that toxic chemical substances such as mycotoxins can 
alter normal physiological functions of animal and man, but it was recog
nized only relatively recently that contact with biological material could also 
affect the structure of a chemical compound. Considerable study of this 
latter process, especially during the past 20 years, has provided a great wealth 
of information and has led to the introduction of drug metabolism as a sub
discipline of pharmacology and toxicology. Strictly speaking, drug bio
transformation refers exclusively to the chemical alteration of a drug - or 
a mycotoxin - produced by the biological environment and this represents 
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one aspect of the physiological disposition, or fate of the toxic substance. 
One of the major natural functions of drug metabolism consists of the 
formation of more polar and water soluble derivatives which results in an 
increased rate of excretion of the toxin related to a reduction or an enhance
ment of the toxicological activity of the product. 

Certain biotransformation pathways of toxins reaction could lead to less 
toxic derivatives than parent mycotoxin. In vitro transformation assay of 
ochratoxin A by animal microbial flora has demonstrated that toxin was 
mainly hydrolysed to ochratoxin ex 19. A similar result l9 was obtained with 
rumen fluids of cows and sheep obtained from the slaughter house. This 
hydrolytic reaction of a mycotoxin, ochratoxin A, leads in this case to the 
formation of ochratoxin ex which is a non-toxic derivative since intravenous 
doses as great as 100 mg/kg did not induce any damages in adult rats. In vivo, 
this detoxifying conversion occurs principally in the caecum and large intes
tine of the rat and the rumen of cow as recently demonstrated by Ribelin59. 
So, although ochratoxin A is known to accumulate in the tissues of mono
gastric species such as swine, ochratoxicosis can be considered as an unlikely 
problem in ruminants (cow, ewe, goat) because of hydrolysis of the toxin 
within the rumen. 

In other cases, biotransformation pathways lead to more or equally toxic 
derivatives. The metabolic fate of the well-known mycotoxin aflatoxin BJ, 
has been investigated in many species. More specifically the hepatic dis
position of the toxin might consist of: 

(1) A reversible cytoplasmic bioconversion in aflatoxicol which is 
considered as a 'metabolic reservoir' of aflatoxin. 

(2) A microsomal formation of the hemiacetal metabolite, aflatoxin B2A, 
which would be responsible for the acute toxicity attributed to the 
mycotoxin through non-specific inhibition of liver enzymes. 

(3) A microsomal oxidation leading to a 2: 3 epoxide proposed by 
Schoental64 to be the 'active form' of the toxin, particularly in relation 
to its chronic effects, namely the carcinogenic activity. It had generally 
been thought probable that epoxide would be a short-lived metabolite 
particularly difficult to isolate from biological material which might 
contain dihydtodiol, the stable derivative of epoxide. In this particular 
case, the chronic toxicity of aflatoxin BI would be due to a biological 
process of animal organism which would so determine its own lethal 
consequences. 

Another mycotoxin which is transformed in a toxic metabolite is T 2 toxin, 
an epoxytrichotecen elaborated by Fusarium sp. Disposition of this toxic 
compound has been studied by means of in vitro tests using bovine and 
human liver homogenates l2 so des acetylation of T2 toxin in H-T2 toxin is 
observed. This derivative would be one of major metabolites in animal 
organism as described by Matsumoto et at.46 who detected considerable 
amounts from excreta of rats orally administered with [3H]T2 toxin; how
ever, H-T2 toxin is marked by a toxicity as high as T2 toxin (9 vs. 5.2mg/kg) 

630 



MYCOTOXIN RESIDUES AND HUMAN HEALTH 

for LDso in mice following intraperitoneal administration; here again, bio
transformation of the mycotoxin does not correspond to a true detoxification. 

Such data demonstrate the importance of metabolic studies for a better 
understanding of the mode of toxic activity of mycotoxin; experiments in this 
field of action are needed, particularly about the fate of toxins in domestic 
animals, especially in ruminants in which bacterial floras should reduce the 
toxic action of natural contaminants of feedstuffs. 

Residue problems of mycotoxins in non-ruminant species 

Such problems result in the presence and residue of toxic residues in dairy 
products such as meat, fat and eggs. A toxin residue has to be determined not 
only as the residue of the mycotoxin itself but also as the residue of a possible 
toxic metabolite, aflatoxin B2A, aflatoxin MI or HT 2 toxin, for instance. 
These studies are generally carried out in experimentally administered 
animals. However, the natural occurrence of mycotoxins and/or biological 
toxic derivatives has been also investigated in meat and eggs. Some studies led 
to relationships between the mycotoxin levels in animal feeds and the residual 
concentrations in edible tissues. In any case, data concerning toxin con
tamination did not correspond to the result of fungi development on dairy 
products, due to bad conservation but really to a contamination in the animal 
feed intake. Occurrence of mycotoxin residues in meat products from pigs, 
poultry and rabbits, naturally or experimentally fed with mycotoxin-contain
ing feedstuffs, is given in Table 53.2. Most of the aflatoxin data have been 
reported from Rodricks et al. 61 • These authors tabulated ratios of aflatoxin 
levels in feed to levels in edible tissues of animals receiving the contaminated 
feed. However, such calculations appeared difficult to generalize because of 
considerable variation in experimental design of assay and execution of 
analytical procedure. In liver, kidneys and muscle of swine, aflatoxin BI was 
generally carried over as both unchanged form and aflatoxin MI. On the other 
hand, residues of ochratoxin A were found as natural contaminants of 
kidneys and other tissues investigated in slaughter house cases of mycotoxic 
porcine nephropathy in Scandinavia, probably because of the cumulative 
effect of this mycotoxin 18 related to the in vivo binding to plasma protein 17. 

In contrast, experimental data suggested that the zearalenone residue problem 
would be minimal in swine. In poultry, mycotoxin residues have been shown 
in liver and muscle of animals receiving diets containing aflatoxin BI or 
ochratoxin A. In case of administration of tritiated T 2 toxin to chicken, some 
radioactivity has been recovered in both liver and muscle. In rabbit, un
changed zearalenone has been carried over in liver of orally administered 
animals (Table 53.2). 

On the other hand, egg contamination has been investigated because of the 
possible absorption of mycotoxins from contaminated feed by farm poultry. 
In this connection, experimental data generally demonstrated a lack in trans
fer of mycotoxin within yolk or white of eggs. Only low residue levels in eggs 
have been demonstrated following experimental intoxication of hen or quail 
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Table 53.2 Occurrence of mycotoxin residues in edible tissues (liver and muscle) from poultry 
and rabbit, in milk of dairy cattle and in eggs (NO: not detectable) 

Residue 
Dose in Recovered level 

Ingested toxin feedstuff form (",g/kg) Ref. 

Poultry 
Aflatoxin Bl 280-1600 ",g/kg AF Bl <1 28 

4300 ",g/kg AF Bl 2 73 
100 ",g/kg AF Bl 0.35/0.23 47 

1000 ",g/kg AF Bl 3.70/0.19 47 
5000 ",g/kg AF Bl 18.35/6.47 47 

15000 ",g/kg AF Bl 21.10/24.20 47 
1170 ",g/kg AF Bl 22 44 

AFMl 198 44 
Ochratoxin A nat mal intake OTA /29 11 

1mgkg-lday-l OTA < 16 66 
5-20 mg/kg OTA + 57 

3H T2 toxin 800 ",g/kg 3H + 8 

Rabbit 
Zearalenone 10 ",g/kg Zea + 37 

Milk 
Aflatoxin Bl 9690 ",g/kg AFMl 15 2 

23 ",g/kg AFMl NO 1 
128 ",g/kg AFMl 0.65 
367 ",g/kg AFMl 2.8 

40-557 ",g/kg AFMl 0.7-4.7 43 
3-466 ",g/kg AFMl NO-0.84 55 

356-1089 ",g/kg AFMl 9.1-20.2 45 
540 ",g/kg AFMl 0.92 50 

10 ",g/kg AFMl 0.01-0.33 51 
Ochratoxin A 1.66 mg/kg OTA,Ct + 59 

317-1125 ",g/kg OTA,Ct NO 67 
Zearalenone 385-1925 ",g/kg Zea NO 67 

10 mg/kg Zea + 25 
25 mg/kg Zea 35% 1300 49 

T2 toxin 50 mg/kg T2 10-160 49 

Eggs 
Aflatoxin Bl 100 ",g/kg AF Bl 0.23 28 

400 ",g/kg AF Bl 1.40 28 
13 ",g/kg AF Bl 0.05 56 
84 ",g/kg AFBI 0.33 56 

5000 JLg/kg AFBI 0.09 42 
100 JLg/kg AFBI 0.09 42 

8000 JLg/kg AF Bl 1.88 42 

14C Aflatoxin Bl 11-26 mg 14C + 63 
Ochratoxin A 300-1000 JLg/kg OTA NO 34 

5-20 mg OTA NO 54 
3H T2 toxin 2000 JLg/kg 3H white > yolk 9 
14C Patuline 50mg/day 14C + 41 
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with aflatoxin Bl or ochratoxin A. Some researchers described the carry-over 
of radioactivity in eggs following experimental administration of labelled (lH 
of 14C) toxins in laying hens9 ,41,63. Such studies should be related to the 
structural determination of the so-measured radioactivity because it can be 
due to toxin itself or toxic derivatives but also to non-toxic metabolites. This 
remark is particularly relevant in case of patulin which is known for its rapid 
in vivo inactivation, due to its high reactivity for sulphhydryl groups con-
tained in amino acids or proteins. 

Table 53.3 Occurence of mycotoxin residues in edible tissues from pigs and ruminants (ND: 
not detectable; nat. int.: natural intake) 

Dose in Recovered Residue level (parts/l09) 
Ingested toxin feedstuff form liver kidneys muscle Ref 

Pigs 
Aflatoxin Bl 100-400I'g/kg AFBI 0.3-2.7 0.3-0.3 0.2-0.2 28 

AFMl 0.2-2.0 0.1-0.2 0.04-0.4 28 
Bl 250-417 I'g/kg ARBI 51-92 10-50 35 

AFMl 3-4 3-6 35 
Bl 4000l'g/kg AFBI 6 0.2 0.1 30 

AFMl 3 1.0 0.05 30 
Bl 6621'g/kg AFBI 0.07 0.27 0.07 16 
B2 2731'g/kg AF Bl 0.04 0.17 0.01 16 
0 1 300 I'g/kg AFMl 0.12 0.12 16 
O2 2851'g/kg 
Bl nat. int. AFBI +0.1 5 

Ochratoxin A nat. int. OTA 38 67 + 23 32 
nat. int. OTA 0-104 62 
lOool'g/kg OTA 12 36 93 32, 33 

0.38mg/kg b.w. OTA 0.34 0.70 0.13 53 
Zearalenone 5Ol'g/kg Zea + 37 

2.2I'g/kg ND 68 

Ruminants 
Bovine 

Aflatoxin Bl 375Ol'g/kg ND + 4 
Bl nat. int. ND + 58 
Bl 1050/tg/kg AFBI 5 1-2 1-2 55 

AFMl 5 ND ND 55 
Bl 693/tg/kg AFBI 0.05 ND ND 43 

AFMl 0.1 0.2 ND 43 

Sheep 
Aflatoxin Bl 0.36mg/kg b.w. AFBI + + 3 

Calves 
Aflatoxin Bl 12-13/tg/kg AFBI + ND ND 52 

AFMl + 0.03 ND 52 
Ochratoxin A 320-54O /tg/kg OTA ND 5 + 52 

OTA ND 10 + 52 

Cows 
Ochratoxin A 317-1I25 /tg/kg OTA ND 5 ND 67 
Zearalenone 385-1925I'g/kg Zea ND ND ND 67 
3H T2 toxin 180mg 3H + + 75 
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Except for the classic distribution and fate studies, the tissue residue of any 
xenobiotic can be investigated by means of pharmacokinetic modelling of the 
animal body. Thus, after a preliminary study concerning the fate of labelled 
ochratoxin A in the rat23 , the pharmacokinetic profiles of this toxin in pigs, 
rabbit and chicken20 have been determined following both oral and intra
venous administration of the toxin. Concentrations of the mycotoxin in the 
plasma were measured for up to 120 h following treatment. Pharmacokinetic 
parameters indicated a two-compartment open model. Following oral 
administration, the biological halflife of ochratoxin A was 88.8,8.2 and 4.1 h 
in pigs, rabbits and chickens, respectively, and 65.7,55.6 and 40.0070 respec
tively of the administered dose was absorbed. These results indicated that 
ochratoxin A persists in the body of the pig (see Table 53.3). The large 
apparent volumes of distribution calculated for the rabbit and chicken 
indicated a wide distribution of the toxin in these organisms. Physiological 
processes such as serum albumin binding, digestive flow rate, or biotrans
formation pathways, are suggested as explanations for the observed species 
differences in the pharmacokinetics of ochratoxin A. In this respect, curves 
of toxin amounts contained in the two compartments and predicted plasma 
concentrations following one, two or three daily administrations, have been 
simulated by use of mathematical expressions programmed in a digital 
computer. These studies clearly showed the residue of ochratoxin A in deep 
compartment tissues such as muscle, fate or skin20, 23. 

Residue problem of mycotoxins in ruminants 

Table 53.3 illustrates some data concerning the occurrence of mycotoxin 
residues in edible tissues from ruminants. As in pig, both aflatoxins BI and 
MI were generally recovered in liver and kidneys, whereas the derivative MI 
appeared less frequently than the unchanged mycotoxin in muscle of cow, 
calves or sheep. It has been recognized that average ratios of aflatoxin BI 
concentration in the feed to the aflatoxin level in liver appeared greater in 
beef than in swine or broiler chicken61 . On the other hand, the withdrawal 
time, calculated from available studies about aflatoxin residues in liver and 
muscle, varied in a range of 6-26 hand 18-72 h, respectively61. 

In spite of the hydrolysing action of ruminal micro flora on ochratoxin A, 
this toxin has been recovered in kidneys of calves and cows receiving 300-
1100 parts/109 ochratoxin A containing diets. Residues of zearalenone were 
not detected in muscle liver and kidneys of cow fed with concentrate rations 
containing about 400-2000 parts/ 1 09 of the mycotoxin. 

Several data deal with the excretion of aflatoxins in the milk of farm 
animals (Table 53.2). The recovered form is aflatoxin MI which develops a 
similar toxic character to aflatoxin BI . Patterson51 described a linear relation
ship between the amount of afl<l1oxin BI ingested daily and the level of afla
toxin MI in cow milk. In this respect, about 1.5070 of aflatoxin BI is excreted 
as the derivative MI and_the concentration of the metabolite in milk is 
approximately 1/300 of the level of mycotoxin in the dairy ration. The 
possible occurrence of aflatoxin MI residues in milk is actually considered 
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as an important econominal problem in Europe because of the possibility of 
both contamination from imported concentrate feeds and residue of carcino
genic derivatives in cheese. In current conditions of feedstuff contamination 
by ochratoxin A (300-1000 parts/109), the toxin was not recovered in 
bovine milk. However, the administration of larger doses led to the presence 
of ochratoxin A in cow milk. During an experimental study21, the excretion 
of ochratoxin A in rabbit female was examined after a single intravenous 
administration of toxin. For the highest dose (4 mg/kg), the level in milk 
reached 1 parts/106. The mammary excretion was also studied while plasma 
concentration of ochratoxin A was constant; the percentage of protein
bound toxin in plasma and milk was determined. The similarity of the 
theoretical and experimental ratios between mycotoxin levels in milk and 
plasma ultrafiltrates led to the conclusion in favour of the passage through 
the blood-milk barrier by non-ionic passive diffusion of the free toxin. 
Such a result could, therefore, be representative for monogastric species 
only. Fusarium mycotoxins have been investigated for their milk excretion. 
Thus for Shreeve et al. 68, a balanced diet, which included 385-1925 partsl 
109 of zearalenone, did not result in the presence of detectable residues in 
milk of cows. In contrast, with higher dietary intake, Mirocha et al. 49 found 
zearalenone was transmitted into the milk of a cow as free toxin (45-64 
parts/109), conjugate (31-182 parts/109 and zearalenol. Lastly T2 toxin was 
carried over in cow (10-160 partsl 109) and sow (76 partsl 109) milk follow
ing daily consumption of contaminated feed, corresponding to 50 and 
12 parts/106 respectively6o. 

HUMAN HEALTH RISK 

Two pathways of human dietary exposure have been described: the direct 
ingestion of toxins in contaminated foods of plant origin (cereals, nuts, 
coffee, flour) and the ingestion of toxin residues in edible tissues from breed
ing animals. Whereas exposure by the first pathway is likely to be greater than 
the second, these two possibilities lead to similar human health risks. 

Such risks have already been reviewed64 • 74 • Reasonable evidence to 
associate a mycotoxin to human disease exist only for some mycotoxicosis: 
ergotism, liver cancer or alimentary toxic aleukia. Such diseases originate 
generally from chronic effects of dietary mycotoxins exposure. 

Ergotism is the oldest and best known human mycotoxicosis. This disease, 
occurring centuries ago in Central Europe, reached epidemic proportions in 
the Middle Age and was popularly known as St. Anthony's fire. It became 
associated with the consumption of bread made from flours invaded by 
Claviceps purpurea. It was recognized that alkaloids produced by the ergot 
were responsible for the disease that was characterized by a sensation of cold 
hands and feet which progressed to an intense burning sensation and possibly 
to gangrene and necrosis of extremities. Concerning liver cancer, correlations 
between aflatoxin intake and human liver cancer incidence have been 
established in surveys that included areas with high estimated aflatoxin 
exposure and high liver cancer incidence: Kenya, Mozambique, Swaziland or 
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Thailand. On the other hand, a diet deficient in lipotropes (choline, 
methionine, folate) enhanced liver cancer induction by aflatoxin Bl in rats, 
whereas alimentary deficiency in protein also increased liver cancer inci
dence. In summary, aflatoxin ingestion may increase the risk of liver cancer 
and this risk depends on the amount of ingested aflatoxin and the reduction 
in daily aflatoxin exposure could be expected to reduce the liver cancer risk. 
In contrast, the involvement of aflatoxins in the aetiology of juvenile cir
rhosis in India was not supported by later studies of aflatoxin exposure and 
analytical examination of urine and liver specimens. Alimentary toxic 
aleukia (AT A) was a disease encountered in Russian people in the period 
around 1940. An association was established with the ingestion of grain 
contaminated by Fusarium poae and Fusarium sporotrichioides. Necrotic 
lesions of the oral cavity, oesophagus and stomach were dominant patho
logical signs associated with a pronounced leukopenia. Some years ago, T2 
toxin and trichothecenes were identified in submerged cultures of F. 
sporotrichioides. Recently, occurrence of trichothecenes would have been 
demonstrated in samples associated with human haemorrhagic disease in 
South East Asia known as 'Yellow Rain' disease. Another possible incidence 
of mycotoxin in human health risk corresponds to Balkan endemic neph
ropathy. This is a chronic disease that is more common around 40 years of 
age and then progresses slowly up to death in rural populations of the Danube 
plain in Yugoslavia, Bulgaria and Romania. In the past 20 years, aetiological 
studies covering viruses, toxic metals and genetic factors have been con
ducted without convincing results. Attention has been called to the simi
larities in the changes of renal structure and function (tubular degeneration, 
intestinal fibrosis and decreased Tm PAH) found in this disease and in 
ochratoxin A-induced porcine nephropathy, suggesting common causal 
relationships. Results of surveys of foodstuffs indicate effectively that 
exposure to foodborne ochratoxin A seems to be higher in the Yugoslavia 
area with a higher prevalence of human endemic nephropathy than in non
endemic areas. However, the hypothesis, that ochratoxin A may be one of 
the causal determinants in this disease, needs further support. 

Besides much suspected implications of mycotoxins for inducing well
determined human diseases, the occurrence of toxins in dietary intake of man 
could lead to both the participation of these poisons in other diseases and 
the interaction with other xenobiotics such as drugs, resulting in a toxic 
combined effect. In this respect, a toxicological study22 demonstrated an 
increase in ochratoxin A toxicity when the toxin was administered with 
ethylbiscoumacetate or phenylbutazone in rats. This finding may reflect an 
in vivo displacement of the toxin from binding sites on the plasma proteins, 
although some additive or synergistic action of the toxin and the associated 
drug is another possibility. 

On the other hand, some naturally occurring mycotoxins other than 
aflatoxins have been recognized as carcinogenic substances, namely penicillic 
acid, patulin or sterigmatocystin. Certain toxins have also been described as 
mutagens or teratogens. Thus in a recent monograph26 Hayes reviewed the 
involvement of mycotoxins in animal and human health, the implication of 
mycotoxins in abnormal fetal development and the mutagenicity of these 
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metabolites. Such toxicological properties have led the WHO task group on 
environmental health criteria for mycotoxins to express as general recom
mendation for further studies, the need for a 'better understanding of the role 
of mycotoxins in human disease'. This conclusion emphasizes the import
ance of studies concerning all pathways of human dietary exposure, parti
cularly the problem concerning the transfer of mycotoxin residues from the 
contaminated animal feedstuffs into the edible tissue, especially for toxins 
as important and widely spread as patuline, zearalenone or tichothecenes. On 
the other hand, a better study of biotransformation pathways of such myco
toxins will lead to the discovery of toxic derivatives and the elaboration of 
their own analytical methods of carry-over in tissues and excreta. In addition 
to advantages in the fields of residue study or mycotoxicose diagnosis, the 
determination of their biotransformation pathways may lead to an explan
ation of the mode of toxic activity of some mycotoxins and to the determi
nation of a specific treatment for reducing acute or chronic effects of these 
food contaminants in man and animals. 
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54 
Residues of xenobiotics in animals, 
milk, and environment in the light of 
a 13 year surveillance 
T. Juszkiewicz 

Most of the potentially toxic chemicals contaminating the environment may 
penetrate animal organisms. They can manifest themselves with disease 
symptoms of various intensity and character or produce subclinical effects, 
which can be observed only as a drop in productivity of the animals, e.g. 
inhibition in growth, drop in milking yield or laying capacity. A considerable 
number of xenobiotics that pollute animals are excreted from the organism 
via milk or eggs or are accumulated in various tissues and organs, being thus 
transferred to the human body. It should be emphasized that the veterinary 
profession, due to its everyday life with animals, may play the important role 
in preventing environmental pollution and protecting human health. 

MATERIAL AND METHODS 

According to the system of national surveillance, sampling and analysis, 
which was developed for Poland in 1968 1,2, in the period from 1969 to 1981, 
samples of animal tissues from about 26000 animals (cattle, horses, swine 
and poultry), 3000 pooled milk samples from over 250000 cows and 25000 
eggs, were received for analysis of xenobiotic content (pesticides, poly
chlorinated biphenyls (PCBs) and potentially toxic elements). In addition, 
over 25 000 samples of animals slaughtered for export purposes (cattle, pigs, 
geese, ducks, rabbits, and game animals) were also analysed. Similar analyses 
were performed at the same time with occasional samples of human fat and 
human milk. 

Determinations of organochlorine and organophosphorous pesticides and 
PCBs were conducted mainly by gas chromatography; for other xenobiotics 
various techniques of spectrophotometry, including atmoic absorption, were 
used3, 9,10,12-16. 
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RESULTS AND DISCUSSION 

Results of the analysis are summarized and presented in Table 54.1-4 and 
in Figure 54.1. The sum of DDT (S-DDT=p,p'-DDE+p,p'-DDT+p,p'
DDD + o,p' -DDT) was found to be a prevailing pesticide, particularly within 
the first years of surveillance, although its levels of residues in animal tissues, 
milk, and in the environment, as well, have significantly declined, by 
approximately 75-850/0 during the 13 y since the initiation of this regular 
study in 1969 (Figure 54.1). As could be expected, the highest concentrations 
and the most persistent levels of DDT and PCB residues were found in human 
adipose tissues and in breast milk (Table 54.1). In consequence, in 1971 a 
moratorium on the use of DDT began in agriculture, followed in 1973-74 
by its complete ban in Poland. 
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Figure 54.1 Decline of DDT residues, presented as calculated mean values expressed in 
percentages of the concentrations found in 1969 

Other organochlorine pesticides were found in rather low concentrations 
and only in a percentage of the samples tested. There were mainly isomers 
a, {j and l' of HCH, HCB, dieldrin, and methoxychlor. 

During the latter years, occurrence of PCB was recorded quite frequently 
in animal tissues, eggs, and milk, human adipose tissues and human milk 
(Table 54.2). However, the concentrations of PCBs in animal samples were 
much lower than those in humans. 
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Table 54.1 Average residues of S-DDT, S-HCH and HCB in animal fat, milk, and eggs; values 
found from 1979 to 1981 expressed as mg/kg 

S-DDT S-HCH HCB 
Number of 

Commodity analyses mean range mean range range (0/0)· 

Pigs, fat 3036 0.18 0.01- 1.91 0.01 0.00-1.16 0.01-0.03 (6) 
Cattle, fat 2074 0.14 0.01- 2.11 0.01 0.00-0.33 0.01-0.08 (9) 
Horses, fat 35 0.10 0.03- 0.30 0.03 0.01-0.06 0.01 (20) 
Chickens, fat 1082 0.74 0.01- 3.05 0.01 0.00-0.22 0.01-0.35 (6) 
Geese, fat 915 0.35 0.01- 3.08 0.01 0.00-0.17 0.01-0.03 (6) 
Ducks, fat 819 0.12 0.01- 2.10 0.01 0.00-0.11 O.oI-0.02 (7) 
Rabbits, fat 602 0.14 0.01- 2.80 0.01 0.00-0.23 0.01-0.13 (13) 
Game, fat 1463 0.35 0.01- 3.12 0.01 0.00-0.22 0.01-0.07 (21) 
Eggs, yolks 470 0.25 0.02- 1.83 0.01 0.00-0.05 0.01-0.02 (3) 
Cow's milk, fat 579t 0.16 0.05- 0.39 0.05 0.04-0.13 0.01-0.05 (2) 
Human milk, fat 161 6.70 0.70-16.31 0.09 0.00-0.25 0.02-0.85 (l00) 

·Percentage of positive samples 
tPooled samples from 300 cows each 

Table 54.2 Average PCB concentrations in animal fat, milk, eggs, and human milk and fat; 
values found from 1979 to 1981 expressed as mg/kg 

Number of Positive 
Commodity analyses Mean Range samples (%) 

Pigs, fat 515 0.01 0.00-0.08 53 
Horses, fat 35 0.09 0.02-0.45 100 
Poultry, fat 625 0.05 0.01-0.30 95 
Eggs, yolks 94· 0.02 0.00-0.15 70 
Cow's milk, fat 473t 0.04 0.00-0.14 99 
Human milk, fat 285 0.40 0.10-3.08 100 
Human fat 118 0.56 0.08-3.21 100 

·Pooled samples of five eggs each 
tPooled samples from 300 cows each 

Average concentrations of some potentially toxic elements in bovine 
tissues and milk are given in Table 54.3. The levels of PCB and investigated 
elements were found to be dependent upon both incidental and environ
mental (industrial) exposures6- 8,l1. As an example, concentrations of 
cadmium and lead, determined in biological samples taken from agricultural 
areas (Bialystok and Lublin provinces) and heavy industrial areas (Krakow 
and Katowice provinces), were compared in Table 54.4. 

Organophosphorous insecticides were not detected in the samples received 
for routine analyses, in spite of the fact that, in experimental conditions, 
residues of the compounds used for warble fly control were found in milk 
and tissues of cattle during the withdrawal period of time4, 5. Practical 
implications of the results seem to be evident if they are evaluated from the 
point of view of animal health and human safety. 
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RESIDUES OF XENOBIOTICS 

Table 54.4 Comparison between concentrations of cadmium and lead found in agricultural 
and industrial areas; all values given in mg/kg are means ± SD of over 150 samples each 

Samples 

Bovine kidney 
Bovine liver 
Bovine muscles 
Bovine hair 
Bovine milk 
Human milk 

Agricultural area 

Cd 

0.68 ±0.41 * 
0.13 ±0.07* 
0.01 ±0.01 * 
0.26±0.13* 

0.003 ±0.002 
0.004 ± 0.002* 

Pb 

0.31 ±O.IO* 
0.14±0.05* 
0.06±0.02 
1.12±0.48* 

0.017 ± 0.007 
0.014±0.005* 

*Denotes a significant difference (p<0.05) between areas 

References 

Industrial area 

Cd 

4.08± 1.57 
0.88±0.54 
0.06±0.03 
0.54±0.27 

0.018 ±0.009 
0.007±0.004 

Pb 

1.42 ±0.65 
0.71 ±0.34 
0.08±0.04 
7.05±3.35 

0.029 ± 0.009 
0.020 ± 0.007 

1. Juszkiewicz, T. (1968). Pesticide residues control (in Polish). Biul. Inst. Ochr. Roil., 41, 
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55 
Persistence in milk of 
active antimicrobial intramammary 
substances 
Ph. Archimbault 

Milk, an essential foodstuff, is widely consumed as such or in the form of 
various milk derivatives. Like most agricultural products, because of the 
therapeutical treatment administered to dairy cows, milk is subject to a risk 
of contamination, especially in the case of antibiotically active substances. 

The first attempts at reducing the antibiotic contamination of milk were 
not made to protect the consumer, but solely so as to limit the number of 
incidents during the production of milk derivatives obtained by ferment
ation. To this economic objective could be added the desire to offer a product 
which would be healthier and more hygienic, and not contaminated by anti
biotics, the possible influence being unknown for the consumer's health. 

At present, many teams of research workers are interested in this problem. 
It seems that the arguments which are most often used against antibiotic 
residues in food of animal origin for human consumption are: 

(1) Possible occurrence of allergic symptoms (a well-known incident due to 
the penicillins). 

(2) Disorders of the intestinal flora. 

(3) Possible occurrence of strain-resistance to the antibiotics administered 
in human therapy. 

However, it is necessary to mention that the acute toxic effects from these 
residues are not founded regarding milk. As a matter of fact, the quantity 
of antibiotics inferred is very low. 

On the other hand, in most of the industrial countries, the manufacturer 
of a veterinary product is compelled to give a withdrawal time to be followed 
after the last administration of the product - whether the latter contains 
antibiotics or not. Consequently, it appears that the authorities do take or 
have already enforced the necessary regulations in order to avoid the pro
liferation regarding the effectiveness of this type of measure, thus making 
it necessary to reinforce the means of control. 
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VETERINARY PHARMACOLOGY AND TOXICOLOGY 

ANTIBIOTICS USED IN VETERINARY MEDICINE 

A classification of antibiotic substances can be made according to the 
number of times the drug is being used in dairy cows. The first group of 
drugs, which is the most widely distributed, is that of the /3-lactams and their 
derivatives: 

(1) Penicillins and their various salts (sodium, potassium, benzathine), 
(2) Cloxacillin, oxacillin, dicloxacillin, ampicillin, amoxicillin, etc., 
(3) Cephalosporins: cefalexin, cephaloridine, cefapirin, cefacetrile. 

Other groups of antibiotics are utilized almost as frequently: 

(1) Aminoglycoside antibiotics: streptomycin and dihydrostreptomycin, 
neomycin, kanamycin, gentamicin; 

(2) Chloramphenicol; 
(3) Antibiotics of the tetracycline group, especially oxytetracycline and 

tetracycline; 
(4) Antibiotics of the macrolide group: erythromycin, tylosin, spiramycin, 

etc.; 
(5) Sulphonamides and sulphones and trimethoprim; 
(6) Antibiotics of the polypeptide group with colistin and polymyxin B 

especially; 
(7) Antibiotics of nitrofuran group: furazolidone, nitrofurazone, nitro-

furantoin, etc.; 
(8) Various antibiotics: novobiocin, rifamycin SV, lincomycin. 

These different substances can be administered by several routes: 

(1) Parenteral, 
(2) Oral (seldom used in the dairy cow), 
(3) Local (intramammary, intrauterine). 

Therefore, it appears that the problem of the contamination of milk is 
extremely complex. Firstly, because of the number of substances presenting 
an antibiotic activity susceptible to be administered to dairy cows, secondly 
because of the multiple administration routes. Also, one must not forget that 
concomitant administration of several antibiotics according to two adminis
tration routes (i.e. intravenous and intramammary) are used routinely in 
veterinary therapy. 

The major part of milk contamination should be the result of a local treat
ment, i.e. by intramammary route. The facts show that, usually, the intra
mammary route is not the chief element. As a matter of fact, the producer 
is well aware of the consequences of using this type of local administration, 
and it seems logical to him to discard the milk of several milkings after treat
ment has ceased. However, the mammary gland cannot be considered as an 
isolated and an hermetically sealed reservoir. The drugs cross the mammary 
epithelium either in the blood -+udder direction, or just the opposite. 

This phenomenon has been particularly well described20 • The transfer 
mechanism is governed by the physicochemical characteristics of the drug 
and by those of the milk and blood. 
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ACTIVE ANTIMICROBIAL SUBSTANCES IN MILK 

The diffusion phenomena concern the portions which are unionized and 
non-protein-bound. The influence of the lipid solubility of the unionized 
portion is quite extensive also in this process. 

Therefore, in the case of a mastitis, the increase of the milk pH of approxi
mately 6.4-6.8 to 7.0-7.4, according to the pKa of the drug contained in 
the udder, can modify the proportion of the unionized fraction. This is the 
only fraction that crosses the mammary epithelium and which is excreted in 
the blood circulation. Thus, according to the physicochemical criteria of the 
drug and of the pH of the milk, it is possible to foresee if the elimination of 
the drug contained in the udder will take place in the systemic circulation, 
and to what extent. The passage may modify the rate of the milk contami
nation which is later detected. 

For all signs other than mastitis, milk contamination is also a corollary 
regarding the use of some antibiotic preparations, pharmacokinetic charac
teristics of which produce a high level of excretion by the intramammary 
route. This is the case, especially, of the antibiotics of the macrolide and 
tetracycline groups, chloramphenicol, and trimethoprim. 

It is also necessary to observe that the galenical form of the product, and 
especially the nature of the excipient, have as much importance as the nature 
of the drug on the process of elimination of the antibiotic residues in the milk. 
Without prejudging the clinical effectiveness of the drugs, it is well-known 
that excipients of the 'slow-release' type for the intramammary or parenteral 
products, or the oil parenteral ones, can produce a prolonged mammary 
elimination of the antibiotic. 

ELIMINATION IN THE MILK OF THE ANTIBIOTICS 
ADMINISTERED BY INTRAMAMMARY ROUTE 

This mode of administration has been the subject matter of few studies1- 6 • 

In fact, in most cases, the veterinary drugs used are specifically adapted in 
their galenical form to intramammary therapy. The elimination character
istics of the antibiotic - or antibiotics - then depend upon the nature of the 
excipient. 

It is also necessary to make a distinction between two type of treatment: 
(1) treatment in the lactation period, and (2) treatment in the dry period. 

Treatment in the lactation period 

The various studies published 16,22,27 show a great heterogenicity regarding 
the detection limits of the assay methods used, as well as in the number of 
quarters treated. The volume of the milk production is only seldom 
mentioned. 

For penicillin G, which is one of the most commonly studied antibioti:cs, 
the various results available have been summarized in Table 55.1. The residue 
persistence spreads from 48 h to 18 days according to the administered dose, 
the excipient used, the number of treated quarters and the detection limit of 
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ACTIVE ANTIMICROBIAL SUBSTANCES IN MILK 

the microbiological method applied. The residue of antibiotic which is 
tolerated is generally lower or equal to 0.01 IV of penicillin G per ml of milk. 

A study8 performed on 17 products with a penicillin acid in association 
with other antibiotics shows an elimination of penicillin in milk at times 
varying from 72 to 200 h after the end of the treatment. It is unquestionable 
that the influence of the nature of the excipient plays an important role, 
especially with the incorporation of aluminium monostearate presenting a 
definite slow-release effect. 

A comparison carried out on various studies also confirms the fact that 
the elimination of penicillin residues is slower in animals suffering from 
mastitis than in healthy ones (more than approximately 12-24 h). The dis
appearance speed of the antibiotic is also lower in dairy cows with a limited 
milk production24 , 26. 

Regarding other ~-lactam antibiotics, the information is more fragmen
tary, with the eXception of cloxacillin (Table 55.2). Antibiotics of the amino
glycoside group, and dihydrostreptomycin and neomycin especially, are 
often incorporated into intramammary drugs. Since in association with the 
~-lactam antibiotics it is possible to enlarge the antibacterial spectrum of the 
drugs, the combination of these two types of antibiotics is used frequently. 
Our studies performed on neomycin should be compared with the results 
obtained for cloxacillin. With the same type of excipient, it does not always 
follow that, under the same conditions, the rate of elimination of both anti
biotics will be similar. 

According to therapeutical imperatives (rating of the products as either 
'quick release' or 'long-acting'), the galenical study makes it possible to 
obtain either a fast or a slow elimination of the antibiotic from the udder. 
In the case of a mixture of antibiotics belonging to different groups, a 
compromise between them is necessary. 

It is also necessary to consider the results8 obtained when dihydrostrepto
mycin and neomycin are combined with penicillin in a very great number of 
intramammary drugs. The doses administered are from 100 to 300mg for 
dihydrostreptomycin, and from 50 to 350 mg for neomycin. Elimination 
times are extremely variable according to the nature of the excipients and 
range from 72 to 200 h. 

Although chloramphenicol is quite often used by the veterinary practi
tioner, only a restricted number of studies regarding its intramammary 
application are reported. The maximal time for elimination of chloram
phenicol (10% in propylene glycol) which is 24 h 30 reaches 32 h in the case 
of 1 g as sodium succinate in water and more than 64 h for 0.5 g in water/oil 
excipient31 • 

In the tetracycline group, only oxytetracycline, and in a slight proportion 
chlortetracycline and tetracycline, are administered by intramammary route. 

Antibiotics of the macrolide group are represented by erythromycin 
especially. (Table 55.3). In most cases, its elimination is extremely rapid since 
1-2 days following the application, the residue concentration in the milk is 
lower than 0.02ILg/ml. 

Regarding the sulphonamides and sulphones administered by the intra
mammary route, studies conducted on the elimination of residues in milk 
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ACTIVE ANTIMICROBIAL SUBSTANCES IN MILK 

Table 55.3 Persistence in milk of active antimicrobial substances of the group of tetracyclines 
(oxytetracycline: OXY; chlortetracycline: CHLOR; tetracycline: TETRA) vs. macrolides 
(erythromycin: ERYTH) and polypeptides. Associated substances are prednisolone (PRED). 
hydrocortisone (HYDRO); the nitrofuran group is represented by nitrofurazone (NITRO). 
furaltadone (FURAL) and furazolidone (FURAZ) 

Product Dose Excipient Ref Treated Elimination 

Tetracyclines 
Oxytetracycline 400mg Ointment 21 1-4 72h 0.3/Lg/ml 
Oxy. 400mg Water 7 1-4 60h 0.3/Lg/ml 
Oxy. 420mg Solution 9 I 60h 0.5/Lg/ml 
Oxy. 420mg Ointment 9 I 48h 0.5/Lg/ml 
Chlor. 426-852mg Ointment 9 1 180h 0.5/Lg/mi 
Chior. 200mg Unknown 17 4 >72h 0.5/Lg/mi 

+ Neo. lOOmg 
Tetra. 500mg Water/oil 31 >40h O,02/Lg/ml 
Tetra. 500mg Water/oil 31 >56h 0.02/Lg/ml 

+ Hydro. 50mg 
Chlor. 426mg Oil 31 1 >40h 0.02/Lg/mi 
Tetra. l00mg Aqueous sol. 32 2 >88h 0.02/Lg/mi 

Macrolides 
Eryth. 300mg Oil 31 1 24h 0.02/Lg/ml 

Spiro 600mg Water/oil 31 1 > 144h 0.02/Lg/ml 
Eryth. 1800mg Aqueous sol. 33 2 48h 0.02/Lg/ml 

(as Estolate) 
Eryth. 250mg Peanut oil and 4 2 >lOm 0.04/Lg/ml 

+DHS 250mg hydrogenated 
+Pred. lOmg peanut oil 

Polypeptide + Nitrofuran 
Polymixin B 50000IU Aqueolls sol. 25 2 >84h 
Col. 200000IU Peanut oil + monost. 4 2 24h IOIU/ml 

+Clox. 200mg 
Nitro. 60mg Unknown 13 1 >24h 0.03~/ml 
Fural. 500mg Peanut oil + monost. 8 4 32h O.OI/Lg/ml 
Furaz. 150mg Mineral oil 23 2 23h 3/Lg/ml 

+ Nitro. 150mg 
Fural. 500mg Water/oil 31 1 >40h 
Furaz. 355mg Oil 31 I 40h 
Nitro. 200mg Unknown 29 1 72h 0.OO5~/ml 
Novobiocin 250000IU Oil + 3070 monost. 28 4 4 days 
Rifamycin SV 50mg Not mentioned 29 36h 0.125/Lg/mi 

have not established the maximal time of elimination in relation to the 
determination of the withdrawal period. 

Furthermore, in earlier published work, excessive doses were being used 
at the time (i.e. several grams per quarter), thus making them of no avail to 
us. 

In the antibiotics of the polypeptide group, only colistin and polymyxin 
B have been used by the intramammary route. Both antibiotics are mainly 
used in the treatment of mastitis due to Escherichia coli. 

Other substances with antibacterial activity which have been administered 
by the intramammary route, and whose elimination in the milk has been 
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studied, are presented with the polypeptide antibiotics. These concern, 
especially, the nitrofuran derivatives which are very seldom applied in 
France. 

Among all the antibiotics which have been utilized in intramammary 
therapy, it should be noted that the ones which have been studied regarding 
elimination from the milk, are the penicillins and their semisynthetic deriva
tives, the aminoglycosides, and the tetracyclines to a certain extent. The 
results given by the various authors are significant and very heterogenous, 
not only when a comparison is made between the various groups but also 
within the same group. Beside the dose administered, the nature of the intra
mammary excipient is one of the preponderant factors regarding the time of 
elimination of antibiotic residues from the milk. 

Treatment in the dry period 

Intramammary therapy in the dry period has progressed considerably in the 
last 10 years. As a matter of fact, at a time where immediate rentability of 
the dairy cow is not the main purpose, this makes it possible to undertake 
a prevention and/or curative therapy which is a determining factor for the 
good condition of the udder after calving. 

Therapy in the dry period is obtained by introducing, in each of the 
previously dried-up quarters of the animal, some intramammary prep
arations characterized by a high dose of antibiotic and at the same time by 
a high retention of the latter. In theory, the administration is performed 4 
or 5 weeks, at least, prior to the expected date of calving. In practice, a precise 
diagnosis of calving is more hazardous, thus resulting in a detrimental 
variability for the determination of a withdrawal period for this type of 
veterinary preparation. However, the production of colostrum, and the need 
to wait a few days before the excretion of a milk perfectly appropriate for 
market consumption, do reduce, in some way, the consequences of the 
practice of the intramammary treatment in the dry period. 

A problem to be solved regarding the protection of the consumer's health 
and of the dairy processing industries can be summarized as the need for the 
manufacturing laboratory to produce an intramammary preparation during 
the non-lactating period, whose retention in the milk does not exceed 
4-5 days after calving, whatever the application time. However, this 
requirement must be compatible with the persistence of the antibiotic activity 
in the treated quarters during an average drying-up time, i.e. 4 weeks. 

Again, a certain ambiguity appears between the therapeutic action and the 
demand for the quality of the milk production after calving. This can be 
solved only by a better estimation of the calving date or the elimination of 
the milk several days following calving. 

For the time being, intramammary preparations, to be used in the dry 
period, are composed first of antibiotics whose half-life in the mammary 
gland is long (i.e. a few days), and secondly of a drug-vehicle whose main 
property resides in the slow release of the active ingredient (incorporation of 
magnesium stearate for instance)ll,lS, 31. Increasing the dose of antibiotic 
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only is not judged as being satisfactory2s. The use of a slow-release salt of 
the benzathine type is also widespread in the case of the penicillins and semi
synthetic penicillinsIO,l1, 31. 

The determination of a long and persistent antibiotic activity, a corollary 
of the true effectiveness of the drugs available, has consequently obliged the 
manufacturers to propose products whose safety can be fully warranted only 
in the case of a normal utilization a few weeks before calving. The major 
problem of the elimination of antibiotics in the milk of dairy cows treated 
too early prior to calving can be solved only by withdrawing the dairy 
production several days after calving, and by a determination establishing the 
absence of antibiotic activity. 

CONCLUSIONS 

The problem of milk contamination with active antimicrobial agents is 
genuine. Pressure from the milk processing industries, from the medical 
profession, and then from consumer's associations, have required that most 
countries enforce standards of milk quality, taking into account the absence 
of residues of therapeutically active substances, of pesticides, of heavy 
metals, etc. As far as the problem of contamination by active antibiotic 
agents is concerned, it is for the laboratory, which is responsible for the 
authorization of the product on the market, to offer a withdrawal period 
following administration of the drug which is susceptible to ensure the 
innocuousness and the quality of the milk. However, the criteria of such an 
appreciation do vary from one country to another, especially regarding the 
residue tolerance in the milk, and also the conditions of application of an 
experimental procedure making it possible to determine the level of con
tamination. Yet it should be noted that the WHO, the FDA and other 
national or international organizations have published the tolerance values 
concerning the residues of various substances in the milk (i.e. according to 
the WHO the tolerance for chloramphenicol should be equal to zero). 

The actual trend seems, in theory, to reduce the contamination of the milk 
product. However, above all, the quality of the milk seems to rest entirely 
on the producer. 
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56 
Evaluation of drug residues 
in animal tissues 
P. Delatour 

When one speaks about residues, everybody usually thinks of a legal defi
nition such as that proposed by some national or supranational authority 
(EEC, FAO-WHO). Actually, the chemical nature of residues is diversified 
because of the complexity of the metabolic feature of drugs in the animal 
organism. Consequently, different residue fractions ultimately result which 
correspond to different risks and require different methods of investigation. 

One intends first to correlate the main metabolic pathways of drugs in 
target animals with the chemical nature of the different residual fractions in 
edible tissues; secondly, to recall their biological significance to the animal 
itself; and finally, to try to determine their different possible hazards to the 
human. 

METABOLISM-TOXICITY RELATIONSHIP 

The biotransformation that drugs can undergo are numerous and, according 
to different cases, they lead either to metabolites which do not possess the 
activity of the parent compound or possibly to molecules responsible for the 
activity. The theoretical general Figure 56.1 illustrates the diversity of the 
possible pathways and the nature of the residues produced. 

Following experimental administration of a labelled drug, animal metab
olism produces three families of derivatives: 

Products incorporated into endogenous metabolism 

The drastic biodegradation of xenobiotics can lead to compounds which are 
identical to normal substrates of normal enzymic reactions. This has been 
reported with dichlorvos21 , trinitrine9, parbendazole1o, carbaryP 1, DMAB2, 
cambendazole1, nihydrazone19, dimetridazole, furazolidone4o, ronidazole3s , 
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and even with inhaled carbonic anhydride39 and carbonate37 • The diversity 
of the incriminated molecules and animal species (rat, poultry, pig, rumi
nants) shows that this is a general phenomenon. 

A comment should be made concerning the biochemical mechanisms of 
incorporation which is related to the position of labelling in the molecule; 
yet, the radioactivity of 14C-ring labelled cambendazole is incorporated while 
the one of albendazole with the same labelling is not. 

Production of inactive drug-related metabolites 

A transformation of less toxicologic importance results in metabolites which 
possess no activity. This is the detoxication pathway. These metabolites 
appearing in the liver are often finally eliminated through urine, possibly as 
conjugates. 

Production of toxic metabolites 

Finally, studies of the metabolism-toxicity relationship enable us to define 
mechanisms responsible for the activity and the toxicity of drugs. 

The most classical and frequent mechanism consists of reversible non
covalent binding of the parent compound or a similar stable metabolite on 
cellular structures by solubilization into membrane and lipids binding to 
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Propionate ,0(. KG 

I 
Intermediary 
metaboli tes 

1 
dextrose 
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Figure 56.1 General metabolism of drugs in animal organism 
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receptors through hydrogen bonds, Vander Waal's forces, hydrophobic 
associations, etc. This mechanism explains reversible effects. 

Since 1971, after the pioneer works of Brodie4 and Mitche1l28 , growing 
interest has been focussed on toxic mechanisms which involve covalent 
binding of metabolites on macromolecules. 

This mode of action is similar to the one reported in 1947 by Miller and 
Miller for the carcinogen DMAB. This mechanism implies the appearance 
of a 'reactive metabolite' or 'ultimate toxin' which is highly electrophilic and 
able to react according to the following schema (Figure 56.1) (1) conversion 
into a free inactive metabolite through isomerization or hydration, (2) 
coupling with a soluble small molecule, and (3) finally, covalent binding to 
structural or informational target macromolecules, such as proteins or 
nucleic acids. 

Toxicological significance for the animal 

The distinction of the different residual fractions among the 'total residues' 
(arbitrarily expressed by global radioactivity) in target animals is founded on 
methodological criteria: 

(1) Extractable residues: free parent compound and unconjugated metab
olites, plus compounds which are reversibly bound. 

(2) Intractable non-drug related residues: radioactivity corresponding to 
incorporation into intermediary metabolism. 

(3) Intractable drug-related soluble residues: conjugated to sulphuric and 
glucuronic acids and glutathione. 

(4) Intractable drug-related covalently-bound residues. 

The biological activity of a chemical can, in most cases, involve either an 
extractable metabolite (parent compound or stable metabolite) or a covalent
bound metabolite. Today, this last group is incriminated in a growing 
number of circumstances such as carcinogenicity, necrogenicity, terato
genicity and allergenicity. 

Carcinogenic effect 

This process is accepted as the primary molecular mechanism for tumour 
inducers. For example, dimethyl nitrosamine leads to a methonium carbo
cathion binding to guanine of DNA in N-7 and 0-6 positions25 • Aflatoxin 
Bl is oxidized by a cytochrome P-450 dependent mixed-function oxidase 
MFO into the ultimate carcinogen the 2-3, epoxide38 which binds to DNA, 
RNA and proteins17 • 

Necrogenic effect 

Many hepatotoxins act this way including bromobenzene45, acetaminophen~ 
furosemide33 and isoniazid34• In all cases, the electrophilic ultimate necrogen 
is produced by an enzymatic reaction. Enzyme inducers and inhibitors, as 
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well as glutathione precursors and competitors, are modulation agents of this 
type of toxicity. The final binding of the reactive metabolite to its target is 
a non-enzymatic process. A threshold dose is necessary for this toxicity below 
which no reactive metabolite seems to appear. This has been demonstrated 
in the human and experimentally in animals. The pulmonary toxicity of 
ipomeanol is founded on a similar mechanism3 • 

Teratogenic effect 

Hypothesized for a long time, reactive metabolites have recently been 
demonstrated to be responsible for the toxicity of two major teratogens in 
the human, i.e. phenytoin and thalidomide. 

In the mouse, diphenylhydantoin is teratogenic but none of its metabolites 
are18 • Combination with TCPO, an inhibitor of epoxide-hydrase, increased 
significantly the incidence of embryotoxic manifestations and doubled the 
level of bound radioactivity in placental and fetal tissues26• These results are 
in favour of an electrophilic arene oxide as the ultimate teratogen. 

Thalidomide is teratogenic in the rabbit but the rat is refractive. The 
hydrolytic metabolites are identical and non-teratogenic in both species. In 
the rabbit, but not in the rat, two additional phenol metabolites have been 
reported. The in vitro toxicity of thalidomide for human lymphocytes occurs 
in the presence of liver microsomal enzymes from the rabbit, but not from 
the rat. The cytotoxicity is enhanced by TCPO and decreased by the addition 
of purified hydrase to the culture medium. These facts support the transitory 
existence of an arene oxide metabolite which yields the two previously dis
covered phenols. As for phenytoin, the bimolecular target has not been 
identified to date. 

Allergenic effect 

Allergenic substances are haptens which have the capability to bind directly 
or indirectly to a protein that results in the final antigen. In the well-known 
example of penicillin, this compound or its metabolite penicillenic acid32 are 
able to bind to lysine in proteins creating penicilloyl-protein conjugates 
which are the actual allergens. 

Cross immune-reactions are numerous between penicillin and different 
degradation products which are also able to produce identical conjugates31 • 

The specific quantitation of penicilloyl groups is possible, however41 • 

Unknown effects 

Frequently, one observes high levels of protein bound radioactivity without 
being able to correlate it with any biological effects to the animal. For 
example, althoughp-toluoyl-chloro-phenylhydrazone (TCPH) greatly binds 
to the haem and protein of sheep haemoglobin23 , no harmful consequence 
has been observed. 

This also seems to be the rule with benzimidazol-anthelmintics. In the case 
of cambendazole, in addition to metabolic incorporation and glutathione 
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coupling42, a part of the radioactivity is bound to proteins through a product 
in which the carbamate group is not dissociated from the aromatic ring and 
which may be quantified in meat by non-radioactive methods27 . With 
mebendazole and albendazole, similar findings have been reported; radio
activity is bound to blood, cytosol and microsomal proteins but not to nucleic 
acids5 • 

Treatment of rats with [14Cloxfendazole, the ultimate teratogen of 
febantel, and combination with proadiphen seems to result in disagreement 
between toxicity and bound radioactivity (Table 56.1). In this example, it 
seems that binding of reactive metabolites to macromolecules has no 
apparent toxicological significance in respect to embryo toxicity . 

Table 56.1 Embryotoxicity and bound labelled metabolites of [14Cloxfendazole in the rat 

Embryo Anomalies Total 
lethality External Skeletal Plasma Liver Bound 

(0/0) (%) (%) (dpm/ml) (dpm/g) (dpm/mg) 

Oxfendazole* 11.5 0 22 38213t 70998 28.5 

Oxfendazole + 
proadiphent 34.4 16.3 59 40927 58856 2.4 

*Oxfendazole (OFZ) = 15.75 mg/kg oral daily dose from day 8 to day 15 of pregnancy 
t[14C10xfendazole= 15.75 mg/kg (10. 106 dpm/rat) oral single dose 
tProadiphen (SKF-525A) = 120 mg/kg p.o. 1 h before OFZ dosage and 60 mg/kg p.o. 4 h after 
OFZ dosage 

The above experimental results show that covalent binding to macro
molecules mayor may not explain the toxic effects in the animal. Unfor
tunately, this results in poor predictability of the possible harm of covalently 
bound residues to the human. 

TOXICOLOGICAL EVALUATION OF RESIDUES 

The previous information suggests that the evaluation of different residual 
fractions will be methodologically different. 

Incorporated radioactivity 

This fraction is an artefact according to the definitions of residues. The 
innocuousness of this fraction is unanimously accepted, yet from the 
analytical point of view, it represents a complication36, Its accurate quanti
tation is quite impossible because of the diversity of the compounds con
cerned. Nevertheless, it seems relatively simple to demonstrate the absence 
of this pathway by determining the specific activity of some principal inter
mediary metabolites such as C02, urinary urea, liver glycogen, lipid fatty 
acids, and protein glutamic acid in liver cytosol. 
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Extractible residues 

Figure 56.1 points out that some free metabolites have maintained their toxic 
potential whereas others following irreversible enzymic reactions have defi
nitely lost the capability to be turned into toxic compounds. The great interest 
in this fraction is related to its precocity and relative abundance; it also has 
a short halflife. Some authors12, 29,43 have discussed toxicological studies in 
order to determine whether the toxic effects are due entirely to the parent 
compound or due mainly to one of its metabolites. Such studies have been 
performed with human drugs. In the area of veterinary drugs, similar investi
gations have been conducted with anthelmintics. A recent example is that of 
Febantel. Figure 56.2 represents the main steps in the metabolism of this 
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Figure 56.2 Main steps in metabolism of febantel 

drug. The existence of reversible (double arrows) and irreversible (single 
arrow) enzymatic reactions enables us to suggest that in the series of ten 
metabolites, only four are actually or potentially toxic: parent compound 
plus metabolites A, A', and C. All later derivatives which have been 
produced by oxidation (phenols) or hydrolysis (amines) are deprived of 
embryotoxicity (Table 56.2). Similar findings have been made with other 
anthelmintics which can be distinguised as follows: 
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Table 56.2 Some anthelmintics and their putative corresponding teratogenic metabolites 

Parbendazole methyl(5(1 , -hydroxy, butyl)-lH, benzimidazol-2-yl) carbamate 

Oxibendazole none 
Thiabendazole 

Albendazole methyl(5-propylsulfinyl)-IH, benzimidazol-2-yl), carbamate 

Fenbendazole methyl(5-phenylsulfinyl)-1 H -benzimidazol-2-yl) carbamate 
Oxfendazole 
Febantel 

Ethyl-thiophanate Ethyl, benzimidazol-2-yl-carbamate 

Thiophanate Methyl, benzimidazol-2-yl-carbamate 
Benomyl 
Carbendazim 

Ciclobendazole Methyl (5-cyclopropyl-carbonyl)-lH-benzimiazol-2-yl, carbamate and/or 
Methyl (5-cyclopropylhydroxymethyl)-1 H -benzimidazol-2-yl, carbamate 

Oncodazole Methyl (5-(2-thenoyl)-IH-benzimidazol-2-yl) carbamate and/or 
Methyl(5-(2-thienylhydroxymethyl)-1 H -benzimidazol-2-yl)carbamate 

Mebendazole Methyl(5-benzoyl,lH-benzimidazol-2-yl)carbamate and/or 
Methyl(5-phenylhydroxymethyl-l H -benzimidazol-2-yl) carbamate 

Cambendazole Unknown (not investigated) 

(1) Those which are not teratogenic per se and have no teratogenic 
metabolite, e.g. oxibendazole. 

(2) Those which are not teratogenic but give rise to a teratogenic metab
olite, e.g. fenbendazole. 

(3) Those which seem to be teratogenic per se but have no teratogenic 
metabolite, e.g. oxfendazole. 

(4) Those which are possibly teratogenic per se and in addition have a 
metabolite which seems to be more toxic than the parent compound, 
e.g. mebendazole. 

This approach is fruitful in that it provides for the identification of extract
able metabolites, their synthesis, their toxicological study, the knowledge of 
the enzymes responsible for their appearance, and the use of enzyme inducers 
and inhibitors. It enables us to consider that the total extractable metabolites 
do not present the same toxicity as the parent compound. In addition, it can 
demonstrate the toxicity of some metabolites present in edible tissues whose 
effects had remained undetected in the animal after administration of the 
original compound (e.g. fenbendazole and thiophanates). 

Intractable residues 

Residues covalently bound to macromolecules are of great concern because 
of their long persistence in organs. As their accurate identification and 
isolation would require long and analytical methods, the literature today 
offers alternate imperfect indirect methods of evaluation. 
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Relay toxicity 

The principles of this method have been described, especially by Truhaut and 
Ferrando 13 • It consists of spiking the standard diet of the consumer-like 
animal with tissues collected from the target-species that has received the 
drug. The possible effects of these residues are then investigated by the 
appropriate methodology. 

To date, such trials have been directed to research such as the 90 day 
toxicity of TCPH residues in the sheep23; subacute tolerance of the duck to 
milk from goats fed a diet containing a high level of aflatoxin14 ; longterm 
tolerance to residues of natural or synthetic hormones including oestradiol, 
diethylstilboestrol, trenbolone; longterm tolerance of the dog (60 months) 
and rat 25 months, three generations) to carbadox residues15 ; and embryo
toxicity of residues of cambendazole and albendazole7 • Ferrando's DES-trail 
excepted, the following experiments did not demonstrate deleterious effects 
in spite of the well-known toxicity of the active principles: toxicity of afla
toxin Bl in the duck, teratogenicity of cambendazole and albendazole7 in the 
rat, and tumourigenicity and mutagenicity of carbadox44 • This methodology 
is attractive because it experimentally reproduces the natural circumstances. 
Nevertheless, some criticisms have been made: (1) the safety coefficient is too 
low in some protocols, (2) the biological relay material often comes, for 
practical reasons, from a limited number of animals, and (3) the addition of 
the lyophillisat to a standard diet leads to an inappropriate diet. As a con
sequence, the authors generally mention biological variations which cannot 
be interpreted as residues-related or diet-related. The preparation of semi
synthetic diets attempted to avoid this problem. 

Relay bioavailability 

This assay tries to provide information about the intestinal absorption of 
residues by establishing the ratio between the absorbed and inabsorbed 
proportions. It requires a sophisticated method such as the one described by 
Gallo-Torres16 who studied tocopherol, other sterols and triglycerides in the 
rat. A general review of this method has been presented by Huber et al. 20. 
Identical studies have been performed with halofuginone, cambendazole, 
TCPH, and albendazole. These studies support the concept of very low 
availability of total residues compared to the parent drug incorporated into 
the diet as, for instance, is the case for albendazole (4.2070 and 77.2%, 
respectively). 

This method provides no information concerning the toxicity of the 
available fraction because we ignore it if the latter comes partly from free 
or only from bound residues. It would be of interest to perform identical 
feeding trials with the single intractable radioactivity previously isolated. 

Target impact relay assay 

Since relay toxicity often seems to lack sensitivity and relay availability pro
vides no information about the fate of the absorbed fraction in the organism, 
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it seems appropriate to investigate what happens to the potential target
molecules in the consumer-like animal. Some experiments have provided 
interesting results in this respect. 

The main adduct of dimethylnitrosamine is 7-methylguanine which is 
found in the DNA from liver and kidney. The administration of [7_14CJ
methylguanine to rats showed that 95070 of the total radioactivity was 
excreted unchanged, N-demethylation was responsible for incorporation of 
14C into intermediary metabolism and no adduct seems to be present on 
nucleic acids from the liver, intestine and fetus 6 • The lack of carcinogenicity 
of 7-methylguanine in the rat has been subsequently confirmed. 

Six hours following administration 14C_ or 3H-Iabelled aflatoxin Bl to rats, 
a macromolecular and a conjugate fraction are found in the liver. These were 
then individually administered to other rats22 ; 9-12h after dosage, no 
radioactivity was detected in DNA 22. Calculations suggest that, in com
parison to free aflatoxin, the ability of conjugated and macromolecular 
fractions to bind to DNA is at least 100 and 4000 times lower, respectively. 
The authors conclude that the carcinogenic risks of aflatoxin residues to 
humans are 'negligible'. 

It is difficult to draw conclusions from the studies. There is general agree
ment in regard to the innocuousness of radioactivity incorporated into 
endogenous metabolism. Unfortunately, its quantitation is practically 
unrealizable; one can only hope to prove that this phenomenon has not 
occurred. 

The investigation of individual extractable metabolites is a multidisci
plinary, arduous work which can be fruitful only if some conditions have 
been met such as the simplicity of compounds and the possibility of screening 
with short-term or subacute tests. Outside these conditions, this method
ology can be unrealistic. As Weiner and Newberne discussed43 , one must 
recall that effects observed after oral administration of a given metabolite 
may be different from those produced when the same compound appears 
spontaneously inside cells. These notions are limitations to the experimental 
analysis of toxicological potentials. In addition, some metabolic steps are 
absent in Figure 56.1. Phenols are generally turned into conjugates; however, 
the phenolic metabolites of benzene, bromo benzene, naphthalene and 2-2 I -

dichlorobiphenyl may become reactive metabolites. Aslo, all ester conjugates 
are not inactive forms destined for direct urinary excretion, since some are 
potential reactive metabolites, e.g. N-acetoxy-AAF, sulphate-esters of 
3 I -methyl-N, N-dimethyl-4-aminoazobenzene and of N-hydroxy-AAF, 
benzoyl-ester of methylaminoazobenzene and glucuronide of N-hydroxy
phenacetin30. 

Numerous uncertainties impede the evaluation of bound residues. We 
know that the main parameter for the efficacy of reactive metabolites in 
the organism is electrophilicity. The highly unstable reactive metabolites, 
with an ultra-short halflife are produced by the so-called 'suicide enzymes' 
and bound to the very place of their production. Those with a longer half
life are able to cause damage at locations removed from their site of pro
duction. Can the bound metabolites in animal tissues ingested by the human 
produce second generation reactive metabolites or, can we assume that, for 
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thermodynamic reasons, the dangers of bound residues are definitively 
abolished as soon as they bind to the animal tissues? Concerning the last 
possibility, it would not be paradoxical to assume that the more instable, 
electrophilic and possibly toxic a reactive metabolite is in the target-animal, 
the safer it is for the human. Unfortunately, the accuracy of this 'teleological 
interpretation' has not been demonstrated by our present, too global, 
biological methods, such as relay toxicity. Probably, a better approach for 
the evaluation of drug residues will arise from a combination of relay
bioavailability and target impact relay assay, even if the evidence for the 
target molecules seems sometimes to be similar to 'searching for a needle in 
a haystack'. Only the future improving of our biological and analytical 
methods will enable us to answer these questions and to refute the famous 
sentence 'The analyst is creating the poison'. Yet, from now on, we can 
assume that it is probably exaggerated to look at bound residues a priori as 
carcinogens. 

Finally, we are faced with a methodological three steps problem: the 
highest threshold is the one of the biological sensitivity of the methods, the 
intermediate one is that of analytical sensitivity, and the lowest one is the 
threshold of our suspicion. An accurate toxicological evaluation of drug 
residues in animal products will be performed only when these three 
thresholds are at the same level. 
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57 
Photosensitization in ruminants: 
porphyrins and phylloerythrin 
B. J. Blaauboer and M. van Graft 

INTRODUCTION 

Dermatitis in animals is often caused by the action of a phototoxic com
pound. The parts of the skin that are more exposed to light are affected 
especially (in sheep the head and the ears; in cattle the eyes, the udder and 
white or lightly pigmented areas of the skin). Many compounds have the 
ability to produce photosensitivity in animals, i.e. the condition in which 
animals become hypersensitive to light owing to the presence of a phototoxic 
compound in the peripheral circulation 7 . A distinction can be made between 
phototoxic and photoallergic activity. In the latter case the immune system 
is involved: light may promote a photochemical reaction with resultant 
formation of an antigen2 • 

Phototoxicity per se can be defined as the process by which chemicals are 
toxic in the presence of light. The action spectrum for most photosensitivity 
reactions is generally in the long-wave UV range (320-420 nm). This allows 
distinction between phototoxicity and sunburn; the latter condition is a 
normal reaction of unprotected skin when exposed to excess sunlight. Here 
UV light of wavelengths shorter than 320 nm is involved. 

COMPOUNDS INVOLVED IN PHOTOTOXICITY 

Phototoxic compounds usually have a low molecular weight (200-500 dalton) 
and have a planar, tricyclic or polycyclic configuration with resonating 
structure; most of them are fluorescent. Many of these compounds are of 
vegetable origin 7 but some drugs and industrial chemicals are included as 
well. Phototoxicants from vegetable origin with identified structures are: 
hypericin (from Hypericum spp.), fagopyrin (from Fagopyrum esculentum 
(buckwheat») and furocoumarins (psoralens) (from several plants in the 
Umbelliferae and Graminae families). Among drugs and industrial chemicals 
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Table 57.1 Compounds known to produce photosensitivity 

A. Primary photo toxicity 
Drugs and industrial compounds 

some sulphonamides 
tetracyclins 
phenothiazines 
compounds in coal tars 

OJ vegetable origin 
phylloerythrin 
hypericin 
furocoumarins (psoralens) 

Porphyrins 
protoporphyrin 

B. Secondary photo toxicity 

from all chlorophyll-containing plant parts 
from Hypericum spp. (e.g. St. John's Wort) 
from many plants (Umbelliferae, Graminae) 

from endogenous haem synthesis 

Compounds causing phyl/oerythrin accumulation due to liver damage 
icterogenin 
deoxiicterogenin 
(and probably other terpenes) 
sporidesmin 

Porphyrogenic chemicals 
e.g. lead compounds? 

griseofulvin 
hexabromebenzene 
polychlorobiphenyls 

from many plants 

from the mould Pithomyces chartarum 
(saprophytic on Lolium perenne) 

with a phototoxic action are: some sulphonamides, tetracyclins, pheno
thiazine and derivatives, hydroquinone, some polycyclic hydrocarbons in 
coal tars, etc. (Table 57.1). 

Of special interest is a group of compounds with a porphyrin-like struc
ture. Porphyrins are intermediates of haem synthesis or products of side
reactions in this process19• Another compound in this group is phylloerythrin. 
This is a breakdown product of chlorophyll, formed by microbes in the 

A B 

Figure 57.1 Structure of protoporphyrin (A) and phylloerythrin (8) 
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intestine. In ruminants, especially, considerable amounts of phylloerythrin 
are formed by protozoa in the rumen. Some of the phylloerythrin is normally 
absorbed and subsequently excreted by the liver6 (Figure 57.1). 

CLASSIFICATION 

According to Clare6 , phototoxicity may be classified as congenital, primary 
or secondary. 

Congenital photoxicity 

In congenital phototoxicity, porphyrins (uro-, copro- and/or protopor
phyrin) accumulate in the organism due to disturbances in the haem 
synthesis. Several forms of porphyria exist, some of them resulting in photo
dermatitis. These congential porphyrias are known in man as well as in the 
cat, the swine and in cattle and seems to be a 'normal' condition in the fox 
squirrel. Whether porphyria is accompanied by phototoxicity depends on the 
presence of higher concentrations of porphyrins in the skin. 

Primary phototoxicity 

In primary phototoxicity uptake of a compound directly responsible for the 
phototoxic reaction has occurred. Ingestion of hypericin (hexahydroxy-2,2-
dimethylnaphthodianthrone), present in Hypericum spp. (e.g. St. John's 
Wort) is well known to result in phototoxicity. Buckwheat (Fagopyrum 
esculentum) contains fagopyrin, a phototoxicant with similar action and 
structure6 • Other examples in this class are phenothiazines (where the 
sulphoxide metabolites cause the phototoxic reaction), furocoumarins 
(psoralens), tetracyclins, some sulphonamides and a number of polycyclic 
aromatic hydrocarbons like anthracene and acridine8 • 

Secondary phototoxicity 

Secondary phototoxicity is the condition in which a phototoxic compound 
accumulates due to the disturbance of its excretion. There appear to be 
many compounds giving liver damage and/or bile duct obstruction resulting 
in accumulation of phylloerythrin. This condition is commonly known as 
'Geeldikkop' or Yellow Thick Head in sheep but is also known to occur 
in cattle. Structures responsible for this liver dysfunctioning are identified 
as icterogen, deoxyicterogen and related terpenes (Figure 57.2). These 
terpenes are present in many plants belonging to different families. High 
concentrations of hepatotoxic terpenes are present in Tribulus terrestris, 
Lippia rehmanni and Lantana camara. However, many other species are 
able to induce a similar condition. Toxicity of the plants is dependent on 
growing conditions and this results in the occurrence of intoxications in 
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o 

Figure 57.2 Structure of icterogen 

certain regions or periods of the year. Another hepatotoxin causing phyllo
erythrin accumulation is sporidesmin, a product of the mould Pithamyces 
chartarum that lives saprophytically on roots of Latium perenne pastures. 
Other mycotoxins with similar action are produced by moulds growing on 
rotting grass after it has been frosted or flooded. 

Porphyrinogenic compounds (e.g. lead-containing compounds, hexa
chlorobenzene, polyhalogenated biphenyls, griseofulvin) may lead to 
accumulation of porphyrins in the skin and thus may be considered as 
secondary phototoxic. In some cases this is a result of liver damage and 
obstructed bile flow due to excessive (proto-)porphyrin production in the 
liver. As a result, porphyrins are not excreted by the liver, will reach the skin 
and thus cause phototoxicity. If this condition occurs in ruminants, it may 
also result in phylloerythrin accumulation. Some porphyrinogenic com
pounds (e.g. lead) do not impair liver function but disturb the erythropoietic 
system. As a result, porphyrins reach the circulation in red blood cells19 • 

MECHANISMS OF ACTION OF PHOTOTOXIC COMPOUNDS 

In all phototoxic reactions the first step is a change of transition state of the 
phototoxicant caused by light. This may result in a highly reactive inter
mediate which is able to bind to a cellular constituent (DNA, proteins, etc.). 
This type of reaction mechanism is involved in photoallergy and probably 
in the case of psoralens. 

However, the majority of phototoxic reactions require oxygen. This type 
of reaction is referred to as photodynamic8 • Here, energy absorbed by the 
phototoxic compound is transferred to molecular oxygen, resulting in singlet 
oxygen ('02) and superoxide anion (02 -:) as shown in Figure 57.3A(a). They 
also may be produced by reactions between the different species of oxygen 
radicals (Figure 57 .3A(b, c, d»13. The fate of 02 -: in aqueous solutions will 
be the dismutation reaction. This process may be represented by the next 
overall equation (Figure 57. 3A(b» 

I 

Nevertheless, the spontaneous dis mutation of superoxide radicals will be 
slow in biological systems as it needs acidic pH values. As a result, 02-: 
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Figure 57.3 Scheme of the formation of different species of active oxygen after irradiation of 
protoporphyrin (A) and the relationship with the 'natural scavengers' (B) 

radicals produced in vivo will have a significant lifetime, which allows them 
to diffuse away from their site of formation. In comparison with other active 
oxygen species, 02:- is a poorly reactive species. Deleterious effects which 
occur in vivo will be the result of other active species of oxygen like singlet 
oxygen or the hydroxyl radical (. OH). The formation of the hydroxyl radical 
may be the result of the reaction of H202 (formed in Equation (I» and 02:
(Figure 57.3A(c». However, traces of iron, either in complexed form or as 
iron salts, would be necessary for this reaction12: 
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Fe3+ - chelate + 0 27 --+ Fe2+ - chelate + 02 II 
Fe2+ - chelate + H202 --+ Fe3+ - chelate + .OH + OH- III 

Net: IV 

Equations III and IV are often referred to as the Fenton-type reaction and 
the Haber-Weiss reaction (Figure 57.3A(c» respectively. Reports concern
ing the involvement of singlet oxygen in oxygen toxicity are confusing 
because of the lack of (a) specific scavenger(s) of this excited oxygen mole
cule. There is some evidence that part of the oxygen produced in the dis
mutation of 02 7 (Equation I) will be in the singlet statell . Recently, Singh 
et al. 16 have described a method for the discrimination between '02, 02 7 and 
.OH in vitro and in vivo, by using tryptophan as monitor. This system 
probably can elucidate the involvement of '02 in biochemical systems. In the 
last step in Figure 57.3A(d) singlet oxygen is generated by electron transfer 
from 02 7 to .OH, as is suggested by Arneson1. In Figure 57.3B a scheme 
is given for mechanisms known to detoxify active oxygen species in biological 
systems. These mechanisms have the ability to act as 'natural scavengers'. 
Super oxide dis mutase (SOD)14 (Figure 57.3B(a» detoxifies the superoxide 
anion to give oxygen and hydrogen peroxide (H202). In eukaryotic cells, 
different forms of this metalloprotein exist. The cytoplasmic SOD contains 
CulZn ions, whereas the mitochondrial form is a Mn2+ -containing enzyme. 
Finally, the nucleus contains SOD, distinct from the cytoplasmic form (for 
a review, see ref. 9). SOD is inhibited by the end-product of the dismutation 
reaction: hydrogen peroxide. So, for an active dismutation-reaction, a 
second 'natural scavenger', the enzyme catalase, is of great importance in 
protecting cells against oxygen radicals. Catalase detoxifies H20 2 by oxi
dizing it to H20 (Figure 57.3B(b». H202 can also be decomposed by gluta
thione peroxidase, by using reduced glutathione as a cofactor (Figure 
57 .3B(c». The oxidized glutathione is reduced by reaction with NADPH + H+ 
catalysed by glutathione reductase. The detoxification of . OH -radicals by 
the glutathione system is hypothetic. Beside these enzymatic detoxifying 
mechanisms (or in other words, protective mechanisms against active oxygen 
species), cells and micro-organisms contain other compounds known to act 
as scavengers, e.g. iJ-carotene/vitamin A, ascorbic acid, mannitol, (X

tocopherol, transferrin, caeruloplasmin and selenium. 

PHOTOTOXICITY OF PROTOPORPHYRIN 

There is some evidence that the photodynamic properties of porphyrins are 
the result of the photosensitized production of active oxygen species. In EPR 
studies, Cannistraro et al. 5 showed, for porphyrins with different side-chains 
after irradiation in ethanolic solutions, their ability to generate singlet oxygen 
with haematoporphyrin as the most effective singlet oxygen generator. In the 
haematoporphyrin-5,5-dimethyl pyrroline-l-oxide spin trapping system, 
Buettner and Oberley4 observed the production of superoxide ions after 
irradiation in aqueous solutions, eventually resufting in hydroxyl radical 
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formation. Although there is no direct evidence for protoporphyrin and 
phylloerythrin to form oxygen radicals, the similarity in structure with 
haematoporphyrin suggests a similarity in photodynamic action, i.e. by 
active oxygen species. Active species of oxygen are responsible for several in 
vitro damaging effects. The most studied effect is lipid peroxidationll , but 
other effects are known as well, for instance oxidation/denaturation of 
proteins, degradation of biological important molecules (tryptophan, ribo
flavine), degradation/depolymerization of DNA, hydroxylation of aromatic 
substances, and depolymerization of polysaccharidesl8 • Lipid peroxidation 
can be detected in several ways: by measuring diene conjugation3, malondi
aldehyde, alkanes (ethane, pentane), chemiluminescence and fluorescence 
products l7 • In studies with hepatocytes, either incubated in a protoporphyrin 
solution or loaded with porphyrins by addition of o-aminolevulinic acid to 
the culture medium, we could not detect malondialdehyde production or 
diene conjugation at protoporphyrin concentrations responsible for mem
brane damage. However, both degradation products of polyunsaturated 
fatty acids may be metabolized by the hepatocytes. Thus, lipid peroxidation 
cannot be ruled out as a phototoxic action of protoporphyrin. In studies with 
human foreskin fibroblasts cultured in a medium containing protopor
phyrin, only traces of oxidized unsaturated fatty acids were found 15. In 
studies with erythrocyte ghosts incubated with a relatively high protopor
phyrin concentration, a remarkable lipid peroxidation was found. At low 
protoporphyrin concentrations, it was shown that lipid peroxidation was 
preceded by cross-linking of membrane proteins 10. 

In our studies with primary cultures of hepatocytes incubated with 
protoporphyrin, we found membrane damage after irradiation which was 
measured by LDH-Ieakage into the culture medium. It was observed by 
varying the incubation conditions that only protoporphyrin absorbed in or 
at the cell membrane was responsible for the damaging effect. The damaging 
effect of protoporphyrin to hepatocytes increased with increasing culturing 
time of the primary cultures, which could be the result of loss(es) in the 
protecting mechanism(s) against active oxygen species. 

Preliminary results suggesting this showed diminishing glutathione 
(reduced form) levels within hepatocytes incubated with protoporphyrin 
within 15 min after irradiation. 

PHOTOHAEMOL YTIC ACTION OF PHYLLOERYTHRIN IN VITRO 

In order to study the mechanism of photo toxic action of phylloerythrin, we 
measured the haemolysis of goat red blood cells caused by phylloerythrin 
after UV irradiation. Phylloerythrin was isolated from sheep faeces by ether 
extraction, followed by methylation of the carboxyl group and recrystal
lization from methanol-chloroform (3/1, v/v). Before use the ester was 
hydrolyzed and free phylloerythrin was dissolved in ethanol and added to 
washed goat erythrocytes (maximum ethanol concentration 50/0). 

Incubation with red cells was performed in tubes placed nearly horizon
tally in a rotating rack under an UV light source with a maximum emission 
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between 360 and 390 nm. Haemolysis was determined by centrifuging a 
sample and measuring the haemoglobin concentration in the supernatant 
spectrophotometric ally at 540 nm. 

A typical result is shown in Figure 57.4. After a lag phase, the length of 
which is dependent on the phylloerythrin concentration, the haemolysis 
proceeds quickly. From these results the time needed to reach 50070 haemoly
sis (HTso) can be calculated (Figure 57.5), showing a linear relationship 
between the HT 50 and the logarithm of the phylloerythrin concentration over 
the range 5-20 ",molli. Addition of 11 mmolll glucose resulted in inhibition 
of haemolysis. Dark controls never showed any haemolysis. 

A 
A 

3 

T :-

Figure 57.4 Effect of different concentrations of phylloerythrin on haemoiysis after irradi
ation: ~ =2.7,.molli PE; e=5.4,.molli PE; x =8.1,.molli PE; o=1O.8,.molli PE; 
+ = 13.5,.molli PE; * = 16.2,.molli PE 

These results are compatible with the hypothesis that phylloerythrin causes 
membrane damage in red blood cells by producing radical intermediates after 
irradiation. The cells are able to defend themselves against these radicals only 
to a certain point, after which the haemolysis proceeds rapidly. This is 
reflected by the relationship between phylloerythrin concentration and the 
lag time, implicating a role for a natural radical scavenger within the cells 
with a finite capacity (e.g. catalase, superoxide dismutase). Preliminary 
results with the oxygen radical scavengers tiron and (J-carotene suggest the 
involvement of singlet oxygen19 • Further experiments will be carried out to 
elucidate the role of oxygen radicals in the mechanism. 
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Figure 57.5 Relationship between phylloerythrin concentration and the time needed for 50070 
haemolysis (HT 50) 

CONCLUSION 

Photosensitization in ruminants is brought on by various phototoxic com
pounds reaching the skin in distinct ways. 

In primary phototoxicity phototoxic compounds (drugs, food additives, 
food components) reach the skin by a direct uptake from the food or drug 
into the blood flow . 

In congenital phototoxicity or secondary phototoxicity, phototoxic com
pounds mainly accumulate in the liver followed by an overflowing into the 
blood. 

Many causes of the processes which lead to photosensitization are eluci
dated. However, the mechanisms of action of phototoxic compounds have 
yet to be elucidated. In many in vitro studies with phototoxic compounds 
evidence has been found that oxygen radicals play an important role. 

References 

I. Arneson, R. M. (1970). Substrate-induced chemiluminescence of xanthine oxidase and 
aldehyde oxidase. Arch. Biochem. Biophys., 136, 352-60 

2. Bauer, R. L. and Bickers, D. R. (1981). Allergic contact dermatitis, photoallergic contact 
dermatitis and photo toxic dermatitis. Campr. Immunol. (Immunoderm.), 7, 259-71 

3. Buege, J. A. and Aust, S. D. (1978). Microsomal lipid peroxidation. Meth. Enzymol., 52, 
302-10 

4. Buettner, G. R. and Oberley, L. W. (1980). The apparent production of superoxide and 
hydroxyl radicals by hematoporphyrin and light as seen by spin-trapping. FEBS Letters, 
121, 161-4 

5. Cannistraro, S., van de Vorst, A. and lori, G. (1978). EPR studies on singlet oxygen 
production by porphyrins. Photochem. Photobiol., 28, 257-9 

679 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

6. Clare, N. T. (1952). Photosensitization in Domestic Animals. (Farnham Royal: Common
wealth Agricultural Bureaux) 

7. Clarke, M. 1., Harvey, D. G. and Humphreys, D. 1. (1981). Veterinary Toxicology. pp. 
191-2. (London: Balliere Tindall) 

8. Emmett, E. A. (1979). Phototoxicity from exogenous agents. Photochem. Photobiol., 30, 
429-36 

9. Fridovich, I. (1974). Superoxide dismutases. Adv. Enzymol., 41, 35-97 
10. Girotti, A. W. (1979). Protoporphyrin-sensitized photo damage in isolated membranes of 

human erythrocytes. Biochemistry, 18, 4403-11 
11. Halliwell, B. (1979). Oxygen-free-radicals in living systems: dangerous but useful? In Shilo, 

M. (ed.) Strategies of Microbial Life in Extreme Environments. pp. 195-221. (Berlin: 
Verlag Chemie) 

12. Halliwell, B. (1981). The biological effects of the superoxide radical and its products. Clin. 
Resp. Physiol., 17 (Suppl.), 21-8 

13. Krinsky, N. I. (1977). Singlet oxygen in biological systems. Trends Bioi. Sci., 2, 35-8 
14. McCord, J. M. and Fridovich, I. (1969). Superoxide dismutase. J. Bioi. Chem., 244, 

6049-55 
15. Schothorst, A. A., De Haas, C. A. C. and Suurmond, D. (1980). Photochemical damage 

to skin fibroblasts caused by protoporphyrin and violet light. Arch. Dermatol. Res., 268, 
31-42 

16. Singh, A., Singh, H., Kremers, W. et al. (1981). Involvement of singlet oxygen in biological 
systems. Clin. Resp. Physiol., 17 (Suppl.), 31-41 

17. Smith, M. T., Thor, H., Hartzell, P. et al. (1982). The measurement of lipid peroxidation 
in isolated hepatocytes. Biochem. Pharmacol., 31, 19-26 

18. Spikes, 1. D. (1977). Photosensitization. In Smith, K. C. (ed.) The Science of Photobiology. 
pp. 87-112. (London and New York: Plenum Press) 

19. Woutersen, R. A. and Wit, J. G. (1980). Experimental protoporphyria in hairless mice: an 
animal model for photochemically induced dermatitis. Vet. Res. Commun., 4, 183-94 

680 



58 
Fluorosis in the sheep: 
new data 
G. Milhaud, B. Enriquez and F. Riviere 

INTRODUCTION 

In 1932, it was shown that the Darmous, that affected sheep in phosphate
rich areas in Morocco, is spontaneous fluorosis. Dental lesions and other 
clinical signs of the affection have been described!9. The main source is 
fodder (hay, straw, barley), whereas water plays only a secondary role. A 
discrepancy, existing between the periods of ingestion of fluoride and the 
appearance of lesions on the incisors, has led to an experiment to study the 
relation between these phenomena2o . Several experimental studies have been 
conducted in cattle2, !5, 16, 18 and fewer experiments in sheep. 

With 8-12 months old sheep receiving a concentrate mixture containing 
25,50,75, 100 or 200 parts/106 fluorine over a period of 140 days, the growth 
rate is significantly reduced only in the animals receiving 200 partsl 106 

fluorine. With animals ofthe same age receiving up to 100 partsl 106 fluorine 
over a period of 3 years, the weights of ewes and their lambs have been 
normaP. 

For 3Yz years sodium fluoride was added to the drinking water, at 0,2.5, 
5, 10, and 20 parts I 106, of merino sheep aged 13-14 months at the begin
ning of the experiment. Consumption varied greatly with the seasons. With 
the highest dosing, the fluorine ingestion was from 0.66mgkg- 1day-l 
during the winter to 1.45 mg kg-! day-l during the summer months!!. Adult 
sheep aged from 2 Yz to 3 Y2 years receiving water containing 10 or 20 partsl 1 06 

fluorine consumed less water than the previous sheep with fluorine ingestion 
(estimated) at 0.1 mg kg-! day-l during winter and 0.8 mg kg-! day-! during 
summer!2. Lambs from treated mothers, when given water containing 0.3, 
10 or 20 parts/f06 fluorine have ingested (estimated) 0.3-0.8 mg kg-! day-l 
with the water at lOparts/106 and 0.5-1.6mgkg- 1day-l with the water at13 

20 partsl 1 06 • 

Dental lesions have appeared in the young sheep with the highest fluorine 
intake11 , 13. In the yearlings, the third and the fourth incisors are mostly 
affected 11 , whereas the first incisors are most affected in the lambs 13 • 
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Effects on growth rate are very slight, since only in the yearlings has weight 
decreased slightly prior to the third shearing. Reproduction is normal. Wool 
production is slightly reduced in the lambs receiving the water containing 
20 parts/ 106 fluorine. 

During 14weeks, a fattening ration was given to lambs of about 32.3 kg 
and contributed 0.48, 0.62, 1.10,2.05, and 3.90 mg of fluorine/body weight. 
Feed consumption, gain in weight, carcass weight and grade and wool weight 
have remained normal I . 

Experiments on 9 month old wethers given water containing 30parts/106 

fluorine during 25 months have resulted in adverse effects on growth after 
32 weeks and sings of fluorosis after 72 weeksl4 . This paper briefly reviews 
the main results obtained in experiments conducted on fluorosis in goat and 
adult sheep. 

FLUOROSIS IN GOAT 

Experiments were conducted on three groups of four goats aged from 7 to 
8 months, during 1, 2, and 3 years. Each lot contained one control and three 
animals receiving 2.5 mg kg- l day-l fluorine as sodium fluoride, orally in 
lOml water. Fluorine in the daily intake of feed ranged from 0.3 to 
0.75 mg kg- l day-I. Weight variations were not observed, the average weight 
of controls remaining higher than that of the treated animals9. 

The mean plasma fluorine was 0.85 mg/l in the dosed goats and 0.15 mg/l 
in the controls. Animals with values above average (+ 350/0) always had the 
most acute signs of fluorosis. Others, with low fluorine (- 35%) had very 
slight dental lesions. 

One of the treated goats (2 y group) died of chronic peritonitis after only 
14 months in the experiment. Serious locomotion troubles occurred in a goat 
during the third year, following a traumatic dislocation of L4-L5 lumbar 
vertebrae. 

The goats, mated every year, had normal fecondity, and number of 
gemellar gestations. Weight of kids were normal and similar at birth, but 
slightly lower in the treated group after 2 months. 

Characteristic lesions of fluorosis occurred at the base of the first incisors 
(six out of nine) (pitting; rough, chalky enamel), on the other incisors (five 
out of six), and molars after 18 months of administration of fluorine. After 
3 y, the irregularities of wear were marked and symmetrical and sometimes 
several lobes were eroded. One of the treated goats exhibited an osteitis of 
the mandible due to the presence of hay between the teeth and the gums. 

On X-rays and postmortem examinations, the presence of pseudoarthrosis 
and bone exostoses on the ribs were clearly visible in five treated goats. The 
rather heavy and strong males used for mating were probably responsible for 
such lesions. On X-ray examination no other major change was noticed. 
Most treated animals showed a more irregular and slighter opacification of 
limb extremities and of mandibles. Two animals showed a thinning of 
metacarpal- and metatarsal-phalangeal joint spaces lO. A scintigraphic 
examination with [99technetium m]pyrophosphate on all goats failed to show 
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inflammatory lesions of bones and joints, and abnormal remodelling of bone 
tissue. 

Histological, haematological and biochemical results were normal. 
Fluorine concentrations were measured in bones, teeth, and tissues. Levels 

were high initially in the mandibles and the ribs, but values were very similar 
after 2 and 3 y of treatment (Table 58.1). The teeth erupting during fluorine 
ingestion (adult corners, 2nd and 3rd molars) were richer in this element 
(5000-6000parts/l06). Teeth already present got impregnated too (lacteal 
incisors, premolars, first molar), together with premolars and first molar 
(3000-4000parts/l06) which go on developing and evolving long after their 
eruption. Fluorine levels were below 0.5 parts/l06 in muscle, liver and milk, 
but higher in kidneys (2.6 partsl 1 06) and brain (7.9 partsl 1 06). 

Table 58.1 Fluorine levels (p.p.m.lfat free dry matter) in goat bone samples 

Mandible Ribs Coxal Metatarsus Metacarpus 

C year 
4600:i:610 3050:i: 790 2680:i:220 2110:i: 180 2500:i:550 

Treated 2 years 6860:i:900 6320:i: 200 5520:i:370 4870:i: 80 5210:i:450 
3 years 661O:i:860 5 840:i: 1400 4990:i:3oo 4400:i:450 47oo:i:160 f year 750 650 540 660 680 

Controls 2 years 1580 1410 1090 1600 1660 
3 years 1750 1370 1210 1240 1310 

FLUOROSIS IN ADULT SHEEP 

Sheep coming from a polluted area were used in experiments and to record 
signs of fluorosis. 

The experimental design was meant to determine with accuracy the effects 
of fluorine in relation to the period of life when it is ingested. The experiment 
is still under way, and the final results are to be published. It can be noted 
already that dental lesions are less marked than those obtained in cattlel7 with 
a similar experimental procedure. 

Observations were made, during 6 consecutive years from 1977 to 1982, 
on over 300 animals, coming from a valley where an aluminium plant is 
located. The first observations were meant to give a good knowledge of the 
chronic effects of fluorosis in that area and to interpret them in the light of 
the results of fluorine analyses in the plasma, the mandible and the teeth. 
These first observations concerning the animals reared in the vicinity of the 
plant were published8 in 1978. 

Then it proved necessary to find the elements for differential diagnosis 
between fluorosis and suppurant osteomyelitis of the mandible which were 
due often to the presence of hard, rough hay between the gum and the molars. 
This differential diagnosis is of major interest in the vicinity of the plant and 
at some distance around. Yearly examinations were conducted on about 50 
sheep chosen from a rather extended area around the plant. Blood samples 
were taken from most animals before slaughtering, postmortem examin
ations were carried out, and mandibles were collected for macroscopic 
examination and fluorine determination. 
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In absolute values, fluorine levels in the plasma varied greatly from group 
to group according to feeding and rearing conditions. In relative values, the 
sheep reared in the closer vicinity of the plant always had the highest levels 
of fluorine. 

After examination, the mandibles were classified in three groups according to: 

(1) Characteristic fluorosis lesions. Lesions in the most acute cases were: 
very uneven wear of molars, symmetrical on the two branches of the 
mandible, with 1-2 cm peaks and cavities resulting from the complete 
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disappearance of dental lobes. Nearly always, more lesions were accom
panied by lesions of the incisors which were clearly visible only after 
removal of a brownish organic deposit. The enamel on the buccal face 
exhibited either pitting or a rough surface with cupuliform cavities. It 
was chalky, opaque, sometimes rough and brownish. In acute cases 
thickening of the mandible with exostoses were even observed (Figure 
58.1). Al&o included in this group were mandibles which presented 
unilateral suppurant reaction at the level of molars, but fluorosis lesions 
on the other molar arcade and/or on incisors. 

(2) Infectious reactions limited to the mandible. These reactions may be at 
different stages of evolution. Sometimes, there is only hypertrophia of 
one branch of the maxillar, with hay between the molars and the pre
molars. The latter may show more or less marked defects in wear that 
account for the presence of a long, eroded, and oblique surface. 
Loosening occurred in molars or premolars which then moved towards 
the buccal or jaw side. When these teeth fell, spaces on the mandibles 
allowed neighbouring teeth to slant forward, and teeth of the opposite 
dental table to grow for lack of wear. 

The suppurant osteomyelitis of the maxillar causes an important 
hypertrophia with occasional fistulization of the external face. After the 
fall of one tooth or several teeth, the suppurant process receded, empty 
teeth-alveoles were filled, and as teeth corresponding to the empty 
spaces get longer, a very uneven profile of the two inferior and superior 
molar arcades may be established. Usually such an infectious process 
concerned only one side of the mandible. When bilateral, the fall of 
teeth and irregularities were rarely symmetrical. 

This group includes sheep without any signs of fluorosis (Figure 58.1). 

(3) Doubtful cases. Incisor lesions are very mild in sheep. When enamel of 
incisors exhibited vertical striations, and when the defects in the wear 
of molars could not be explained by the presence of an infectious 
process, it was clinically impossible to say whether the osteomyelitis 
reaction was complicated with fluorosis or not. Such rather numerous 
cases have been classified as 'doubtful' (Figure 58.1). 

Out of the 330 mandibles examined, only 12 coming from young, deeply 
affected animals had fluorine levels ranging from 5000 to 8000 parts/ 106 • 

They are not recorded in Figure 58.1, for easier reading. With two excep
tions, the points corresponding to the mandibles with lesions characteristic 
of fluorosis are above a X Y axis which passes by the points corresponding 
t02y: 1200parts/l06; 5y: 1700parts/l06 ; 8y: 2200parts/l06• Most of the 
mandibles from animals free from fluorosis are below this line; only six, 
mainly from old animals are above the line. The points corresponding to the 
doubtful cases are scattered throughout the graph, rather similarly on either 
side of axis X Y. Thus it can be said that the axis determines two areas: 
the first one corresponding to animals presenting no sign of fluorosis, the 
second one corresponding to animals presenting signs of fluorosis. Some 
animals designated by the sign ., and in particular the 3 y old one located 
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below the axis, presented very mild signs, which, at that stage, were not 
harmful. A diet deficient in phosphorus and vitamin D results in lesions of 
the molars similar to those of fluorosis4 • 5. In the present case phosphorus 
and calcium metabolism were not explored. 

FLUOROSIS IN LAMBS 

Experimental studies were conducted in sucking lambs and in lambs weaned 
at birth still receiving artificial feed. The results obtained with the sucking 
lambs have already been reported6• 7. The investigations on the lambs weaned 
at birth are not over yet, but some of the results can be used for comparison. 

The sucking lambs, 15 controls and 17 treated, were reared on a farm 
located not far from an aluminium plant but the mothers were given a feed 
free from fluorine contamination. The lambs weaned at birth (three groups 
of 28 animals) were reared on an experimental farm and fluorine was incre
m~tly given from the 3rd to 8th week, to stimulate what happens when 
alfafa is given to young lambs ad libitum. 

The administration of fluorine to sucking lambs was based on an alfafa 
containing 150parts/l06 fluorine. The amount of fluorine brought by 
such fodder was estimated to be: 0.5mgkg-1day-l in the 3rd week, 0.8 
mg kg- 1 day-l in the 4th and the 5th week, 1 mg kg- 1 day-l in the 6th week, 
1.5 mg kg- 1 day-l in the 7th week, and 2.5 mg kg- 1 day-l from the 8th week 
onwards. Fluorine, administered orally, every morning in the form of 
sodium fluoride, was diluted in 10 ml of water. These lambs were exclusively 
fed on their mothers' milk to avoid fluorine intake through the feed. They 
were slaughtered from the age of 13 weeks. 

The lambs weaned at birth were allotted to one control group and two 
treated groups of 28 animals. The fluorine administration in the treated 
groups simulated alfafa containing 120 and 240 parts/106: O.4mg kg- 1 day-l 
in the 3rd week, 0.6mg kg-l day-l in the 4th week, 0.7 mg kg-l day-l in the 
7th week, 2 mg kg- 1 day-l after the 8th week for the first group and twice 
these amounts for the second. The diet comprised: artificial milk, mineral 
mixture, feed supplement, cereals and dehydrated alfafa mixture, straw and 
alfafa hay. This feed brought important quantities of fluorine estimated at 
0.7-0.8mgkg-1day-l from the 18th to the 42nd day, 1.2mgkg-1day-l 
from the 43rd to the 66th day, 0.5mgkg-1day-l from the 67th day to 
slaughtering, at 15 weeks. 

Figure 58.2 lists fluorine levels in the plasma. The control group had levels 
of 0.1 mg/l. In the group of weaned lambs, the levels were higher. From a 
comparative analysis of the feed, greater differences were expected. The 
fluorine contained in the feed supplement and the mineral mixture (fluoro
apatite) seemed to be hardly bioavailable. 

As far as the treated animals are concerned, the evolutions of plasma levels 
varied greatly in the two experimental studies. In the two groups of weaned 
lambs, the plasma levels rose rapidly. The maxima values were reached by 
the 9th week; they were nearly twice higher in the group receiving 4 mg 
kg-1day-l (approx. 0.75mg/l) than in the group receiving 2mgkg-1day-l 
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Figure 58.2 Fluorine plasma levels in suckling lambs (SL) treated and controls, and in lambs 
weaned at birth (WL) and treated: 2mg/ kg (e--e) and 4mg/ kg: (0--0) 

(approx. 0.4 mg/l). In the sucking lambs, the fluorine levels in the plasma 
increased more slowly: maxima values, not reached before the 13th week, 
were high, around 0.65 mg/I. 

Such differences may be partly accounted for by the different breeds: an 
alpine breed for sucking lambs, a more evolved breed for weaned lambs. Yet 
it seems that the nature of the feed played a more important role than the 
breed. The early withdrawal of artificial milk, the administration of dry feed 
(cereals and forage) that modified the flora and the pH of the digestive tract 
were certainly responsible for this more rapid absorption of fluorine in the 
form of sodium fluoride . 

Figure 58.3 sets out the average body weight of the animals in relation to 
age. Although markedly lighter at 1 week (4.9 kg vs. 6.2) lambs weaned at 
birth reached, at 15 weeks, a body weight notably heavier than sucking ones 
(28.3 kg vs. 24.2). Throughout the experiment, the mean body weight of the 
control group remained higher than that of the treated group. 

In the lambs weaned at birth the growth curves could practically be super
imposed. The surprising drop recorded at week 6 corresponds to withdrawal 
of artificial milk . Considering previous performances, the first dose 
administered, with a maximum of 2.5 mg kg-l day-I, was close and perhaps 
slightly higher than the no-effect level on growth. For this was the reason, 
in the second experiment, that maxima doses of 2 and 4 mg kg- 1 day-l were 
chosen hoping for no effect with 2mgkg- 1day-l and a marked effect with 
4 mg kg- 1 day-I. In spite of the differences between plasma concentration, 
no effect on growth is obvious during the first 15 weeks of life. 
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Figure 58.3 Average body weight of the animals in relation to age 

Finally, it is interesting to compare fluorine concentrations in the mandible 
as expressed in parts/106 of fat free dry matter (Figure 58.4). 

Fluorine concentrations in the mandible of controls weaned at birth were 
markedly higher than those in controls fed their mother' milk. In the treated 
sucking animals fluorine concentrations in the mandible were higher than in 
the animals weaned at birth. 

For all the groups, the range of fluorine levels in the mandible was within 
limits comparable to plasma fluorine concentrations at week 15. 
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Figure 58.4 Fluorine mandible levels in suckling lambs and in lambs weaned at birth 

CONCLUSION 

The results obtained provide rather precise information as to the risks that 
small ruminants run at various ages. 

Goat sensitivity to fluorine was quite comparable to that of sheep. Fluorine 
concentrations in plasma, bones, and anatomQclinical signs were identical. 
On the basis of these three parameters, a diagnosis of fluorosis may always 
be made, and fluorosis may be clearly distinguished from any infectious 
process of the maxillar. 

Lamb proved comparatively resistant to fluorine. Doses rising steadily up 
to 4 mg kg- 1 day-l from the 3rd to the 8th week, followed by a dose of 
4 mg kg- 1 day-l from the 8th to the 15th week, had no effect on growth rate 
in spite of high plasma fluorine levels and fast accumulation of fluorine in 
bones. 

Yet, it remains obvious that further administration of such doses of 
fluorine would result in severe fluorosis before the eruption of all the 
permanent teeth. 
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59 
Chloramphenicol-propylene glycol 
toxicity following constant 
intravenous infusion in horses 
S. L. Spurlock, T. E. Powers, K. J. Varma and J. D. Powers 

A Strep. zooepidemicus disease model in young horses (3-6 months old) 
was used to examine the efficacy of penicillin therapy in treating this bacterial 
infection 16. The disease model produced consistent clinical signs of disease 
and had acute and chronic phases. Acutely, the horses were febrile and 
depressed and chronically, the horses developed lameness associated with 
localization of the infection in joints. 

Constant intravenous administration of chloramphenicol in propylene 
glycol over a 5 day period resulted in the death of 11 of 30 horses. Data 
suggest that propylene glycol may have been responsible for the deaths as well 
as other signs observed which were not related to the disease model. 

MATERIALS AND METHODS 

Thirty horses were divided into five groups of six horses each. Four of these 
groups were infected with Strep. zooepidemicus. One group of infected 
horses received only the diluent (propylene glycol) and the other three groups 
of infected horses received chloramphenicol dissolved in propylene glycol to 
maintain blood levels of 0.25 x MIC, 1 x MIC and 4 x MIC. The fifth group 
(healthy control) received chloramphenicol to maintain blood concentrations 
of 4 x MIC. All horses were to receive 2.11 of diluent over the 5 day period 
at a rate of 17.5 mllh. The diluent* used had the following constituents per 
ml: benzyl alcohol 0.9070, dimethyl acetamide 15%, sodium succinate as a 
buffer, q.s. propylene glycol to 1 ml. During the experimental period, the 
animals were observed for clinical signs of the disease and the serum protein 
electrophoresis were performed to evaluate the changes in disease state. All 
animals were necropsied, either immediately after death or on the thirteenth 
postinfection day. 
·Rachelle Laboratories, Inc., Long Beach, California, USA. 
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RESULTS 

Some horses from each chloramphenicol treatment group, the diluent group 
and the uninfected group died during the experiment. Out of six animals in 
each group, three horses in the group receiving diluent, two in the 0.25 x MIC 
group, three in the 1 x MIC group, and two in the 4 x MIC group died and 
one of the uninfected control animals receiving drug to maintain 4 x MIC 
also died during the experimental period. 

Beside the 11 animals that died, 13 other horses demonstrated signs not 
attributable to the disease model. These included alterations in gastrointes
tinal motility, foul-smelling aiarrhoea, anorexia and depression. In two 
horses, ataxia was also observed. 

The most consistent findings on necropsy were moderate to severe 
inflammation along the entire intestinal tract and ecchymotic haemorrhages 
on the serosal surface of the small intestine. Furthermore, five of the 11 
animals that died before the planned termination date were found to have 
jejunal intussusceptions with resulting necrosis. 

DISCUSSION 

There was a statistically significant correlation between death and the weight 
of the horse. Most of the horses which died weighed under 152 kg. This fact 
combined with the fact that all groups had only the administration of propy
lene glycol in common suggest toxic effects of propylene glycol. Toxic effects 
similar to ones reported in this study have been reported in horses following 
oral administration of 3.4-9.11 of propylene glycoP 1 • 

Jejunal intussusceptions were found in five out of 30 horses used in this 
study. Tennant et al. 1s reported that 12 out of 75 cases of small intestinal 
strangulation involved intussusception and only one was a jejunal. Intus
susceptions are considered to be rare in occurrence and, when present, the 
ileum and ileo-caecal junction are most commonly involved 18. With the high 
incidence of jejunal intussusceptions in this study, the mechanism, by which 
this lesion occurs, could provide insight into the toxic effects of propylene 
glycol. It has been suggested that intussusceptions are the result of peristaltic 
waves striking a dilated, atonic segment of bowel. Rather than passing over 
this atonic area, it results in an inward 100p12. Since gastrointestinal motility 
depends on the balance of the inherent electrical rhythm of intestinal smooth 
muscle and the modulating effect of the autonomic nervous system, endo
crine and prostaglandin systems 10, anyone of these areas may be involved in 
alteration of motility. 

Interestingly, propylene glycol has been incriminated in changes in blood
flow, smooth muscle contractility and autonomic control. Changes in 
bloodflow and involvement of the autonomic nervous system have been 
addressed by Goss et al. 5 in a study in calves. Intravenous administration of 
a propylene glycol bolus to conscious calves produced a decrease in renal and 
pulmonary blood flow and an increase in blood pressure. Alterations in blood 
pressure and flow as well as associated alterations in cardiac function could 
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be moderated with various autonomic blocking agents. In contrast, femoral 
artery instrumentation recorded systemic hypotension in anaesthetized cats 
given a rapid intravenous bolus of propylene glycoF. Similar hypotensive 
effects have been noted in humans receiving propylene glycol6 • 7. 

Haemolysis as a result of propylene glycol administration was seen in many 
of the samples taken from horses in this study. This may also be responsible 
or contribute in part to alterations in blood pressure. It has been shown that 
haemolyzed blood can alter pulmonary and systemic blood pressure. A study 
in dogs demonstrated an increase in pulmonary blood pressure and decrease 
in systemic blood pressure9. 

While the exact mechanism of vascular smooth muscle response to propy
lene glycol remains undefined, attempts have been made with gastrointestinal 
and uterine preparations to determine whether the propylene glycol affects 
membrane activity, the contractile mechanisms, or metabolism!. The mech
anism of action on a cellular level has not been determined, but the statisti
cally significant reduction of both frequency and amplitude of smooth 
muscle contraction with varying concentrations of propylene glycol seems to 
be due to a direct depression exerted on metabolism. 

The ataxia reported in two of the horses in this study has also been seen 
in other species!3·!9 after propylene glycol administration. A weak but sig
nificant CNS depressant activity was observed with propylene glycol volumes 
larger than would be included in therapeutic dosage of drugs in this solvent!9. 
The horses in this study which lived up to postinfection day 13 received 2.11 
of the diluent. Strong evidence exists that propylene glycol is not an inert 
substance!9. 

Aside from propylene glycol, chloramphenicol is also capable of produc
ing toxic signs. Direct cardiovascular depression has been studied in vivo and 
with in vitro preparations in several animal species2.!4. Bone marrow de
pression, either reversible or irreversible, has been reported in man, dog, cat, 
duck and other species with a range of daily dose and duration of therapy8. 
Chloramphenicol may also inhibit the function of messenger RNA formed 
in response to antigenic stimulus!7. A lack of immune response to homograft 
plus transplantation was observed in rabbits with mean chloramphenicol 
serum levels as low as 5.9 J.(g/ml. Administration of therapeutic levels of 
chloramphenicol to humans has been shown to suppress the anamnestic re
sponse to tetanus toxoid4 • 

Table 59.1 'Y-Globulin (g/ dl) in untreated Strep. zooepidemicus challenged horses 

Horse Preinfection Postinfection day 
No. day 1 3 5 7 10 13 

37 0.96 0.96 0.92 0.83 0.99 1.35 2.17 
39 0.94 0.77 0.84 0.80 0.81 1.18 1.31 
47 1.11 1.01 1.04 1.13 1.22 1.87 3.00 
58 1.57 1.54 1.40 1.40 1.55 2.11 2.70 
64 0.71 0.87 0.99 1.12 1.16 1.65 2.65 
65 1.15 1.14 1.09 0.99 1.32 2.11 3.14 
66 1.25 1.08 1.06 1.07 1.21 1.57 2.14 
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In all infected groups, albumin had a tendency to decrease. A decrease in 
albumin, along with an increase in 'Y globulins usually accompanies an 
immune response3 • An increase in the 'Y fraction was observed between 
postinfection days 10-13 in horses used in the development of the disease 
model (Table 59.1). This same response was not observed in all of the chlor-
amphenicol treatment groups. 

Due to the death of animals in the chloramphenicol-propylene glycol 
study, results are limited. Those results available from the infected horses 
receiving chloramphenicol to maintain 4 X MIC (approximately 6 j.tg/ml), 
demonstrate a failure of the 'Y fraction of the serum protein electrophoresis 
to increase (Table 59.2). This suggests that a constant serum level of 6 j.tg/ml 
may be capable of interfering with the ability of the horse to respond to 
antigenic stimulus. However another explanation would be that the antigenic 

Table 59.2 2'Y-Globulin (g/dl) in Strep. zooepidemicus challenged and unchallenged horses 
which received different doses of chloramphenicol 

Horse Postinfection day 
No. Group PRE 0 3 7 11 13 

100 Diluent 0.60 0.69 0.73 0.98 0.83 0.93 
111 Diluent 1.12 0.92 0.84 
113 Diluent 0.98 0.96 0.80 0.73 
129 Diluent 0.66 0.75 0.75 0.72 
133 Diluent 0.62 1.05 1.06 1.00 1.16 1.53 

137 Diluent 0.86 0.77 0.90 0.89 0.87 1.14 
103 4-MIC Cont. 0.68 0.77 0.71 0.67 0.60 0.50 
114 4-MIC Cont. 0.84 0.91 0.81 0.61 0.73 0.61 
116 4-MIC Cont. 0.46 0.63 0.66 0.54 
125 4-MIC Cont. 0.70 0.87 0.91 0.67 

130 4-MIC Cont. 1.08 1.23 1.25 1.05 0.89 0.86 
140 4-MIC Cont. 0.84 0.88 0.79 0.83 0.64 0.60 
105 0.25-MIC 0.78 0.82 0.79 0.86 0.70 0.67 
118 0.25-MIC 0.72 0.94 0.86 
119 0.25-MIC 0.99 0.94 0.81 0.76 

122 0.25-MIC 1.25 0.30 1.11 1.03 1.31 1.67 
128 0.25-MIC 0.92 1.21 0.95 1.01 1.08 1.12 
138 0.25-MIC 0.50 0.49 0.61 0.74 0.76 0.89 
104 1-MIC 0.72 0.70 0.60 0.68 0.67 0.79 
115 1-MIC 0.86 1.18 1.09 1.19 

121 1-MIC 0.66 0.86 0.76 0.89 0.76 
123 1-MIC 1.24 0.99 1.16 0.93 
127 1-MIC 0.71 0.73 0.77 0.88 1.20 1.36 
135 1-MIC 0.46 0.66 1.50 0.65 0.60 1.72 
107 4-MIC 0.56 0.71 0.60 0.65 0.63 0.59 

117 4-MIC 0.40 0.91 0.96 0.90 
120 4-MIC 0.74 1.03 1.03 0.73 0.88 0.81 
124 4-MIC 0.76 0.78 0.67 0.82 
132 4-MIC 0.42 0.42 0.58 0.56 0.46 0.42 
136 4-MIC 0.71 0.69 0.74 0.78 0.52 0.59 

PRE = Preinfection day 
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stimulus of the Strep. zoo. organism was eliminated with the maintenance 
of this level of chloramphenicol. 

CONCLUSION 

The results of this study suggested two important points. First, propylene 
glycol can have toxic effects. Therefore, its use in pharmacological studies 
should include a control group to illustrate effects of the solvent alone. 
Secondly, when therapeutic blood levels of chloramphenicol are maintained 
at a constant level for a period of time, it may have an effect on the mam
malian cells and the normal immune response. 
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60 
Heavy metal intoxications 
in horses 
A. A. Seawright, J. Hrdlicka and J. C. Ng 

Intoxication of horses by heavy metals is of comparatively uncommon occur
rence, and mostly the diseases are chronic in type. Usually, poisoning is 
associated with the normal ingestion of intrinsically toxic (selenium) or 
secondarily contaminated pasture (lead, zinc, arsenic, copper), grain 
(mercury) or drinking water (cadmium). Of the few definitive reports in the 
literature, most concentrate on epizootological aspects of the conditions 
while experimental studies are few in number and tend to describe few or 
single intoxicated animals. 

LEAD 

In a recent review of historical aspects of lead toxicosis in the United States, 
Burrows6 draws attention to the part played by lead mining and smelting in 
the high incidence of poisoning of both man and domestic animals about 
lOOyears ago. Notwithstanding the universal recognition of this kind of 
industrial pollution of the environment and the steps taken to reduce toxic 
smelter emissions, sporadic outbreaks of lead poisoning in horses in such 
areas continue to occur in these and other parts of the developed world to 
the present day. In effect, the horses in lead mining and smelting regions may 
be regarded as sentinels to portend the likely hazard of the general environ
mental contamination. 

In many respects the lead poisoning syndrome in the horse, as with other 
species, has a variety of manifestations 12•49 and it seems to be generally 
agreed that the syndrome is a chronic disease, often with acute onset and 
short duration of clinical signs, but most often characterized mainly by laryn
geal hemiplegia and/or pharyngeal dysfunction due to neuropathy affecting 
the recurrent laryngeal and other regional motor nerves. The latter dysfunc
tion, a segmental demyelination of the appropriate nerves leading to reduced 
conduction velocity19, frequently gives rise to difficulty of swallowing and 
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aspiration pneumonia. Acute lead poisoning in the horse is not well defined 
but, in a recent case brought to the attention of the authors, a stallion given 
to the wind-sucking habit died a few weeks after having been placed in a small 
yard, the fence of which was liberally painted with used engine oil. Sickness 
occurred suddenly and was characterized by muscle tremors, posterior ataxia 
and intermittent but violent convulsions lasting some 24 h before death 
occurred. The terminal blood lead level was 0.4 parts/ 1 06 while the liver and 
kidney contained 8 and 4.5 parts/106 wet weight, respectively. 

Confusion has always existed concerning the daily dose of lead required 
to precipitate typical lead poisoning in the horse and the correlations between 
apparent metal intake, tissue concentrations and incidence and severity of 
clinical signs are poor. The most convincing experimental study is that by 
Willoughby et al. 46 in which 3 week old foals were given 3.5 mg/kg lead daily 
initially for 8 weeks, with regular weekly increase in the dose rate up to 
108.5 mg/kg. Clinical signs did not appear until the daily intake reached 
86 mg/kg and blood lead levels exceeded 0.6 parts/106 for at least 3 weeks. 
The latter dose rate was equivalent to 3400parts/106 lead in the feed. An 
experimental design of this type does not indicate, however, what the 
required mean daily dose rate should be in order for poisoning to be produced 
in say the 6 month period of the study. It was of interest that the initial clinical 
signs were those of pharyngeal and/or laryngeal dysfunction; lameness, 
stiffness and signs of anaemia being completely absent. The liver and kidney 
cortical lead concentrations were 26.5 and 70 parts/106, respectively. 

In a later study by Dollahite et al.13 in older ponies, in which groups of 
two animals were dosed daily with 6.25, 7.8, 9.8 and 12.2 mg/kg lead acetate 
for 105 days, no significant toxic effect occurred, even though the final blood 
lead levels were between 0.35 and 0.75 parts/106 • Groups of four cattle dosed 
similarly were mostly all dead of lead poisoning within 24 days of the start 
of the experiment, thus providing unequivocal evidence of the comparative 
tolerance of horses to lead ingestion. In the latter trial the lead doses were 
increased respectively to 15.3, 19.1, 23.8 and 29.8mg/kg for a further 
190days. Apart from one animal given the lowest dose rate, the remaining 
horses died between 18 and 190 days after the start of the latter dose rates. 
The response of the horses was individual and apparently not related to the 
dose rate of lead. Animals in which blood lead levels rose fastest tended to 
die earliest and in no animal was the terminal blood lead level less than 
1 part/106• Individual susceptibility to lead intoxication, other factors being 
equal, appeared to be related to the efficiency of absorption of the metal 
from the alimentary tract and/ or retention of the element in the animal, since 
affected horses had higher tissue levels than unaffected animals, irrespective 
of the dose rate. It was significant that no horses exhibited signs of laryngeal 
or pharyngeal dysfunction, although clinical signs recorded included 
anorexia, weight loss, laboured breathing, convulsions, incoordination, 
laminitis and mild anaemia. Typical acid fast nuclear inclusions were present 
in the liver and kidney. 

Similar results were later achieved with a single adult Shetland pony to 
which lead acetate was given in the feed at the mean daily rate of 41.24 mg/kg 
over 111 days49. Again, no laryngeal hemiplegia occurred although there was 
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anorexia, depression, muscle tremors, transient jaundice, and anaemia 
characterized by typical basophilic stippling of erythrocytes and presence of 
reticulocytes when blood Pb levels reached 2.42 partsl 106. The animal died 
suddenly some 6 days after apparent recovery, renal tubular epithelial intra
nuclear inclusions being the only relevant pathological finding. 

The dose rate of lead required to induce lead poisoning experimentally in 
the horse seems, therefore, far higher than that estimated to occur under 
natural conditions of poisoning. Hammond and Aronson21 , for example, 
measured lead concentrations on pastures in the vicinity of a lead smelter 
where outbreaks of lead poisoning were occurring in both cattle and horses 
and concluded that the minimal daily intake of the metal required to cause 
cumulative poisoning in cattle within a few months was some 6-7 mg/kg, 
while that for horses was only 2.4 mg/kg. Knight and Burau25 calculated that 
the mean daily intake of Pb for their affected horses on contaminated pasture 
was 6.4 mg/kg body weight. 

Aronson2, however, allowed that horses had different feeding habits from 
cattle and notes that horses will frequently pull out forage by the roots and 
eat the roots and attendant soil along with the remainder of the plant. Since 
soil in the vicinity of smelters is likely to contain very high concentrations 
of lead, it can be concluded that the actual lead intake by grazing horses is 
likely to be far higher than that estimated when only forage contamination is 
considered alone. This is also suggested from the study of equine lead intoxi
cations by Schmidtt et al. 39 in which the forage of affected pastures at 400, 
800 and 22 500 m north respectively from the smeltl<r contained 264, 177 and 
18 parts/106 Pb while the lead present in the top 2.5 cm of the soil in which 
the plants grew contained some 4200, 2900 and 280 partsl 106 of the metal. 
In contrast, cattle were unaffected. With each pair of samples there was 
about 16 times more lead in the top soil than on the associated herbage. With 
the outbreaks recorded by Egan and O'CUill15 and Hammond and Aronson21 
the mean forage Pb levels in the affected pastures were 570 and 580 partsl 1 06 

DM respectively. If associated top soil Pb levels were in any way comparable 
to those recorded by Schmidtt et al. 39 it would not be difficult to visualize 
horses grazing such pastures consuming Pb in amounts of the order of 
3400 partsl 1 06 in their diet at least part of the time, as was apparently needed 
to precipitate typical lead poisoning in experimental foals46. Moreover, in a 
recent survey of top soil lead levels in paddocks near a smelter on which lead 
poisoning in horses had previously occurred, the lead concentrations reached 
7000 partsl 106 at 1.6 km from the plant while associated forage 7 contained 
800parts/106. The younger the exposed horses are, the more likely they are 
to present with a syndrome characterized by peripheral neuropathy27. 

A further factor which may be of importance in predisposing horses to lead 
intoxication is suboptimal dietary calcium and/or phosphorus which leads 
to enhanced absorption and retention of lead in the tissues47 . Pasture grasses 
which lead to severe negative calcium balance in the horse are well known 
in various parts of the world45 and may be relevant in some outbreaks of 
equine lead poisoning. 

In relation to clinical diagnosis of lead intoxication, blood lead levels in 
excess of 0.35 parts/106 are normally regarded as of diagnostic significance, 
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although in some poisoned animals blood lead concentrations within the 
normal range are not uncommonly recorded21 •25 • Useful diagnostic pro
cedures include determination of urinary Pb concentration before and 
immediately after an intravenous dose of 75 mg/kg of Ca EDT A in which 
there will be a substantial increase in the post injection Pb level in poisoned 
horses25 and more recently, determination of the erythrocyte zinc proto
porphyrin level which indicates the degree of previous lead exposure and is 
independent of the blood lead leveF7. 

ZINC 

As pointed out by Willoughby et al. 46 , lead and zinc coexist in many areas 
and, in the mining and smelting of such ores, environmental contamination 
with toxic amounts of zinc may well occur as happens with lead. Although 
the possibility of participation by zinc in equine toxicity outbreaks associated 
with mainly lead smelting had been suspected24• 39 and poisoning of horses 
had earlier been reported in the vicinity of mainly zinc smelters20, the first de
finitive experimental study of zinc toxicity in the horse is that of Willoughby 
et al. 46. Natural chronic zinc intoxication of horses has also occurred after 
top dressing of pastures with zinc oxide29 • 48. 

In the latter experimental investigation, zinc oxide was incorporated in the 
diet of three newly weaned foals of 3-4 weeks old. The initial dose rate of 
zinc was about 25 mg/kg and this was increased periodically until the daily 
dose rate after some 20 weeks was 184 mg/kg. Clinical signs of poisoning 
marked by weight loss without depression of appetite occurred at about 
17 weeks when the dose rate was 90 mg/kg, corresponding to about 3600 
parts/106 zinc in the diet, and associated with a whole blood zinc level of 
about 6parts/l06 • Death occurred in two of the foals at 23 weeks after 
10 days of illness, and at 31 weeks in the other animal after 8 weeks of illness. 
The progress of clinical signs included initial non-painful epiphyseal enlarge
ments of the limb joints with lameness apparent some 1-3 weeks later. As 
the pain increased the animals were reluctant to rise from lateral recumbency 
and assumed a stiff gait with disinclination to curve the spine laterally. The 
joints became swollen due to increased amounts of sterile joint fluid, and 
degenerative arthrosis48 , a condition subsequently described as an osteo
chondritis dessicans29 • In the animal which lasted 31 weeks, there was also 
severe, progressive anaemia. Serum Ca, Mg and P values remained within 
normal limits but whole blood zinc values increased when the daily intake 
exceeded 60 mg/kg of the element. This juvenile osteodystrophy is typical of 
chronic zinc toxicity in other species such as the pig4 and appeares to be due 
to a detrimental effect of high zinc levels on bone mineral metabolism43 • It 
would not be unexpected that in-contact adult horses failed to develop such 
a syndrome20• 39. Mean zinc concentrations in the liver, renal cortex, meta
carpal epiphysis and lumbar vertebrae were 1523, 528, 180 and 255 parts/106 

respectively, compared with values from control animals of about 35, 21, 
83 and 78 parts/ 106 wet weight. Pasture and top soil zinc concentrations 
rarely appear to have been measured in outbreaks of suspected heavy metal 
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poisoning round smelters but the level of 3500 partsl 106 zinc recorded in 
overwintered grass in the outbreak described by Schmidtt et al. 39 would help 
confirm that the condition in their young horses was in fact zinc intoxication 
rather than lead poisoning, as was proposed. 

The experimental study of Willoughby et al. 46 also confirmed the existence 
of a Pb and Zn interaction in intoxication of foals with these metals ingested 
together. When toxic amounts of lead and zinc were dosed simultaneously, 
typical zinc poisoning occurred while signs of lead poisoning were completely 
absent. The effect of the Zn was to increase the amount of lead stored in the 
kidney and liver, decrease the deposition in bone and uptake by brain and 
promote lower blood Pb concentrations than occurred in animals fed Pb 
alone and in which typical lead poisoning occurred. Mean Zn concentrations 
in the liver and renal cortex were 696 and 21Oparts/106 respectively, com
pared with 1523 and 528 parts/106 wet weight in the foals supplemented with 
the same amount of Zn alone. 

A factor that needs to be considered in the diagnosis of zinc poisoning is 
that, unlike many heavy metals after absorption, Zn is rapidly excreted and 
with cessation of intake, due either to inappetance or change in diet, blood 
and tissue Zn concentrations tend to fall quickly to control levels, notwith
standing the persistence of the typical skeletal lesions. The best samples for 
analysis are reported to be faecal samples collected from affected horses and 
unaffected in-contact animals while they are consuming feed and water from 
the area suspected of containing excessive amounts of zinc48 . 

CADMIUM 

Cadmium occurs in nature with lead and zinc but there is little definite 
implication of Cd in heavy metal intoxication in the horse. The acute oral 
toxicity of Cd compounds for animals generally varies from about 100 mg/kg 
for soluble salts to several thousand mg/kg for the metal itself and other 
insoluble forms. At acutely toxic doses Cd compounds are locally irritant22 

and in a horse, clinical signs such as colic and diarrhoea, salivation and death 
from shock and dehydration might reasonably be expected to occur. Should 
death be delayed, other systemic effects due possibly to renal injury and 
cardiopulmonary failure may be predicted. A single case report titled 
'Probable cadmium poisoning in a group of ponies'38 records death in three 
of four ponies on a farm on which the animals had access to yellow paint 
which almost certainly contained a CdS04 pigment. Clinical signs exhibited 
by affected animals included disorientation, staggering, colic and pros
tration. Necropsy findings included cyanosis of mucous membranes, 
hyperaemia of the lungs with froth in the bronchi, streaky subendocardial 
haemorrhages, and granularity of the renal cortical surface in one animal. 
Microscopic renal lesions included glomerulonephritis, tubular nephritis and 
associated interstitial changes, lymphocytic depletion in the spleen, and 
oedema, congestion and haemorrhage in the lungs. Cd levels recorded were 
15 parts/l06 in the kidney of a yearling filly and 81 and 91 parts/106 in the 
kidney and liver respectively of a 7 year old mare, its dam. 
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The critical target organ in chronic Cd exposure is generally held to be the 
kidney. After absorption into the body, Cd tends to accumulate in this organ 
and when the concentration of the metal becomes critical, pathological 
changes occur. In man, this level is put at some 200 partsl 106 in the renal 
cortex, resulting in both glomerular and tubular damage, which leads initially 
to proteinuria and later to glucosuria and aminoaciduria. 

In a recent survey of vascular, cardiac and renal pathology as well as renal 
cortical Cd concentration, in 50 horses slaughtered for meat in Sweden16, it 
was shown that Cd concentrations ranged from 12 to 186 partsl 106 with a 
mean value of 61 partsl 1 06, and 10 to 12 animals respectively had myocardial 
fibrosis and arteriosclerosis. There was about 50070 incidence of microscopic 
renal lesions which tended to be more marked the higher the Cd level. The 
latter, in turn, was directly related to the hardness of the water which the 
animals had been consuming throughout their lives. Lifetime consumption 
of soft water, therefore, predisposed to enhanced Cd uptake and accumu
lation in the kidney with pathological consequences for the latter organ as 
well as for various cardiovascular tissues. The mean renal Cd level at 
61 parts/106 was, however, far below the 200 parts/106 critical level for renal 
dysfunction in man and the validity of conclusions concerning the relevance 
of the Cd levels in the equine kidneys to the pathology observed, remains to 
be confirmed. 

COPPER 

While copper poisoning of horses appears to be rare, some 30 cases of the 
condition are claimed to have been diagnosed at the Veterinary Faculty Clinic 
at Zagreb University in Yugoslavia3 , due possibly to contamination of their 
rations with Bordeaux mixture. This prompted experimental studies of 
copper sulphate poisoning in this species. The acute single oral dose of 
CUS04 was found to be 125 mglkg, causing mainly acute gastroenteritis, as 
well as intravascular haemolysis, jaundice and haemoglobinuria with deaths 
occurring up to 2 weeks later. Chronic CUS04 intoxication occurred follow
ing contamination of the food with the compound for 2 or more months. 
Clinical signs included colic and weight loss as well as multiple haemolytic 
crises with deaths occurring after 6 months or so of the Cu supplementation. 
The actual concentration of the copper in the diet was not reported but, in 
animals dying from poisoning, the copper levels in the liver were stated to 
be 10 times normal. 

ARSENIC 

Arsenic poisoning of horses has been reported following consumption of 
grass treated with a weedicide containing 47% arsenic trioxide and 3.5% lead 
arsenates. Clarke and Clarke9 gave the acute single oral toxic dose of the 
insoluble arsenic trioxide as 10-45 g, while that for the soluble sodium 
arsenite as 1-3 g. In parts of the world such as tropical Australia where the 
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latter compound as an 0.2070 solution was used as an acaricide against the 
cattle tick, poisoning of horses was common. Horses, as well as cattle and 
other species, became infested with this parasite and control of the latter 
demanded that horses undergo regular treatment41 • 

After ingestion of a fatally toxic dose of AS203, death usually occurs 
within 4 days. The clinical signs of affected horses include weakness, de
pression, profuse diarrhoea, mild icterus, extreme dehydration, extensive 
subserous petechial haemorrhages, cyanotic mucous membranes and marked 
hyperaemia of the gastric and small intestinal mucosa. In severely poisoned 
animals there may be patchy diphtheritic inflammation of the small intestinal 
mucosa with blood-stained contents. The large intestines are usually filled 
with fluid contents and greatly distended. In contaminated grass containing 
in excess of 60000 parts/ 106 arsenic fed to horses which resulted in fatal 
intoxication, about 20parts/106 As was found in the liver and kidneys while 
more than 2000 parts/ 1 06 As was found in the stomach contents5 • 

While similar clinical signs are reported in horses suffering from poisoning 
due to excessive percutaneous absorption, excessive epidermal exfoliation 
also occurs in animals treated in wet weather or else when animals' skins are 
re-wetted with sweat, following drying after spraying or dipping. Thirsty 
animals have also succumbed to As intoxication after drinking the dipping 
fluid and horses appear significantly more susceptible to poisoning than 
cattle under natural conditions of exposure41 • 

Since absorbed As tends to clear rapidly and efficiently from the animal 
body and cumulation of the element in the body tissues is relatively low, 
chronic As intoxication tends to be uncommon 1. However, Seddon41 

reported an encephalopathy in horses, which was attributed to the acaricide, 
after they had been subjected to some 30 inorganic arsenical treatments over 
14 months in a specially intensive tick control programme. Clinical signs 
usually began within 3-13 days of treatment and included circling move
ments, depression, hyperexcitability, mania and death. The exact nature of 
the condition was not determined but such episodes no longer occurred when 
use of As was discontinued in this area. 

SELENIUM 

The acute single oral toxic dose of selenium given as sodium selenite for the 
horse lies between 3.3 and 6 mg/kg30, 44. Clinical signs include profuse 
sweating, diarrhoea, tachycardia, tachypnoea, mild pyrexia, lethargy, mild 
to severe colic and death within 24 h. Head pressing just prior to death is 
considered a classical sign44 • Serum Se levels in acute fatal selenosis reach just 
over 1 part/ 106 • 

When horses are dosed daily with small amounts of sodium selenite incor
porated in the feed, 115 parts/106 Se was sufficient to cause death within 
5 weeks. At substantially lower dose levels horses survived for about 17 
months before death occurred. Clinical signs of such chronic inorganic Se 
poisoning include emaciation despite a good appetite, listlessness, looseness 
of hair in mane and tail and softening and scaling of the horny wall of the 
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hoof. Blood Se levels at point of death were in excess of 6 parts I 106 after a 
precipitate rise within the last few days from a plateau of about 3 parts/l06 
due, apparently, to terminal failure of renal Se excreting mechanisms. 
Chronic Se intake appears also to induce progressive tolerance to further 
dosing with the element31 . Terminal tissue Se concentrations were 2-5 
parts/l06 in the kidneys, 1.5-5 parts/l06 in the liver and about 5 parts/106 
in the hair. 

Chronic Se poisoning (alkali disease) occurs far more readily in horses 
when they obtain the element from plant sources, mostly in the organic 
form9 • In fact, selenosis may occur when soil Se content is from 1 to 
6 parts/106 and levels in the feed are in excess of 5 parts/106. Selenosis tends 
to develop on farms with seleniferous soils, particularly in times of drought 10. 

Clinical signs may be present in horses within 3 weeks. InitiallY, there is lame
ness, particularly of the hind limbs, followed by loss of appetite and pain and 
swelling of the coronary bands and laminitis l7 • Within a further 7-10 days, 
there is exudation from the coronary bands, beginning at the heels, followed 
in 3-5 days by transverse cracking of the hoof wall distal to the coronary 
band. This. is soon accompanied by loss of hair from mane and tail. Tail hair 
samples may have as much as 28 parts/l06 Se23 , while Se levels in hair in 
excess of 5 parts/l06 can be considered diagnostic of selenosis. 

Selenosis often occurs following consumption of specific selenium 
accumulator plants. One such plant in Australia, Morinda reticulata, which 
is responsible for causing the disease in that country, contains from 1.5 to 
1141 parts/l06 Se in the leaves. Feeding 62.6 kg ofthe plant containing 13.3 g 
Se to a horse over 82 days caused typical selenosis with levels of Se in the liver, 
hair, mane and tail of 9.8, 11.2, 19.4 and 45.4parts/106, respectively. The 
form of Se in this plant is the non-protein amino acid selenocystathionine26. 

The recommendation for the prevention of selenosis in endemic areas is 
the inclusion of 5 parts I 106 sodium arsenite in the drinking water9 , and the 
proposed treatment of affected horses is oral dosing of 4.5 g naphthalene 
daily for 5 days followed by a similar course after a further 5 days23. 

MERCURY 

While mercury as a metal and its salts are commonly available in the environ
ment for a variety of purposes and are generally known to be toxic, there are 
few actual definitive descriptions of any form of mercurialism in the horse. 
The acute toxic oral dose of mercuric chloride, one of the more toxic mercury 
salts, is 5-10 g or 10-20 mg/kg, while that for mercurous chloride9 is 12-16 g. 
No detailed clinical descriptions of such acute intoxication in this species 
appear to be available, although for all species colic, gastroenteritis often 
with haemorrhagic diarrhoea, tubular nephrosis characterized by oliguria 
and anuria, uraemia and death within 5 or 6 days, would appear to be the 
likely manifestation of the condition 11. A description of an acute fatal illness 
in a horse, which was attributed to mercurialism following consumption 
some 3-4 days previously of fungicide-treated grain, included anorexia, 
salivation, diarrhoea, depression, unsteady gait, rapid respiration and pulse, 
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pyrexia, foetid breath and a bloody bronchopurulent nasal discharge, the 
latter considered to be associated with gangrene of the lungs14 • No reference 
was made to clinical signs of renal injury or colic, although the animal was 
regarded as a 'textbook description of advanced mercury poisoning', nor 
were pathological or toxicological findings reported. 

Other syndromes of a more subacute or chronic nature following topical 
treatment of skin wounds and various musculoskeletal injuries with mercury 
containing ointments, include transient alopecia and dermatitis in some 
individuals28 , and destructive, haemorrhagic lesions of bones, liver and 
kidney of a horse within 3 weeks33 • In the latter animal, a large quantity of 
the ointment was rubbed into a skin wound on the fetlock and it was pro
posed that microemboli containing irritant mercury compounds were carried 
from this site to the scapula, liver and kidney, causing severe local injury in 
these tissues. No histological studies of the lesions were reported nor were 
analyses of the tissues for mercury carried out. 

Although short-chain monoalkyl mercurials are nowadays generally 
discouraged for use as fungicides on grain and have accordingly become less 
likely in recent times to be causes of poisoning of livestock fed fungicide 
treated grain, both organic and inorganic forms of mercury still have many 
uses which can result in contamination of horse fodder and may lead to 
suspected mercurial poisoning in this species. Following an outbreak several 
years ago of such a suspected mercurial poisoning in some thoroughbreds in 
Queensland, Australia, following consumption of oats that contained 
2-20 parts/I 06 of mercury, detailed studies of various forms of mercurial
ism in individual horses were carried out. 

Experimental chronic mercurialism 

Four adult horses were used in the study. Of these animals two were dosed 
daily with either phenylmercuric acetate or mercuric chloride at 0.4 mg 
Hg/kg body weight. One was given 0.8 mg Hg/kg daily as mercuric chloride, 
and the other dosed with 0.43 mg Hg/kg of methylmercury (MeHg) chloride 
for 5 days out of 7. In each animal the mercury compound was given by the 
oral route. The syndromes which developed were different in each animal 
and will be briefly described and compared. 

Methylmercurialism 

The horse was dosed continuously with the MeHg for almost 10 weeks40• For 
the first 5 weeks or so the animal appeared unaffected after which it devel
oped a progressive bilaterally symmetrical exudative dermatitis on the 
thoracolumbar region and flanks, extending to the head and neck, lasting for 
some 5 weeks. By day 50 the animal was lethargic and developed a mild, 
persistent laminitis. Appetite and body weight gradually declined after this 
period and by the 9th week the gait was slow and incoordinate although there 
was no longer evidence of laminitis. By the 10th week the horse was reluctant 
to move and there was incoordination, ataxia, dysmetria and hypermetria, 
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continuous vertical head nodding both when in motion and at rest, hyper
aesthesia, licking and chewing movements of the jaws, and apparently 
reduced field of vision. Fore and hind limb crossing without loss of balance 
when walking and turning was prominent. Visual placing reflexes, involving 
mainly the hind limbs, were exaggerated. The animal was profoundly 
depressed and emaciated and was destroyed on day 85. 

Blood non-protein nitrogen levels increased from normal (9.9 mmolll) on 
day 57 to about twice this level by day 84. Glucosuria appeared on day 70 
and remained for the remaining period of the illness. Terminally, there was 
an increase in serum proteins and haematocrit with moderate leukocytosis 
and neutrophilia. Whole blood MeHg levels rose steadily to 2000ng/ml by 
day 57, after which there was a precipitate rise to 6200 ng/ml by day 85. 
Inorganic Hg leyels in blood rose steadily to 400 ng/ml by day 57, increasing 
to some 600-700 ng/ml during the terminal phase of the intoxication. Brain 
levels of MeHg and inorganic Hg were 1O.8-12.9parts/106 and 0.3-0.4 
parts/106, respectively. Most mercury was found in the liver which contained 
63 and 28 parts/l06 of inorganic Hg and MeHg, respectively. The kidneys 
contained 21.5 and 18 parts/l06 of inorganic Hg and MeHg respectively. 
MeHg levels in other tissues ranged from 4 to 14 parts/ 1 06 and inorganic Hg 
levels ranged from 0.3 to 4.3 parts/l06. 

Significant gross pathological changes were confined to the kidneys which 
were enlarged, pale and of tough consistency. Microscopically, there was 
marked interstitial fibrosis with infiltration by mononuclear inflammatory 
cells, extensive atrophy of nephrons and dystrophy of residual tubular 
epithelium, dilation of the lumens and numerous proteinaceous casts con
taining cellular debris. In the brain, there was sporadic eosinophilic necrosis 
of neurons in the cerebrum with perivascular lymphocytic cuffing, focal 
atrophy of the granular cell layer of the cerebellar cortex with vacuolation 
of the assodated molecular layer, and Wallerian degeneration of the dorsal 
funiculus, particularly in the fasiculus gracilis, and of the dorsal nerve roots 
in the cervical spinal cord. In the dorsal root ganglia there was marked loss 
of large ganglion cells with proliferation of the associated satellite cells. 

In effect, the terminal syndrome was one of progressive clinical deterior
ation characterized by anorexia, cachexia, marked disturbance of renal 
function, and neurological dysfunction mainly affecting proprioception. 

Phenylmercurialism 

Following daily oral dosing with phenylmercuric acetate, the horse remained 
normal for 11 weeks36 . After this time feed intake was reduced and there 
developed a severe progressive chemical stomatis characterized by ulceration 
of the buccal mucosa, gingival atrophy and inflammation with periodontitis, 
loosening of the premolar teeth, oedema of the cheek tissues, and regional 
thickening of the ramus of the mandibles with marked atrophy of the 
masseter muscles. The animal gradually lost weight, became very weak and 
dehydrated and was finally destroyed on day 191. There was a mild terminal 
elevation of blood urea nitrogen with intermittent glucosuria in evidence 
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from day 56. Proteinuria occurred from day 106. The animal became 
anaemic, hypoproteinaemic and leukopaenic throughout the period of 
intoxication. Dehydration, starvation due to pain of ~rehension and masti
cation of food, as well as mild renal dysfunction were considered to be the 
causes of the erratic changes in the plasma and urinary electrolyte levels that 
characterized this'toxic condition. 

Blood organic Hg levels rarely rose above 200 ng/ml throughout the intoxi
cation period and occasionally were virtually zero, while blood inorganic Hg 
levels remained between 200 and 400 ng/ml with occasional levels reaching 
up to about 1000 ng/ml, most of which was carried in the plasma. There was 
substantial but intermittent excretion of inorganic Hg in the urine with only 
occasional traces of the organic form. The liver held the highest concen
tration of organic Hg at 12.5 parts/l 06 while no organic mercury was detect
able in the kidney and negligible amounts were present in all other organs, 
including the nervous system. The concentration of inorganic Hg in the 
kidney, however, was 187 parts/ 1 06 while in the liver the concentration was 
120 parts/l 06• In the alimentary tract, substantial amounts of inorganic 
mercury were found in the wall of the caecum (124 parts/106) while termin
ally, the faeces contained 275 parts/l 06 • The amount of inorganic Hg in the 
buccal tissues was comparatively low at 7-8 parts/l06• 

Apart from the oral cavity in which there was severe atrophy and local 
ulceration of the gums, degenerative changes in the osseous alveoli of the 
mandibles and the periodontal membranes of the premolars, the most signifi
cant changes were observed in the kidneys. The latter organs were enlarged, 
pale and slightly firmer than normal. Microscopically, there was mild 
atrophy and degeneration of the nephrons with focal interstitial fibrosis and 
focal dystrophy, mineralization and dilation of the proximal convoluted 
tubules. 

Subgingival proliferative periostitis of the mandibular rami associated 
with the areas of ulceration was marked. There was no clinical evidence of 
diarrhoea and changes in the lower alimentary tract were negligible. The 
rapid final deterioration in the condition of this animal was almost certainly 
the indirect result of the extensive, painful, oral lesions causing cachexia and 
dehydration, with some contribution from the mild chronic renal injuries. 

Inorganic mercurialism 

This horse was put down after having been dosed daily with 0.4 mg Hg/kg 
for 23 Y2 weeks35 • The animal appeared unaffected for the first 8 weeks of 
dosing, after which it experienced transient hyperaesthesia lasting some 
3 weeks. By this time the appetite had become capricious and gradual weight 
loss began to occur. By 14 weeks the animal was depressed, inappetent and 
spent long periods each day in sternal recumbancy. There were episodes of 
transient diarrhoea from the 15th week and persistent polydipsia. There was 
also progressive weakness and apparent ataxia. After a short period of 
clinical improvement with return of appetite and consequent gain in weight 
at about 20 weeks, the horse developed generalized circulatory failure and 
progressive weakness and was destroyed 3 Y2 weeks later. 
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Glucosuria and proteinuria were detected by the 12th and 15th weeks 
respectively and there were terminal elevations of blood urea nitrogen and 
white cell count with a sharp fall in the plasma protein concentrations. Blood 
mercury levels rose gradually to reach a plateau of about 250 ng/ml within 
some 30 days. Urinary excretion of the element was highly variable with mean 
concentration of mercury of about 2000 ng/ml throughout the whole dosing 
period. The terminal mercury concentrations in the kidney and liver were 318 
and 32 parts/106 respectively and 4.6 and 2.0 parts/ 106 were found respec
tively in the walls of the ileum and large colon. There was negligible mercury 
in the brain. 

Gross pathological findings were most marked in the large colon, the wall 
of which was markedly oedematous. The kidneys were pale and enlarged but 
of normal consistency. Macroscopically, there was extensive fatty infil
tration of the urinary tubular epithelium and dystrophic changes in the 
tubular epithelium of various nephrons with presence of hyaline casts and 
foci of interstitial fibrosis and mononuclear inflammatory infiltration. The 
mucosa of the oedematous large intestine was dystrophic but not necrotic nor 
ulcerated and neutrophils and protein coagula were plentiful in distended 
submucosal lymphatics. There were no lesions in the oral cavity. 

The main cause of the clinical deterioration of the animal appeared to be 
the persistent diarrhoea and possibly intestinal malabsorption, although the 
persistent but mild renal tubular injury could well have contributed signifi
cantly to sudden terminal circulatory failure. 

Comparative aspects 

The blood organic and inorganic mercury levels, as the case may be, of the 
three horses given comparable daily doses of methyl-, phenyl- and inorganic 
Hg respectively, are set out in Figure 60.1. It can be assumed that both the 
organic forms of mercury were virtually completely absorbed from the upper 
portion of the lower alimentary tract32 • The simultaneous appearance of 
inorganic mercury in the blood indicates that with both types of organo
mercurial, breakdown of the C-Hg bond rapidly occurs after absorption 
but to a very much greater degree with the aryl Hg than with the short-chain 
alkyl compound. The latter compound tends to persist and accumulate in the 
animal, associated at the same time with a gradual increase in the blood 
inorganic Hg levels. 

Although in the horse dosed with phenyl Hg signs of renal injury were 
present somewhat sooner and the terminal kidney inorganic mercury levels 
were 187-339 parts/106 as compared with 21 parts/106 in the methyl Hg 
horse, the renal lesions in the latter animal were much more severe and 
chronic in character than with the former animal. This suggests that for a 
given dose rate of Hg, methyl Hg itself appears much more toxic for the 
kidney of the horse for reasons that are not clear than does inorganic 
mercury. Substantial concentrations of methyl Hg (18 parts/106) were found 
in the kidney of the methyl Hg-dosed horse while in the aryl Hg-dosed animal 
no organic Hg at all was found. Both the pathological changes and the 
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Figure 60.1 Blood levels of organic and inorganic mercury in three horses dosed orally with 
"" 0.4 mg Hg/kg body weight daily of methylmercury (MeHgCI). phenyl mercury (PhHgAc) and 
mercuric chloride (HgCh) 

terminal concentrations of mercury (about 300 parts I 106) in the kidneys in 
both the HgCh- and aryl Hg-dosed horses were similar indicating that in
organic and aryl mercurialism are essentially the same form of mercurialism 
from the viewpoint of renal injury. In other respects, however, the form of 
mercurialism in the aryl Hg-dosed horse (chemical stomatitis and ptyalism) 
was severe. This lesion might well have been due to a direct effect of inorganic 
Hg formed from the aryl Hg in the mouth on the oral tissues but such lesions 
can occur whatever the route of intake of Hg compounds, and circulating 
blood inorganic Hg levels in the latter horse were persistently much higher 
than those in the HgCh-dosed animal (Figure 60.1) in which such lesions were 
absent. 

Notwithstanding the severity of the lesions due to aryl Hg in the upper 
alimentary tract, there were no significant injurious effects in either struc
ture or function of the lower alimentary tract, in spite of the relatively 
high levels of inorganic Hg found in the tissues of the caecum and colon 
(26-124 partsl 1 06). 

In the HgCh-dosed horse on the other hand, there were comparatively 
marked lesions in the large intestine while in the colon wall there was only 
2 parts/106 of Hg. If the latter lesions were due, in fact, directly to the daily 
Hg dose, then possibly this was the result of a directly irritant effect of the 
unabsorbed part of the dose still present in the luminal contents on the large 
intestinal mucosa. 

It has been suggested that injury caused by methyl Hg to neurons of the 
central nervous system and dorsal root ganglia might be due to intracellular 
dealkylation of organomercurial absorbed into the cell to inorganic mercury 
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which then exerts a toxic effect on the cytoplasmic components8 • For 
example, in the horse of the present series dosed with methyl Hg, the terminal 
feature of the intoxication was mainly peripheral sensory neuropathy. The 
levels of methyl- and inorganic Hg in the dorsal root ganglia were 8000 and 
1600 mg/g, respectively, while in the cerebellum, for example, the respective 
levels of organic and inorganic Hg were 10 000 and 300 parts/ 106 • This 
suggested that the apparent greater degree of dealkylation of methyl Hg to 
inorganic Hg in the dorsal root ganglia explained the greater degree of injury 
in the latter tissues as compared with that which occurred in the vulnerable 
areas of the central nervous system. 

The inorganic Hg levels in the dorsal root ganglia of the horses dosed with 
aryl Hg and HgCh, however, were 3000 and 4000ng/g respectively. Neither 
animal had any sign of peripheral neuropathy nor other neurological con
dition, nor were there any histopathological changes in the latter tissues. It 
appears therefore, that substantial levels of inorganic Hg can be deposited 
in the dorsal root ganglia simply by the process of perfusion, these tissues 
being without the blood-brain barrier, and that the comparatively high 
concentrations of inorganic Hg found there in methylmercurialism simply 
reflected high circulating inorganic Hg levels. It seems reasonable to pre
sume, therefore, that changes found in CNS neurons and dorsal root ganglia 
cells are due to direct toxic effects of the alkyl Hg itself. 

Inorganic mercurialism with respiratory complications 

Considering the differing syndromes which resulted from dosing horses with 
0.4 mg Hg kg- 1 day-l both as inorganic HgCh and phenyl Hg acetate, a 
further study was carried out using a single animal given the higher oral dose 
rate of 0.8 mg Hg kg- 1 day-l as HgCh. The stated objective of the study was, 
in particular, to determine if the renal changes due to prolonged dosing with 
the compound were in fact reversible upon withdrawing of the compound37 • 

The HgCh dose was administered daily for 98 days and then withdrawn. 
During the first week of dosing the respiratory rate increased. Respiratory 
difficulty progressed until by 7 weeks there was marked reduction in excercise 
tolerance, wheezing and abdominal breathing without cough or nasal dis
charge. A symmetrical alopecia with skin encrustations appeared, extending 
from the thoracolumbar region caudally, down the flanks towards the stifles. 
Appetite became reduced. 

After withdrawal of the HgCh the clinical condition progressed with the 
appearance of transient lower limb oedema. By day 126 there was profound 
dyspnoea and hyperpnoea even at rest, muscular weakness, distended jugular 
veins and increased pulse rate. The animal became dull, anorexic, dehydrated 
and unwilling to move but there was no diarrhoea, nor oral or dental lesions. 

The horse showed proteinuria from days 84 to 112 and glucosuria from 
days 42 to 133, with a normocytic, normochronic anaemia from day 70. 
Terminally, there was an increase of blood urea nitrogen. At necropsy the 
lungs were enlarged and congested and contained numerous, pale, tumour
like foci. The latter were also present in the liver and kidneys, which were 
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enlarged, pale and more friable than normal. Histologically, the tumour-like 
nodules consisted of granulation tissue containing foci of caseation, giant 
cells, epithelioid cells, lymphocytes and neutrophils. In the lungs there was 
a diffuse granulomatous reaction, with interstitial fibrosis and alveolar 
epithelialization and desquamation of swollen pneumocytes, and emphy
sema. In the kidneys there was an interstitial granulomatous reaction similar 
to that seen in the lungs and tubular epithelial dystrophy, nephronal atrophy, 
casts, tubular necrosis, calcification and interstitial fibrosis. Foci of typical 
granulation tissue were seen in the bone marrow. No micro-organisms could 
be detected in these lesions. 

The animal had a disseminated granulomatous disease very similar to that 
reported in cattle fed grain treated with the alkoxyalkylmercurial fungicide 
'ceresan>l8. The condition continued to be progressive, notwithstanding 
cessation of daily HgCh dosing. 
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Figure 60.2 Blood levels of mercury in two horses dosed orally with 0.8 and 0.4 mg Hg/kg body 
weight daily as mercuric chloride. The lower dose rate animal is the same as in Figure 60.1 

The progressive mercury levels for this animal compared with the earlier 
animal dosed with 0.4 mg Hg kg- l day-l are shown in Figure 60.2. The 
concentration of Hg rose to very high levels within the first week, suggesting 
that, compared with the other horses given HgCh as well as those given 
organomercurials, absorption of the Hg was exceptionally high. Possibly 
there were gastrointestinal lesions due to parasites present which might have 
facilitated absorption of Hg in such large amounts and perhaps even in parti
culate form, to account for the widespread foreign body-type granulomatous 
reactions. The Hg levels in the kidney were 93 parts/106 , notwithstanding an 
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elapse of 44 days since the last HgCh dose. Hg levels in the lungs were 
negligible at 0.5 parts/l06 and in the liver the concentration was 12 parts/IQ6. 
A satisfactory explanation of the mechanism of the latter syndrome is not 
available but it is possible that the condition had an immunological basis, and 
that the reaction in this animal was individual, initiated by an unusually 
enhanced Hg absorption. Mercury is well known to give rise to immuno
pathological reactions in some individuals42 and hypersensitivity in some 
strains of animals34 • 

CONCLUSION 

This review of equine heavy metal intoxications reveals that almost all of 
these diseases are far from completely understood. Given the sporadic nature 
of these intoxications, it is unlikely that large scale comprehensive studies 
designed to give clear and detailed pictures of their epidemiology and clinico
pathological features will ever be justified. Detailed studies, however, of 
experimental intoxications of individual animals, as were carried out with 
mercurials above, should always be possible and will continue to playa 
valuable role in furthering our knowledge of naturally occurring episodes of 
heavy metal-induced diseases in horses as they arise. Metal-metal and 
various nutritional interactions will, of course, also continue to complicate 
these intoxications such that appreciation of all the factors involved in any 
particular outbreak of poisoning may often be difficult, if not impossible to 
attain. 

References 

1. Ammerman, C. B., Miller, S. M., Fick, K. R. et al. (1977). Contaminating elements in 
mineral supplements and their potential toxicity: a review. l. Anim. Sci., 44, 485-508 

2. Aronson, A. L. (1972). Lead poisoning in cattle and horses following long-term exposure 
to lead. Am. l. Vet. Res., 33,-627-9 

3. Bauer, M. (1975). Copper sulphate poisoning in horses. Veterinarski Arhiv, 45, 257-8 
4. Brink, M. F., Becker, D. E., Terrill, S. W. et al. (1959). Zinc toxicity in the weanling pig. 

l. Anim. Sci., 18, 836-42 
5. Buck, W. B., Osweiler, G. D. and van Gelder, G. A. (1976). In Clinical and Diagnostic 

Veterinary Toxicology. 2nd Edn., p. 287. (Dubuque, Iowa: Kendall Hunt Publishing Co) 
6. Burrows, G. E. (1981). Lead toxicosis in domestic animals: a review of the role of lead 

mining and primary lead smelters in the United States. Vet. Hum. Toxicol., 23, 337-43 
7. Burrows, G. E., Sharp, J. W. and Root, R. G. (1981). A survey of blood lead concentrations 

in horses in the North Idaho lead/silver belt area. Vet. Hum. Toxicol., 23, 328-30 
8. Cavanagh, J. B. (1973). Peripheral neuropathy caused by chemical agents. Crit. Rev. 

Toxicol., 2, 365-417 
9. Clarke, E. G. C. and Clarke, M. L. (1975). In Veterinary Toxicology. pp. 37, 81-5 and 

95-100. (London: Bailliere, Tindall) 
10. Crinion, R. A. P. and O'Connor, J. P. (1978). Selenium intoxication in horses. Irish Vet. 

l., 32, 81-6 
11. Derivaux, J. and Liegeois, F. (1962). In Toxicologie Veterinaire. pp. 131-5. (Liege: 

Desoer) 
12. Dollahite, J. W., Rowe, L. D. and Reagor, J. C. (1975). Experimental lead poisoning in 

horses and Spanish goats. Southwest Vet., 28, 40-5 

712 



HEAVY METAL INTOXICATIONS IN HORSES 

13. Dollahite, 1. W., Younger, R. L., Crookshank, H. R. et al. (1978). Chronic lead poisoning 
in horses. Am. l. Vet. Res., 39, 961-4 

14. Edwards, C. M. (1942). Mercurial poisoning in a horse as a result of eating treated oats. 
Vet. Rec., 54, 5 

15. Egan, D. A. and O'Cuill, T. (1970). Cumulative lead poisoning in horses in a mining area 
contaminated with galena. Vet. Rec., 86, 736-8 

16. Elinder, C. G., Stenstrom, T., Piscator, M. et al. (1980). Water hardness in relation to 
cadmium accumulation and microscopic signs of cardiovascular disease in horses. Arch. 
Environ. Health, 35, 81-4 

17. Fitzgerald, W. 1. (1979). Selenium toxicosis. Equine Pract., 1, 3, 6 
18. Fujimoto, Y., Ohshima, K., Satoh, H. et al. (1956). Pathological studies on mercury 

poisoning in cattle. lap. l. Vet. Res., 4, 17-31 
19. Fullerton, P. M. (1966). Chronic peripheral neuropathy produced by lead poisoning in 

guinea pigs. l. Neuropath. Exp. Neural., 25, 214-36 
20. Graham, R., Sampson, 1. and Hester, H. R. (1940). Results of feeding zinc to pregnant 

mares and to mares nursing foals. l. Am. Vet. Med. Assoc., 97, 41-7 
21. Hammond, P. B. and Aronson, A. L. (1964). Lead poisoning in cattle and horses in the 

vicinity of a smelter. Ann. N. Y. A cad. Sci., 3, 595-611 
22. Hammond, P. B. and Beliles, R. P. (1980). In Doull, 1., Klassen, C. D. and Amdur, M. 

O. (eds.) Toxicology, the Basic Science oj Poisons. 2nd Edn., pp. 428-35. (New York: 
Macmillan) 

23. Hultine, 1. D., Mount, M. E., Easley, K. H. et al. (1979). Selenium toxicosis in the horse. 
Equine Pract., 1, 57-60 

24. Hupka, E. (1955). Uber Flugstaubvergiftigungen in der Umbegung von Metallhiitten. 
Wein. Tieriirztl. Wschr., 42, 763-75 

25. Knight, H. D. and Burau, R. G. (1973). Chronic lead poisoning in horses. l. Am. Vet. Med. 
Assoc., 162,781-6 

26. Knott, S. G., McCray, C. W. R. and Hall, W. T. K. (1958). Selenium poisoning in horses 
in North Queensland. Queensland l. Agric. Sci., 15,43-58 

27. Kowalczyk, D. F., Naylor, 1. M. and Gunson, D. (1981). The value of zinc protoporphyrin 
in equine lead poisoning. A case report. Vet. Hum. Toxicol., 23, 12-15 

28. Leuthold, A. (1963). Zur Kenntnis der Quecksilbervergiftung beim Pferd. Schweiz. Arch. 
Tierheilk., 105, 668-72 

29. Messer, N. T. (1981). Tibiotarsal effusion associated with chronic zinc intoxication in 3 
horses. l. Am. Vet. Med. Assoc., 178, 294-7 . 

30. Miller, W. T. and Williams, K. T. (1940). Minimallethal dose of selenium as sodium selenite 
for horses, mules, cattle and swine. l. Agric. Res., 60, 163-73 

31. Miller, W. T. and Williams, K. T. (1940). Effect offeeding repeated small doses of selenium 
as sodium selenite to equines. l. Agric. Res., 61, 353-68 

32. Nordberg, G. F. and Skerfving, S. (1972). In Friberg, L. and Vorstal, 1. (eds.) Mercury 
in the Environment. An Epidemiological and Toxicological Appraisal. pp. 29-91. 
(C.R.C. Press) 

33. Pico, R. (1936). Intossicazione di Mercurio. Clin. Vet. (Milano), 59, 401-4 
34. Polak, L., Barnes, 1. M. and Turk, 1. L. (1968). The genetic control of contact sensitization 

to inorganic metal compounds in guinea pigs. Immunology, 14, 707-11 
35. Roberts, M. C., Ng, 1. C. and Seawright, A. A. (1978). The effects of prolonged daily low 

level mercuric chloride dosing in a horse. Vet. Hum. Toxicol., 20, 410-15 
36. Roberts, M. C., Seawright, A. A. and Ng, 1. C. (1979). Chronic phenylmercuric acetate 

toxicity in a horse. Vet. Hum. Toxicol., 21, 321-7 
37. Roberts, M. C., Seawright, A. A., Ng, 1. C. et al. (1983). Some effects of chronic mercuric 

chloride intoxication on renal function in a horse. Vet. Hum~ Toxicol., 24, 415-20 
38. Sass, B., Hatziolos, B. C. and Hayes, J. E. (1972). Probable cadmium poisoning in a group 

of ponies. Vet. Med.lSmall Anim. Clin., 67, 745-6 
39. Schmidtt, N., Brown, G., Devlin, E. L. et al. (1971). Lead poisoning in horses. An environ

mental health hazard. Arch. Environ. Health, 23, 185-95 
40. Seawright, A. A., Roberts, M. C. and Costigan, P. (1978). Chronic methylmercurialism 

in a horse. Vet. Hum. Toxicol., 20, 6-9 

713 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

41. Seddon, H. R. (1951). In Diseases of Domestic Animals in Australia, Tick and Mite 
Infestations. Part 3, pp. 35-50. (Canberra: Commonwealth Department of Health) 

42. Shull, R. M., Stowe, C. M., Osborne, C. A. et al. (1981). Membranous glomerulo
nephropathy and nephrotic syndrome associated with iatrogenic metallic mercury poisoning 
in a cat. Vet. Hum. Toxieol., 23, 1-5 

43. Stewart, A. K. and Magee, A. C. (1964). Effect of zinc toxicity on calcium, phosphorus 
and magnesium metabolism of young rats. J. Nutr., 82, 287-95 

44. Stowe, H. D. (1980). Effects of copper pretreatment upon the toxicity of selenium for 
ponies. Am. J. Vet. Res., 41, 1925-8 

45. Walthall, J. C. and McKenzie, R. A. (1976). Osteodystrophia fibrosa in horses at pasture 
in Queensland: field and laboratory observations. Aust. Vet. J., 52, 11-16 

46. Willoughby, R. A., McDonald, I., McSherry, B. J. et al. (1972). Lead and zinc poisoning 
and the interaction between Pb and Zn poisoning in the foal. Can. J. Compo Med., 36, 
348-59 

47. Willoughby, R. A., Thirapatsakun, T. and McSherry, B. J. (1972). Influence ofrations low 
in calcium and phosphorus on blood and tissue lead in the horse. Am. J. Vet. Res., 33, 
1165-73 

48. Willoughby, R. A. and Oyaert, W. (1973). Zinc poisoning in foals. Vlaams Diergeneesk. 
Tijdsehr., 42, 134-43 

49. Wilson, G. L., Osweiler, G. D. and Garner, H. E. (1979). Experimental induction and 
review of lead toxicity in a Shetland pony. J. Eq. Med. Surg., 3, 386-90 

714 



61 
Evaluation of subclinical 
lead poisoning in dairy cattle 
L. Pinault and G. Milhaud 

Numerous reports dealing with cattle poisoning by lead are evidence that this 
element is widely spread in the environment and reveal the predisposition of 
such animals to be affected due both to the composition of their diet and 
feeding. 

Increasing awareness over the last decades of the danger presented by this 
heavy metal to all species, including man, has enabled both its use and release 
in the environment to be progressively reduced. However, its elimination 
from contaminated areas- has been prevented by its high environmental 
stability. 
The development of lead pollution has been followed in the vicinity of an 
important lead-ore processing factory in an agricultural region of northern 
France. At first, acute, often lethal intoxications predominated. Then, as the 
polluting emissions of the factory decreased, chronic intoxications became 
more common and more difficult to diagnose19• Over recent years, release 
of lead into the atmosphere has practically ceased following the installation 
of efficient emission-retention systems (in 1977, the average atmospheric 
concentration in the surroundings was 1.3 mg lead/m3 of air). However, lead 
deposited upon and accumulated in the soil constitutes a permanent source 
of contamination of plants harvested in such areas. This justifies the regular 
measurement of plant lead concentrations in order to divert from animal 
feeds all plants containing excessive lead. 

Control of polluting discharges and surveillance of lead concentrations in 
vegetation have contributed to the disappearance of conventional forms of 
bovine lead poisoning from the region. Nevertheless, certain cattle breeders 
still suspect lead intoxication in animals with either poor zootechnical per
formances or obscure outbreaks of nervous disorders, especially in the period 
following calving, for which the aetiology could not be sufficiently clarified. 
As lead involvement cannot be disregarded a priori because of its ubiquity, 
there is a need to experimentally evaluate the effects of small doses of lead 
on the health of animals bred in such an environment in order to predict the 
economic prospects of cattle breeding in this region. 
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A series of surveys were first conducted on the affected farms to evaluate 
as precisely as possible the actual exposure of the animals to lead21 and to 
appraise the wholesomeness of their products, especially of milk22 • Experi
mental studies followed, one to measure the effects of lead on meat20 and 
the other on milk production. The results of the latter study which is currently 
under progress and planned to encompass a period of 2 y is the subject of 
this report. 

MATERIALS AND METHODS 

Animals 

Studies were carried out on 34 Holstein cows weighing about 620 kg each and 
allotted in two series, A of 24 cows and B of 10 cows. In each series the cows 
were divided into two equal groups of experimental (E) and control healthy 
(C) animals. The experimental animals from series A were fed lead for 
24 weeks from the 7th month of gestation to the 3rd month of lactation; cows 
from series B received lead for 13 weeks in the period of lactation. 

As it has been well demonstrated that the various lead compounds are not 
absorbed through the digestive mucosa with the same efficiency and there
fore feature different toxicity levels 1 , we elected, as in a previous study20, to 
administer a mixture approaching that of industrial spoils of purified lead 
products of well-defined composition. Lead was administered at 1.5 g/cow 
daily as a mixture of PbO, PbCh, PbS04 (30/30/40) incorporated in a 
concentrated feed. Both experimental and control animals were fed mainly 
grass or corn-silage. 

Experimental design and sample collection 

Cows were weighed weekly, while food intake and milk production were 
recorded daily. 

Samples of feeds and milk were collected periodically for determination 
of their lead content. Blood samples were also collected periodically with 
sodium heparin for determination of lead and haematological variables. 

Lead concentrations in feeds and milk were determined by atomic absorp
tion spectrophotometry after dry ashing at 500°C. Blood lead concen
trations were determined by an amperometric anodic stripping method (ESA 
3010 A). The European standardized method4 was used to assay blood .1-
aminolevulinic acid dehydratase (ALA D) activities. Blood samples were 
cooled at + 4°C immediately after collection and stored at - 20°C when the 
assay was conducted with a delay exceeding 24 h but always shorter than 
7 days). Zinc protoporphyrin concentration was measured with a haemato
fluorometer (ESA ZnP 4000). Packed cell volume was determined by centri
fugation of blood in microtubes; reticulocyte counts and haemoglobin 
concentrations were determined with a Coulter counter. 
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RESULTS - COMMENTS 

Exposure level 

At the end of the 24 week experiment, animals E of the A series had received 
a total dose of 232.5 g of lead given at a rate of 1.6 mg/kg over the first 
6 weeks and then at 2.4 mg/kg the following weeks. The dose corresponded 
to the ingestion of a ration containing 100 parts/ 106 of lead while that of the 
reference animals contained only 1-2 parts/106 • 

This contamination level of 100parts/106 is definitely higher than that of 
the maximum lead content present in simple animal food and fixed by the 
EEC9 and French3 rules at IOparts/106 (in food brought to a moisture 
content of 12070) with an exception for green fodder for which the tolerance 
is 40parts/l06 • This value is close to that measured during the preliminary 
enquiry conducted on the cattle breeding farms of the northern France region 
referred to in the foregoing21 and is also close to that measured in fodders 
harvested in the vicinity of highways6. It is lower than the 300parts/l06 

usually considered as likely to cause clinical bovine lead poisoning after a few 
weeks. As expected, no animal displayed any pathological signs attributed 
to lead poisoning in these studies. 

WEIGHT 

640 kg 
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600 0 

MILK 4% 

30 kg 
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Figure 61.1 Variations in body weight and milk production from cows in series A during the 
first weeks of lactation. Each point represents the average value for the group of E lead-fed (e) 
and C control (0) animals 
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Production results 

Examination of the results for cows of the A series (Figure 61.1), during the 
10weeks following the beginning of the lactation process, shows that no 
significant difference existed between groups E and C, as far as body weight 
and milk production were concerned. Similarly, no significant differences 
were found in the B series between groups E and C. Thus, a ration containing 
l00parts/l06 of lead fed over a period of 24 weeks to dairy cows did not 
modify their food consumption nor their weight gain or milk production 
rates. This dose was approximately five times greater than that administered 
by other authors, also without effect31 • 

Contamination of the milk 

The average lead concentration of the milk samples taken weekly from the 
combined production of the cow herd was 32.6± 18.3parts/l09 (standard 
deviation). Account was taken of the dilution factor of 2 due to the milk of 
the reference animals which contained a quantity oflead generally lower than 
the detection threshold of the applied technique (10 partsl 109). The lead 
concentration in milk was close to that mentioned in other studies, i.e. 
70 parts/109 from cows fed for 4 weeks with fodder containing 100 partsl 106 

of lead6 , 10-70parts/109 from a ration containing 9-30parts/106 of lead 
fed over a time period of 2weeks29, and 30-200parts/l09 in the milk of 
animals whose blood lead content reached 87 J-tgl 100 mI22. In the latter study, 
it was concluded that no risks were presented to the consumers, as the 
maximal acceptable dose determined by the WHO (3 J-tg/week) cannot be 
attained with consumption of normal amounts of such milk. 

Blood lead concentrations 

The increase in the blood lead content in both the A and B cows occurred 
early in the studies (Figure 61.2 (a». The maximum average value reached, 
but did not exceed, the 'critical' threshold of 35 J-tg/100ml. This maximum 
value was reached in the 13th week for group B, and in the 19th week for 
group A. The extreme individual values measured beyond the lactation 
period reached 50 J-tgl 1 00 ml in some animals. After a rapid increase over the 
first 4 weeks, a plateau can be noted at the period corresponding to calving 
for animals of the A series. 

Systematic blood sampling around calving of seven pairs of E and C 
animals of the A series showed a transient increase in lead concentrations 
with a maximum around the 4th day (Figure 61.2 (b». This variation is 
evidence of mobilization of lead stored in the organism and can be attributed 
to the beginning of lactation. In fact, it coincides with the expansion phase 
of milk secretion and resulting important calcium demands. Initially, this 
increased calcium demand is essentially covered by an endogenous source, 
the skeleton. The increase in intestinal calcium absorption occurs later. This 
observation is in full agreement with others performed on mice showing the 
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Figure 61.2 (a) Blood lead concentrations . Each point represents the average value ± sd for 
the group of lead-fed cows from series A (e) and B ( • ) and control animals from series A (0) 
and B (""). (b) Blood lead concentrations around calving. Each point represents the average 
value of lead concentrations measured in seven cows from series A fed with the lOOparts/106 

lead contaminated ration 

mobilization of lead from the skeleton during the lactation phase and its 
transfer into the milk l5 • One may wonder, then, about the extent of this 
transfer and its consequences on animals subjected to greater lead exposure. 
Perhaps this phenomenon is the source of nervous clinical signs similar to 
certain symptoms of the hypocalcaemic puerperal syndrome. 

The analysis of calf blood at birth has confirmed previous observations of 
lead transplacental transfer in this species. The lead content for cows of lot 
E at calving was 36.6± 15.9Itg/100ml and that of their calves of 6.5 ±4.2 
Itg/lOOml while that of the reference animals was 3.25 ±2.9 and 1.15 ±0.36 
Itg/100ml, respectively in cows and calves. The relationship between these 
pairs of values is described by the regression line shown in Figure 61.3 (a), 
the regression coefficient r= 0.65 being significant at the 1070 level. 

ALA dehydratase (ALAD) 

The activity of blood ALAD, measured under optimum conditions for 
human blood, was low, similarly to what has already been reported in 
bovines8 • 2o • Its value in unexposed animals ranged around 6nmol ALA (ml 
erythrocyte)-I min -I. This decrease in activity has been observed as early as 
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Figure 61.3 (a) Relationship between blood-lead concentrations of cows and of their off
spring. The detection limit of the method (1 /Lg/JOOml) is indicated by the stippled zone. (b) 
Blood ALA dehydratase activities. Each point represents the average "70 activities of bloods from 
lead-fed cows (E) in series (A) (e) and B (A) in comparison to controls at the same time 

the first week31 • It accompanies the increase in blood lead concentration, 
evidence of its direct action on this erythrocyte enzyme (Figure 61.3 (b». The 
degree of suppression of ALAD activity was moderate, the blood of exposed 
animals maintaining 60-80070 of the activity of that of the reference animals. 
This is of a magnitude which has previously been reported, i.e. 70% for 
higher blood lead concentrations (70 /4g/ 100 ml)23, 50-70% for practically 
sound bovines27, and 66% for calves chronically intoxicated over a period 
of 3 months and exhibiting blood lead concentrations between 20 and 
100 /4g/ 100 mIl I. Contrary to what has been reported in sheep exposed to 
small quantities of lead for a period of 15 weekslo, no tendency for the 
recovery of partial activity was noted. 

Zinc-protoporphyrin (ZPP) 

The average ZPP concentrations in the blood of each E and C lot (Figure 
61.4 (a» became significantly different only after the 13th week. A significant 
increase in ZPP rate of production was observed after an average lead con
tent of 30 /4g/100 ml was attained, which is in conformity with observations 
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Figure 61.4 (a) Zinc-protoporphyrin (ZPP) concentrations. Each point represents the average 
value ± sd for lead-fed cows in series A (e) and B ( ... ) and for control cows in series A (0) and 
B (11). (b) Relations between blood ZPP concentrations and blood lead levels. Each point 
figures a pair of average values measured at different sample-collection times over the 24 weeks 
of lead intake in blood of lead-fed cows from the series A 

made on man 7 , 18. In the A series, it continued to increase until the end of 
the exposure period (24th week). Great variation in the results was observed, 
as shown by the standard deviations indicated on the curve. The maximum 
individual value was 330 jLg/lOO ml. 

Several studies have been devoted to the measurement of total protopor
phyrin in animals and to the appraisal of its diagnostic value 11 , 25, 26, 31. 

However, only a few authors have used the ZPP test to trace lead poisoning 
in animals l6 , 27, while many publications have demonstrated an interest in 
this method in man as a means of estimating the rate of production of 
erythrocyte protoporphyrins 17,27. Their increased concentration in blood 
results essentially from the inhibition by lead of ferrochelatase, a mito
chondrial enzyme which, in the immature erythrocyte prior to its passage 
from the bone marrow to blood, enables iron-fixing into IX protoporphyrin 
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to forme haem. A minimum time of 1 week is therefore necessary to observe 
the consequences of this medullary action of lead in peripheral blood. Free 
erythrocyte protoporphyrin combines to the greatest extent with zinc to form 
a stable ZPP complex bound to globin for the lifetime of the erythrocyte. 
It displays a fluorescence different from that of other porphyrins, thus 
enabling its direct analysis in diluted blood by spectrofluorimetry16 or, more 
simply, in a drop of blood with a haematofluorimeter5, 13. In man, where 
more than 90070 of the protoporphyrins appear as ZPP, the measurement of 
the concentration of the latter constitutes a valid estimation of the former. 
This test has now been used for several years in various countries as a mean 
of tracing lead poisoning. In animals and especially in cattle, the proportion 
of ZPP appears to be smaller and was initially qualified as minor24 • It has 
subsequently been determined to be between 50 and 70%. This poorer repre
sentation is a drawback but is off-set by the great simplicity of measurement 
with a haematofluorimeter, as long as the proportion of protoporphyrin 
complexes as ZPP is constant. Appraisal of this question by high perform
ance liquid chromatography12, 28, 30 is currently under study. 

Other blood values 

No significant differences were observed between the E and C lots in either 
reticulocyte count (5.5-6.5 millions/mm3) or haematocrit (33-38%), which 
were within the ranges of normal variation. These results are in agreement 
with the established fact of an absence of haematologic changes due to blood 
lead concentrations lower than 35 p,g/lOO mP5. 

CONCLUSION 

The preliminary results of this study, which is still in progress, show that a 
rate of 100 parts/106 of lead administered for a period of 24 weeks in the diet 
of dairy cows does not alter their health or production. The initiation of the 
lactation process, however, appears to be accompanied by mobilization of 
the previously stored lead. The effect of this on postpartum pathology would 
be worthy of study. 

The change in lead and blood ALA dehydratase concentrations occurs 
early, the amplitude of the latter remains small in bovines. The increase in 
blood ZPP is delayed at this level of exposure. It appears only when the blood 
lead concentration reaches a value near 30 p,g/ 1 00 ml. The measurement of 
ZPP, made very easy by the use of a haematofluorimeter and definitely well 
suited to measurement of many individuals, is a test whose validity needs to 
be better evaluated in animals. 
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62 
Poisoning of animals 
in the Los Angeles area 
with pesticides (1 981 ) 
K. T. Maddy, S. Edmiston and J. Wellings 

The Los Angeles County Medical Association Regional Poison Information 
Center (LACPIC) receives more than 45000 telephone calls each year con
cerning exposure to many different type of chemicals, including pesticides. 
The majority of these calls are from physicians providing treatment to 
exposed persons. A small number of calls involve animals; most of these calls 
are from veterinarians trying to identify active ingredients when they have 
only been told of a trade name @y an animal owner. It is not always clear 
from the poison centre reports whether serious poisoning actually occurred 
or whether the incident involved a low level exposure warranting concern 
and/or precautionary measures. 

A study was conducted of 268 pesticide exposure incidents involving 
animals reported to the LACPIC in 1981. Most of the reported exposure 
incidents involved dogs (83 0/0) with ingestion being the major route of 
exposure. It is thought that cats are exposed less frequently because of their 
selective eating habits. It was apparent that anticoagulants (25%), N-methyl 
carbamates (15.3%), organophosphates (11.9%) and a combination of 
N-methyl carbamates and organophosphates, (2.2%) were the main single 
sources of reported poisonings. This has been the trend for the last several 
years. 

The active ingredients involved in most of the anticoagulant exposures 
were diphacinone, warfarin, and pival. All products involved were used as 
rat and mouse baits. 

The majority of exposures to the N-methyl carbamates involved carbaryl, 
propoxur and methiocarb, used to kill insects, slugs and snails in the home 
and garden situation. The organophosphates involved in these exposure 
incidents were primarily diazinon, DDVP, disulphoton and malathion. Most 
of these exposures also occurred in the home and garden setting. 

Other pesticides were involved in a low incidence of exposure/poisonings; 
these included arsenicals (mostly ant poisons, 4.5%), metaldehyde (5.6%), 

725 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Table 62.1 Pesticides commonly involved in dog poisoning incidents in California with signs 
and suggested treatment 

Pesticides 

Anticoagulants 
Coumarin types, 
Warfarin and 
Coumafuryl 

1,3 indandione 
types, Diphacinone 
and Pindone 

Arsenic 

N-Methyl Carbamates 
(i.e. carbaryl, 
propoxur, and 
methiocarb) 

Metaldehyde 

Organochlorines 
(i.e. methoxychlor, 
lindane, 
toxaphene) 

Organophosphates 
(i.e. malathion, 
diazinon, DDVP) 

Signs 

Haemorrhage; sudden death without 
warning. In subacute cases, anaemia, 
weakness, pale mucous membranes; 
dyspnoea; moist rales; bloody faeces; 
scleral, conjunctival and intraocular 
haemorrhage; staggering, ataxia, blood 
tinged froth around mouth and nose; 
CNS signs appear if haemorrhage is in 
brain or spinal cord. 

Signs similar to coumarin effects plus 
signs of cardiopulmonary and 
neurologic damage. 

Acute: Intense abdominal pain, 
staggering, extreme weakness, 
trembling, salivation, vomiting, 
diarrhoea fast-feeble pulse, normal to 
subnormal temperature, collapse and 
death. 
Subacute: Anorexia, depression, 
watery diarrhoea, increased urination 
followed by aurea, partial paralysis of 
hind limbs, stupor; subnormal 
temperature and eventual death. 

Acetylcholinesterase depression, 
hypermotility, abdominal cramping, 
vomiting, diarrhoea, sweating, 
dyspnoea, cyanosis, miosis, muscle 
twitching (in extreme cases, tetany 
followed by weakness and paralysis) 
and convulsive seizures. Death is 
usually a result of hypoxia due to 
bronchoconstriction. 

Muscle weakness, frothing at the 
mouth, hypersalivation, incoordination, 
tachycardia, loss of consciousness, 
cyanosis, and often convulsion. Death 
usually follows respiratory failure. 

Apprehension, hypersensitivity, as 
spasms of the eyelids and front 
quarters progressing to the hind 
quarters; these may be continuous to 
intermittent! chlonotonic seizures, loss 
of coordination, circling frontwards or 
backwards and abnormal posturing. 
Animal may become comatose. 

Hypersalivation; gastrointestinal 
hypermotility, abdominal cramping, 
vomiting, diarrhoea; sweating, 
dyspnoea; cyanosis; miosis, muscle 
twitching (in extreme cases, tetany, 
followed by weakness and paralysis), 
convulsive seizures. Death is usually a 
result of hypoxia due to 
bronchoconstriction. 
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Treatment 

Sedation or light anaesthesia to 
prevent trauma; oxygen therapy, 
citrated whole blood i. v., thoracentesis 
to remove blood (if present), vitamin 
K, i.v. in dextrose. Keep animal warm 
and free from physical trauma for at 
least 24 h. Oral vitamin K for 4-6 days 
is indicated. 

Same as for coumarins. 

Treatment must be administered early. 
Give emetics, epigastric lavage only if 
symptoms are not yet present. If signs 
are present, give BAL (dimercaprol) at 
the rate of 6-7 mg/kg body weight 
i.m. 3 times daily until recovery. Give 
supportive therapy for additional signs 
such as dehydration and uraemia. May 
also need antibiotics and meperidine if 
need is indicated. 

Atropine sulphate (approximately 2 mg 
for an average dog). 2-PAM is 
supportive for most N-methyl 
carbamates; it is contraindicated only 
for treatment of carbaryl poisoning. 

Emetics, gastric lavage, supportive 
treatment for respiratory stimulation, 
glucose and calcium gluconate for 
treatment of possible liver damage. It 
is often necessary to anaesthetize the 
animal to control convulsions. 

Convulsions should be controlled by 
anaesthetizing with chloral hydrate, or 
a long-lasting barbiturate. If exposure 
was oral, administer a gastric lavage 
and saline cathartic. Tranquillizing 
agents are often successful in 
controlling violent neuromuscular 
activity. 

Atropine sulphate (approximately 2 mg 
for an average dog); 2-PAM is useful 
as supportive treatment. 
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pyrethrins/pyrethroids (5.6070), and organochlorines (methoxychlor, dico
fol, lindane, and toxaphene; 2.2%). In previous years (prior to 1980) there 
had been many reported poisonings of dogs involving the rodenticide Vacor. 
However, in 1981 none were reported; California suspended the registration 
of Vacor for home use in 1979 because of its hazard to man. 

More than 75% of the incidents were reported during the period of June 
through September. Presumably this is the period when more pesticides are 
applied in the home and garden situation and/or the period of time when 
domestic animals spend more time outdoors. Table 62.1 gives signs and 
recommended treatment for pesticide poisonings in animals. 

DISCUSSION 

As recently as 15 y ago arsenic, strychnine and phosphorus were major causes 
of domestic animal poisonings in California. Since then, most of the urban 
uses of these three pesticides have been phased out; they are rarely involved 
in poisoning incidents now. Less than lOy ago thousands of dogs were being 
poisoned in California by ingesting slug and snail baits containing metal de
hyde. Regulatory action, initiated by the California Department of Food and 
Agriculture (CDF A) and later adopted by the US Environmental Protection 
Agency, required the reformulation of these baits to be less attractive to dogs. 
Changing from pellets to meals and the use of less palatable inert ingredients 
was followed by a significant reduction in the number of poisonings. Because 
of carelessness of some home gardeners (leaving bait containers where pets 
can get into them and applying baits in piles where dogs frequent) and the 
non-selective eating habits of some dogs, some serious metaldehyde poison
ing cases still occur. Carefully complying with the precautionary statements 
on the labels and the use of child-proof and thus dog-proof containers could 
further reduce the number of poisonings of dogs. A summary of the pesticide 
exposure cases in animals reported to the LACPIC in 1981 is provided in 
Table 62.2. 

Recently some snail baits have been formulated with N-methyl carbamates 
(methiocarb, carbaryl) as the active ingredients. The N-methyl carbamates 
(esters of N-methyl carbamic acid) are a fairly new entity as a cause of large 
numbers of poisonings in dogs. These N-methyl carbamates are now widely 
used in home and garden type pesticides. However, in comparing the 1981 
exposure incidence with that in 1977, a possible downward trend is observed. 
In 1977, there were 79 cases reported while only 52 cases involving N-methyl 
carbamates (alone or in combination with other pesticides) were reported in 
1981. Follow-up summaries in the next few years should reveal whether there 
is an actual decline in N-methyl carbamate poisonings. In 1981, products 
containing propoxur (Baygon) accounted for approximately 71 % of the 
cases involving N-methyl carbamates. Exposure to the more toxic N-methyl 
carbamates can be serious and should be treated quickly with adequate 
amounts of atropine. N-methyl carbamate poisonings may be mistakenly 
attributed to organophosphate exposure due to the similarity of signs and 
symptoms and the response to treatment. Both types of pesticides are 
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Table 62.2 Poison exposure incidents involving 268 animals classified according to toxic 
ingredient responsible for the poisoning. In brackets, total number of cases 

Anticoagulants (60 dogs, 4 cats, 2 rabbits, I cow) 
Crown Rat and Mouse Killer with (Diphacinone) 
D-Con rodenticides (warfarin and/or dicoumarol): 16 dogs 
Dicumarol (brand not specified) 
Diphacinone (brand not specified) 
Eaton's A-C Formula 50 Ready-To-Use Rodenticide (pival) 
Eaton's All Weather Bait Blocks Rodenticide (diphacinone) 
Fumarim (coumafuryl) (brand not specified) 
PC-2 Rodenticide (diphacinone) 
Pival (brand not specified) 
Ramik Green Rat Poison (diphacinone) 
Rodenticides (ingredient not specified): ten dogs 
Rodeth Throw Pack Mouse Killer 
Rozol Product (chlorophacinone) 
Strike Rat and Mouse Killer (warfarin and sulphaquinoxline) 
Talon rodenticide (brodifacoum) 
Warfarin (unknown brand) 

Arsenicals (II dogs, I cat) 
Antrol Ant Killer 
Ant stakes (brand not specified): five dogs 
Arsenic (brand not specified) 
Grant's Ant Stakes: four dogs 

Metaldehyde (14 dogs, 1 horse) 
Corry's Slug and Snail Death 
Snail and Slug bait (brand not specified) 
Snarol Pellets: ten dogs, one horse 

N-Methyl carbamates (34 dogs, 4 cats, 1 rabbit) 
Antrol Ant Traps with Baygon: eight dogs 
Baygon (brand not specified): two cats 
Black Flag Liquid Ant and Roach Killer (propoxur) 
Chacon Ant Poison (carbaryl) 
Echol's Roach, Ant and Waterbug Killer (propoxur) 
Ficam (bendiocarb) 
Flea powder (carbamate) 
Fly bait (methomyl) 
Mesurol (methiocarb) 
Methomyl (brand not specified) 
N-methylcarbamate (brand not specified) 
Ortho Earwig, Roach & Sowbug Bait (propoxur) 
Ortho Slug-geta Snail and Slug Bait (methiocarb) 
Sevin (carbaryl) 
Sergents Pump Dog Flea & Tick Spray (carbaryl) 
Slug and snail bait (mesurol) 
TAT Ant Trap (propoxur) 

Organochlorines (6 dogs) 
Black Flag Insect Spray (methoxychlor, lethane 384-R) 
Dexol Red Spider Mite Spray (dicofol) 
Dieldrin 
Last Bite (lindale, toxaphene) 
Methoxychlor (brand not specified) 
Roach Away (paradichlorobenzene) 
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Table 62.2 (continued) 

Organophosphates (20 dogs, 10 cats, 1 goat, 1 turtle) 
DDVP (dichlorvos) 
Diazinon (brand not specified): three dogs, five cats 
Di-Syston (disulphoton) 
Dursban 4E (chlorpyrifos) 
Germain's Rose Guard (disulphoton) 
Hartz 2-in-l Flea Powder (tetrachlorovinphos) 
Malathion (brand not specified): five dogs 
Mr. Scott's Do It Yourself Pest Control (diazinon) 
Ortho Dibrom Fly & Mosquito Spray (naled) 
Ortho Lawn Insect Spray (chlorpyrifos): one turtle 
No-Pest Strip Insecticide (DDVP) 
Spectracide (diazinon): two dogs, one goat 
Zodiac Pro-Dip II (lmidan) 

N-Methyl carbamates and organophosphates (5 dogs, 1 cat) 
Holiday Fogger (propoxur, DDVP): two dogs 
Lannate, Nudrin, parathion (brands not specified) 
Raid Ant and Roach Killer (propoxur, DDVP) 
Starbar Super Golden Malrin Fly Bait (propoxur, DDVP) 

Phenoxy herbicides (2 dogs, 1 cat) 
Scott's Turf Builder Plus 2 (2,4-D): one cat 
Scott's Weed Control (2,4-D, dicamba) 
Trimec (2,4-D, MCPP, dicamba) 

Pyrethrins and pyrethroids (9 dogs, 4 cats, 1 rabbit, 1 mouse) 
Black Flag House and Garden Insect Killer (cismethrin, allethrin) 
Hartz Mountain Flea Soap for Dogs 
Hartz Mountain RID Flea Dog Shampoo 
Holiday Puppy and Kitten Spray 
Pyrenone 606 
Pyrethrins: three dogs, one cat, one rabbit 
Raid House and Garden Bug Killer: one mouse 
Rand C Spray Insecticide 

Miscellaneous (46 dogs, 9 cats, 2 cows) 
Ant Trap 
Big Stinky Fly Trap 
Black Flag product 
Boric acid 
Calico Weed Killer (petroleum hydrocarbons) 
Cyanide 
Liquid Lawn Disease Control (tetrachloroisophthalonitrile and chlorothalonil) 
Dexol Contact Week Killer (petroleum hydrocarbons) 
D-trans Allran P-68 insecticide 
Dodecadienoate 
Echol's Flea and Tick Spray 
Eptam 
Ezell's Sheep Dip (cresol) 
Fly bait 
Flea dip (brand not specified) 
Fumigant (brand not specified) 
Hartz Flea and Tick Spray 
Holiday Fly Repellant 
Methyl bromide 
Ortho Funginex (triforine) 
Ortho Isotox 
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Table 62.2 (continued) 

Miscellaneous (continued) 
Ortho Kleen-Up (glyphosate) 
Ortho Vegetable Dust (captan) 
Paramite (benzylbenzoate, rotenone, lindane) 
Paraquat 
Penguin-Down Dri-Die (ammonium fluosilicate) 
Petro Sheep Dip 
Piperine 
Rotenone 
Roundup (glyphosate) 
Sheep dip (cresylic acid) 
Simazine (atrazine): two cows 
Sodium fluosilicate (brand not specified) 
Strychnine (brand not specified) 
Triox (prometon, PCP) 
Unknown pesticide 
Vikane (sulphuryl fluoride) 
Weed Out 

Multiple pesticides (16 dogs) 
Antrol Ant Syrup and Antrol Ant Trap (propoxur) 
Chlordane and Sevin 
Diazinon, Dursban, malathion, pyrethrins, Sevin 
Dinoseb and petroleum hydrocarbons 
Dursban and Kill Master 
Earwig bait and sodium fluosilicate 
Malathion and ant stake product 
Ortho flea product and kennel product 
Ortho Rose & Flower Care (carbaryl, malathion, folpet, dicofol) 
Raid Yard Guard (methoxychlor, tetramethrin) 
Roundup and H2S04 
Snail Jail Snail & Slug Bait (metaldehyde, carbaryl) 

acetylcholinesterase inhibitors. Both types respond well to treatment with 
atropine and oximes such as 2-PAM, except carbaryl for which oximes are 
contraindicted. Exposure to organophosphates (alone or in combination 
with other pesticides) numbered 43 in 1981 as compared to 42 in 1977. Most 
of these involved dogs; however, nearly one third of the incidents involved 
cats. This relatively high proportion of feline poisonings may be due to the 
fact that some organophosphates are readily absorbed through the skin. 
Dermal contact with recently treated foliage can accumulate enough pesticide 
residue on the hair and skin to result in poisoning. Organophosphates are 
widely used in agriculture. In rural and suburban areas organophosphates 
can be a major source of pesticide poisonings in animals. 

The anticoagulant exposure/poisonings were due entirely to ingestion of 
rodenticides. Large quantities of these products in the form of rodent baits 
are used in California. However, poisoning usually occurs only after multiple 
sequential ingestions. For this reason, serious domestic animal poisonings 
occur less frequently than the statistics of exposure indicate. Many of the 
reported anticoagulant ingestion incidents appear to be calls for precaution
ary first aid measures following a single observed ingestion. Dogs, and less 
often cats, have occasionally become ill from eating a poisoned rodent. 
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Pyrethrins and pyrethroids (alone or in combination with other pesticides) 
were involved in 19 reported exposures and/or poisonings. (There were only 
two reported cases in 1977.) Domestic animal poisonings due to these 
products are a fairly new phenomena due to the recent introduction and 
rapidly increasing usage of these insecticides. The pyrethrins and pyrethroids 
were developed in response to increasing insect resistance to the more toxic 
organophosphates. As a group these products are relatively low toxicity 
pesticides and have a low potential for adverse health effects in most 
mammals. 

Some of the ant control products used today still contain arsenicals; these 
account for most of the reported arsenical-related exposures and poisonings. 
(The arsenicals in ant poisons are gradually being replaced by other pesti
cides.) Ant stake products, in particular, seem to be attractive to dogs, 
probably because of their stick-like form and being put in areas accessible 
to the dog. 

The phenoxy herbicides accounted for five reported exposure incidents in 
1981. In 1977, six phenoxy herbicide cases were reported. It was not reported 
whether any of these cases developed symptoms of overexposure. 

As of 1977, the incidence of domestic animal poisonings due to organo
chlorine exposure appeared to be declining. This is probably due to a 
decreased use in urban areas. The 1981 data shows a continuance of this trend 
with six cases compared to 12 in 1977. Exposure to these chemicals can be 
fatal if not adequately treated. 

Not all poisonings were due to accidental exposure. Flea control products 
for use on cats and dogs accounted for eight cases of poisoning or approxi
mately 30/0 of the total pesticide cases reported to the LACPIC. Puppies, 
kittens and weak or diseased animals are most susceptible. Directions on the 
label should be carefully followed for all pesticide products. 

When a pesticide exposure is suspected, the pesticide container or label 
should be made available to the veterinarian as the toxic ingredients are 
listed. Also, treatment information for humans required on the labels of the 
more toxic pesticides, is often helpful in the treatment of animal poisonings. 
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63 
Toxicological field data 
in ruminants 
G. Keck, G. Lorgue and P. Jaussaud 

The following informations are derived from (1) incoming calls received by 
the Centre of Veterinary Toxicology: 1410 telephone calls and 116 written 
inquiries for 1981, and (2) toxicological analysis completed by the labora
tory, including epidemiological surveys, e.g. in acorn intoxication of cattle. 

Since January 1980, a specific computer pro gam allows more efficient 
utilization and a statistical use of the data. Depending upon the information 
given, the degree of confidence in the intoxication suspected is measured 
using a scale from 1 to 6 (0 to 1000/0). 

The species involved in 1980 were ruminants for nearly 40% of the calls 
(see Figure 63.1). Calves or adults (although the toxics involved are different) 
largely outnumber sheep and goats. The factors involved are the size of the 
corresponding herds and the tendency of cattle to eat whatever is 'on hand'. 

Main species involved ( 1980) ( 1981 ) 

n % 

Bovine 183 29 23 
(f) 
w 
a 

OVlne 53 8 47 u ~ (f) 
~ 

SWine 23 3 67 i= z z 
(f) <t <t 

Equine 24 3. 83 w ~ (f) ...J 
a.. ::::> ~ a.. 

...J 

Goat 13 2 .08 ...J ::::> 
0 a:: u 

Dogs 209 33 39 a.. a x 
0 

Cats 28 4 47 aI! 

~ 
~ 

Rabbit 5 0 80 0 

~ 
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[ill Poultry 10 I 60 

Other 18 I I 

Figure 63.1 Species involved for the incoming calls in 1980 and distribution of the origin of 
substances during 1981 
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The severity of intoxications is reflected by the high number of animals 
involved: 69 calls dealt with more than six cows affected simultaneously and 
20 calls for more than six sheep. 

The annual distribution of the calls shows a slight drop in January and 
February when the animals are stabled and a rise in May when they are turned 
out at pasture. A peak recorded in December corresponds to incidents related 
to the prophylaxis against cattle grub. 

The substances incriminated can be regrouped in four categories: pesti
cides, pollutants, drugs and plants (Figure 63.1). 

PESTICIDES 

The circumstances of intoxication for pesticides in 98 cattle, 19 sheep and 13 
goats can be regrouped as (1) criminal intoxications (often implied by the 
farmer, they are rare in stock animals); (2) accidental intoxications (direct 
ingestion of pesticides, in powder or following dilution, account for the most 
frequent cause of intoxication, especially in cattle: improperly stocked bags, 
confusion with mineral additives, distribution of treated seed). The exposure 
of grazing animals to a pesticidal treatment of nearby fields especially by 
aerial crop-dusting, or ingestion of contaminated plants or water represent 
a source of intoxication (highly toxic pesticides such as parathion and other 
organophosphates, dinitrophenols, paraquat); (3) therapeutically-induced 
intoxication (after treatment by insecticides like organophosphates, car
bamates or pyrethrinoids). 

Acaricides-insecticides represent about one third of calls for pesticides in 
ruminants. Those concerning organochlorines are as important as those for 
organophosphates and carbamates. Recent photostable derivatives of 
pyrethroids, such as decamethrin, can be responsible for intoxications in 
calves because of a toxicity higher than that of pyrethrins. 

Herbicides are also frequently implicated, due to a rather large use of these 
products for all types of culture including artificial pastures. In many cases, 
suspicions were not confirmed, due to the low toxicity of the implied agents 
(aryloxyacids, triazines). However, ruminants in field conditions are more 
susceptible to such intoxications than are laboratory animals. Unfortunately, 
clinical symptoms are not very characteristic and verification by analyses is 
difficult to carry out, contrarily to characteristic intoxications by dinitro
phenols and paraquat. 

Indirect toxicity of phytohormones due to the ingestion of treated plants 
seems linked to the increase in the amount of toxic substances (nitrates). A 
rise in appetence for toxic plants (fern, buttercups) and the abundant outcrop 
of plants resistant to herbicides (pig-weed, black night-shade), especially in 
feeding-corn, are to be considered. 

Fungicides are rarely involved, except for colloidal sulphur; its ingestion 
in great amount (100 or 200 g per cow) is followed by tetanic symptoms. 

Among other pesticides, coumarinic raticides are not frequently impli
cated in ruminants. Collective intoxications after the consumption of 
metaldehyde contained in mollucide bags were recorded. Finally, many 
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questions concerning pesticides deal with the possibility of longterm effects 
of residues found in hay, forage and animal feed, in order to explain chronic 
disturbances. Knowledge in this area is poor as far as domestic animals are 
concerned. 

POLLUTANTS 

Copper (mineral complements overly charged in copper or ingestion of 
copper sulphate) and lead (lead paint ingestion) dominate this heterogenous 
group: lead (211 calls for cattle) and copper for sheep (17 calls, 24 positive 
analyses) and to a lesser extent, young cattle. 

Intoxications caused by petrol derivatives and by the ingestion of fertilizers 
are sometimes seen in cattle. Nitrates in drinking water seem also of import
ance. Epidemiological data indicate that replacing drinking water by tap 
water largely improves the health, thus suggesting some longterm effects of 
nitrates and nitrites on the reproduction of domestic animals in the field. 

DRUGS 

Internal anthelmintics are frequently implied, especially in cattle; they 
represented 44.60/0 of the calls in 1980 and 28.8% in 1981. Among them, 
tetramisole, largely used for the treatment of strongyloses, is responsible for 
the greatest proportion of accidents in both cattle and sheep. In contrast, 
levamisole is rarely implied (only one call in 1980 and 1981). 

Among the accidents observed with the 'pour-on' method of treatment 
against cattle-grub, immediate or late effects seem to be of allergic nature. 
The use of avermectin since 1981 is responsible for similar reactiorts. 

Antimicrobial drugs represent another group for which intoxications are 
recorded. Nervous disorders and haemorrhagic lesions are recorded in calves 
with nitrofurans, especially furazolidone. In a recent case among 2400 
intoxicated animals, 600 died as a result of the drug in feed. Dapsone can 
be also responsible for nervous disorders in calves. 

Antibiotics were implied in 85 cases of allergic reactions within 3 y in cattle 
in the centre of France. 

TOXIC PLANTS 

Vegetal intoxications exhibited a regional as well as a seasonal origin in 
ruminants, especially during the periods of drought as in 1976. 

The following plants are found: Mercurialis; Taxus (trimmings left on 
pastures); fern (Pteridis aquilina, especially when pastures derive from forest 
land); oenanthe (after tilling of ditches which exposes the toxic rhizomes); 
and acorn (especially in the central region of France). 

Mycotoxins seem frequently implied for poorly observed feed but confir
mation remains difficult, even in the case of hepatic fibrosis and ascites. 
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This overview of some intoxications in ruminants is not intended to be 
exhaustive but reflects fairly well the relative importance of different toxic 
sources in the field (pesticides, pollutants, drugs, etc.). Experimental data do 
not take into account the possible influence of the behaviour of the animals, 
the interaction of different chemical agents, and the indirect toxicity. 
Comparison between experimental data and field observation thus appears 
of paramount importance to elucidate the relevance of such environmental 
factors. 
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64 
Adverse drug reactions 
and interactions (1979-1981) 
Y. Ruckebusch 

The 1200 adverse reactions to antibiotics reported in cattle by Brisbane in 
Alberta2 referred to anaphylaxis with dispnoea, slobbering, staggering and 
collapse (90070), urticaria with swelling of the eyelids (5%) and pain at the 
injection site (3%). Stowell also described anaphylactoid reactions to par
enteral injection of antibiotics (University of Minnesota). Ndiritu and Enos9 

reviewed 130 cases of suspected adverse drug reactions (Veterinary Medical 
Teaching Hospital of Davis) and attributed 31.8% of the reactions to anti
infective agents, e.g. dyspnoea after a repeated dose of oxytetracycline 
hydrochloride intramuscularly in 15 of 150 calves and fatal toxicosis in a cow 
following an overdose of 25 mg/kg. 

The complaints received from practitioners at the INRA Pharmacology
Toxicology Research Centre of Toulouse involved unpredicted reactions 
produced in animals by drugs used at the recommended dose, unpredicted 
modification of the effect of one drug by the presence of another, or clinical 
accidents. The information given by the practitioners included: (1) clinical 
diagnosis and drug used; (2) circumstances surrounding the adverse effect; 
and (3) comments on subsequent clinical experience in order to distinguish 
intolerance and effects related to overdosage from increased responsiveness 
due to age and/or disease. 

CLASSIFICATION OF REACTIONS 

The percentage of reactions of all types was 18.6 in the bovine (n = 1085) in 
1979. No fundamental changes were recorded in 1980 and 1981. Local 
response and anaphylaxis seemed to be the most commonly encountered 
reactions in large animals. As described by FranciosP, they concern anti
biotics, parasiticides to a lesser degree, and corticosteroids. In companion 
animals, anaesthetics were frequently involved, the percentage of death being 
12% in dogs as compared to 3.8% in cattle (Figure 64.1). 
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Figure 64.1 Percentages of adverse reactions (dotted area) and death (hatched area) which were 
reported in 1979 by practitioners, relative to 17 horses, 97 dogs or cats, 500 pigs and 1085 dairy 
cows or heifers and 11 sheep 

Antibiotics 

Intolerance consisted of abcesses (15-20days after i.m. administration in 
calves), signs of local pain (after i.p. spiramycine in pigs, i.m. chlorampheni
col in horses) and dyspnoea and recumbency following intrauterine adminis
tration of polymixin and oxytetracycline 15 days after calving. Two lactating 
cows suffering from mastitis in one quarter of the udder showed signs of 
mammary pain following an i.m. injection of spiramycin. 

Anaphylactic shock was manifested in cows by pruritus and oedema of the 
udder, vulva and eyelids (after intramammary administration of colistin, 
spiramycin and prednisone), in heifers by ptyalism and bloating (for 6 h, 
30min following i.v. chlortetracycline), and in bullocks by dyspnoea and 
pulmonary oedema (within 2 min following i. v. oxytetracycline; within 
10min following Lm. oxytetracycline and phenylbutazone). Oedema and 
fatal shock were reported after a second injection of neomycin, oxytetra
cycline, trimethoprim and sulphadimethoxine 3-6 days following a similar 
dosage. 

Adverse reactions were observed in horses (diarrhoea) and in cats (pros
tration) on the third day of oral administration of oxytetracycline; depression 
and dehydration were also reported with daily administration of 60 mg/kg 
of chloramphenicol for 10 days in cats. Interactions of antibiotics with 
barbiturates were prolongation of anaesthesia in dogs of about 6 h following 
an i. v. administration of doxycycline and an increase in anaesthesia duration 
of 300/0 after chloramphenicol. 

Diarrhoea, apathy and anorexia were the predominant features before 
death within 48 h of 14 horses and within 3 months of 21 horses which 
had received a premix containing oxytetracycline, sulphadimethoxine and 
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furazolidone and of 13 horses (five within 48 h and nine within 1.5 month) 
which had received a premix containing oxytetracycline and sulphadiazine. 
As already described by Andersson et a/.1, the prominent autopsy findings 
in horses that died spontaneously were acute catarrhal to haemorrhagic 
typhlitis and colitis, acute necrotizing nephrosis, and degenerative changes 
in the myocardium. It is also probable that the biliary excretion of oxytetra
cycline was involved in the long-lasting effect3, including abnormal bacterial 
flora (e.g. C/ostridiumperjringensliberation of toxins from these microbes). 

Parasiticides 

In cattle, dyspnoea is a common side-effect following the administration of 
s.c. anapirin or Lm. berenil used for the treatment of tick-born diseases. Two 
injections of anapirin at 48 h intervals in the pregnant cow are used for the 
prevention of neonatal diseases, of placental retention and metritis. The 
second injection is always followed within 2-3 h by transient abdominal 
pain and by a yellow colour of the neonate. This effect is prevented by 
diluting anapirin 7-8 times with saline. Among the reactions following Lm. 
injection of lomidine or s.c. injection of oxopirvedine in dogs, paralysis of 
the mandible and glaucoma during 8-lOdays were recorded. They were 
possibly associated with the use of corticosteroids, antihistamines and 
penicillin-streptomycin in an attempt to correct these side-effects of the 
antiparasiticides. 

Fatalities and anaphylactic shock with sublingual oedema and rhinitis 
lasting 3-4 days were observed after the administration of the combination 
of tetramisole bithionol in cattle. Dyspnoea, ptyalism and oculopalpebral 
oedema (and bloating in sheep) occurred for 1 h after levamisole adminis
tration in heifers. Fatal cases were observed when chloramphenicol and a 
fluke vaccine were concomitantly administered. The side-effects of levami
sole observed in young calves recently turned out to pasture were never found 
after a second injection 1 month later. 

Anti-inflammatory agents 

In dogs, aggressiveness was an unexpected interaction of metoclopramide 
and corticosteroid. The Lv. injection of chloramphenicol + prednisolone in 
heifers was followed by dyspnoea and respiratory distress which lasted from 
30 min to 2-3 h. Anaphylactic reactions were reported in cattle receiving 
dexamethasone for joint diseases. The use of an antibiotics-corticosteroid 
mixture in calves suffering from (coccidiosis) diarrhoea is highly detrimental. 

In a 6-year-old lactating cow, Lm. phenylbutazone resulted in abomasal 
ulcer within 48 h. Gastric ulcer was observed after longterm treatment with 
indomethacin, keratoconjunctivitis after noramidopyrine in dogs. 
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Anaesthetics 

Ketamine hydrochloride, at a dosage in cats of 20 mg/kg body weight, may 
be accompanied by hyperkinesis and convulsions; the concomitant adminis
tration of ether was found to be detrimental. In dogs and horses, Lv. xylazine 
at a dosage of 1 mg/kg was associated with cardiac irregularities, apnoea and 
muscular rigidity. Increased susceptibility to penthiobarbitone was observed 
in horses undergoing phenylbutazone treatment. Susceptible pigs succumbed 
2-3 h after an halothane-induced hyperthermia syndrome. The hyperthermic 
response to inhalation of the anaesthetic was greater during the springtime 
than in autumn in 3-month-old pig. An acaricide containing a local anaes
thetic induced ataxia and circling for 2-3 h after being inserted in the 
auricular canal. 

Miscellaneous 

Four types of adverse reactions were reported on at least three occasions: (1) 
anaphylactic shock in cattle and horses after Lm. injection of vitamins A, 
D3 and E, and sodium selenite + vitamins, and in bitches after the second 
injection of gonadotrophin for metritis; (2) haemolytic anaemia in calves 
after 5 days treatment with sulphadimethoxine; (3) haematuria after hydroxy
quinoline was administered to dogs; and (4) abortion following the par
enteral administration of prostaglandin F2a to cows or by calcium in 
combination with methionine and vitamins or sodium lactate in 8-day-old 
calves. 

MECHANISM OF ACTION 

Many factors might be involved in an unexpected reaction to drug adminis
tration. It is essential to list them all to minimize their occurrence and for 
the resulting increased knowledge in the pharmacology of altered functions. 
The reactions may be (1) of an allergic type, i.e. the drug or a metabolite of 
the drug was combined with a body protein to form an antigen; (2) side
effects not sufficiently deleterious in a healthy animal but enhanced for 
different reasons during disease; (3) an abnormal susceptibility related to 
individuals or to interactions of drugs; and (4) misuse of the drugs by 
overdosage or obsolescence leading to toxicity (Figure 64.2). 

Local or systemic anaphylactic reaction 

Hypersensitivity can occur to the drug or an excipient such as carboxymethyl
cellulose; procaine and potassium ion for penicillins have been studied in 
cattle6 and discussed by MarshalF. Reactions to procaine benzyl penicillinate 
were seen in cows after intramammary administrations. 

Reaction to levamisole was confirmed by skin tests in allergic and non
allergic sheep, the urticarial weal diameters being made readily visible by 
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Figure 64.2 Mechanism of adverse drug reactions in veterinary medicine 

previous injections of about 5 ml of 2070 Evans blue. Reticular contractions 
stopped for 2-3 h after intradermal injection in susceptible sheep (unpub
lished observation). For corticosteroids, allergic reactions observed in cattle, 
20-90 min after an injection of a suspension of prednisolone, were not 
linked to the carboxymethylcellulose carrier lO • Calves and adults suffering 
from adrenocortical insufficiency were never involved, indicating the 
importance of age in such reactions. 

One of the most detailed observations was the absence of a levamisole 
reaction in calves during August, whereas these animals always exhibited 
shock when receiving levamisole in June just after being turned out to 
pasture. This seasonal reaction is interesting when compared to the high 
susceptibility of pigs to halothane during the springtime. 

Finally, sensitization to drugs was enhanced following treatment with 
vaccine and by administration at weekly intervals. The concomitant use of 
serum and antibiotics like colistin or chloramphenicol should be avoided. 

Enhancement by altered functions 

Nitrofuran derivatives were found detrimental in calves suffering from 
diarrhoea, even with a low dosage (5 mg/kg body weight). Higher dosages 
caused additional problems: anorexia (lOmg/kg), hyperirritability and 
convulsions (20 mg/kg) and hind-limb paralysis (25 mg/kg). Ampicillin and 
other antibiotics are only accompanied by drug fever in animals suffering 
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from unthriftiness. Infusion of prednisolone and chloramphenicol caused a 
shock lasting only 10-15 min in calves suffering from pneumonia. Various 
types of antibiotic boluses may be toxic following calving due to an increased 
absorption of toxins from the uterus. Routine postpartum treatment of cows 
with antibiotics following calving resulted in a high incidence of pyometra 
due to Corynebacterium pyogenes12• A direct toxic effect of oxytetracycline 
is unlikely at a normal dosage of 5 g intravenously in ruminants. Doses above 
7 mg/kg i. v. and 20 mg/kg per os cause reversible nephrotoxicosis in dogs 
and a Fanconi-like syndrome characterized by nausea, acidosis, proteinuria, 
glucosuria, and aminoaciduria may be associated with the oral administration 
of an overdosage or in patients with pre-existing azotemia. Increase in blood 
urea nitrogen, development of acidosis, electrolyte imbalance, and death 
may be considered as a direct toxic effect. Disorders of the haemopoietic 
system due to sulphamides are varied but the incidence seems as high as renal 
problems in dehydrated calves. Mild haemolytic anaemia may occur after 
only 5 days of treatment. The severity increases with further drug adminis
trations and return to health is impeded due to aggravation of the original 
insult. Coccidiosis in calves which is self-limiting can quickly become a 
disaster with disruption corticosteroids. The bradydysrhythmia potential of 
xylazine may add to the oculocardiac reflex phenomenon in horses. Rumi
nants are the most sensitive to the effects of xylazine, requiring only about 
one tenth the dose to produce the equivalent state of sedation in horses and 
dogs; however, pre-existing atrioventricular block contraindicates its use for 
all species (see Appendix). 

Interactions 

The possibilities for drug interaction are numerous and it is frequently a 
problem to determine which drug is the culprit when several are being used 
in one patient. However, one should opt against the use of antibiotics or 
parasiticides at the time of vaccination and avoid repetitious infusion of 
many drugs at 6 day intervals. Other interactions are due to the displacement 
of drugs like barbiturates from plasma proteins by other drugs, such as 
phenylbutazone and doxycycline. A problem is to differentiate disease 
effects from drug effect, e.g. in nephrotoxicosis by oxytetracycline during 
azotemia or to identify the drug involved in behavioural reactions, e.g. 
aggressiveness due to prednisolone and metoclopramide. 

Misuse of drugs 

This is self-explanatory but becomes more and more important where several 
drugs are in use. For example, the use of feed additives containing oxytetra
cycline for horses is based on tolerance information for rabbits and on 
misleading labelling, e.g. all species except ruminants. The extrapolation of 
the canine dose of salicylate results in overdosage in cats. 
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SIGNIFICANCE OF DRUG REACTIONS 

The counterpart of drug effectiveness is the incidence of clinical accidents. 
The factors contributing to the reports of side-effects and interactions as well 
as adverse drug reactions are (1) the great number of potent drugs available 
to practitioners and the practice of administering more than one drug to a 
patient; (2) lack of knowledge concerning the pharmacology of drug used and 
failure to set a therapeutic end-point, producing overdose effects; and (3) 
administration of useless drugs and ignorance of predisposing factors in both 
health and disease4 • 

Difficulties in recognizing adverse drug reactions are numerous in practice, 
especially for the longterm effect of some drugs. The reluctance to consider 
that treatment may aggravate the patient's condition and the irrational use 
of multiple drugs in states of emergency are other reasons. On the other hand, 
some adverse non-drug reactions may be misinterpreted as drug effects, 
especially for the interactions between drugs like hormones and the nutri
tional state, e.g. lack of trace elements like copper. Any type of adverse 
effect, including direct toxicity, overdosage, allergy as the result of antigen
antibody combination, side-effects, and interactions between drugs should 
be avoided. Acute observation of unusual drug effects by alert clinicians is 
a crucial component of the process of tracking down the cause of adverse 
reactions (see References 13-20). 

To summarize, in weighing the risk-benefit balance before prescribing, 
the following approach to therapeutics should be a professional obligation. 

(1) Avoid multiple drug therapy and be aware of any previous drug 
administration by the owner. 

(2) Limit intravenous infusions to the drugs you are thoroughly familiar 
with and after careful clinical examination. 

(3) Have on hand appropriate single drugs like antihistamines, corti
costeroids and aspirin-like drugs with which to treat acute allergic 
reactions. 
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APPENDIX 

Recumbency of 1-2h duration can result from the i.m. injection of 0.2mg 
of xylazine/kg of body weight and anorexia may persist for as long as 24 h 
in ruminants. An antagonist would be useful for treating accidental over
doses of xylazine and reducing recovery time, thereby eliminating the possi
bility of bloating, regurgitation. 

The combination of 4-aminopyridine (0.3 mg/kg) and yohimbine (0.125 
mg/kg) intravenously produces antagonism of xylazine sedation superior to 
that produced by either agent alone (Kitzman, V., Booth, H., Hatch, C. et 
al. Antagonism of xylazine sedation by 4-aminopyridine and yohimbine in 
cattle, Am. J. Vet. Res., 1982,43,2165-9). Among the a-adrenergic block
ing agents able to antagonize xylazine-induced depression and the fore
stomach inhibition of central origin, tolazoline was found the most effective 
at doses of 0.4-1 mg/kg (Toutain, P. L., Zingoni, M. R. and Ruckebusch, 
Y., Assessment of alpha-2 adrenergic antagonists on the central nervous 
system using reticular contraction in sheep as a model, J. Pharmacol. Exp. 
Therap., 223, 215-8). 
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Medicated feed 
Chairmen: M. Lobry and A. S. J. P. A. M. van Miert 

Since 1950, The use of medicated feeds has become an integral part of live
stock production. The term medicatedfeedsis defined in the Official Journal 
of the European Communities n° C41J3-1982 as any mixture of one or 
more veterinary medicinal products and one or more feedingstuffs which is 
prepared prior to being put into circulation and which, because of its prophy
lactic or therapeutic properties ... is intended to be fed to animals without 
alteration. In contrast, the additives are substances which, when incor
porated in feedingstuffs are likely to affect their characteristics on livestock 
production. Antibiotics included in a feed at growth promotion and/or feed 
efficiency levels are drug additives, and feeds containing such antibiotics are 
not included in the definition of 'medicated feed' category. 

low levels: to improve [growth rates in healthy animals 
(5-15 parts/ 106) feed efficiency 

medium levels: to prevent [infectious disease in healthy animals 
(50-150 parts/ 106) stress-induced diseases 

high levels: for treatment of diseased animals 
(350-1000 parts/ 1 06) 

Because of the potential health hazard resulting from incorrect inclusion 
of feed additives in the feed of animals grown for human consumption or 
from contamination of feeds with these compounds, it is essential that the 
additives be properly handled in the feed plant and that the products be 
adequately controlled and assayed. 

In healthy animals feed intake, water consumption, the efficacy of the 
drug and the pharmacokinetic behaviour of the compound used can be 
studied, including the extent and the duration of residues in food products 
obtained from the animals under treatment, and the possible hazards to 
human health from these residues. From these data, withdrawal times can 
be calculated. Disease conditions may influence feed intake, water con
sumption, drug bioavailability and/ or tissue uptake, biotransformation and 
excretion of drugs. Therefore, the registration of medicated feeds intended 
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for the treatment of respiratory and/or gastrointestinal diseases in animals, 
is much more complicated. 

The current good manufacturing practice (GMP) regulations are an 
attempt by Food and Drug Administration (FDA) to describe basic quality 
control procedures that are desired for the manufacture of medicated feeds. 
According to R. A. Wilcox (Peed Additive Compendium, 1979, p. 49), 
medicated feed includes (1) medicated complete feed which is intended to be 
the sole ration for an animal; (2) medicated supplements which are safe for 
direct consumption by the use animal and can be offered in a free-choice 
feeding plan, and (3) medicated concentrates which are mixed with other feed 
materials to make either a supplement or a complete feed before being 
offered to the animal. Medicated concentrates are used at levels from 44.6 
to 446 kg/tonne of complete feed. 

Medicated premixes which are defined as intended for further mixing using 
less 'than 44.6 kg of premix per tonne of complete feed, do not come under 
these GMPs'. The high level of drug(s) in premixes requires more rigorous 
measures*. 

The following papers refer to the situation of medicated feeds in French 
and European legislation (Lobry), to the problems of their usage (van Miert) 
and manufacturing (Dumonteil); the evaluation of residues is considered 
(van der Kreek) and specific aspects of prevention and treatment of internal 
parasites in animal production are presented (Raynaud). Also are appended 
some reports on feed additives efficacy (virginiamycin, monensin, lasalocid 
and salinomycin). 

·The Food and Drug Administration proposed definitions for medicated feed articles were 
published in the January 17, 1978 Federal register; the most concentrated article will be desig
nated as type A. 

This is a true drug premix for medicating animal feed. The article will be solely for use in 
the manufacture of other medicated animal feed articles (animal feed bearing or containing a 
new animal drug), and it will, of course, be limited to use solely in accordance with its approved 
labelling. It will consist principally of a new animal drug in a diluent (carrier substance), and 
it must be further diluted with nutrient material to produce either a type B, C, or D medicated 
feed article. The proposed type A medicated feed article is comparable to the present 'feed 
additive premix'. 

A proposed type B medicated feed article will conform to the statutory definition of animal 
feed because it contains substantial source of nutrients and is intended for use as such in an 
animal's diet. Before the article can be used in the feed of animals, however, it must be sub
stantially diluted with a nutrient substance to form a type C or D medicated feed article. The 
type B medicated feed article will be similar to the present 'feed concentrate'. The definition 
of the type B article, however, has been revised to encompass intermediate premixes. 

A proposed type Cmedicated feed article is also a medicated animal feed bearing or containing 
a new animal drug. It will be produced by substantially diluting a type A or type B medicated 
feed article with other feed ingredients to a level for a use that is covered by an approved NADA. 
A type C article may be further diluted or mixed to produce type D medicated feed articles, i.e. 
a complete feed; or it may be fed top dressed, undiluted, or offered free-choice in conjunction 
with other animal feed to supplement the animal's total daily ration. 

A type D medicated feed article will be essentially identical to the current 'complete feed'. 
It will be for administration as the sole ration to an animal. 
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Medicated feed in French Legislation 
and European Economic Community 
M. Lobry 

The definition of the medicated feed is based in France on the law 75-409 of 
29th May 1975: 'A medicated feed is a medicinal product which has been 
made from a mixture prepared in advance of a medicinal product and a feed' . 
A premix is 'a medicinal product prepared in advance and exclusively 
intended to the subsequent manufacture of medicated feedingstuffs'. Both 
premix and medicated feedingstuffs are thus veterinary medicinal products. 
In addition, other indications based on the law of August 1905 (decrete of 
1973 and sq. concerning repression and control of frauds) regulate the use 
of additives in animal feeds. These are substances introduced in the animal 
feed during a long part of the life of the animal and at a relatively low dosage 
(in the range of 30-100parts/l06) and authorization is given for the 
substance. A critical report about the French drug approval process has been 
published by M. Weintraub in The Journal of Clinical Pharmacology, 
(1982). 22, 213-22. On the contrary, in the 'medicated feedingstuff' sys
tem, the authorization (marketing authorization = A.M.M., 'Autorisation 
de mise sur Ie marche') is given on the final premix (chemical substance + feed 
support). 

Since some of the additives are given at a level which results in some 
preventive effects (this is the case for coccidiostats and for some antibiotics), 
the border line between an additive to be used in a supplemented feed and 
a medicinal product to be used in a medicated feed is sometimes uneasy to 
define. 

These regulations result in constraints at different levels for medicated 
feedingstuffs. 

(1) At the manufacture level, it is compulsory that the medicated feeding
stuff be produced in an establishment with pharmaceutical status 
(article L. 615), i.e. with a chemist or a veterinary surgeon in its 
Directorate. 

(2) The marketing authorization must be given at two levels: premix and 
medicated feedingstuffs. 
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(3) The distribution can only be carried out through the chemist or the 
veterinary surgeon with the exception of some agricultural organiz
ations (co-operatives) which have a special agreement (article L. 612). 
The direct delivery from manufacturer to the stockfarmer is not 
allowed. 

This system is recognized as not being realistic and, therefore, impossible 
to implement. The proposal for amending the law which has been put 
forward to the Parliament consists of three parts: 

(1) At the manufacture level: the medicated feed could be prepared in a feed 
factory but still under the responsibility of a chemist or a veterinary. 

(2) The marketing authorization would be given to the premix; the medi
cated feed, provided it is prepared according to the manufacturer's 
instructions, could be sold without authorization. 

(3) At the retail level, the medicated feed could be delivered directly from 
the manufacturer to the cattle owner, with a veterinary prescription. 

SITUATION AT EUROPEAN ECONOMIC COMMUNITY LEVEL 

At the EEC level, two directives (one on veterinary medicinal products and 
the other on analytical, pharmacotoxicological and clinical standards and 
protocols in respect to the testing of veterinary medicinal products) have been 
issued in 1981 (Official Journal of EEe, 6th November, 1981). 

The medicated premix (and not the medicated feedingstuff) is included in 
these directives. The medicated premix is therefore considered as a full 
medicinal product, submitted to the marketing authorization procedure. 

A third directive (still in preparation) is being drafted in order to deal with 
preparation, manufacture, agreement and distribution of the medicated 
feedingstuff. 

The main lines of this directive are going along with our national legislative 
amendment proposals: (1) manufacture of the medicated feedingstuff in an 
authorized feed factory; (2) waiving of marketing authorization if the medi
cated feedingstuff has been prepared from an authorized premix, or follow
ing a 'standard prescription'; and (3) distribution, on veterinary prescription, 
directly from the factory to the farmer. 

COMMENTS 

During years of discussion, two proposals were conflicting with each other. 
For some of the member states, the 'marketing authorization' procedure has 
to be applied for the premix, as for medicinal products. For others, the 
procedure of authorization has to be given on each chemical substance, as 
for the additives in our country. Finally, as a compromise, it was decided that 
the Directive 81/851 ICEE (veterinary medicinal products) would include the 
premixes (art. 2) but the Commission, within 2 years, should prepare a list of 
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'pharmacological products which could be used in the fabrication of 
medicated premixes'. 

Advantages and inconveniences of both systems have been largely debated 
by all concerned. However, the concomitant use of both procedures in the 
same country results in some difficulties, such as to define accurately what 
is an additive and what is a medicinal product, or what is the right limit 
between premix and medicinal powder to be given in top feeding. 

As a conclusion, it might be questioned if it would not be better to adopt 
a unique system of procedure (which works satisfactorily in USA) and which 
could be anticipated as follows: the marketing authorization would be given 
on one premix (chemical + feed support), which could be used later at two 
different concentration rates: one lower level for the preparation of supple
mented feed and one higher for the manufacture of medicated feedingstuff. 
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Medicated feed: 
problems and solutions 
A. S. J. P. A. M. van Miert 

In the Netherlands, two special committees give advice to the Minister of 
Agriculture concerning the registration of growth-promoting feed additives 
and feed additives intended for the prevention of diseases ('Veevoederover
legorgaan') or for treatment of diseases of animals (Standard medicated 
feed: 'Receptuur' Committee). Most members of the latter committee are 
well trained in veterinary medicine. 

STANDARD MEDICATED FEED 

Today, 15 different standard medicated feeds have been preliminarily regis
trated: one for poultry, one for lambs and 13 for swine. Active ingredients 
in the standard medicated feeds are: lincomycin, spectinomycin, neomycin, 
oxytetracycline, sulphadimidine, furazolidone, ronidazole, dimitridazole, 
amprolium and Intagen®, a product which contains lipopolysaccharides 
from E. coli. 

The feed manufacturer can obtain these drugs directly from the drug 
suppliers. The delivery of standard medicated feed, however, is only per
mitted on prescription by a veterinary practitioner. The law requires the 
listing of all drugs processed by a feed manufacturer. Furthermore, feed 
labels are required, which contain relevant information such as: product 
name and brand name under which the commercial feed is distributed, the 
net weight of each drug used (in grams per ton feed), the expiry date of the 
medicated feed, name and principal mailing address of the manufacturer and 
adequate directions for use such as animal species, age, treatment time and 
withdrawal time. 

BIOAVAILABILITY 

An administered antibacterial agent can elicit only the desired therapeutic 
response for which it was developed, provided that sufficient concentrations 
of the drug reach and are available to pathogenic bacteria. Drugs that are 
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chemically equivalent may not be therapeutically equivalent because of 
differences in dosage form . Certainly, the more potent the pharmacologic 
action of the drug, the more imperative is the need for bioavailability testing. 
Bioavailability describes the extent to which and the rate at which the active 
drug reaches the systemic circulation, and ultimately the receptors or sites of 
action at concentrations that are effective, and thereby defines the efficiency 
of the dosage formulation . The bioavailability of a drug is characterized by 
two important parameters: the area under the blood concentration-time 
curve and the peak height of this curve together with its time of occurrence 
(Figure 1). Rates ofbioavailability are likely to be important for drugs, which 
are actively absorbed, for sparingly soluble drugs, drugs with a low thera
peutic index, such as furazolidone, and for drugs that are destroyed in the 
gastrointestinal tract, such as some penicillins . 

conc , 

TllX i.: 

Thcrapeutil' 

Incllcclivc 

Time 

Figure 1 Plasma concentration-time curves for a hypothetical drug, which needs to attain a 
minimum concentration in the plasma to be pharmacologically active , Inspection of the relation
ships shows that a formulation producing curve I is ineffective, that producing curve II is active 
and the preferred dosage form, and that producing curve III is active but also leads to toxicity, 
Similarity of the areas under all three curves does not necessarily indicate that the drug will be 
therapeutically effective in all cases 

VARIATIONS IN BIOA VAILABILITY 

A drug is subjected to tissue uptake, biotransformation and excretion and, 
therefore, much of an administered dose never reaches the receptors. So that 
patients are provided with drug formulations that are physically and chemi
cally stable and pharmaceutically reliable, drugs are prepared in various 
physical forms with a number of other ingredients which may influence their 
bioavailability5. 20. To be absorbed from the gastrointestinal tract, the drug 
must be presented in a soluble form to the site of absorption. Different 
dosage forms of drugs may thus provide varying amounts of the drug for 
absorption and thereby cause differences in the onset, extent, and duration 
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of therapeutic effect. These differences may derive from modified bioavail
ability and be due to pathology of the patient and/or his genetic make-up, 
or alternatively from dosage-form modified bioavailability and be due to the 
physicochemical properties of the drug, interaction with feed components or 
other drugs, orto the methods of manufacture of the medicated feedl.16.21.22 

DRUG 

The greater the surface area of a drug in contact with the gastrointestinal 
fluids, the more rapid the dissolution rate (Table 1). Thus with the decrease 
in particle size, there is an increase in dissolution rate. However, particle size 
reduction provides more opportunity for particle interaction, which may 
sometimes lead to aggregation21 . The rate of bioavailability is enhanced if 
the rate of diffusion from the dosage form is increased by the use of a more 
soluble drug form. Administration of soluble salts of penicillin V resulted in 
higher blood levels of antibiotic than were obtained with the less soluble free 
acid9, while anhydrous ampicillin has a greater extent of bioavailability than 
the less soluble trihydrate19. Some drugs exist in several crystalline forms of 
differing solubilities and other physical properties with resultant differences 
in bioavailabilitylO. Moreover, some of the agents added to drug formu
lations can influence the bioavailability of the active ingredient. 

Table 1 Factors affecting bioavailability of a drug 

FEED 

Particle size, weight and form 
Chemical form 
Hydration, solvation 
Formulation adjuvants 
Manufacturing method 

Feed generally impairs the absorption of drugs ll • 24 (Table 2). The rate, and 
partly also, the extent of drug absorption depends mainly on the rate of 
gastric emptying. Feed affects drug absorption negatively because of its 
slowing of gastric emptying rate. Several antimicrobial agents have been 
shown to have an impaired bioavailability when given with feed or food. This 
has been reported for drugs such as ampicillin26, oxacillin, dicloxacillin, 
lincomycin, rifampicin, some erythromycin preparations, isoniazid and the 
first geperation tetracyclines16. It seems well established that non-absorbable 
chelates are formed between metal-ions - such as iron and calcium - and 
the tetracyclines by concominant intake of calcium/iron-containing feed18 . 
The antifungal drug griseofulvin shows a special interaction with fat: 
ingestion of feed with a high fat content markedly increases griseofulvin 
absorption. This is most probably explained by fat-induced enhancement of 
the dissolution of griseofulvin, which is very lipophilic4. Moreover, protein
rich feeds enhance, while carbohydrate-rich feeds reduce the rate of oxidation 
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Table 2 Factors of the feed affecting bioavailability 

Energy content 
Fats, proteins, carbohydrates 
Vitamins, minerals, pH 
Presence of mould spores 
Presence of adjuvants and other drugs 
Manufacturing method (mixer, humidity, temperature, mixing time, pelleted feed, etc.) 

of certain drugs such as theophylline2s . However, feed does not seem to 
affect the bioavailability of amoxycillin26, metronidazole, sulphadimidine 
and spiramycin16. In addition, some human studies indicate that food 
improves rather than impairs the absorption of certain drugs such as erythro
mycin stearate, nitrofurantoine, hydrallazine and propranoloP6. The food
induced enhancement of bioavailability of propranolol and hydrallazine is 
probably due to reduced first pass metabolism of these drugs1s . It follows 
from the above mentioned observations that feed-drug interactions are 
very complex and that valid conclusions pertinent to this problem must be 
derived from direct studies on the specific drug in question. 

We often assume that medicated feeds are completely and uniformly 
mixed. It should be, of course, but is it? Electrostatic properties of a drug 
can prevent adequate blending of the ingredients. Furthermore, the weight 
and form of drug particles can promote 'unmixing'. This has been demon
strated, for instance, for some sulphonamides21 . During the process of 
manufacturing, a loss of drug activity can occur ('Fable 3). 

Table 3 Standard medicated feeds with oxytetracycline (400parts/106) or sulphadimidine 
(400 parts/ 106) 

Loss of drug activity* 
Oxytetracycline Sulphadimidine 

Type offeed detected (parts/ 1 06) deviation (0/0) detected (parts/ 1 06) deviation (%) 

Baby pigs 230 -42 270 -32 
250 -37 
220 -45 

Growing swine 320 -20 275 - 31 
312 -22 

Sows 430 +8 290 -27 
270 -33 340 -15 
240 -40 295 -26 
225 -44 220 -45 

*From P. vah de Kerk, CLO Institute 'De Schothorst', The Netherlands, with permission 

Underdosing can also be caused by concurrent administration of other 
feed products. Another problem is the possibility of drug interaction. Drug 
interaction refers to the reaction between two or more therapeutic agents 
administered concurrently or in a close sequence, resulting in an altered 
response. The total effect may be increased (addition or potentiation) or 
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weakened (antagonism) but an unforeseen side-effect may also occur. Such 
an unforeseen toxic reaction has been reported in poultry when tiamulin was 
administered concurrently with monensin8 • Tiamulin was given for the treat
ment of a respiratory infection in the form of medicated drinking water, 
while monensin - mixed in the feed - was administered for the prevention 
of coccidiosis. 

HOST 

Absorption of drugs may be affected by the physiological status of the 
gastrointestinal tract, but also is influenced by the age and the species of 
animal undergoing therapy 1 , 17 (Table 4). Furthermore, drug absorption may 
be influenced by gastrointestinal diseases. Raskova et a/.13 found faster 
absorption of sulphadimidine in diarrhoeic calves whereas the elimination 
halflife of the drug was significantly shortened. In human studies, normal 
absorption of chloramphenicol was found, whereas sulphafurazole showed 
retarded uptake during atrophy of the intestinal villi 14 . In Crohn's disease, 
normal bioavailability has been found for cephalexin, erythromycin suc
cinate, rifamycin and trimethoprim. Increased absorption has been found 
for clindamycin, sulphamethoxazole, metronidazole and possibly reduced 
absorption for lincomycin3. Furthermore, the rates of drug absorption after 
oral administration to veal-calves6 , 7 and pigs12 were reduced during pyrogen
induced fever. It has been demonstrated that pyrogens are strong inhibitors 
of both gastric emptying rate and gastric secretion23 . The pH raising, during 
pyrogen-induced fever or due to feed intake, is important, as the solubility 
of some drugs - such as tetracycline - is reduced with increasing pH2. 
Despite the frequent use of antibacterial agents in animals suffering from 
infectious diseases, little is known of the effects of pathophysiologic states 
upon the pharmacokinetic behaviour of these drugs. It follows from the 
above-mentioned observations that the influence of pathophysiologic states, 
on bioavailability, biotransformation and excretion of drugs, is very complex 
and that valid conclusions pertinent to this problem must be derived from 
direct studies with patients and the specific drugs in question. 

Disease states may have a negative influence on feed intake, but not on 
water consumption. For these reasons, it has been suggested that medicated 
drinking water is an attractive alternative way to treat diseases of animals. 
However, there are some restrictions concerning medicated drinking water 
such as taste, solubility and stability of the drug and - last but not least -
a suitable drinking water system. Finally, since large variations in feed intake 

Table 4 Factors of the host affecting bioavailability 

Species (intestinal and bacterial enzymes) 
Breed 
Age 
Time of administration 
Diseases (fever, gastric emptying rate, intestinal secretion and motility) 
Other drugs (water medication) 
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and water consumption commonly occur among diseased animals from one 
flock, only drugs with high therapeutic indices should be used in medicated 
feed and drinking water to treat pathological conditions. 
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Medicated feed manufacturing 
C. Dumonteil 

The position of feed manufacturers is that feed conveys medicaments as 
water do. On the other hand, the medicated feed is, according to the Law 
75-409 on Pharmacy (1975), a drug without taking in account any specificity 
of such a pharmaceutical form for manufacturing, prescription and delivery. 
The law project Sordel and the EEC Directive proposal try to take out the 
deadlock, in France named 'amendment', of this pharmaceutical form. 

MEDICATED FEED MANUFACTURING 

Medicated feeds are generally prepared by a feed manufacturer rather than 
by a pharmaceutical company. The reason is that the pharmaceutical 
industry is evidently not able to manufacture and deliver great quantities of 
medicated feed. In contrast, the medicated feed manufacturers are in 
possession of a good controlled technology that permits the homogeneous 
incorporations of microingredients. 

These different conditions, foreseen in the project of EEC Directive 
'medicated feed', are 

(1) Buildings and adapted technical equipments. 

(2) A qualified personnel having sufficient knowledge in mixing techniques. 

(3) Laboratory controls. 

(4) Records on nature and quantities of premixes and medicated feeds that 
are manufactured, stored and delivered. 

(5) A particular stock of premixes and medicated feeds in buildings pro
vided for this purpose. 

MEDICATED COMPONENTS 

In both the law project 'amendment Sordel' and the EEC Directive proposal, 
only approved premix could be utilized in manufacturing a medicated feed. 
Incorporation rate of premix should be such that the posology in weight of 
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prescribed active substances by the veterinarian is respected. Therefore, it is 
necessary to take into account the daily quantity of feed that is consumed 
by animals. On the other hand, a good homogeneity for the incorporation 
of active substances in the feed is necessary. Therefore, a minimal rate of 10/0 
for final mixing was retained as a result of a consultation of concerned 
professionals. This rate corresponds to routine practices for mixing and to 
the usual equipment of feed manufacturers. In particular other cases, only 
the use of lower rates (0.5% or 0.25%) could be possible. 

COMMENTS 

The choice of a minimal rate for incorporation of premix in the feed obliges 
the manufacturers to consider two categories of medicated premix: 

(1) The final premix, incorporated at 1 % and directly utilized for manu
facturing medicated feed (the final premix is itself prepared either from 
an active substance or from a primary premix); 

(2) The primary premix, which generally presents an active substance 
diluted and will be prepared for use at a level in the final premix of 
0.5-1 % incorporation. This premix (and also the final premix in 
France) are subject to a request of delivery authorization but are not 
directly utilizable for manufacturing medicated feed. 

The proper use of premix is of importance as a guarantee of the quality 
of medicated feed. In fact, appropriate control of the 'finished product' is 
not feasible in conditions similar to those for drugs. The two major reasons 
are 

(1) The absence of store room as the manufacturing is only a day-to-day 
production. 

(2) The assays which are not easy to monitor routinely with low levels of 
highly diluted substances in feeds and drugs. The EEC Directive project 
recommends a continuous control for which precise details are still 
lacking but they will be probably only slightly different from those 
required for the use and manufacturing of feed additives. 
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Animal drugs and the evaluation 
of residues in milk and meat 
F. W. van dar Kraak 

Animal drugs can be categorized according to (1) pharmacological action 
(antibiotics, anthelmintics, ectoparasiticides, etc.), (2) animal species (dairy 
cattle, pigs, poultry, etc.), (3) application (oral, parenteral, intramammary), 
and (4) purpose (growth improvement, prophylactic action and therapy). 

Diseases and treatments are generally not specific for the species. For 
example, oxytetracycline is an antibiotic used for the treatment of all kinds 
of infection in cattle, pigs, poultry, etc. applied as a feed- or drinking water
additive or via an injection, provided for long or short periods of the entire 
life or injected once or for a number of times. Residues of oxytetracycline 
may therefore be expected at any time in milk, milk products, meat, meat 
products of cattle, pigs and poultry, and in eggs. 

With the help of pharmacokinetic research in target animals and toxico
logical investigations, it is possible to establish (1) (qualitatively and quanti
tatively) what residues are present in milk and meat after several intervals of 
time, and (2) what amount of residue is acceptable regarding the health of 
the consumer of milk and meat. 

The toxicological investigations include a long list of toxicity tests, acute 
and chronic toxicity tests for the establishment of the quantitative toxicity 
and specific tests like biotransformation, mutagenicity, neurotoxicity, etc. 
for the establishment of the qualitative toxicity. Essential investigations for 
the establishment of acceptable drug residues in milk and meat involve 
pharmacokinetic, teratogenicity and mutagenicity tests. 

The pharmacokinetic research will give the information with respect to the 
interval needed for a non-detectable residue and the required information 
about the profile of the metabolites. The teratogenicity tests will appoint the 
non-toxic effect level which is the most sensitive toxicological criterium. 

The results of mutagenicity tests which give an insight into the carcinogenic 
potential of the compound are at the most a qualitative indication. These 
types of toxicological investigations will be carried out for any active sub
stance, independent of the application of the drug. 

The quantitative toxic profile of a substance makes it possible to establish 
an acceptable daily intake for the consumer through the food products of 
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animal origin. It is assumed that the non-toxic effect level in the target or 
experimental animal with a safety or uncertainty factor applied, is also non
toxic for human beings. Some authorities apply a safety factor of 100, others 
think it necessary to apply a safety factor of 1000 for teratogenic effects. The 
calculated acceptable amount of the substance, the first-order health-based 
limit, may be present as a total residue in the food basket. Accordingly, it 
is necessary to know (1) the food pattern of the human population, presented 
as an average diet of an average adult on a total base or based on the fat 
fractions or presented as an average intake of sucklings, and (2) the use 
pattern of the substance involved. 

Then various situations are possible: (1) The substance may be used as a 
fungicide in agriculture and as a fungicide in animal hygiene. In this case, 
the total amount of acceptable residue should be spread over the whole diet 
(e.g. thiabendazol). (2) When a substance is lipophylic, the allotting should 
be carried out over the lipid fractions of the food basket (e.g. lindane). (3) 
When a substance is lipophilic and exclusively used as an animal drug, the 
allotting should be done over the fat fractions of food of animal origin, the 
fat of milk, meat of cattle, pigs and poultry, eggs and fish (vegetable oils and 
fats, 40 g; milk fat, 26 g; other animal fat, 39 g). (4) When a substance is 
hydrophilic and exclusively used as an animal drug, the allotting can be 
carried out over the food products of animal origin on a total base. Residues 
of this kind of animal drug will be found in the 500 g milk and milk products 
and in the 130 g meat and meat products (e.g. foxim and benzimidazoles). 

The food pattern of an adult shows that milk and milk products are 
much more important in the risk evaluation of residues of animal drugs 
than meat and meat products. The paramount importance is even greater 
for the suckling and the toddler. The meat consumption of man per kg 
body weight is the same during his whole life, namely 2g per kg body 
weight. Against that, the milk consumption starts for a suckling with 
150 ml per kg body weight, and drops to 8 ml per kg body weight for an 
adult: the milk consumption is a factor of 4-75 times higher than the meat 
consumption. 

The allotment of residues of animal drugs over the total food basket is not 
yet carried out in authorizing committees: the current procedure is that the 
residue will be kept as low as possible and preferably not detectable by 
establishing safety intervals between application and milk delivery and/or 
slaughter. 

This approach is the best one, but not always feasible. Besides, an interval 
between application and slaughter is a practical and applicable method to 
prevent intake of residues, but on the other hand, an interval between 
application and milk delivery is not realistic for the farmer. 

A minimum residue will be achieved only after optimum therapeutic appli
cations. This ideal situation appears far from that resulting from medicated 
feed as shown by comparison of the Italian and Dutch lists for anti-infective 
compounds in medicated feed: oxytetracycline: 500-1000parts/106 in Italy 
vs. 300-400parts/106 in Netherlands; sulphadimidine: 3750-5000parts/106 
vs. 200-400parts/106; furazolidone: 400-500parts/106 vs. 300-400parts/ 
106; dimetridazol: 10OO-2500parts/106 vs. 450parts/l06. 
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The following drugs will be given as examples of risk calculation. 

(1) Bromophenojos (Acedist) is used as a prophylactic and therapeutic 
treatment for the control of liver fluke in sheep and cattle at the effective 
dose of 6 mg and 12 mg per kg body weight, respectively. The no-effect 
level in rat toxicity studies is also 6 mg per kg body weight and no 
residues are detected in meat for a slaughter interval of 7 days. In the 
case of dairy cows, pharmacokinetic studies have found that the maxi
mum residue is 0.15 mg per kg of milk (third day). The total maximum 
residue in a daily diet, therefore, may be 0.08 mg, i.e. an average of 
0.0015 mg per kg body weight. For the safety factor of 4000 between 
rat and man, it may be concluded that no risk is involved. 

(2) Thiabendazole is a broad spectrum anthelmintic for sheep, cattle, pigs, 
etc. used at a dosage of 44-100 mg/kg body weight. It is also used as 
a fungicide pre- and post-harvest treatment on bananas, citrus and 
pome fruit at the dose of 100-5000 parts/ 106 • Thiabendazole is also 
used as a fumigant in glass houses and as a spray to protect stored 
potatoes. The thiabendazole concentration in a 2700 Kcal diet may be 
calculated as being between 1620 and 4000 jl-g. The toxicological evalu
ations are no-effect level for 10 mg/kg body weight daily in rats 
and 20 mg/kg body weight daily in dogs or no effects in volunteers with 
a dose of 250mg/day. The acceptable daily intake is thus 0.3 mg/kg 
body weight with a safety factor of 10. The actual, potential and 
acceptable intakes are 1.6 mg, 4 mg and 20 mg, respectively. The 
conclusion is that no risk is involved with the consumption of food that 
may contain residues of thiabendazole. 

(3) Lindane is used in pre harvest treatments of fruits, vegetables and other 
edible crops and for the protection of cereals, pulses, etc. Lindane is also 
involved in the treatment of livestock for control of flies, ticks and mites 
and in applications on forage crops. The lindane concentration in a 
2700 Kcal diet is between 107 and 591 jl-g. The toxicological evaluations 
are no-effect level for 1.25 mg/kg body weight in rats and 1.6 mg/kg 
body weight for dogs. The acceptable daily intake is thus 0.01 mg/kg 
body weight with a safety factor of 100. The actual, average, potential 
and acceptable daily intakes are 9-19jl-g, 107 jl-g, 591 jl-g and 700jl-g 
respectively. No risk is involved with the consumption of food that may 
contain residues of lindane. However, since lindane is carcinogenic in 
mice and haemotoxic in man, it remains a prudent policy to minimize 
lindane applications and residues as much as possible. 

(4) Foxim (Sebacil) is an insecticide applied early into the soil to control soil 
insects, used in and around the house to control ants, and to control 
mange mites in cattle and sheep by dermal application (2.5 g). The maxi
mal concentration in milk is 0.21 parts/106 ; the no-effect level in rat is 
0.04 mg/kg body weight with an acceptable daily intake of 0.4 jl-g/kg 
body weight. Dutch authorities have authorized the application on dairy 
cattle on the basis that milk delivered in tanks concerns the production 
of 3 days, with a maximum residue in milk of 0.1 parts/106 as the 
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average of six milkings after the application. It must be stated also that 
mange treatments of cattle are exceptional situations and that foxim is 
a good alternative for lindane 

(5) Benzimidazoles are used to control nematodes and other helminths with 
a system of intervals to minimize residues. These intervals (slaughter 
and milkings) differ in a very unusual way: albendazole (Valbazen): 
10 mg/kg body weight, no intervals given; fenbendazole (Panacur): 
5-50 mg/kg body weight, 7-14 days, 0-6 milkings; febantel (Rintal): 
5-7.5mg/kg body weight, 7-14 days, 0-4 milkings; oxfendazole 
(Synanthic): 4.5mg/kg body weight, 8-10 days, 6-10 milkings; oxfen
dazole (Systamex): 4.5 mg/kg body weight, 10 days, 0-10 milkings; 
mebendazole (Ovitelmin): 10-15 mg/kg body weight, 7 days, two 
milkings. 

It is therefore necessary to estimate the average residue of the dif
ferent benzimidazoles over the first six milkings after application and 
the potential intake should be assessed against the acceptable daily 
intake, derived from the teratogenic studies and with the application of 
a safety factor. 

In conclusion, a general consensus in the European countries is needed not 
only for the acceptable daily intakes but also with respect to the development 
of the second-order health-based limits: the residues in meat and milk. 
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Drugs for prevention or treatment 
of internal parasites in farm animals. 
Particular cases of medicated feed 
J. P. Raynaud and P. Gorse 

In the actual farm practices in France, pathological risks were identified 
where internal parasites are the main causative factor and classified in 
categories, i.e. permanent, frequent or occasional risks. 

Some are controversial: for example, Balantidiosis in swine. In this 
country, Balantidium is frequently seen in postmortem examinations during 
intestinal problems associated with diarrhoea. The frequent use of dimetri
dazole or other nitroimidazoles, as additive or in medicated feeds, is known 
and justified by routine practice more than true demonstration of aetio
logical relationship. 

Taking into account the known reputation of pathological agents and the 
rationale of drug usage (Table 1), the permanent risks are coccidia for poultry 
and rabbits, and gastrointestinal worms for swine and ruminants. The 
occasional risks are gastrointestinal worms for rabbits, ascaris and coccidia 
for veal calves, tapeworms and coccidia for pasture cattle, and liver fluke and 
coccidia for sheep and goats. 

The economics, as cost to the farmers of drugs to prevent or treat the 
known internal parasites are presented in Table 2 and allocated in the 
sections: 

(1) Feed additives section. 

(2) Veterinary drugs section (under veterinary prescription) divided, 
according to the physical presentation, in: 
(a) medicated feeds, 
(b) other veterinary products. 

COSTS BY PARASITIC INFECTIONS 

Coccidiosis costs about 86000000 Francs, i.e. 31OJo of the total. In this 
disease, 82% of the expenses are for poultry, 13% for rabbits and 5OJo 
for sheep and goats. The main market: poultry is 71 000 000 F with 88% 
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Table 1 Pathological risks due to internal parasites in farm practice (France). Protozoa 
(Coccidia, Trichomonas, Histomonas, Balantidium); worms (gastrointestinal: GJ, tape worms, 
liver fluke, lung worms, Dicrocoelium fluke, Prostostrongylinae lung worms, Capillaria, 
Ascaridia, Ascaris); others (yeast-like fungi) 

Risks frequency 

Poultry 
Broilers 
Pullets 

Layers 
Turkeys, 
guinea fowls 

Wild fowls 

Rabbits 

Swine 
Sows + boars 
Piglets 
Growing 
finish, swine 

Cattle 
Veal calves 
Calves, steers 
On pasture 
cattle 

Sheep + goats 

Permanent 

Coccidia 
Coccidia 

Coccidia + 
Trichomonas + 
Histomonas 
Coccidia 

Coccidia 

GJ worms* 

GJ worms + 
Balantidium* 

GJ worms + 
lung worms 
lung worms** 

GJ worms + 
tape worms 
Dicrocoelium fluke + 
prostrongylinae 
lung worms* 

Frequent 

Worms: Capillaria+ 
Ascaridia 
Coccidia + worms (Capillaria) 
Worms 

Trichomonas + Histomonas-l
worms + others 

Balantidium + GI worms 

GJ worms + coccidia 

*In some periods of life; **In some geographical areas 

Occasional 

GJ worms 

Ascaris + Coccidia 

Tape worms 

Coccidia** 

Lung worms + 
Coccidia 

(63000000 F), as feed additives and 11 070 (7500000 F) as drinking water 
treatments. 

Helminths cost about 174800000Francs, i.e. 63% of the total. In this 
disease, 72% of the expenses are for cattle, 20% for sheep and goats, 5% 
only (but 9 300 000 F) for swine and 3% for poultry. The main market: cattle 
represents 125 000000 Francs, with 96 % (120000000 F) as drenches or 
injections. 

The protozoa except coccidia: Histomonas, Trichomonas and Balan
tidium are a small market: 5% (16676000 F) of the total, with 59% 
(8640000 F) for swine, 74% being used as feed additives and 24% as 
medicated feeds. The poultry market 41 % (6036000 F) is mainly as feed 
additives. 

765 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Table 2 Cost to the stockfarmer (1980) in FF of internal parasites prevention or treatment. 
Values in thousand Francs (x 1000). when the drugs are available as additives. medicated feeM 
and other veterinary products 

Other 
Medicated veterinary 

Species Additives feeds products Total 

To prevent or treat coccidiosis 
Cattle 0 0 60 60 
Sheep. goats 0 1500 2500 4000 
Rabbits 4200 1680 5200 11080 
Poultry 63000 840 7500 71340 

67200 4020 15260 86480 

To prevent or treat helminths 
Rabbits 0 0 1000 1000 
Poultry 0 1800 2500 4300 
Swine 0 6000 3300 9300 
Sheep. goats 0 200 35000 35200 
Cattle 0 5000 120000 125000 

0 13000 161800 174800 

To prevent or treat Histomonas. Trichomonas. Balantidium 
Poultry 5000 36 1000 6036 
Swine 6400 2040 200 8640 

11400 2076 1200 14676 

Total 78600 19096 178260 275956 

COSTS BY FARM ANIMAL SPECIES 

Prevention or treatment of internal parasitic diseases cost: 

(1) 125060000F in cattle, 120060000F: 96070 as drenches or injections, 
5000000 F: 4070 as medicated feeds. 

(2) 81676000F in poultry, 68000000F: 83070 as feed additives, 11 OOOOOOF: 
13070 in drinking water and 2676000F: 3070 in medicated feeds. 

(3) 39200000 F in sheep and goats, 37500000 F: 96070 as drenches (mainly) 
and 1 700000F: 4070 in medicated feeds. 

(4) 17940000 F in swine, 8040000 F: 45070 as medicated feeds, 6400000 F: 
36070 as feed additives and 3500000 F: 20070 as 'other vet. products'. 

(5) 12080000F in rabbits: 6200000F: 51070 as 'other vet. products', 
4200000F: 35070 as feed additives, and 1680000F: 14070 as medicated 
feeds. 

COSTS BY DISTRIBUTIVE METHOD 

On an overall cost, the medicated feeds represent only 19096000 F, i.e. 
7070 of the total of the drugs used for prevention or treatment of internal 
parasites. 
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They count for 8040000F in swine (450/0 in this species), 5000000F in 
cattle (4%), 2676000F in poultry (3%),1 700000F in sheep and goats (4%) 
and 1680000F in rabbits (14%). 

The drugs used injeed additives represent 78600000 F (28% of the total) 
and as 'other vet. products' (drenches, injectables, drinking water treat
ments), they count for 178260000 F (65% of the total). 

RATIONALE AND PRACTICAL USE OF DRUGS 

In contradiction to the EEe Directives on feed additives, some antibiotics 
and growth pro mot ants are approved at a dose which is preventive and it is 
probably for this reason that those products have a general use. According 
to Professor B. Gedek: 'For the best economical result, an additive should 
be used continuously in the feed at the right dose which prevents diseases as 
they play an important role at the early stage of breeding'*. 

When a risk is identified as permanent, the only way to prevent the patho
logical troubles or the low performance, is continuous supplementation, i.e. 
an additive at the right dose to prevent. 

But a dossier for the approval of an additive is long to complete, difficult 
and expensive. It is this reason why many companies prefer not to introduce 
such a dossier and propose the same drug at the 'level for prevention' in the 
veterinary channel, i.e. medicated feed or medicated drinking water. 

When a risk is occasional, for a certain time during the breeding period, 
the prevention should be done through the medicated feed or medicated 
drinking water. 

For therapy, the decision is taken on the number of sick animals. 

- few animals, no extension of the disease: individual treatments with the 
right dose at the right time. 

- few animals, but risks of extension: individual treatments and preven
tion for the animals at risk. 

- large number of animals: treatment for all, via feed and/or drinking 
water. 

*In Aumaitre, A. and Raynaud, 1. P. (1978). Les additifs chez Ie Porc - Resultats tech
niques, interet pratique et limites de leur utilisation. Dossiers de I'Elevage, 5, 73-83 
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Virginiamycin activity and 
safety in ruminants 
R. D. Hedde, L. Shor and R. Quach 

Virginiamycin, an antibiotic comprising two distinct chemical entities, has 
been used a a growth-enhancing agent in non-ruminating animals. Cocito l 

described virginiamycin as having primarily gram-positive activity with a 
unique synergism occurring between the two chemical components of the 
antibiotic complex. 

Vervaeke et af.3 described virginiamycin as an inhibitor of bacteria in the 
small intestine of the pig. Such inhibition produced energy sparing via 
reduced lactic acid formation in the gastrointestinal tract. In subsequent 
studies in our laboratories, we have found virginiamycin to be selectively 
active against small intestine organisms with little activity against fibre
digesting organisms of the caecal and large intestinal regions of the digestive 
tract2• 

Virginiamycin's selective inhibition of lactate-producing bacteria 
prompted study of its effect on rumen fermentation. Growth trials have also 
been conducted along with measures of virginiamycin safety in cattle. 

PROCEDURES 

Virginiamycin was compared with chlortetracycline, monensin (sodium salt), 
and lasalocid (sodium salt) for effect against rumen organisms involved with 
lactic acid metabolism. Streptococcus bovis (ATCC 15351) and Lacto
bacillus ruminis (ATCC 27780) were considered as examples of lactate 
producers while Megasphera efsdenii was considered to be a lactate utilizer. 
Incubations of organisms with test chemical were done for 24 h at 39°C 
under anaerobic conditions in media appropriate to each organism. Anti
biotics were tested at concentrations ranging from 0.05 to 9 parts/1Q6 in the 
incubate. Growth was measured in terms of optical density (600nm). 

Growth and feed utilization efficiency measures were obtained using 74 
Normande bullocks. Starting weight was 200 kg and slaughter weight was 
approximately 550 kg. The diet consisted of 3 kg of concentrate fed to each 
animal daily throughout the study. Maize silage was fed ad libitum. Cattle 
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were weighed at 28 day intervals. Virginiamycin was fed in the concentrate 
at levels of 120 mg/animal daily when cattle were 200-350 kg body weight 
and 240 mg/animal daily when cattle were 350-550 kg body weight. Car
cass measurements were taken at slaughter. 

Safety was determined with feed inclusion levels of approximately 20 times 
the average inclusion level studied in efficacy trials. Zero, 100 and 500 
parts/l06 dietary levels were fed for 6 months to both male and female cattle 
(three of each/treatment). Beet pulp and concentrate were the basal dietary 
ingredients. Cattle started on test weighing 280 kg and finished at 470 kg. 
Feed consumption, weight gains, and clinical observations were taken at 
4 week intervals. At study completion, all animals were necropsied and 
rumen pH and volatile fatty acid (VF A) levels measured. 

RESULTS 

Virginiamycin, monensin, and lasalocid were all found to manipulate rumen 
fermentation in vitro toward increased propionic acid production2 • 

The ionophores, monensin, and lasalocid produced the greatest shift in 
VF A formation, while virginiamycin appeared to produce initial manipu
lation at lower concentrations (0.15-0.5 parts/106) than the ionophores. 
VF A production was not inhibited by monensin, lasalocid or virginiamycin. 

D- and L-Iactic acid production was inhibited by virginiamycin at concen
trations of 0.05 parts/l 06 or greater. Ionophores were less effective than 
virginiamycin in blocking lactic acid production. 

Virginiamycin produced increased growth and feed utilization efficiency 
in bullocks. The major response to virginiamycin occurred early in the fatten
ing period. 

During the growing phase, virginiamycin improved growth rate by 6.25070 
and feed utilization by 3.3%. Response to virginiamycin was smaller during 
the fattening phase, leaving an overall virginiamycin response of 2-3070 for 
both growth and feed utilization efficiency. Virginiamycin inclusion levels 
were approximately 20 parts/ 106 during the growing phase and 30 parts/ I 06 

during the fattening phase. Virginiamycin inclusion levels in the diet were 
different during different phases in an attempt to obtain comparable 
virginiamycin dosing on a body weight basis. It is probable that dosing based 
on feed concentration is superior to dosing based on body weight for rumen 
target chemicals. 

When virginiamycin was included at 100 and 500 parts/ 106 in the diet of 
cattle, an initial reduction in feed intake occurred; however, over the 6 month 
study, no detrimental effect was observed for growth rate or feed utilization. 

No clinical effects due to virginiamycin were noted during the study. 
Unplanned pregnancies in two females were not affected by virginiamycin. 
In the 100parts/l06 virginiamycin group, the pregnancy had progressed to 
within 3 weeks of parturition at the time of necropsy. No lesions were noted 
in the fetus. A pregnancy in the 500 parts/106 group resulted in the birth of 
a live bull calf at day 140 of the study. Rumen pH was higher in 100 and 
500parts/106 virginiamycin treatments. This effect has been noted in other 
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Table 1 Effects of virginiamycin in the diet of cattle (safety study) 

Beginning weight (kg) 
Average daily gain (kg) 
Feed/gain 
Rumen pH 

Control 

290.2 
0.99 
8.66 
5.71 

Virginiamycin 
100 parts/106 

289.6 
0.98 
8.87 
6.05 

Virginiamycin 
500 parts/I 06 

285.4 
0.97 
9.29 
6.01 

studies with less virginiamycin feed inclusion levels (e.g. 30 and 60 parts I 106). 

The reducing of rumen lactate levels by virginiamycin is a probable factor 
in the virginiamycin rumen pH effect. Rumen content analysis indicated 
reduced volatile fatty acid concentrations from virginiamycin treatments; 
however, differences were not statistically significant. 

CONCLUSIONS 

Virginiamycin affects rumen fermentation by inhibiting D- and L-Iactic acid
producing organisms while not inhibiting lactic acid utilizers. Under in vitro 
conditions, virginiamycin alters the volatile fatty acid profile much like 
monensin and lasalocid; however, the degree of response is not as great with 
virginiamycin as with the ionophores. In a feeding trial, virginiamycin 
improved average daily gain and feed utilization efficiency with greatest 
incremental responses developing during the first 3-5 months of feeding. 
Although feed inclusion levels have not yet been identified, measurable 
growth promotion has been observed at 20-30 parts/l06 of total daily 
ration dry matter. Safety studies with feed inclusion levels up to 500 parts/1 06 

for 168 days revealed no adverse effects of virginiamycin on animal health, 
growth rate or feed utilization efficiency. 
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The use of monensin in cattle: 
effectiveness and safety 
to the consumer 
J. I. D. Wilkinson 

Monensin is a polyether antibiotic produced by the fermentation of Strepto
myces cinnamonensis. It was the first of this class of compounds to be identi
fied as a promoter of zootechnical efficiency in ruminant animals. The 
discovery of this attribute of the polyethers arose from a systematic appli
cation of in vitro rumen fermentation techniques in a search for compounds 
capable of shifting the balance of volatile fatty acids produced in the rumen 
towards increased propionic acid production. Monensin is able to effect this 
change and to sustain it over extended periods of time, regardless of whether 
rations are forage-based or contain a high proportion of readily fermented 
carbohydrate. The research leading to the development of monensin as a feed 
additive for beef cattle has been summarized by Raun3 • 

GROWTH PERFORMANCE RESPONSES 

The effect of monensin on the growth performance of grain-fed cattle in the 
American feedlot system was studied in 19 experiments. A further 12 experi
ments demonstrated the compound's effects in cattle fed rations composed 
almost entirely of freshly-harvested or conserved forage and, in 24 trials, 
effects in pastured cattle were studied. In grain-fed cattle the rate of average 
daily liveweight gain (ADO) was not altered, while feed intake was reduced. 
The optimal dosage of monensin was 33 parts/1 06 in the ration on a 90070 dry 
matter basis. This inclusion level resulted in an improvement of feed conver
sion efficiency (FCE) of 10.6%. In contrast, when cattle were fed high
roughage rations, feed intake was little altered while ADO was increased by 
14.7% and FCE improved by 15.3%. In pastured cattle the addition of 
200 mg of monensin to the daily pasture supplement increased ADO by 
16.3%. 

This well-demonstrated effect of monensin on the growth performance of 
cattle has led to its inclusion in the rations of over 95% of cattle being finished 
in large US feedlots. 
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In Europe, the effect of monensin on the growth performance of confined 
growing beef cattle was studied in 35 trials carried out in nine countries under 
typical local management and rationing conditions. A total of 2371 cattle of 
ten different beef and dual purpose breeds was involved in the series of 
experiments. Of the 35 trials, 12 employed rations substantially composed 
of maize silage and in eight studies rations were based on barley concentrate. 
A further 12 trials involving 434 cattle were carried out in four European 
countries to study the effect of the addition of 200 mg of monensin to the 
daily pasture supplement. In the 35-trial pooled analysis the inclusion of 
37-40parts/106 monensin in the ration (90070 dry matter basis) resulted in 
an improvement of FCE of 10.3%. In those trials in which maize silage was 
fed, 30 parts/106 monensin improved FCE by 8.3% and in trials with rations 
based on barley grain the FCE improvement was 9.7% at 30-40parts/106 • 

For pastured cattle, 200 mg monensin per head per day increased the rate of 
ADO by 13.7% above that of control cattle fed unmedicated supplements. 

Details of these European trials have been given by Hawkridge2 and by 
Wilkinson et al. 4 • Numerous indepehdent publications from Eastern and 
Western Europe have also confirmed the ability of monensin to improve the 
efficiency of beef production under widely diverse management conditions. 

METABOLISM AND TISSUE RESIDUES 

Balance studies have been carried out using radio·labelled monensin in cattle. 
300 mg of [l4Clmonensin were given orally. The animals also received 300 mg 
per day of unlabelled monensin for 2 weeks prior to, and for 2 weeks follow
ing the labelled dosage. The administered dosage was recovered quanti
tatively in the faeces. The urine contained no detectable radio-activity over 
the background counts measured during the predosage period. 

Column and thin-layer chromatographic separation of extracts from 
the faeces of orally-dosed cattle showed that 40-50% of the total radio
activity was recovered in the faeces as unchanged monensin and 50-60% as 
metabolites l . 

Monensin was fed to cattle at levels of 100 and 500 mg per head per day 
for 148 days and at 750 mg per head per day for 106 days. Animals were 
slaughtered at various times after withdrawal of monensin from the ration 
according to the schedule shown in Table 1. Samples of fat, lean meat, liver 
and kidney were removed at each sampling time and submitted for micro
biological assay of monensin. No monensin residues above the test sensitivity 

Table 1 Slaughter schedule for a monensin residue study in cattle 

mg/head daily 

100 
500 
750 

Monensin dosage 

A verage concentration in ration 
(parts/ 1 06) 

15 
80 

130 
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Withdrawal time 
(h) 

0, 48, 120, 240 
0, 48, 120, 240 
0,48 
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of 0.05 p.g/ g were detectable in any tissues of animals receiving 100 or 500 mg 
per head per day at any withdrawal time. Only one liver sample from one 
animal receiving 750 mg per head per day at zero withdrawal time contained 
a residue which was estimated to be at the test sensitivity of 0.05 p.g/g. This 
level of monensin feeding is approximately twice the maximum recom
mended and permitted amount. 

CONCLUSION 

Very extensive research programmes conducted in the USA and throughout 
Europe have clearly demonstrated the ability of monensin to improve the 
efficiency with which cattle convert feedstuffs to meat. At the effective levels 
of use, the inclusion of monensin in the feed produces no detectable residue 
in any edible tissue. The use of this compound and the benefits it offers to 
animal production present no hazard to the consumer. 
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Effect of lasalocid sodium on 
digestion in sheep 
P. Thivend, J. P. Jouany and J. Senaud 

Lasalocid, like other ionophore antibiotics (monensin), has been shown to 
bring on increased propionic acid production and reduced methane for
mation in the rumen3, 13. These effects would be due to a selection of bacteria 
that produce succinate and which ferment lactate, and also to an inhibition 
of bacteria that produce acetate, butyrate, and lactate as end products, and 
formiate and hydrogen as intermediary precursors to methane2• 5. 

The extent of digestion in different parts of the digestive tract, and the 
nature of the end products of the digestion in the rumen as a function of the 
amount of lasalocid given in sheep have been determined to quantify the 
changes in microbial digestion. 

MATERIALS AND METHODS 

Four adult Texel sheep, fitted with a rumen cannula and with simple cannulae 
at the duodenum and ileum, were fed four different feeds successively 
according to a latin-square design. The four diets studied contained 0 (LO), 
21 (Ll), 43 (L2) and 64 (L3) parts/106 of lasalocid sodium, respectively. The 
feed was made up of highly pressed and ensiled sugar beet pulp (56.2070), 
cereal (barley and maize 27.6%), urea (1.5070) and chopped wheat straw 
(14.1 %). The feed rations were prepared daily and given in two equal meals. 
Animals were fed ad libitum for the first 3 weeks. Then they were given an 
amount of feed that corresponded to the intake of the animal with the lowest 
feed consumption during the ad libitum period9 • 

The determination of the diet digestibility was based on quantitative faeces 
collection over a period of 1 week. Rumen content samples and duodenum 
and ileum samples were taken during a 2 day period at 6 h intervals and 
immediately frozen at - 20°C. 

To measure the protozoa population, samples were taken 1 h after feeding 
in the morning for 5 consecutive dayslO. The cellulolytic activity of rumen 
bacteria was measured by the nylon bag method1o• 
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Ruminal digestion and total digestion coefficients for organic matter and 
nitrogen based on nutrient-indicator ratios were corrected to represent 100070 
recovery of chromic oxide. Data were analysed as a latin-square design by 
analysis of variance. 

RESULTS 

End products of fermentation 

The presence of lasalocid in the feed resulted in an increased amount of 
propionic acid in the volatile fatty acid (VF A) mixture, when sheep were fed 
43 and 64 parts/106 of lasalocid (Table 1). The proportions of acetic to 
butyric acids decreased. The concentrations to other volatile fatty acids 
tended to decrease, particularly when the amount of lasalocid given exceeded 
21 parts/106 , but the differences were only significant for valerianic and 
caproic acids. The total amount of VFA of rumen fluid was also decreased 
when animals were given 43 or 64 parts/106 of lasalocid.· 

Table 1 Effect of lasalocid sodium on rumen fermentation (means of 10 measurements and standard 
deviations) 

Lasalocid sodium (parts/106) 

o (LO) 21 (LJ) 43 (L2) 64 (L3) 

Total VFA (mmolll) 74.2 ±4.0* 73.6 ± 15.0*t 71.2± 14.3U 70.4± 1O.5t 
Acetic (moll 100 mol) 60.6±6.1* 59.0± 1.7*t 56.6±2.9t 55.7 ±2.0t 
Propionic (moll 100 mol) 23.2±4.4** 26.6±3.9** 32.3 ±5.7tt 32.5 ±4.5tt 
Butyric (moll 100 mol) 11.3 ±0.9* 1O.0± 1.9*t 8.2±2.5t 8.6±2.4t 
Isobutyric (moIlIOOmol) 0.45 ±0.06* 0.57 ±0.07* 0.32 ±0.04* 0.32 ±0.O5* 
Valeric (moll 100 mol) 2.92±0.73* 2.20 ± 0.55*t 2.00±0.49U 2.05 ±0.45t 
Isovaleric (moll 100 mol) 1.45 ±0.81* 1.25 ±0.76* 0.50±0.31* 0.45 ±0.43* 
Caproic (moll 100 mol) 0.67 ±0.09** 0.26±0.03tt 0.22 ± 0.04tt 0.17 ± 0.02tt 
pH 5.88±0.17* 5.86±0.16*t 5.95 ±0.22*t 6.00±0.22t 
rH (mV) -392±55* -414±37* -402±27* -419±32* 
COz/CH4 2.23 ±0.44** 2.75 ±0.32t 2.88 ±0.38tt 2.55 ±O.4I**tt 
Ammonia nitrogen (mg/I) 154±58* 187±65* 152±50· 150±45* 

Means with different superscripts are significantly different (*., tt: p<O.OI; *, t, t: p<0.05) 

The gas composition9 was considerably altered when 21 and 43 parts/106 

lasalocid were fed. The methane fraction dropped by 20% and the C02/CH4 

ratio increased significantly. 
Finally, lasalocid did not alter the mean value of rumen fluid ammonia 

nitrogen contentll . The drastic increase in ammoniogenesis after feeding can 
be attributed to fermentation of the ureic nitrogen in the feed. After that, 
the decrease noted with the control diet was quicker than with the experi
mental diets, which probably indicated a greater bacterial synthesis when the 
sheep did not receive any lasalocid. 

775 



VETERINARY PHARMACOLOGY AND TOXICOLOGY 

Organic matter digestion 

Lasalocid modified the extent and sites of organic matter (OM) digestion 
(Table 2). The overall digestibility was lower with feeds which contained 43 
and 64 parts/106 lasalocid. Values were only significantly different from 
control values with the higher lasalocid diet (L3). This influence of lasalocid 
takes place mainly in forestomachs. On average the decrease in the amount 
of organic matter truly digested in the rumen is about 12070, whatever the diet 
concentration of lasalocid. 

Table 2 Effect of lasalocid sodium on site and extent of organic matter (OM) digestion (means 
and standard deviations) 

Lasalocid sodium (parts/I 06) 

o (LO) 21 (LJ) 43 (L2) 64 (L3) 

Intake (g/ day) 823 ± 17* 824 ± 17* 827 ±21 * 785 ±60t 

Rumina! digestion (010 intake) 
OM apparently digested 59.5 ±6.2** 52.4±4.4tt 55.8 ±4.8t 50.8±3.9tt 
OM truly digested 79.2±6.5** 69.4 ±4.8tt 71.2 ±4.3tt 68.1 ±4.8tt 

Rumina! and small intestinal 
digestion (010 intake) 81.6±3.8* 75.9±5.6* 74.2±6.8*t n.3±3.ltt 
Total digestion (010 intake) 82.8±0.8* 82.8±0.1* 80.7±3.9*t 78.5 ±2.5t 

Rumina! digestion (010 digest. OM) 
OM apparently digested 71.9±7.8* 64.4±5.3t 69.7±4.1* 63.1 ±4.5t 
OM truly digested 95.3±8.0** 85.2±5.7tt 89.1±3.8t 84.7±6.3tt 

Small intestinal digestion 
(010 OM, entering duodenum) 54.8±2.6* 49.0± 12.8* 45.9±8.2t 43.9± 1.9t 

Means with different superscripts are significantly different, (**, tt: p < 0.01; *, t, t: p < 0.05) 

Due to the lower digestibility of organic matter in the forestomach, the 
quantity of organic matter entering the small intestine increases. OM was 
poorly hydrolysed by the intestinal enzymes, because the used diets were rich 
in structural carbohydrates (36% dry matter (DM» and relatively poor in 
starch (18% DM). At the ileum, organic matter digestibility was also lower 
(75.9, 74.2, and 72.3% in lasalocid-fed animals vs. 81.6% in control 
animals). In the large intestine, a part of the OM was fermented by the 
micro flora, but in high lasalocid diets the breakdown was insufficient to 
compensate the decrease in rumen digestion. 

Nitrogen digestion 

Lasalocid, given at a concentration of 21 and 43 parts/106 in the feed had 
no effect on nitrogen digestibility. But the dosage of 64parts/1Q6 depressed 
significantly the nitrogen digestibility (70.4% vs. 76.8%). Lasalocid signifi
cantly lowered bacterial synthesis in the rumen. As a consequence, the 
amount of undegraded dietary nitrogen in the rumen increased (43 and 
64parts/1Q6). Finally, the efficiency of microbial synthesis (g bacterial 
nitrogen per 100 g OM truly fermented in the rumen) was not significantly 
modified by lasalocid. 
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DISCUSSION 

Lasalocid, like other ionophorous antibiotics, modifies microbial activity in 
the rumen. By selecting specific bacteria, it alters rumen fermentation 
towards higher production of propionic acid and smaller production of 
methane. When inhibiting the development of other bacteria, it reduces the 
intensity of microbial synthesis and consequently has a limiting effect on the 
degradation of feed protein. 

The results obtained confirm previously published data4 , 6, 7,11,12, al
though the animals were fed quite a different type of diet which was rich in 
structural carbohydrates. A drastic effect of lasalocid on the ciliate protozoa 
in the rumen, as already observed with monensin8 , could be demonstrated. 
It has also been shown that lasalocid, dependent on the dosage, can alter the 
bacteria population quantitatively as well as qualitatively. These obser
vations are in good agreement with other results2 which showed that lasalocid 
or monensin select resistant strains, such as Bacteroides which produce 
succinate and Selenomonas which decarboxylize succinate to propionate. 
The effect of lasalocid on the microbial population in the rumen, expressed 
as a decrease in the amount of organic matter fermented and of bacterial 
protein synthesized in the rumen, are similar to those obtained in cattle which 
were fed cereal-rich diets (900/0 corn) supplemented with 33 parts/106 

monensin. However, the decrease in fermented organic matter in the rumen 
was independent of the dose of lasalocid, whereas an effect of lasalocid on 
the microbial population was significant with doses equal to or higher than 
43 parts/ 1 06 • Other mechanisms may be involved in this decrease in rumen 
digestion, e.g. an increased consumption of water which in turn increased the 
passage of digesta towards the small intestine. 

The reduced digestion of organic matter in the rumen can be compensated 
by higher digestion in the small intestine and/or in the large intestine. As 
already mentioned, the high carbohydrate portion in the experimental diet, 
which was not degraded in the rumen, could not be hydrolysed to full extent 
in the small intestine. Dependent on the lasalocid concentration, the diges
tion of the remaining carbohydrates takes place in the large intestine. How
ever, it seems that there is no negative effect of lasalocid up to a dosagel , 7 

of 50 parts/ 106 • 

CONCLUSION 

In the ruminant, lasalocid has, in general, a favourable effect on feed 
efficiency4 by modifying energy and nitrogen digestion. The increased 
propionic acid and the decreased methane production in the rumen, as well 
as the increase in the portion of starch digested as glucose in the small 
intestine, result in an improved diet energy utilization. The amount of non
degraded dietary nitrogen in the rumen increases, which could be of parti
cular interest in case of protein compounds in the feed which are well 
balanced in essential amino acids. The slight decrease of bacterial synthesis 
could limit the use of lasalocid in diets with a high content of soluble nitrogen 
(more than 40-5011,10 total nitrogen). 
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Evaluation of the efficacy of 
lasalocid sodium on the 
fattening of steers 
D. Droumev, D. Jourbinev and D. Pashov 

Lasalocid sodium (Bovatec®) is a polyether antibiotic produced by the 
fermentation of Streptomyces lasaliensis and is similar to monensin and 
salinomycin 1-. It is used for the prevention of coccidiosis of broiler 
chicken (Avat~c®) and is also an effective coccidiostat in ruminants6- 8 • In 
ruminants, however, lasalocid (LSC) reveals a positive influence on rumen 
fermentation and feed efficiency by altering the proportion of volatile fatty 
acids in rumen contents towards higher propionate and lower acetate, while 
methane production is reduced at the same time8, 9. The addition of LSC to 
feedlot diets improves feed efficiency by reducing feed intake without 
adversely affecting growth rate. In most of the investigations the antibiotic 
has an additional positive influence on the performance of feedlot 
animals2, 8, 9. 

The aim of the present trial was to study the ergotropic action of LSC on 
fattening steers and to determine the optimal period of treating. 

MATERIAL AND METHODS 

The trial was carried out with 20 steers of the 'Black Spot Cattle' breed, with 
an average initial weight of about 240 kg. The animals were uniformly 
allotted to two treatment groups of ten each, chained up in a fattening beef 
cattle barn, equipped for individual feeding. The steers were fed once daily 
during the whole experimental period of 214 days. During the fattening and 
finishing period of the trial the animals were put on different diets given as 
a blend containing all the ingredients of the ration induding the crude com
ponents. Lasalocid sodium was given to the animals of the test group in daily 
individual doses as a 15070 Bovatec premix (Hofmann-La Roche & Co), which 
was mixed by hand into the daily ration. The daily dose was calculated as 
0.84 mg lasalocid sodium per kg body weight and was altered according to 
the weight once a month. 
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The following parameters, such as body weight, average weight gain, feed 
intake, feed efficiency of the fattening steers as well as the carcass qualit~ 
of the slaughtered animals (five of each group) were measured. While the 
steers were weighed individually at monthly intervals, the feed consumption 
was recorded daily and the general appearance and the state of health of the 
animals were observed every day. Statistical analyses of the data were per
formed using Wilcoxon's signed-rank test (for slaughter data - Student
Fischer's method). 

Before starting the test the animals were treated with levamisole hydro
chloride (Nilverm, ICI) and with tylosin preventively (Tylan-200, Elanco 
Products Co.). They were vaccinated against foot and mouth disease. 

RESULTS AND DISCUSSION 

The results of the trial summarized in Table 1 show a beneficial effect of LSC 
fed to the experimental animals. The antibiotic in doses ranging from 
206mg/animal per day, at the beginning, to 372mg/animal per day, at the 
end of the trial, resulted in a significant increase in the average daily body 
weight gain of 8.8070 in comparison to the control group. The general nutri
tive effect was well manifested throughout the test period of 214 days, 
whereas the relatively highest increase in weight gain was recorded during the 
initial 2 months of the experiment (up to +25.8%). During the subsequent 
period, the ergotropic influence of LSC persisted with some fluctuations of 
average daily gain between 8.5 and 16.7%. 

The average amount of the daily feed consumption of the treated steers 
decreased by 5 %. The feed conversion was improved - the feed intake per 
kg body weight gain was lowered by 12% compared to the control group 
during the whole experimental period. For the initial 4 months the feed 
efficiency was improved by 17 to 24%. Feeding LSC to the fattening steers 
did not result in any considerable changes of the slaughter data and the meat 
quality. 

The obtained results show that LSC in a dose of 0.84 mg/kg body weight 
daily reveals a nutritive action on steers. The dose calculated according to 
the daily feed intake was in the range of 32 and 43 parts/106 for the 1st and 

Table 1 Effects of lasalocid (0.84 mg/kg body weight) on steer performance in a 214 day trial 

Group 

Initial body weight (kg) 
Final body weight (kg) 
Weight gain (kg) 
Av. daily weight gain (g) 

daily weight gain reI. 
Av. feed intake (kg) 

feed intake reI. 
Feed to gain ratio, feed 

dry matter 
reI. 

*p<0.02; **p<O.OI 

Control (n = 9) 

239.8 ± 18.8 
454.1 ±22.4 
214.3 ± 10.0 

lOOI.8±47.0 
100.0 

1922.1 ± 80.5 
100.0 

9.07 ±0.46 
7.98±0.40 

100.0 

780 

Lasalocid (n = 10) 

243.7±14.3 
477.0± 11.8 
233.3 ± 10.3 

1090.2±48.0 
108.8* 

1826.2±53.4 
95.0 

7.97 ±0.46 
7.01 ±0.40 

87.8** 
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the 7th months, respectively. The effect of LSC in respect of average daily 
gain was manifested best during the first 2 months when the concentration 
of LSC in the feed was 32 and 34 parts/ 106 • 
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Salinomycin, a new 
polyether antibiotic for fattening 
cattle and lambs 
W. Sambeth and G. Dost 

Due to its structure and mode of action, salinomycin belongs to the group 
of polyether antibiotics3• 6. It exerts its ionophorous properties on the cation 
transport through the cell walls of animal tissues, of bacteria and of proto
zoas. This effect within the gastrointestinal tract influences growth and feed 
efficiency as well as coccidial infections in ruminants and non-ruminants. 

GROWTH-PROMOTING ACTIVITY 

Based on the dose-response curve, calculated by computer from many 
feeding experiments, salinomycin can be recommended for fattening cattle 
at a dose of 100-200 mg/head daily (Figure 1). At the optimum level, 
weight gain and feed conversion are improved by around 11 0/0, compared 
with the unmedicated control groups. This level corresponds to approxi
mately 0.6 mg/kg body weight daily. Much higher doses lead to reduced feed 
intake, lower weight gains and impaired feed efficiency. The maximum 
tolerable dose tested in bulls was 8 mg salinomycin/kg body weight, applied 
in a single drench. 

For fattening lambs, the recommended dosage of 1O-20parts/106 in the 
total feed allows an improvement of about 12-13% in weight gain and feed 
efficiency (Figure 1). The negative effect after high concentrations of salino
mycin in the feed looks similar in lambs as in cattle. 

MODE OF ACTION IN RUMINANTS 

As for other polyether antibiotics, salinomycin markedly increases the 
propionic acid concentration in the ruminal fluid, while molar proportions 
of butyric acid and acetic acid, methane gas production2• 8 as well as cellulose 
catabolism! are reduced (Table 1). Thus, the feed energy is better utilized in 
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Dose-response relation when feeding salinomycin 

terms of economics. On the other hand, salinomycin reduces the catabolism 
of feed protein in the rumen, as indicated by lowered ammonia concen
trations8 and retarded microbial protein synthesis!. These observations have 
been made partially in vitro, but most of them in vivo. 

BLOOD PARAMETERS, PATHOLOGY 

The blood parameters showed an increase of serum urea with increasing 
salinomycin doses in cattle. However, other biochemical and haematology 
parameters (i.e. Ca, P, Mg and total protein in serum, haemoglobin, leuko
cyte and erythrocyte counts) remained normal also under salinomycin at a 
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Table 1 Changes in ruminal production by feeding salinomycin 

Salinomycin intake 
(mg/head daily) 

0 121 242 

Ammonia-N in ruminal fluid (mg/I) 32.4 2.2 1.1 

Total VFA (JA.mollml) 91.3 98.6 101.2 

Moles fatty acid/l00moles total VFA 
acetic acid 60.0 44.3 47.5 
propionic acid 21.8 41.5 41.6 
isobutyric acid 0.94 1.01 0.69 
butyric acid 14.0 9.1 7.0 
isovaleric acid 1.94 1.53 0.51 
valerie acid 1.34 2.53 2.64 

Methane production (mllh) 48.9 27.9 18.3 

According to Webb, K. E., Fontenot, J. P. and Lucas, D. M. (1980)8 

concentration twice higher than the recommended dosage4 • At the fourfold 
dosage there was a non-significant increase in AP, SOPT and serum globulin 
level, indicating a changed liver metabolism. All other organs and tissues 
exhibited neither macroscopic nor histological changes. 

CARCASS QUALITY, RESIDUES 

Better growth of salinomycin-fed beef cattle yielded carcasses which were 
equal or slightly better than the control animals in terms of dressing per
centage or visual scoring of the carcass quality7. 

After 3 days withdrawal time of the drug, only liver tissues in one experi
ment showed minute salinomycin residues, using a very specific and sensitive 

Table 2 Residues of salinomycin 

Withdrawal 
days 

Animals 

Salinomycin intake mg/head daily 

Salinomycin residues in tissues (JA.g/ g) 
liver 1 

3 
5 n_] muscle 1 

renal fat 3 
back fat 

All salinomycin assays with 0.01 p.g/g sensitivity limit 
*According to Turnbull (1978) 
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microbiological assay method (Table 2). All other important tissues tested 
were without residues. After 5 days withdrawal time the liver had no detect
able residues in all three experiments. In order to demonstrate the insignifi
cance of the maximum salinomycin residue after 1 day withdrawal in relation 
to toxicological hazards for human beings, one would have to eat 160 kg liver 
within a single day to reach the maximum tolerable dose of salinomycin 
which was tested in pigs. 
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Salinomycin activity in ruminants 
D. Droumev, V. Roussev, A. Petkov and D. Pashov 

The polyether antibiotic salinomycin (SLM), supplemented in low concen
trations to the feed, showed nutritive activity in ruminants. The increase of 
weight gain and of feed utilization of steers was due to an increase in the 
percentage of propionic acid, and a decrease in the percentage of acetic acid 
and butyric acid in the rumens. The aim of the present investigation was to 
study the effect of SLM on the fattening of ruminants, partly described in 
References 12 and 13. 

D. Jourbinev, S. Vangelov, I. Boshnakov, E. Enev, K. Sivkova, K. 
Krastanov, V. Drinkov, N. Lalov and O. Petkova also participated in this 
investigation. 

MATERIALS AND METHODS 

Four investigations were carried out on 180 uncastrated lambs of the stock 
'Thracian Fine Fleece' weighing about 20 kg, and 40 young steers of the stock 
'Black Spot Cattle' Breed weighing about 180kg. Twenty young rams were 
operated on with chronic fistula of the dorsal sac of the rumen. Apart from 
SLM (Hoechst AG), monensin (Rumensin, Blanco Prod. Co.) (MON), and 
flavophospholipol (Flavomycin, Hoechst AG) (FPL) were included in some 
of the trials. The number of the animals, the scheme of application of the 
nutritive antibiotics in the individual investigations, the number and the 
composition of the groups and the duration are indicated in Table 1. 

The lambs were fed in groups and the steers individually. The lambs were 
raised in covered premises, freely in separate boxes, on a concrete floor 
covered with sawdust. The basic ration, composed of soya groats 20070, 
barley 63%, wheat bran 12%, dry skim milk 2%, dicalcium phosphate 1.3%, 
salt 0.5% and vitamin premix (AD3E) 0.5% in non-granulated form, was 
given twice a day. 

The steers were kept in covered premises, tied and arranged in line on a 
brick floor. They received a ration composed of a blend of: whole maize plant 
meal 84%, lucerne meal 12%, urea 1 %, dicalcium phosphate 1 %, salt 1 %, 
trace elements premix 0.5% and vitamin premix 0.5%. 

The nutritive antibiotics for the lambs were mixed with the feed in advance. 
For the steers they were put in the feed by spreading over the individual daily 
ration and mixing by hand. 
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Table 1 Details of investigations using salinomycin, monensin and flavophospholipol 

Trial 

No. I Lambs 3 months 
18.65 kg n = 80 

N. 2 Lambs 3 months 
20kg n=80 

No.3 Lambs 3 months 
21.25 kg n = 20 

No.4 Steers 5 months 
140kg n=40 

Antibiotics 

SLM 

FPL 
SLM 

SLM 

SLM 
FPL 
Mon 

Dosage regimen 

Control 
SLM 6 parts/ 106 
SLM 12 parts/l 06 
SLM 24parts/106 

Control 
FPL 5 parts/106 
SLM 5 parts/106 
SLM IOparts/106 

Control 
SLM 6 parts/ 106 
SLM 12 parts/106 
SLM 24 parts/ 106 

Control 
MON 0.7mg/kg 
SLM 0.5 mg/kg 
SLM 0.5 mg/kg 
FPL 0.1 mg/kg 

Duration 
(days) 

90 

90 

90 

269 

The data were generally processed statistically by Student-Fisher tests 
and the differences in the average daily gain and the feed utilization in trial 
no. 4 were analyzed by means of Wilcoxon's signed-rank test. 

RESULTS 

Nutritive effect of SLM in lambs 

At the end of the experimental period, animals that received SLM at the level 
of 6, 12 and 24parts/106 , had higher body weight and larger average daily 
gain in comparison with the control animals (by 12.2070, 16.7% and 19.4%, 
respectively) (Figure 1 (a». Statistically significant (p ~ 0.05) differences 
were found between those that received SLM at the rate of 12 and 24 parts/ 
106 • The average daily feed consumption for those receiving SLM at 
6 parts/106 was close to that of the control animals, but for those treated with 
12 and 24 parts/106 less feed was consumed (by 2.3 and 6.5%, respectively). 
The average feed consumption for 1 kg of gain in the three groups of test 
animals was lower than that of the control animals (with 9.7,16.6 and 22.2%, 
respectively). Measurement at intervals of 15 days showed that the favour
able effect of SLM on the gain and the feed utilization manifested itself in 
the course of the whole 90 day experimental period. The data on consump
tion of starchy feed-units, dry matter, crude and digestible protein and 
Danish feed-units for 1 kg of gain correlated with the expected average feed 
consumption per 1 kg of gain. 

The slaughter analysis done for 16 animals (four from each group) after 
the end of the 90 day experimental period showed that SLM did not bring 
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Figure 1 Nutritive effect of salinomycin (SLM) and fJavophosphoJipol (FPL) in lambs 

considerable changes in the yield at the slaughter, brought a certain decrease 
in water contents (by 2.2, 1.4 and 1.3070, respectively), and increased the 
amount of fat (by 2.8, 2.78 and 1.04%, respectively) (measured at initial 
moisture) - without statistical significance. No considerable changes were 
found in the content of nucleic acids in the meat, a relative decrease of DNA 
and RNA and of the RNA/DNA ratio in liver (statistically not significant). 
SLM had not a considerable influence upon the content of cyanocobalamin 
in meat and liver. 

Investigating the development of the alimentary canal, there was a higher 
absolute weight of forestomach in the lambs that had received SLM (by 
20-29%). The differences in the relative weights with respect to live body 
weight of the corresponding animals in relation to the control group were 
considerably lower (0.9-7%). An increase in the length of the small intes
tine was found in relation to the control group in parallel with the magnitude 
of the dose of SLM (by 2.3,6.2 and 12.37%, respectively) at decrease of their 
relative weight (by 8.42, 11.58 and 12.63%, respectively) as well as of their 
absolute weight (SLM 12 and 24parts/106). The indicated differences were 
not statistically significant. Differences in the weight of the large intestine 
and length were negligible. 

Antibiotic residues were not found in the meat and the internal organs of 
the lambs on the 5th day after withdrawal of SLM. 

Study of the nutritive effect of SLM and FPL 

Administration of SLM at the level of 5 and 10parts/106 promoted the 
increase (in relation to the control group) of the live body weight (by 2.4% 
and 5.7%) and of the average daily gain (by 7% and 12.7%) at lower average 
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daily consumption (by 2. 70/0 and 2.5%, respectively). The average feed intake 
for 1 kg gain was smaller (by 8.9% and 13.6%, respectively) (Figure 1 (b». 

FPL used in identical experimental conditions, at a level of 5parts/l06 

increased (in relation to the control animals) the body weight by 2.4%, the 
average daily gain by 4.50/0 with a lower average daily feed consumption by 
4.2%, 'and decreased the average feed intake for 1 kg gain by 8.9%. This 
effect manifested itself in the course of the whole 90 day experimental period. 

The data about the starchy feed units, dry matter, crude and digestible 
protein and Danish feed-units consumed for 1 kg gain of the lambs that 
received FPL and SLM corresponded to the data about the feed utilization. 

The statistical significance of the differences in the body weight and the 
average daily gain in the three experimental groups in relation to the control 
group was established with respect to the average daily gain of the lambs 
which received SLM at a level of lOparts/106 (p~0.05). 

Little difference was found in the yields of the animals slaughtered at the 
end of the trial (three from each group). 

The chemical composition of the meat of the animals treated with FPL had 
a relatively higher fat content. The quantity of proteins, determined in 
absolutely dry state, was relatively lower in those that received SLM (5 
parts/l06) and relatively higher in those that were treated with SLM (10 
parts/106). The differences in the chemical composition were not statistically 
significant. 

SLM effect on rumen processes and blood components 

After applying SLM for 90 days on lambs with chronic fistula of the dorsal 
sac of the rumen in doses 6, 12 and 24parts/l06 , certain changes appeared 
in the rumen and in the blood of the test animals. 

The total amount of the volatile fatty acids in the control group and the 
experimental groups fluctuated within the limits from 2.93 mmol/l to 
3.9 mmol/l and did not change considerably under the influence of the three 
levels of SLM. In tracing the percentage correlation of the acetic, propionic 
and butyric acids on the 60th and the 90th day of the treatment, it was found 
that the increase of the propionic acid in all groups receiving SLM is signifi
cant. The molar percentage of the propionic acid in the control group was 
19.6-21.60/0 and in the experimental groups reached 27.3-32.5%. The per
centage of the butyric acid in the experimental groups was reduced (7.0-
8.6%) in relation to the percentage in the control group (9.3-14.9%), 
without any statistical significance. In the greater part of the experiments a 
decrease in the content of the acetic acid was determined under the influence 
of SLM (62.4-60.0%) in comparison with the control animals (71.1-
63.4%). The difference was statistically significant at the 60th day in groups 
receiving SLM 6 and 12 partsl 1 06• The pH of the rumen liquid changed from 
6.6 to 7.2 but without any definite regularity. The ammonia concentration 
was from 0.0085 to 0.0190/0 in the four groups of lambs. 

The total infusoria number of the control animals (Figure 2 (a» until the 
60th day was comparatively higher. Towards the 90th day of the trial it 
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Figure 2 Changes induced by administration in lambs during 1, 2 and 3 months of SLM at 6, 
12 and 24 parts/ 106 

decreased in relation to the 30th and the 60th day. In the lambs which received 
SLM, the total infusoria number on the 30th day at levels of 6 and 12 partsl 106, 

and on the 60th day at levels of 6, 12 and 24parts/l06 , was lower in compari
son to that of the control animals. The differences were statistically signifi
cant(p~O.OOI on the 30th day, andp~0.05 on the 60th day for 12parts/106). 

On the 90th day, considerable differences were not determined in the total 
infusoria number in the control group and the experimental groups. 

In the lambs treated with SLM the predominating infusoria were from the 
Ophryoscolecidae family (80-90070) with genera Entodinium and Diplo
dinium. The rest of the infusoria were from the Isotrichidae family (10-
20%) with genera Isotricha and Dasytricha. 

The decrease of infusoria on the 30th day was mainly in the Isotricha, 
Dasytricha and Diplodinium in all experimental groups, on the 60th day, to 
the Isotricha and Dasytricha (6parts/l06 SLM) and in the Entodinium and 
Diplodinium (12 and 24parts/106 SLM). 

The cellulolytic activity of the rumen content was relatively lower on the 
60th day in the three experimental groups (7.40-8.58%) in comparison with 
the control group (11.60%). On the 90th day, it increased in relation to that 
of the control group (7.82%) in the lambs treated with 6 and 24parts/l06 

SLM (12.21 and 9.06%, respectively). No statistically significant differences 
were found. 

The blood sugar content (Figure 2 (c)) in lambs which received SLM was 
higher on the 60th and the 90th day after the treatment and this coincided 
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with the increased percentage of the propionic acid in the rumen content. The 
rise in the blood sugar amount is statistically significant (p ~ 0.05) in the 
lambs which received 12parts/106 SLM on the 90th day. 

The content of urea in the blood decreased (p ~ 0.05) on the 30th day in 
the lambs treated with 24parts/106 SLM and on the 90th day in case of 6 and 
24parts/106SLM (p~0.05) and 12parts/106 SLM (p~O.OOl). 

The amount of the ketonic bodies in the blood (Figure 2 (b» showed a 
tendency to decrease, especially in the lambs from the groups which received 
12 and 24parts/106 SLM. This refers to the total amount of the ketonic 
bodies, and also to both acetone and aceto-acetic acid, and to {3-
hydroxybutyric acid. The decrease is significant for the content of acetone/ 
aceto-acetic acid in the blood of the lambs which received 24parts/106 SLM 
(p~0.05) on the 60th day and for {3-hydroxybutyric acid and the total 
amount of ketone bodies in the lambs treated with 12parts/106 on the 90th 
day (p ~ 0.05). 

The content of alkali reserves in the blood was increased in the experi
mental groups on the 60th day (151.5-166.7 mg/lOOml) in comparison 
with the control group (148.6mg/100ml). A statistically significant differ
ence was found in the animals treated with SLM at the level of 24parts/106 

(p~O.OOl). 
The content of total protein, albumins and globulins in the blood showed 

similar changes in the control and the test animals. 

Nutritive effect of SLM in steers 

The average daily gain at the end of the 269 day experimental period (the 
body weight of the steers was about 460 kg) in the group treated with MON 
was 1083 g, i.e. 6070 larger than that of the negative control group at 1022 g 
(p~O.Ol). In the group treated with SLM it was 1066g, and 1083g in the 
group treated with SLM + FPL, respectively larger by 4.3 and 6% (p ~ 0.02 
and p ~ 0.01, respectively). The average daily gain ofthe steers from the three 
experimental groups was more manifested during the first two quarters 
respectively for the group with MON (13.1 and 6.1 %), for the group with 
SLM (9.2 and 14.4%), and for the group with SLM + FPL (12.4 and 5.7%) 
(p ~ 0.05). In the cumulative expression of the average daily gain up to the 
6th month (the weight of the animals came to 370 kg), the values of the three 
experimental groups were 9.9%,11.7% and 9.3%, respectively. In the final 
period of fattening (from the 7th to the 9th month), the average daily gain 
of the groups which received MON and SLM + FPL was close to that of the 
control group, but lower in the group treated with SLM only (Figure 3). 

The average daily feed consumption per animal for the whole 269 day 
experimental period of the three groups which received nutritive antibiotics 
was lower than that of the control group by 4% for MON, by 2.7% for SLM, 
and by 3.6% for SLM + FPL. 

The average feed consumption per kg gain for the 269 day experimental 
period in the experimental groups was lower in comparison with the control 
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Figure 3 Average daily gain and feed efficiency of steers receiving monensin (MON) , 
salinomycin (SLM) and SLM with flavophospholipol (FLP). * = significant 

group: by 9.5070 for MON, by 6.3% for SLM, and by 9.1 % for SLM + FPL. 
Statistically significant differences were found for MON (p~O.Ol) and for 
SLM + FPL (p ~ 0.02). For the first 6 months of the experiment the decreases 
were respectively by 12.1 % for MON, by 10.8% for SLM, and by 10.8% for 
SLM+FPL. 

The data concerning the consumption of starchy feed-units, dry matter, 
crude and digestible protein per kg gain were approximately parallel to the 
data about the feed utilization. 

The slaughter analysis showed that the slaughter yield in the control group 
was somewhat higher than that of the experimental group: 1.63 % for MON, 
1.84% for SLM, and 2.46% for SLM + FPL. The differences were without 
statistical significance. With respect to the chemical composition of the meat 
in comparison with the control group, no practical difference was observed 
in the steers treated with SLM. In the groups receiving MON and SLM + FPL 
the content of proteins was relatively higher (by 2.88 and 3.64%, respec
tively) and the amount of fats was lower (by 2.91 and 4.51 %, respectively), 
without statistical significance. 

DISCUSSION 

The results of the investigations show that SLM favours the increase of 
weight gain and the improvement of feed utilization in lambs and calves. 

In the lambs, the nutritive effect of SLM manifests itself to a relatively 
larger degree in the whole range of the used doses (5-24parts/106) and 
usually in the course of the whole period from the age of 2-6 months. 
Regardless of the differences in the rate of the average daily weight gain and 
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average decrease in feed consumption per kg gain in trials no. 1 and no. 2, 
the existence of a dose-response relationship existed between the size of the 
applied dose and the degree of the nutritive effect (for each one of the two 
trials taken separately). The data show that SLM does not lead to consider
able changes in the slaughter indices and in the chemical composition of the 
meat. It does not cause antibiotic residues to persist in the meat and the 
internal organs on the 5th day after SLM withdrawal. 

The results from the investigations, concerning the indices of the rumen 
content and of the blood of the lambs, testify that SLM exerts influence on 
some of the processes in the forestomachs and on the development of the 
alimentary canal and improves the digestibility of the feed, facts also estab
lished in earlier experimentsll . The observed coincidence in the increase of 
the propionic acid percentage, in the increase of the blood sugar, in the 
decrease of the blood urea and of the ketonic bodies can be ascribed to the 
positive effect of SLM on the carbohydrate metabolism in lambs. It can be 
considered as a sign of increased glucogenesis. The changes in the examined 
volatile fatty acids in the lambs show that SLM exerts influence on the 
fermentation processes in the rumen of lambs analogous to those observed 
in cattle. These facts were also established by other authors2 , 3, 7,8,10. 

The decrease in the number and the changes in the proportion of genera of 
the different infusoria in the rumen liquid of the animals, treated with SLM 
during the first 2 months, must be accepted to be connected with the effect 
of the antibiotics. The established equalization of the total infusoria number 
in the control and the experimental group lambs on the 90th day from the 
SLM application is probably due to the development of certain resistance. 

The decrease of the cellulolytic activity in the rumen content can be 
explained to a certain extent with the decrease in the infusoria number from 
the Ophryoscolecidae family (hydrolysing the cellulose), with the pH of the 
rumen liquid (6.6-7.2 pH) which is not optimum for hydrolysis of cellulose 
from the infusoria (pH = 5)4. 

It is of interest that a tendency was found in the lambs treated with SLM 
toward an increase of the relative weight of the forestomach. Also, there is an 
increase in the length of the small intestines and a simultaneous decrease of 
their absolute and relative weight. The problem concerning the relation be
tween these changes and the nutritive effect of SLM is worth further research. 

The experimental data show that the ergotropic effect of FPL determined 
in the present comparative investigation is relatively lower than that of SLM 
in relation to the increase the average daily gain, and is equivalent in relation 
to the feed utilization. 

The results from the SLM application in calves shows that the nutritive 
effect, at the doses used, manifests itself in the predominant part of the 
269 day period, and is relatively best expressed in the period up to the 6th 
month, inclusive of the application. 

The comparative examination with MON showed that its inclusion in the 
feed at a dose of 0.7 mg/kg body weight contributes to obtaining final values 
for gain and for feed utilization close to those of SLM. The favourable effect 
of SLM on the gain and the feed efficiency in the calves must be explained 
by an improvement of the fermentation processes. 
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From the data concerning the simultaneous application of SLM + FPL in 
calves, it can be seen that the combination does not increase significantly the 
nutritive effect of SLM. 

The results about the independent application of SLM are close to those 
already published9• In comparison with other results8 on the influence of 
SLM at a dose near to the one used in calves for fattening and based on maize 
silage administered for a shorter period (182 days), they are higher in relation 
to the increase of the gain (11.70/0 instead of 8.8%) and lower in relation to 
the feed utilization (10.8% instead of 15.6%) (for the corresponding inter
val). The final results differ also from those reporting 1,5 higher values for 
the average daily gain and for feed utilization and from those6 stating the 
absence of a nutritive effect of SLM during 364 day application in calves. 
These differences are connected, most probably, with the differences in the 
experimental conditions. 

In conclusion, it can be noticed that SLM manifests an ergotropic effect 
in lamb, as in cattle, that is related to an increase of the propionic acid content 
of the rumen, to a positive influence on the metabolism of carbohydrate, and 
to changes in the number and the correlation of the infusoria genera in the 
rumen. The combination SLM + FPL does not increase significantly the 
nutritive effect of SLM when it is used in calves. The ergotropic effect of 
MON in steers is close to that of SLM. FPL in lambs manifests a moderate 
nutritive effect. 
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Animal anaesthesia 
Chairmen: P. Lees, E. l. Gerring and E. P. Steffey 

Anaesthesia of b0th animals and man, whether undertaken for clinical or ex
perimental purposes, is both an art and a science. It depends for its success 
on the skill and judgement of the individual anaesthetist no less than on his 
knowledge of the actions of drugs, their fate in the body and the ways in 
which they interact with each other. However, the art and the science of 
anaesthesia are not inseparable entities; they are closely interrelated. In this 
Workshop on Animal Anaesthesia, thirteen papers were presented which en
compassed all the disciplines necessary to an understanding of the 
mechanisms of anaesthesia and to the application of anaesthetic techniques. 
The papers describe: (1) anaesthetic equipment and methodology for inhala
tion anaesthesia; (2) an appraisal of the clinical efficacy of the injectable 
anaesthetic etomidate used in conjunction with the narcotic-analgesic fen
tanyl; (3) the haemodynamic effects of methoxyflurane and halothane in the 
dog; (4) interactions between halothane and acepromazine on arterial blood 
pressure and pharmacokinetic interactions between chloramphenicol and in
jectable anaesthetics, leading to variable effects on duration of anaesthesia; 
(5) the clinical efficacy and clinical pharmacology of the dissociative 
anaesthetic ketamine in horses, calves and pigs; (6) the actions and uses in 
farm animals of a new sedative-analgesic, detomidine, and the actions in the 
dog of a new skeletal muscle relaxant, atracurium; (7) exciting new 
discoveries relating to the modes of action of barbiturates, dissociative 
anaesthetics and narcotic and non-narcotic analgesics; and (8) e.e.g. 
monitoring during anaesthesia. 
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Detomidine hydrochloride. 
A novel imidazole-type 
sedative analgesic 
o. Vainio 

During screening for sedative-analgesic effects of many imidazole-type 
compounds, detomidine proved to be potent sedative-analgesic agent for 
horses and cattle. 

In the hot-plate test in mice, detomidine showed a clear dose-dependent 
analgesic effect at dose rates of 300-600 ltg/kg and in the writhing test at 
doses of 150-600 ltg/kg. These doses did not decrease the spontaneous 
motility of mice, therefore, a true analgesic effect occurred. In the hot-plate 
and writhing tests in mice, detomidine was superior to morphine in its 
analgesic effect. Detomidine did not exhibit any neuromuscular blocking 
effects in the isolated rat phrenic nerve-hemidiaphragm and chick m. 
biventer cervicis preparation. 

The analgesic properties of detomidine may therefore be mediated by two 
mechanisms: (1) an anti-inflammatory action based on inhibition of prosta
glandin synthesis, and (2) an effect in the CNS inhibiting transmission of pain 
impulses. Some of these effects may be mediated through an agonistic action 
on central <X2-receptors. 

In screening studies, detomidine showed CNS depression in mice at oral 
doses of 1 mg/kg in the Irwin screen test. In the chicken, detomidine was 
hypnotic. However, in rats and mice, detomidine did not show true hypnotic 
properties (general anaesthesia was not obtained at any dose level). Sedation 
was accompanied by a decrease in spontaneous motility of mice at a dose 
rate of 1500 ltg/kg. The prolongation of barbiturate sleeping time in mice at 
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doses above 150 ~g/kg also demonstrated the eNS depressant action of 
detomidine. 

Detomidine showed sympathomimetic effects such as piloerection and 
exophthalmous in rats. The blood pressure of rats decreased after i.v. doses 
10-300 ~g/kg but increased at higher doses. Following cerebroventricular 
administration of small doses, the blood pressure decreased. Both hypoten
sive and hypertensive doses decreased the heart rate of rats, as did agents 
traditionally documented as 0!2-adrenoceptor agonists (such as clonidine). 
The sedative effect of detomidine occurred at doses which increase blood 
pressure. Detomidine did not induce contractions in rat or cow isolated 
uterus preparations. 

Detomidine was rapidly distributed after i.m., i.v. or s.c. administration. 
The maximal concentration in mouse brain (higher than in plasma) was 
found 0.16 h after i. v. injection. Detomidine was eliminated into urine and 
faeces mainly as three metabolites. The elimination 1112 in the rat was 12.7 h, 
in the dog 22.1 h and in the calf 20 h. Detomidine was well tolerated in all 
the species studied. In domestic species of animal, detomidine was an 
extremely good sedative in horses, cattle, sheep and goats but it was less 
effective in pigs, dogs and cats. Therefore, clinical pharmacological investi
gations were performed as double-blind studies against xylazine on three 
adult horses and three dairy cows. The doses of detomidine were 100-300 
~g/kg in horses and 30-150~g1kg in cows. The administration routes were 
i.m. and i.v. Xylazine was used at the recommended doses of 400-1200 
~g/kg in the horse and 50-150 ~g/kg in cattle. 

A clinical study on 109 horses and 103 cows used dose levels of 8-250 
~g/kg detomidine for horses and 18-120~glkg for cattle. Detomidine 
induced sedation in 5-15 min and this facilitated handling. The i.v. doses 
had a more rapid onset of action. The animals remained standing. The 
duration of action was dose-dependent, lasting between 1 and 5 h. Using the 
same dose rates as recommended for xylazine, detomidine had superior 
sedative and analgesic effects, especially in horses. On horses detomidine was 
particularly effective, only 10,10 of the dose of xylazine being required to 
obtain a similar effect. Detomidine at sedative doses induced a rapid and 
dose-dependent increase in arterial blood pressure and consistent brady
cardia in both horses and cattle. The bradycardia was accompanied by SA 
and A V -blocks in horses. No serious arrhythmias were detected. Respiratory 
rate was increased slightly in horses and decreased slightly in cattle. No 
adverse side-effects such as abortions were seen during the studies. 
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The cardiovascular effects of 
ketamine, thiopentone and 
methohexitone after xylazine 
premedication in horses 
G. J. Brouwer 

In horses, the combination of xylazine with ketamine has been shown to 
produce short periods of surgical anaesthesia characterized by a smooth 
induction and a rapid, quiet recovery2. 5. This paper describes the cardio
vascular effects of this combination and compares them with the combin
ation of xylazine and either thiopentone or methohexitone. Four ponies with 
clinical evidence of cardiopulmonary disease were anaesthetized in a random 
sequence with each drug combination. Arterial blood pressure was recorded 
from a previously raised carotid artery using a standard cannula/transducer / 
recorder system. A lead II electrocardiogram was recorded continuously 
from standard limb leads using subcutaneous needle electrodes. One pony 
had a surgically implanted Doppler-shift ultrasonic flow transducer around 
its main pulmonary artery and this animal was used for cardiac output and 
myocardial contractility determinations3 • All parameters were measured at 
10 and 2 min before the injection of xylazine and the averages taken as 
control values. Xylazine (1.1 mg/kg) was given intravenously over 2 min. 
After a 2 min pause, ketamine (2.2 mg/kg), thiopentone (5.5 mg/kg) or 
methohexitone (2.8 mg/kg) was given intravenously as a bolus injection. 

The injection ofxylazine was followed by 'dropped beats' so that heart rate 
decreased significantly (Figure 1), but the rate increased again on induction 
of anaesthesia by injection of the second drug. The dropped beats appeared 
to be due to atrioventricular block. Marked hypertension followed the injec
tion of xylazine and this was probably due to increased sympatho-adrenal 
activity (Figure 2). Blood pressure fell after the induction of anaesthesia, but 
there were no significant differences between the effects of ketamine, thio
pentone and methohexitone. Xylazine alone produced a decrease in cardiac 
output to about 750/0 of the control value, which agrees with previous 
reports4 • 5, and xylazine apparently produced a decrease in myocardial 
contractility. Both cardiac output and myocardial contractility were further 
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depressed by each of the anaesthetic agents, but the effects are least with 
ketamine. 

This study suggests that the xylazine/ketamine combination, in particular, 
may be a useful anaesthetic combination in horses where surgery is necessary 
and where cardiovascular function is already compromised. 

During this study G. J. Brouwer was in receipt of a Horserace Betting Levy 
Board Research Training Scholarship. This report is based on a more detailed 
studyl. 
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Study on interactions between 
chloramphenicol and 
intravenous anaesthetics 
H.-H. Frey and R. Reiche 

Chloramphenicol has been reported to prolong the action of barbiturate 
hypnotics by an inhibition of liver mixed-function oxidases. We have studied 
the importance of this interaction for short-acting intravenous anaesthetics, 
the effect of which is terminated by distribution rather than metabolic 
inactivation. Mice were pretreated orally with 50 mg/kg chloramphenicol as 
the sodium succinate 1 h before the i.v. injection of the anaesthetics, and the 
sleeping times were compared to those of untreated controls. The duration 
of action of methohexitone was prolonged when doses of 15 and 20 mg/kg 
were injected, but not with the lowest dose of lOmg/kg. After injection of 
thiopentone (30, 40 and 50 mg/kg), only the medium dose was prolonged 
significantly. Chloramphenicol prolonged the effect of etomidate (3 and 
5 mg/kg), but not that of propanidid (60 mg/kg) or ketamine (30 and 
40 mg/kg). The results show that the experimental finding of an interaction 
between chloramphenicol and barbiturates cannot be generalized: it will not 
playa major role with usual clinical induction doses, the effect of which is 
terminated by distribution, but may be of importance when higher doses are 
administered. 

A full account of these findings has been published elsewhere!. 
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The neuromuscular blocking action 
of a new muscle relaxant atracurium 
in the dog 
R. S. Jones, J. M. Hunter and J. E. Utting 

Atracurium besylate is a new non-depolarizing muscle relaxant, the elimin
ation of which is independent of both the liver and the kidney. It was found 
that a dose of 0.25 mg/kg was required to produce total neuromuscular 
blockade in the dog, as assessed by single twitch and tetanic responses of the 
gastrocnemius muscle. The time to full recovery was 43 min for single twitch 
and 56 min for tetanic response. 

Theihvestigations were carried out in four mature labrador dogs using 
techniques employed previously. After premedication with acepromazine 
(0.1 mg/kg) and atropine (0.044 mg/kg), anaesthesia was induced with thio
pentone (22 mg/kg) and the trachea intubated. Anaesthesia was maintained 
with nitrous oxide and oxygen (2: 1) and ventilation was controlled using a 
type of Maplesen E circuit. The animals were maintained in a state of 
moderate hyperventilation with a PaC02 in the region of 35 mmHg. The 
PaC02 was controlled by adjusting the fresh gas flow to the circuit by 
reference to the arterial blood gas values. The dogs were placed in left lateral 
recumbency and the left foreleg was fixed in a padded wooden clamp. The 
left ulnar nerve was stimulated at the elbow using steel needle electrodes. 
Square wave stimuli of 0.3 ms duration were delivered from a Grass stimu
lator. The voltage was adjusted to 200/0 above that which was required to 
produce a supramaximal response. Train-of-four stimuli of frequency 2 Hz 
were applied and repeated at a frequency of 0.1 Hz. The mechanical response 
was monitored by attaching a Grass force displacement transducer (FT03) 
to the foot and recording the signal on a Devices 2 channel recorder. 

A control recording was obtained before the administration of atra
curium. The drug was administered into a rapidly running drip of normal 
saline inserted into the cephalic vein in the right forelimb. Doses of 0.2,0.4 
and 0.6 mg/kg of atracurium were employed. At the point when the twitch 
height of the first of the four stimuli returned to 50% of its original height 
atropine (0.6 mg) was administered. This was followed 1 min later by atro
pine (0.6 mg) plus neostigmine (2.5 mg) and again 1 min later by a second 
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dose of neostigmine (2.5 mg). The observations were repeated once in each 
dog for each of the three doses at intervals of not less than 1 week. 

The increase in dosage of atracurium was associated with a decreased time 
of onset of neuromuscular block, the times being 2.7 min (range 2.17-3.00) 
at 0.2 mg/kg, 1.6 min (range 1.33-2.66) at 0.4 mg/kg and 1.5 min (range 
1.00-2.00) at 0.6 mg/kg, the difference between the first two times (but not 
between the second and third) being significant (p<O.OOOl). Increase in 
dosage was associated also with an increased duration of action: the times 
to full reversal from the time of administration of atracurium were 20 min 
(range 14.0-32.4) at 0.2mg/kg, 31 min (range 20.3-39.1) at O.4mg/kg and 
47 min (range 34.5-66.7) at 0.6 mg/kg. The differences between the first 
and second times mentioned and between the second and third were statisti
cally significant. 
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Haemodynamic effects of 
methoxyflurane in dogs 
E. P. Steffey, T. B. Farver and M. Waliner 

Despite its relatively widespread clinical veterinary usage, little objective 
information is available regarding the cardiovascular effects of methoxy
flurane (MOF). Accordingly, studies were performed in dogs during con
trolled (CV) and spontaneous (SV) ventilation to supply missing data and to 
compare directly these results with data similarly derived while these same 
dogs were anaesthetized with halothane (Hal). Alveolar MOF and Hal dose 
vs. circulatory response relationships were defined in the absence of modify
ing factors such as variations in Pa02, variations in end tidal anaesthetic 
concentration or body temperature, surgical stress and other anaesthetic or 
adjuvant drugs. 

The circulatory effects of three different alveolar concentrations of MOF 
and Hal were studied in eight healthy, unmedicated, fasted, adult, mongrel 
dogs weighing 22.7 ± 1.1 kg. Anaesthesia was induced and maintained with 
the intended agent of study in oxygen. The minimum alveolar concentration 
which just prevented gross purposeful movement in response to a noxious 
stimulus (MAC) was previously determined for each agent in each intubated 
animal according to established techniques l • 2. MAC in these dogs averaged 
0.29 ±0.01 0,10 for MOF and 0.89±0.02% for Hal. Circulatory measurements 
were made at MAC multiples of 1.0, 1.5 and 2.0 according to previously des
cribed techniques3• Oesophageal temperature was maintained at 37.9±0.1 °C 
and during CV PaC02 averaged 34-38 torr. The order of agent initially 
studied and whether increasing or decreasing concentrations were investi
gated were randomized to minimize effects of sequence and time. At least 
7 days separated studies in each animal. Prior to each set of measurements 
during CV, a period of anaesthetic over pressure preceded at least 30 min of 
constant end tidal anaesthetic concentration. Immediately following com
pletion of these measurements, CV was discontinued and measurements 
repeated at the same unvarying alveolar dose after at least 20 min of SV. CV 
was then reinstituted and the anaesthetic dose increased or decreased as 
circumstances dictated for succeeding measurements. A mean and standard 
error for the data was calculated. Data were analyzed with Student's paired 
and unpaired I-tests. A level of p<0.05 (MOF vs. Hal at a given MAC 
multiple) or p<O.Ol (MAC X vs. MAC 1.0) was considered significant. 

806 



WORKSHOP II 

Table 1 Circulatory changes (X ± SE) with methoxyflurane (MOF) and halothane (Hal) anaes-
thesia during controlled (C) and spontaneous (S) ventilation 

MAC 1.0 MAC 1.5 MAC 2.0 

Heart MOF C 119±5t 123 ± 3t 127 ± 5t 
rate S 132±5t 125 ± 5t 130±6t 
(n= 8) Hal C 89±6 98±4 1l0±5 

S 104±4 III ±5 113 ± 5* 

Stroke MOF C 24.1 ±2.Jt 19.4± 1.lt 12.2 ± 1.6*t 
volume S 27.1±1.9 25.0± 1.5 28.4 ± 1.7t 
(mUm in) Hal C 29.4±3.1 24.7±1.9 16.1±1.l* 
(n =7) S 31.l±2.4 25.9± 1.9 20.6± 1.5* 

Cardiac MOF C 2.80±0.20 2.39±0.18 1.51 ±0.18* 
output S 3.61 ±0.32t 3.11 ±0.24t 3.70±0.40t 
(Umin) Hal C 2.58±0.28 2.38±0.18 1.73±0.14* 
(n = 7) S 3.29±0.33 2.40±0.23 2.32±0.25 

Mean aortic MOF C 107±5 87±5* 61 ±4* 
pressure S 106±4 91 ±6 79±4* 
(torr) Hal C 100±5 82±5* 68±5* 
(n = 8) S 104±5 87±5 71 ±5* 

Total peripheral MOF C 3165 ±214 3087±241 3719 ± 582 
resistance S 2406 ± 188t 2420± 197t 1776 ± 118t 
(dyn s cm- 5) Hal C 3240±241 t 2849 ± 178 3303±1l7 
(n = 7) S 2611 ± 159 2486 ± 152 2536± 182 

Left ventricular MOF C 4.15±0.42 2.92±0.29 1.31 ±0.21* 
work S 5.14±0.57 3.95±0.54 4.09±0.64 
(kgmmin- 1) Hal C 3.56±0.46 2.74±0.32 1.70±0.23* 
(n =7) S 4.72±0.61 3.51 ±0.50 2.34±0.41* 

PaC02 MOF C 33.9±0.9 33.8 ± 1.3 38.1 ±2.0 
(torr) S 40.1 ±2.5 57.1 ±5.5 70.2±5.I*t 
(n= 8) Hal C 33.8 ± 1.0 35.0± 1.5 37.7±1.6 

S 39.5 ± 1.6 46.4± 1.7 54.9±2.8* 

*p<O.OI MAC x vs. MAC 1.0; t p<0.05 MOF vs. Hal at a given MAC multiple 

Data are given in Table 1. Pa02 was rarely below 450 torr in any dog, 
regardless of the anaesthetic depth or agent. When ventilation was con
trolled, MOF, like Hal, caused dose-related cardiovascular depression in 
unstimulated healthy dogs. Except for a greater heart rate and lesser stroke 
volume with MOF, little difference was noted between the anaesthetics at 
equipotent doses during CV. The cardiovascular depression observed with 
increasing doses of MOF and Hal with CV and stable PaC02 was attenuated 
during MOF anaesthesia when ventilation was spontaneous and PaC02 rose 
in response to increasing anaesthetic dose'. 
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Afferent inputs to mammalian 
spinal neurons: studies with 
anaesthetic and analgesic agents 
P. M. Headley, N. M. Honhold, D. C. West and D. Lodge 

It is evident that anaesthetic and analgesic agents must interrupt afferent 
information at some site between the incoming stimulus and the centres of 
awareness in the forebrain, but it is still far from clear at which sites, and 
by what mechanisms, this may be achieved. We are interested in the mechan
isms which may control the transfer of afferent nociceptive and other infor
mation through the spinal cord. 

Experiments are performed on rats and cats. Cats are either anaesthetized 
throughout with a-chloralose, or are decerebrated at mid-coIIicular level 
under temporary anaesthesia; they are usually paralysed, end tidal CO2 levels 
being maintained near 4"10. The lumbar spinal cord is exposed by laminec
tomy and is sectioned at L1 level to isolate the lumbar recording area from 
descending supraspinal influences. Rats are decerebrated or are anaesthetized 
throughout with urethane or pentobarbitone. 

Recordings are made using 7-barrel glass micropipettes of overall tip 
diameter 4-7 I'm. The central barrel contains 3.5mol/l NaCI and is used to 
record extracellularly the action potentials of individual neurons. The other 
six barrels contain solutions of drugs which can be administered to the cell 
under study by controlled electrical currents through the appropriate barrels 
(microelectrophoresis). Cells are identified on the bases of their peripheral 
receptive field, of their differential sensitivity to cutaneous stimuli and of 
their location in the spinal cord. The firing rate of the cell under study is 
displayed continuously on a pen recorder. 

Neuronal responses are elicited both by electrophoretically-administered 
agents, and by natural stimuli applied to the appropriate receptive field. It 
is important that the duration, intensity and sequence of all stimuli are 
absolutely regular, and in our experiments these are always controlled elec
tronically. Sensory stimuli which we can control in this way include non
noxious movements of hairs, skin or joints, and noxious radiant heat or 
mechanical pinch. The electrophoretic stimuli are ejections of the three 
agents currently considered to specify three classes of receptor for excitatory 
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amino acids, which are probably the major excitatory neurotransmitters in 
the eNS; these characterizing amino acids are N-methyl-aspartate, quis
qualate and kainate. In our experiments, we try to combine these various 
stimuli in tests designed to determine (1) whether the agent has a selective 
effect on one class of amino-acid receptor, (2) whether the agent has a selec
tive effect on one type of sensory input, and (3) whether sensory synaptic 
inputs can be related to particular classes of amino-acid receptor. 

In the original experiments of this type! we found that morphine and 
enkephalins, infused electrophoretically into the superficial substantia 
gelatinosa region of the spinal dorsal horn of cats, reduced the responses of 
deeper neurons (in Rexed's laminae IV-VI) to noxious radiant heat stimuli 
whilst having no effect on non-nociceptive responses to hair movement. 
These actions could be reversed by the opiate antagonist naloxone with 
intravenous doses (0.1-0.3 mg/kg) similar to those which are just adequate 
to reverse the behavioural analgesia elicited by systemic morphine. This site 
of antinociceptive activity correlates both with the high concentrations of 
opiate receptors subsequently defined in binding studies, and with the 
behavioural analgesia elicited by spinally-administered opiates4 • Amino 
acids and substance P were inactive when ejected at the same site, but 
noradrenaline and 5HT had potent morphine-like actions2 • 

More recently, it has been reported that the dissociative anaesthetic (±)
ketamine is a selective antagonist of the N-methyl-aspartate class of amino
acid receptor3 • Although other antagonists of this receptor type have been 
described in recent years, none cross the blood-brain barrier. Ketamine on 
the other hand clearly does so; the effects of electrophoretic administration 
can, therefore, be compared with those of intravenous administration and 
so can perhaps be related to the behavioural-·actions of the drug. Ketamine 
has potent analgesic properties (in rodents, maybe, more than in cats) and 
so we have examined it for effects on nociceptive and other responses of 
dorsal horn neurons in decerebrate cats and rats and in pentobarbitone
anaesthetized rats. Figure 1 illustrates an experiment in which a cell was 
activated in a regular cycle by pinching skin and by electrophoretic adminis
tration of quisqualate and N-methyl-aspartate. (± )-ketamine was ejected 
concurrently with a dose sufficiently high to block entirely the responses to 
both amino acids, but the pinch response was unaffected. This lack of effect 
of ketamine, whether administered electrophoretically or intravenously (up 
to 24 mg/kg) has been consistent on all tests on nociceptive and non
nociceptive responses. 

We are currently beginning to examine those non-steroidal anti-inflam
matory drugs which have good analgesic properties. Paracetamol and 
acetanilide have shown a clear ability to reduce kainate responses whilst 
leaving N-methyl-aspartate and quisqualate responses relatively unaffected. 
To date, however, we have not found any consistent effect by electrophoretic 
or intravenous paracetamol on nociceptive or non-nociceptive synaptic 
responses. 

These results therefore suggest (1) that opiates may exert significant 
analgesic actions in the dorsal horn, (2) that N-methyl-aspartate and kainate 
receptors are not important in mediating afferent inputs of the types tested 
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Figure 1 Pen recorder trace of the firing rate of a dorsal horn neuron (ordinate) against time. 
Excitatory responses were eliciteli in a regular cycle by pinching the skin over the gastrocnemius 
muscle (P) and by electrophoretic ejections of quisqualate (Q) and N-methyl-aspartate (N). 
During the period indicated by the horizontal bar, (±)-ketamine was ejected (20nA ejecting 
current). On this cell this dose was sufficient to block responses to both amino acids, but the 
pinch responses were unaffected. Raising the ketamine current to 80 nA in a further test still 
left the pinch responses unaffected. Decerebrate spinalized cat, lamina IV neuron 

on dorsal horn neurons, and (3) that a spinal site of action does not contri
bute significantly to the central analgesic effects of (± )-ketamine and of 
paracetamol. 
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Evaluation of etomidate and 
fentanyl in dog anaesthesia 
O. Glardon 

The usefulness of etomidate for short periods of anaesthesia (e.g. to perform 
biopsy, skin suture, radiography) is related both to its short duration of 
action and the absence of significant side-effects. The aim of this study has 
been to monitor the course of anaesthesia using a combination of etomidate 
and fentanyl. 

109 apparently healthy dogs were studied. They were allocated to three 
groups. Dosage regimens for etomidate and fentanyl were respectively: 
group 1 (n = 62): 1 mg/kg plus 0.005 mg/kg; group 2 (n = 24): 1 mg/kg plus 
0.010 mg/kg; group 3 (n = 23): 1.5 mg/kg plus 0.005 mg/kg. Doses were 
administered by the intravenous route. For 19 dogs in each group, the heart 
rate and respiratory frequency, the level and duration of muscle relaxation 
and analgesia were recorded. Assessment of muscle relaxation was made 
qualitatively. It was graded as deep when the animal was immobile and 
moderate when some spontaneous movements (tail, legs) were observed. 
Analgesia was considered to be marked when no response was evoked by a 
painful stimulus (prick with a needle) and when the interdigital reflex was 
absent. Analgesia was considered to be moderate when the interdigital reflex 
was again recorded. In addition, rotation of the eyeball and the times 
between administration and the first righting of the head and between 
administration and the first attempt to walk were measured. 

Results for relaxation, analgesia and recovery parameters are summarized 
in Table 1. When the 109 anaesthetized dogs were considered, 11 cases of ex
citation were observed, which necessitated an additional ketamine adminis
tration (2.5-5 mg/kg). Most of the excitated dogs were very nervous prior 
the induction of anaesthesia as a result of prolonged travel. In all three groups, 
bradycardia occurred after the first minute postinjection: in the first group, 
return to control values occurred before the end of anaesthesia (13th minute). 
When marked bradycardia occurred, several dogs displayed arrhythmias 
such as bigeminism, trigeminism and extra beats. Other side-effects were: 
vomiting (n = 1), coprostasis (n = 1) and recovery excitation (n = 2). 

This study confirms previously reported data. The normally recommended 
dosage regimen (group 1) is generally sufficient for most purposes. In 6.5070 
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Table 1 Responsl; (duration in minutes or minutes after administration) of dogs to the 
administration of a combination of etomidate and fentanyl. Values are expressed as mean + SD 

I II III 
Groups (n = 19) (n = 19) (n = 19) 

Etomidate (mg/kg) 1.0 1.0 1.5 
Fentanyl (mg/kg) 0.005 0.010 0.005 
Muscle relaxation 

deep 7±3 ()±3 8±4 
moderate 1O±3 11±3 15±4-

Analgesia 
marked or moderate 9±3 13 ±3- 14±5-

Eyeball rotation 4±3 6±3 7±4· 
Awakening 1O±5 9±3 
First righting of the head 12±3 14±4 18±5· 
First attempt to stand 17±4 19±5 24±7· 
Walking 22±5 23±5 32±7· 

-Significant (p < 0.05) with group I as control 

of the cases, doses of etomidate had to be increased by 50070. This com
bination of drugs produces only slight cardiovascular effects and has the 
shortest duration of action. In contrast, when the dose of fentanyl is doubled, 
analgesia is prolonged by 4 min but the depressant effects on the cardio
vascular system become a limiting factor. The dose levels used in the third 
group led also to undesirable side-effects (the depressant effect on the cardio
vascular system is the most important and, in addition, awakening is 
delayed). . 

In conclusion, the main advantages of etomidate-fentanyl are the 
following: (1) a short duration of action, (2) sufficient analgesia for minor 
surgery, and (3) few side-effects on the cardiovascular system which makes 
this combination useful in cases of shock. The main disadvantages are: (1) 
excitation in about 10% of dogs which necessitates ketamine administration, 
(2) the occurrence of panting, which makes radiographic examination diffi
cult especially in the large dogs, (3) the volume of the administered dose is 
important (6 mllkg) and necessitates an intravenous catheter, (4) the 
presence of fentanyl prevents its use in some sensitive breeds such as chow
chow, Spitz, samoyede and toy-poodle, and (5) the combination is expensive. 
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Interactions between dissociative 
anaesthetics and neurotransmitter 
receptors in the 
mammalian central nervous system 
O. Lodge, N. R. Burton, S. C. Berry and N. A. Anis 

General anaesthetics depress the transfer of information within the central 
nervous system (eNS) by an action at the level of synaptic transmission3 • 

Since the balance between the various pharmacological aspects of anaes
thesia varies from agent to agent it seems likely that there is not a common 
mode of action. It is well established that barbiturates enhance particular 
inhibitory mechanisms, namely those mediated by the neurotransmitter, 'Y
aminobutyric acid (GABA). This effect of the barbiturates, which explains 
at least in part their central depressant properties, is brought about by an 
action at the GABA receptor-effector complex on the postsynaptic mem
brane3• The dissociative anaesthetics do not enhance GABA-mediated 
inhibitions but rather depress polysynaptic excitations4 • Since the acidic 
amino acids, L-aspartate and L-glutamate, are thought to be neurotrans
mitters at many excitatory synapses in the brain and spinal cords, we have 
investigated the interaction between dissociative anaesthetics and excitatory 
amino-acid receptors on central neurons in the cat and the rat. 

Experiments were performed on decerebrate cats or pentobarbitone
anaesthetized rats and cats using standard neurophysiological techniques. 
Extracellular action potentials from single neurons in the spinal cord were 
recorded via the centre barrel of seven barrel glass micro electrodes (overall 
tip diameter 4-10 p.m). The outer barrels contained ionized solutions of 
drugs and neurotransmitter candidates and analogues which could be 
ejected, into the region of the neuron being studied, by passing a small 
electrical current of the appropriate polarity through the drug barrel. The 
microelectrophoretic currents, measured in nanoamperes, were monitored 
continuously on a pen recorder together with the action potential discharge 
rate of the neuron. 

Initial experiments were performed to compare the effects of ketamine (a 
dissociative anaesthetic), methohexitone (a barbiturate anaesthetic) and 
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alphaxalone/alphadolone (saffan; a steroid anaesthetic mixture) on spinal 
reflexes and inhibitions. While methohexitone and saffan enhanced pro
longed inhibitions and dorsal root potentials, ketamine had no such effect 
at doses up to 10 mg/kg i. v. On the other hand, polysynaptic and not mono
synaptic reflexes were reduced by ketamine more than by the other anaes
thetics. The results with saffan and methohexitone suggest that these two 
anaesthetics enhance the postsynaptic action of GABA, whereas the results 
with ketamine suggest a selective action on excitatory interneurons which 
may use aspartate as their transmitters. 

Using microelectrophoretic administration to study the interaction of 
ketamine and tiletamine with L-aspartate and L-glutamate on 13 cat spinal 
neurons, it was found that the postsynaptic actions of L-aspartate were 
depressed more than those of L-glutamate but the selectivity of this effect 
was not great. It is, however, known that, just as acetylcholine interacts with 
muscarinic and nicotinic receptors, so L-aspartate and L-glutamate interact 
with three classes of amino-acid receptor. The selective agonists for these 
three receptors are N-methyl-aspartate (NMA), quisqualate and kainate5 • 

Accordingly, the actions of ketamine, tiletamine and phencyclidine have 
been investigated on the responses of neurons to these three agonists. All 
three dissociative anaesthetics reduced or abolished the action of NMA more 
than the actions of quisqualate and kainate. For example, on 82 cat spinal 
neurons, ketamine reduced responses to NMA by 33 to 1000/0 (mean 78 ± 
18%), those to quisqualate by 0 to 55% (mean 9 ± 11 %) and those to kainate 
by 0 to 30% (mean 8 ± 10%). 

Excitatory responses to acetylcholine (ACh) of spinal Renshaw cells were 
also reduced by the three dissociative agents, although to a smaller extent than 
those to NMA. For example on 25 cat Renshaw cells, during ketamine ejection 
(3-30nA) responses to ACh were reduced by 0 to 80% (mean 37±22%) 
whereas responses to NMA were reduced by 35 to 100% (mean 77 ± 18%). 
On 14 of these Renshaw cells, responses to kainate or quisqualate were 
reduced by 0 to 30% (mean 14 ± 9%). Results from a Renshaw cell are shown 
in Figure 1. Qualitatively and quantitatively similar results were obtained 
with tiletamine and phencyclidine, although the latter drug was an order of 
magnitude more potent (see Figure 1). 

It is of particular relevance that the ( + ) isomer of ketamine, which is ap
proximately three times more potent than the ( - ) isomer as an anaesthetic/ 
analgesic, was also approximately three times more potent as an antagonist 
of NMA but only 1-1 Y2 times as potent as an ACh antagonist l . 

In the cerebellum, the depressant effects of phencyclidine and ketamine are 
thought to be mediated via a noradrenergic mechanism2• We therefore com
pared the action of noradrenaline and ketamine on responses of spinal neurons 
to the excitatory amino acids. On both cat and rat spinal neurons noradrena
line did not mimic the act.on of ketamine but rather reduced the responses 
to quisqualate more than those to kainate and NMA. For exaniple, on five 
cat spinal neurons, noradrenaline reduced responses to quisqualate by 20 to 
70% whereas responses to NMA were reduced by 0 to 20%. Thus it appears 
that noradrenergic mechanisms are unlikely to explain the NMA-antagonism 
seen following local administration of the dissociative anaesthetics. 
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KET 21nA PCP 7nA 
60 

L L 
Figure 1. Effect of ketamine and phencyclidine on the responses of a Renshaw cell in a pento
barbitone-anaesthetized cat to quisqualate (Q). N-methyl-aspartate (N) and acetylcholine (A). 
The record shows the firing rate of a neuron in response to the electrophoretic ejection of the 
three agonists indicated by the bar below the record. Quisqualate (5 mmolll in 200 mmolll NaCI) 
'"as ejected with a current of 103 nA. N-methyl-DL-aspartate (200 mmolll) with a current of 
22nA and acetylcholine (200mmolll) with a current of 10nA. The concurrent ejection of 
ketamine (KET. 21 nA from a 50mmolll solution in 150mmolll NaCI) and of phencyclidine 
(PCP. 7 nA from a 10 mmolll solution in 200 mmolll NaCl) selectively depressed the response 
to NMA more than to ACh and to ACh more than to quisqualate. Recovery from ketamine 
(middle panel) and from phencyclidine (far right) was observed 3 and 15 min after stopping the 
ejection of the respective anaesthetic. Ordinate: firing rate in spikes/sec. Abscissa: time in min 

It has been reported that ketamine analgesia may be reduced by adminis
tration of naloxone, suggesting that ketamine acts in part at central opiate 
receptors. In an initial series of experiments electrophoretic ally administered 
morphine and naloxone were without any clear effect on responses of spinal 
neurons to NMA. quisqualate and kainate nor did naloxone affect the NMA
blocking action of ketamine. Thus, it appears unlikely that an action at 
classical opiate receptors underlies the actions of ketamine described above, 
but in preliminary experiments we have found that cyclazocine, a sigma 
opiate receptor ligand, is a potent NMA antagonist. 

Systemic administration of both ketamine (2.5-20mg/kg i.v.) and 
phencyclidine (0.25-0.5 mg/kg i.v.) also selectively blocked responses of 
spinal neurons to electrophoretically administered NMA with relatively small 
effects on the actions of ACh, quisqualate and kainate. These highly selective 
effects on NMA receptors, which mediate information transfer throughout 
the central nervous systemS, probably contribute substantially to the clinical 
effects of the dissociative anaesthetics. The minimum systemic dose levels 
producing NMA antagonism are in the range of those producing analgesia 
rather than surgical anaesthesia, although full anaesthetic dose levels still 
show similar selective effects. 

These results, together with the selective enhancement of GABA-mediated 
inhibitions by barbiturates and steroids, do not support unitary hypotheses 
of anaesthesia but rather suggest specific interactions with particular protein 
elements in the post junctional membranes. 
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Clinical pharmacology of 
ketamine in the pig 
P. Lees and M. J. Meredith 

The pig is possibly the most difficult of all domesticated animal species to 
restrain and anaesthetize under field conditions. There is, therefore, a need 
for agents with wide safety margins, which can be injected intravenously and 
intramuscularly and which are compatible with other premedicants and with 
volatile anaesthetics. The dissociative anaesthetic, phencyclidine, filled this 
role for several years, but it is no longer available for general use. Ketamine, 
though less potent and with a shorter duration of action than phencyclidine, 
has replaced the latter drug for use in several species including man. Since 
azaperone is probably the most widely used tranquillizer-sedative agent in 
pigs, the present investigation of the actions of ketamine in the pig was 
carried out both with and without premedication with this agent. 

The actions of ketamine were studied in two circumstances: 

(1) The general clinical efficacy of ketamine given intravenously (Lv.) or 
intramuscularly (i.m.) at varying dose rates both alone and following 
azaperone premedication was investigated in approximately 200 pigs of 
differing breeds, ages and weights. 

(2) The effects of premedication with azaperone (2 mg/kg Lm.) followed 
15 min later by induction of anaesthesia with ketamine (15 mg/kg i.m.) 
on respiration and the cardiovascular system were investigated in one 
Large White and eight G6ttingen miniature pigs. Measurements and 
blood samples were taken from previously implanted arterial and 
venous catheters. In control experiments the pigs received either 
azaperone or ketamine alone. 

Azaperone/ketamine or ketamine alone produced a light plane of anaes
thesia lasting for 10 to 30 min with doses of ketamine ranging 
from 10 to 20mg/kg. No deaths occurred even in animals receiving doses of 
60 mg/kg. The central depressant actions of ketamine were increased only 
slightly by azaperone premedication. Anal, laryngeal and pharyngeal 
reflexes were retained and the apneustic, jerky pattern of respiration was 
commonly accompanied by mild tremor. Muscle tone was decreased for 
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15-30min, although occasional spontaneous movements occurred in this 
period. Responses to auditory stimuli were abolished for 30 min. Increased 
salivation occurred, although atropine was not administered. Analgesia was 
judged to be fair or poor and major surgery could not be performed. 
However, ketamine anaesthesia did allow the following procedures to be 
undertaken: endoscopy of the reproductive tract, ultrasonic examination of 
the fetus, electroejaculation, castration, hernia operations, laparoscopy of 
the abdomen, teeth cutting, examination of the feet and limbs, mange 
washing and sucking by piglets. Moreover, although endotracheal intubation 
was not possible with ketamine doses of less than 20 mg/kg, these doses did 
permit the administration of halothane by face-mask and the subsequent 
passage of an endotracheal tube. Recovery from ketamine anaesthesia was 
often quiet but myoclonic jerks and floundering sometimes occurred and 
animals were sensitive to tactile stimuli during recovery. 

In one Large White and eight miniature pigs azaperone (2 mg/kg Lm.) and 
ketamine (15 mg/kg Lm.) produced a mild or moderate degree of brady
cardia, while an initial small rise in pcv was followed by a small decrease 
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Figure 1 Cardiovascular effects of azaperone (A: 2mg/kg Lm.) and ketamine (K: ISmg/kg 
Lm.) in miniature pigs. Each point is the mean ± SE for 8 (heart rate), 7 (MAP), and 6 (PCV) 
determinations 
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(Figure 1). The principal cardiovascular effect, however, was a moderate 
degree of hypotension in all animals; in the eight miniature pigs MAP was 
reduced, on average, from 14.9 to 12.0 kPa 14 min after azaperone adminis
tration, with a further reduction to a minimum of 8.9 kPa 20 min after 
injecting ketamine (Figure 1). MAP was still reduced at 60 min (12.7 kPa) but 
had returned to normal by 90 min. The administration of azaperone alone 
also caused hypotension but ketamine alone, in contrast, increased MAP for 
periods ranging from 20 to 60 min. 

The level of respiratory depression occurring during ketamine anaesthesia 
could not be readily assessed from direct observations of respiratory rate and 
depth because of the changed character of respiration (apneustic and jerky). 
However, from arterial blood gas measurements it became clear that breath
ing was stimulated by azaperone premedication; after 14 min mean Pa02 was 
increased to 13.2 kPa from a control level of 12.4 kPa and mean PaC02 was 
reduced from 5.9 to 5.3 kPa. After inducing anaesthesia with ketamine 
respiratory depression, the magnitude of which varied considerably from 
animal to animal, usually occurred; it was severe in one pig, moderate in two, 
mild in two, unchanged in one and in a single animal stimulation occurred. 
For seven pigs, the mean value of oxygen tension was lowest at 5 min 
(Pa02 = 9.9 kPa) and the respiratory acidosis which was usually slight was 
maximal at 20min (PaC02 = 6.5 kPa). 

It is concluded that the wide safety margin of ketamine in clinical use 
permits several experimental and clinical procedures to be performed. 
Anaesthesia and recovery were usually satisfactory and both Lv. and Lm. 
routes of administration were feasible. However, profound analgesia was not 
obtained and endotracheal intubation was not possible with moderate dose 
rates. For large pigs anaesthetic doses would be expensive and large volumes 
of solution would be required, but cost and injection volume are not excessive 
for smaller animals. The rise in blood pressure produced by ketamine was 
probably caused by the drug's well known sympathetic stimulant action. The 
hypotension which followed azaperone administration was probably due to 
this agent's a-adrenoceptor blocking properties. a-blockade by azaperone 
may also have accounted for reversal of the pressor action of ketamine. The 
apneustic respiratory pattern was accompanied by variable degrees of 
respiratory depression. 
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The use of a combination of 
xylazine and ketamine in calves 
A. E. Waterman 

Ketamine hydrochloride has been widely used for anaesthesia in many 
species. Although its use in adult cattle has been reported1,2, there is no 
information regarding its use in calves. General anaesthesia often presents 
a problem in calves, especially if lack of equipment precludes the use of 
volatile anaesthetic agents. It seemed possible that a combination of xylazine 
and ketamine might offer a better alternative to barbiturates in such circum
stances, and the following clinical study was therefore undertaken. 

Thirty calves, ranging in age from 1 to 52 weeks and in weight from 30 to 
360 kg were used in this study. The animals were allocated to one of three 
groups, details of which are given in Table 1. 

Table 1 

Ketamine Sex 
dosage No. of Age Weight ratio 

Group and route animals (weeks) (kg) (MIF) 

A 5 mg/kg i.v. 6 17.5±7.2 86.7 ±26.4 115 
B 10 mg/kg i.m. 12 20.3±4.2 118.3±25.3 4/8 
C 10 mg/kg i.m. 12 1O.0±2.8* 81.3 ± 16.4 8/4 

*Significantly different from Group B, p<O.OI 
Values are mean ± SEM 

Following premedication with xylazine (0.2 mg/kg), which was given 
intramuscularly, anaesthesia was induced 10min later by the intravenous 
(Group A) or intramuscular (Group B) administration of ketamine at a dose 
rate of 5 mg/kg and 10 mg/kg, respectively. In the third group (C), xylazine 
(0.2 mg/kg) and ketamine (10 mg/kg) were mixed together in the same syringe 
and administered simultaneously. Anaesthesia was maintained when neces
sary either by inhalation of halothane in oxygen (Group A) or by supple
mentary doses of ketamine at a dose rate of 5 mg/kg given intramuscularly 
(Groups B and C). The time to onset of anaesthesia, the duration of anaes
thesia and the times taken for the calves to recover the ability to raise their 
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heads, resume sternal recumbency and stand unaided were recorded. Res
piratory and pulse rates were monitored and an attempt was made to assess 
the 'quality' of anaesthesia. 

GROUP A 

Following the intravenous administration of ketamine, anaesthesia was 
immediate. There was some initial respiratory depression but no apnoea. 
Bradycardia occurred following xylazine sedation but this was soon reversed 
by the ketamine. This dose of ketamine gave about 20 min anaesthesia and 
thereafter anaesthesia was maintained using halothane. As indicated in Table 
2, all the calves recovered quickly at the end of anaesthesia. 

Table 2 Results of anaesthesia using xylazine and ketamine. Values in minutes (mean ± SEM) 

Duration 
of Time to 

Group Route anaesthesia head up 

A Lv. 19.0±2.4 8.8 ± 1.4-
B Lm. 23.5±1.8 32.0±7.5t 
C Lm. 37.0±3.4 54.0±4.6t 

-Measured from cessation of halothane administration 
tMeasured from last injection of ketamine 

GROUP B 

Time to 
sternal 

recumbency 

13.4± 1.8-
43.0±8.6t 
n.5±7.1t 

Time to 
standing 

37.0±7.5-
85.0± 1O.8t 

107.6± 1O.5t 

All the calves became sedated within 3-5 min of xylazine administration 
and three became recumbent. The remainder were anaesthetized within 4 min 
of the injection of ketamine. This initial dose gave about 23 min anaesthesia; 
additional increments were required to prolong anaesthesia in seven animals 
for periods of 14-60 min. In these cases a mean total dose of 17.4 ± 1.6 
mg/kg ketamine was given. As in Group A, the pulse rate fell after xylazine 
administration but soon returned to normal when the ketamine was given. 
Respiratory rates tended to be high (48 breaths/min) during anaesthesia. 

GROUP C 

The 12 animals in this group were anaesthetized by the intramuscular 
administration of xylazine and ketamine mixed together in the same syringe. 
The onset of incoordination and recumbency was extremely rapid; incoordi
nation was apparent within 2 min (mean 1.6 ± 0.2 min) and all the calves were 
recumbent within 4 min (mean 3.2 ± 0.2 min). The duration of anaesthesia in 
this group, 37.0min, was significantly longer than in Group B (p<O.OI). 
Additional doses of ketamine were given to five calves in order to prolong 
anaesthesia for periods ranging from 10 to 30 min (mean 20.0 ± 3.4 min) and 
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in these animals a mean total dose of 15.3±0.4mg/kg ketamine was used. 
Respiratory rates rose during anaesthesia but there was little change in pulse 
rates. 

In all three groups, the calves appeared to be only lightly anaesthetized, 
palpebral and corneal reflexes remained brisk throughout except in the very 
youngest calves. There was pupillary dilatation and some animals exhibited 
nystagmus but muscle relaxation and analgesia were judged to be good, 
although there were occasional involuntary limb movements. Salivation and 
lachrymation were noted to a variable degree in all animals. No calf regurgi
tated and there were no complications in the recovery period. Comparison 
of Groups Band C revealed a significantly longer duration of action of 
ketamine in Group C. This was found to be related to the age of the calves. 
The duration of anaesthesia decreased with age for calves from 1 to 10 weeks 
of age, the linear relationship being described by the equation y = 53.4 -
3.22x (correlation coefficient 0.74). In calves over IOweeks of age the 
duration of action of the drug appeared to be almost constant at approxi
mately 23 min. 

This study has shown that ketamine in combination with xylazine produces 
satisfactory anaesthesia in calves. The unique state of anaesthesia produced 
by ketamine, however, was quite unlike that induced by other anaesthetic 
agents and this necessitated adjustment of the criteria normally used to judge 
the depth of anaesthesia. The greater sensitivity of the calves in Group C to 
the effects of ketamine seemed to be related to their age. This effect of age 
has previously been recorded in rats4 and shown in this species to be related 
to the relative inability of young animals to metabolize the drug. In circum
stances when facilities are not available for the administration of inhalational 
agents, it seems that a combination of ketamine and xylazine is effective both 
for the induction and maintenance of anaesthesia in calves, especially those 
under 10 weeks of age which are particularly sensitive to the effects of 
barbiturates3 • 
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E.e.g. frequency analysis of 
barbiturate and ketamine anaesthesia 
E. L. Gerring 

The electro-encephalogram (e.e.g.) may be used to monitor the level of 
unconsciousness during anaesthesia and recovery as well as states of con
scious awareness. The resting pattern of low frequency, large amplitude 
bursts of activity interspersed with high frequency, low amplitude waves can 
be instantly converted to the all high frequency arousal pattern by any mild 
stimulus, such as stroking the coat. Surgical anaesthesia is usually associated 
with a burst suppression pattern, in which short bursts of low frequency, high 
amplitude waves are superimposed on periods of electrical quiescence. A 
variety of patterns occur in recovery from anaesthesia but usually well
defined low frequency, large amplitude sleep spindles can be observed 
around the time of return of consciousness and soon after. The present study 
was undertaken to investigate the very different anaesthetic character 
observed between anaesthesia induced by barbiturates and that due to 
ketamine. 

E.e.g. recordings were obtained from implanted bipolar gold electrodes in 
rabbits. The signal was passed through high gain a.c. amplifiers and dis
played on a polygraph. The output signal was also fed into a gated e.e.g. 
analyser with bandwidths of 2-3 Hz, 3-6 Hz, 6-9 Hz, 12-18 Hz, 25-35 Hz 
and 52-70 Hz. The analyser recorded and displayed the percentage presence 
of e.e.g. waves in each band per 4 min unit of time. After a control period 
of recording, thiopentone (25 mg/kg) or ketamine (20 mg/kg) was injected 
into a marginal ear vein and recording continued until consciousness had 
been recovered. Following barbiturate injection a burst suppression level of 
anaesthesia was reached. This correlated well with activity in the 3-6 Hz 
band (Figure 1), surgical anaesthesia coinciding with low levels of activity. 
Activity increased with lightening of anaesthesia and then declined to coin
cide with recovery of consciousness at 42 min after injection. The high 
frequency band, 52-70 Hz, was predominant before injection as the 
arousal pattern and returned progressively during recovery. 

The pattern with ketamine was markedly different. Slow waves in the 
3-6 Hz band were present only in the first 6 min following injection. The 
52-70Hz band, however, was very prominent during this period (Figure 1) 
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Figure 1 E.e.g. analysis of thiopentone and ketamine anaesthesia in the 3-6 Hz and 52-70 Hz 
bands. Upper panel ketamine, lower panel thiopentone 

and throughout anaesthesia until recovery of consciousness at 54 min. 
Surface electrodes monitor the total resultant electrical activity from the 
brain and do not discriminate between activity centres. The effect of a 
barbiturate is almost completely to suppress all electrical activity in the brain, 
while ketamine produces only a transient decrease in electrical activity, 
quickly followed by high frequency waves. 

Could this stimulation of high frequency activity be involved in blocking 
the lower frequency discharges, thereby producing the anaesthetic and 
cataleptic action of ketamine? Further study of this high frequency activity 
is required. 
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residues in food 605 
toxicity 666 

H-receptors see histamine receptors 
human milk contamination 619-20 
hycoscine and vomiting 302 
hydrallazine absorption 755 
hydroral 125-6 
hydroxy cholecalciferol therapy 184 
6-hydroxy dopamine 11 
5-hydroxytryptamine see serotonin 
hyoscine 369 
hypericin 671, 673 
hypersensitivity and histamine 260-1 
hypobiosis 227 
hypomagnesaemia 185 
hypothermia and low birth weight 4-5 
hypoxia 417-418 

ibuprofen 322, 324, 326-7 
ICI-50123, interaction with anaesthetics 

493-4 
ICI-50172, interaction with anaesthetics 497 
icterogen 673-4 
imidocarb 247-54 
imipramine 7, 562 
imizol247 
immune competence and antibiotic therapy 

146-7 
immune response 

effect of chloramphenicol 695 
in ruminants 16 

immunomodulation by levamisole 99-103 
imprinting 78 
indomethacin II, 18, 34 

adverse reactions 739 
and diarrhoea 317, 321, 324 
gastric ulceration 513, 515 
mechanism of action 503 
toxicity 326-7, 329 

infection and trace metals 421, 423 
infections in calves 143-8 
infectious bovine rhinotracheitis, animal 

model 565-6, 578-80, 582, 584 
inflammation 

anti-inflammatory drugs 508-9, see also 
NSAIAs, steroids 

and histamine 260-1 
models 509-10 

inorganic mercurialism 707-8, 710 



insecticides 
poisoning 734-5 
pollution 599-601 

insulin 
effect on horse gut 378 
fetal growth 5 

intagen in feed 752 
inulin clearance 57, 59-61, 67-8 
iodides in pregnancy 35 
iodine deficiency 186-9 
iodine in milk 612-13 
ionaid 125-6 
ionidiar 125-6 
ipomeamarone 550 
iproniazid 7 
iron 

and fever 421, 422, 424-6 
metabolism and resorption 107-8 
supplements 110-11 

isocarboxazid 7 
isometamidium 248, 249, 250 
isoniazid 24, 661 
isoniazin, enzyme inhibition 529-30 
isoprenaline 205, 206, 209 
isopropamide and diarrhoea 317 
isoproterenol 11, 34, 409 

anaesthetic interactions 496, 497 
ivermectin 227, 229 

jervine 40 

kanamycin 
in milk 196 
pharmacokinetics 50, 404 

ketamine 488 
adverse reactions 740 
in calves 820-2 
chloramphenicol interaction 803 
egg recordings 823-4 
effect on blood pressure 490-3 
effect on cardiovascular system 800-2 
effect on nervous system 496 
effect on neuronal response 809, 813-16 
effect on urinary secretion 494 
in pigs 817-19 

ketanserin 261-80 
ketazocine receptors 452, 453-61 
ketoprofen 322, 326 
ketosis in cattle 185 
kidney 

anatomical development 64-67 
effect of NSAIAs 328-9 
damage by anaesthetics 479 
and mycotoxins 636 

labour initiation in ruminants 204-7 
laminitis in horses 276-8 
lasalocid in ruminants 768, 774, 777, 

779-81 
law and feed medication 748,749-51,752, 

758 
lead 

in milk 614, 644 
poisoning 697-700, 715 et seq., 735 
pollution 602, 603, 644 
phototoxicity 674 

INDEX 

lectade 126 
leukocytic endogenous mediator 421 
leukotrienes 505 
levamisole 16, 229, 230-1, 232, 584 

adverse reactions 739 
anaphylaxis 740, 741 
immunomodulation 99-103 
pharmacokinetics 241-5 
structure 99 

levarterenol 34 
1evorphanol receptor binding 453-61 
LHRH and reproduction control 383, 392 
lidamidine and diarrhoea 317 
lidocaine 18,410 
lifeguard 125-6 
lincomycin 598, 756 

in feeds 752, 754 
in milk 194, 195 

lindane 604 
in milk 614, 616 
residues 761 
toxicity 726-31, 762 

lithium 35, 557 
liver 

anaesthetic toxicity 479 et seq. 
development of biotransformation 

enzymes 75-6 
disease model 539 et seq. 
drug metabolism 409-11, 524-5 
hepatocyte cultures 465 et seq. 
mycotoxins 630 

lomidine, adverse reactions 739 
loperamide 311,313,314-16,376 
LSD 264, 276 
lungs 

animal models of lung disease see animal 
models 

effect of anaesthetics 493 
effect of histamine and its antagonists 

259-60 
effect of mercury 710-11 
effect of serotonin 278-80 
xenobiotic metabolism 524-5 

luteinizing hormone receptors 381, 383, 391 
luteolysis and prostaglandins 383 
luteolytic agents 213, see fenprostalene, 

prostaglandins 

magnesium therapy 184, 185 
malathion poisoning 726-731 
malignant hyperthermia 265-272 
mammary gland, drug excretion 193 et seq. 
mastitis 

antibiotic therapy 649-55 
penetration of antibiotics into milk 200-2 

maternal-fetal drug distribution in 
ruminants 18 

maternal nutrition and fetal growth 4-5 
meat, drug residues 760-3 
mebendazole 229, 378 

residues 763 
toxicity 663, 665 

meclofenamic acid 403, 584 
in ruminants 154, 173 

meconium 14 
medicated feeds 747 et seq. 
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medroxyprogesterone 44 
mefenamic acid 322 
meglumine 423 
meperidine 7, 18, 372, 376 
mephenytoin and hepatocytes 469-472 
meprobamate 7, 527 
mepyramine 257-8, 259, 260, 584 
mercury 

in milk 614, 644 
pollution 603, 604, 644 
toxicity in the horse 704-12 

mestranol 598 
metabolic diseases, advances in treatment 

183-91 
metabolism of drugs see biotransformation, 

drug metabolism 
metaldehyde poisoning 725, 726, 727-31, 

734 
metergolin 264 
methiocarb poisoning 726-31 
methadone effect on small intestine 368-70 
methapyrilene carcinogenicity 473 
methimazole 35 
methoxamine 34 
methohexitone 

chloramphenicol interaction 803 
effects on cardiovascular system 800-2 
neuronal response 813-16 

methoxychlor 
poisoning 726-31 
residues 642 

methoxyflurane 488, 491-3, 498, 806-7 
methylazoxymethanol 79 
1-methyl-2-benzylhydrazine 79 
methyl carbamate poisoning 725 et seq. 
3-methy!cholanthrene 79, 524, 527 

on hepatocytes 469-472 
20-methylcholanthrene 527 
methylergometrine 2'10 
methylhistamines 257-8 
3-methylindole and fog fever 576 
methylmercurialism 705-6, 708-10 
methylmethane sulphonate 79 
methylnitrosourea 79 
methylnitrosourethane 79 
methylphenidate 562 
methyltestosterone pollution 605 
methysergide 264, 276, 311, 584 
metiamide 257-8, 260 
metitepine 264 
metoclopramide 284,285,286-7, 290-1, 

293-5 
adverse reactions 739 
prednisolone interactions 742 
and vomiting 303-4 

metoprolol 531 
metoserpate 554 
metronidazole 755, 756 
mianserin 264 
microbial degradation of drugs 175-7, 525 
microbial flora of gut and drug absorption 

135 
3-MI 578-80, 584 
milk 

antibiotic persistence 647 et seq. 
drug penetration 193-201 

drug and xenobiotic residues 74, 609 et 
seq., 641-5, 760-3 

radioactivity 603 
milk fever 183-4 
milk production, effect of lead poisoning 

717,718 
molsidomine 416 
monensin 248, 249, 768, 771-3, 787 

tiamulin interaction 756 
monkey, NSAIA action 324 
monoamine oxidase inhibitors 529 
morphiceptin receptor binding 458-6 I 
morphine 7, 18,370,373,376,561 

and colonic motility 311-12,313,314 
and neuronal response 809 
receptors 451, 453-61 

mouse tests for carcinogens 87 
multiple antibiotic therapy 142 
muscarinic receptors 317 
muscle damage in pigs 265-72 
mutagens 

in vitro tests 85-6 
in vivo tests 86-8 

mycoplasma pneumonia models 568-9 
mycoplasma vaccine 586 
mycotoxins see also named toxins 

fate in animal tissues 629-35 
in the fetus 41-4 
health hazard 625 et seq. 
in milk 615, 622 
poisoning 735 

Myrothecium toxin 626 

N-AB365 see clenbuterol 
naftidrofuryl 416 
nalorphine 3411 
naloxone 9, 275, 311, 559, 561 

receptor binding 453-61 
naltrexone 275 
naphthalene treatment in selenium 

poisoning 704 
naphthoflavone and hepatocytes 469, 470-2 
naproxen 322, 324 

toxicity 326 
natulan 79 
neomycin 

adverse reactions 738 
in feeds 752 
in milk 195, 196,651 

neonates 
altered susceptibility to carcinogens 79 
antibiotic pharmacokinetics 63 
diarrhoea 115, 116-18,307,308,317-18 
disease prevention and levamisole 99-103 
drug effects on circulation 10-12 
drug disposition 49 et seq. 
mortality in ruminants 3-6 
xenobiotic pharmacokinetics 73 et seq. 

nephrectomy, fetal 6 
neuroleptanalgesics effect on cardiovascular 

and respiratory function 344-5 
neuromuscular transmission 

blocking in the dog 804-5 
effect of anaesthetics 498 

neurotoxicity 561-2 
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neurovegetative system, effect of 
anaesthetics 494-9 

ngaione cirrhosis 539-51 
niclofolane in milk 613 
nicolsamide 231 
nicotinamide effect on DNA repair 473-4 
nicotinic receptors 437 
nifedipine 416 
niflumic acid 322 

toxicity 326 
nihydrazone 659 
nitrate poisoning 176-7, 597, 734, 735 
nitrite-nitrate poisoning 597 
nitrilotriacetic acid absorption 75 
nitrofurans 

in milk 653-4 
poisoning 735, 741 

nitrofurantoin absorption 755 
nitrofurazone in milk 612 
nitrogen waste pollution 596-7, 599 
nitroglycerin 416 
4-nitroquinoline-1-oxide 79 
nitrosamines 79, 597 
nitrovine 598 
nitroxynil 229, 230, 231, 232 

in milk 613 
nivalenol 626, 629 
noradrenaline in the pregnant ewe 18 
noramidopyrine adverse reactions 739 
norepinephrine 26, 376 

anaesthetic interactions 496, 497 
effect on feed intake 558 

NSAIA (non-steroid anti-inflammatory 
agents) 321-9, 503-17 

classification 321-2 
and enzyme inhibition 529 
evaluation 323-4, 507, 509-\0 
interactions 516-17 
neuronal response 809 
toxicity 326-9 

ochratoxin A 41-4,626,628,630,631-5, 
636 

oesophageal groove closure 283-4 
oestradiol 44 

toxicity 666 
oestrogen 

pollution 597 
reproduction control 383 
and uterus 203 

olaquindox carcinogenicity 90 
oleandomycin 598 
oncodazole 665 
opiates, effect on colonic motility 311-12, 

313 
opiate receptors 316, 437, 451, 559 

SUbtypes 451-2 
opioid pep tides 8, 9, 451 
oral antibiotic therapy in calves 141 et seq., 

161 
oral drug bioa vail ability 151-3, 165, 

167-79 
oral fluid therapy for diarrhoea 124-7 
orciprenaline 205, 206 
organochlorines 

poisoning 726-31,734-5 

pollution 600, 604 
residue analysis 641-5 

in milk 611, 616 
organophosphate poisoning 725, 726, 734-5 
ornithine decarboxylase 529 
orohydra 125-6 
ostertagia 223, 226, 227, 238 
ovulation control 382, 384 
oxfendazole 229 

pharmacokinetics 235-40 
residues 763 
toxicity 93, 663, 665 

oxibendazole 229, 665 
lack of teratogenicity 96 

oxopirvedine adverse reactions 739 
oxprenolol-anaesthetic interactions 497 
oxyclozanide in milk 613 
oxygen therapy 8 
oxymorphone 372 
oxyphenbutazone 322, 489 
oxytetracycline see tetracyclines 
oxytocin 203, 204, 205-8 

and c1enbuterol 208-9 
reproduction control 384 

pain models 506-8 
papaverine 416, 418 

pentobarbital interaction 494 
paracetamol 506, 511 

aspirin interactions 513-17 
ether interactions 488, 489 
gastrointestinal effects 512-15 
neuronal response 809 

paraquat poisoning 734 
parasitic bronchopneumonia model 573 
parasitic infections, cost 764-7 
parasiticides, adverse effects 739 
parathion poisoning 734 
parbendazole 229, 659, 665 

teratogenicity 93, 95, 96 
pargyline 529 
patulin 626, 629, 632, 636 
penethamate in milk 195 
penfluridol 7 
penicillenic acid 662 
penicillic acid 629, 636 
penicillins 75,429 et seq., 583-4 

adverse reactions 662, 739, 740, 741-2 
in feeds 752, 753, 754-5 
pharmacokinetics 50, 77, 404 
in milk 194-202, 612, 649-52 
in ruminants 63, 68-71, 161, 178 
usage 142 

pentazocine pharmacokinetics 401 
pentobarbital 7, 446, 490-3, 494-8 

absorption from rumen 169 
drug interactions 494, 498 
in milk 194 
pharmacokinetics in pregnancy 26, 27, 29 

pentobarbitone sleeping time test 534 
pentylenetetrazol 404 
perinatal carcinogenesis 78-81 
permanent enzyme modulation 78 
pesticide 
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residues 641 
in milk 609, 615-22 

pethidine 7, 17, 18, 368-70 
pharmacokinetics 

definition 397 
area under curve 399, 408-9 
bioavailability 407-11 
disposition curves 399-400 
drug interactions 516-17 
metabolites 397 
models 156-61,400-4,406-7 
non-linearity 405 
steady state 404-5 

phenacetin 506, 511 
phencyclidine and neuronal response 814-5 
phenobarbital 7, 527 

and hepatocytes 469, 470-2 
phenobarbitone 

chloramphenicol interaction 530 
cirrhosis 539 
enzyme induction 524, 527, 528 

phenothiazine 225, 229, 232, 302-3 
phototoxicity 672, 673 

phenoxybenzamine 26, 20, 276, 283 
in diarrhoea 308 
effect on feed intake 558 

phentolamine 295 
phenylbutazone 35, 322, 324 

adverse reactions 738, 739, 740 
enzyme induction 527 
interactions 530, 636, 742 
metabolism 397 
pharmacokinetics 27, 29, 35 
effect on protein binding 325 
toxicity 326-7, 329 

1-phenyl-3,3-diethyl triazine 79 
1-phenyl-3,3-dimethyl triazines 79 
phenylmercurialism 706-7, 708-10 
phenyramidol-tolbutamide interaction 530 
phenytoin 7 

enzyme induction 527 
isoniazid interaction 529 
pharmacokinetics 51-2, 405 
teratogenicity 622 

phomopsins 626 
photosensitization 671 
phototoxicity 671 et seq. 
phylloerythrin 672-3, 677 
pig 

adverse drug reactions 738-44 
dysentery 307 
effect of drugs on behaviour 554-62 
exercise induced muscle damage 265-72 
iron metabolism 107 
ketamine pharmacokinetics 817-19 
kidney development 64-8 
levamisole pharmacokinetics 241-5 
malignant hyperthermia 265-77 
parasitic disease costs 766 
penicillin excretion 64, 68-71 
pneumonia models 569-76, 583 
toxicology field data 737-8 

pimozide 7, 293 
pindolol 209 
pindone poisoning 726-31 
piperazine 229, 232 

INDEX 

piperonyl but oxide 531 
piracetam and hypoxia 418 
pirenperone 264 
piroxicam 322, 324 
pitocin 26 
pitressin 26 
pitropin 382 
pituitary extracts and ovulation 382, 392 
placenta 

drug transfer 23 et seq. 
and fetal growth in ruminants 4 
movement of xenobiotics 74 

placental lactogen 6 
planipart see c1enbuterol 
plants, poisoning by 735-6 
plasmid mediated drug resistance 145-6 
pneumoenteritis of lambs, model 567 
pneumonia models 567-80 
polloencephalomalacia 177 
pollutants 595, 735, see also environmental 

pollution 
polyamine metabolism 529 
polybrominated biphenyls 39-40, 533-4, 604 
polychlorinated biphenyls 533-4 

in the fetus 39-40 
pollution 601, 604 
phototoxicity 674 
residue analysis 641-5 

in milk 615 
polychlorinated paraffins 533-4 
polychlorinated terphenyls 533-4 
polycyclic hydrocarbons, prenatally active 

79 
polymixin B in milk 653 
porcine Haemophilus pleuropneumonia 

model 569 
porphyrin phototoxicity 672, 673-4, 676-7 
practolol-anaesthetic interaction 497 
prednisolone 

anaphylaxis 741 
assay 355, 356 
ester absorption 360, 363 
metoclopramide interaction 742 
pharmacokinetics 158-60, 359-60, 

362-4 
prednisone 488 

adverse reactions 738, 739, 742 
pregnancy 

adverse drug effects 34-5 
animal models 3, 16-20, 26-32 
drug usage 3 
induced abortion 217-19 
uterine response to drugs 203-4 
xenobiotic absorption 74-5 

pregnenolone 16-alpha carbonitrile and 
hepatocytes 469-72 

preimplantation, drug transfer during 23 
prenatal carcinogens 79 
prifinium bromide and diarrhoea 312-13 
primidone metabolism 397 
proadiphen (SKF 525A) 663 
procarbazine 79 
procarcinogens 472, 473 
progestagen and reproduction control 

385-7, 388-91 
progesterone 355 
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in aborting cattle 216-18 
fetal distribution 44 
metabolism 409 
phenylbutazone interaction 527 
reproduction control 383, 385-7, 388-91 
and uterus 203, 204 

promethazine 303 
pronethalol-anaesthetic imeraction 497 
1,3-propane sultone 79 
propanidid-chloramphenicol interaction 803 
propranolol 10, 209-10, 283, 416, 755 

drug interactions 497, 498,531 
effect on feed intake 558 
elimination 410, 489 
in ether anaesthesis 347 
metabolites 397 

propoxur poisoning 727-31 
propoxyphene 7 
propylene glycol toxicity 691 
propylisopropylacetamide and hepatocytes 

469-72 
n-propylnitrosourea 79 
propylthiouracil in pregnancy 35 
promethazine 257-8 
prostaglandins 213 et seq. 

adverse reactions 740 
and analgesics 503-5, 506, 508, 511, 

512-16 
and beta blockers 209 
inhibition by NSAIAs 321-3 
in pregnancy 34 
and reproduction control 383-4, 385-7, 

392 
synthetase blockade II 

protein binding of drugs 70, 196, 400, 407 
displacement in NSAIAs 325 
drug imeractions 742 
effect of anaesthetics 488 
in the fetus 18 

protoporphyrin 
phototoxicity 676-7 
test for lead 700, 716, 720-2 

protozoan infection costs 765 
psoralens 671, 673 
pulmonary adenomatosis model 567-8 
pulmonary surfactant 8 
pyrethroid poisoning 734 
pyrexia, drug effects 278, 421, 510, 756 
l-pyridil-3,3-diethyltriazine 79 
2-pyridylethylamine 257-8 
pyrimethamine pharmacokinetics 401 
pyrogen 

endogenous 421 
effects on drug absorption 756 

quinidine-digoxin imeraction 337-9 
quinoxaline-2-carboxylic acid residues 90 
quinoxaline-I,4-dioxide, carcinogenicity 90 
quinuronium 248, 249 

R41468 see ketanserin 
R46700264 
R50970 264, 266-9, 275, 279, 280 
rabbit 

cost of parasitic diseases 766 
diarrhoea 307-8 

renal function development 61 
radical formation and anaesthetic toxicity 

479 et seq. 
radioactive incorporation 663 
radioactive pollution 603 
radioimmunoassay for steroids, specificity 

354-5 
rat 

NSAIA activity 324 
receptor binding studies 453-5, 459-61 
renal function development 61 
tumour tests for carcinogens 87, 88 

receptors 204,257-61,283,284,285,291, 
295,316,317,381,383,391,397,437, 
438,441,444,447,449,452,453-61, 
498, 559, see also named receptors 

receptor binding 442-9, 453-61, 501, 
660-1 

assays 452 
methods 437 et seq. 
effect of anaesthetics 488 
effect of GABA 444-9 

rehydrant-2412 125-6 
relay bioavailability 666 
relay toxicity 666 
renal cortex, drug binding 68 
renal function 

development 57 et seq. 
effect of anaesthetics 494 
effect of NSAIAs 328-9 
in neonate 57 

renal clearance 
drugs 404 
xenobiotics 77 
in ruminant fetus 17 

reserpine 7 
resorb 125-6 
respiratory disease 

animal models see animal models 
prophylaxis 584-6 

respiratory distress syndrome in ruminants 8 
respiratory system, drug effects 341 et seq. 
reticulo-rumen 166-7 

fate of drugs 167-79 
retinyl acetate 45 
rifampicin 

in feeds 754 
enzyme inhibition 529-30 

rifamycin 756 
ronidazole 659 

in feeds 752 
RP27267 see zopiclone 
RP31264 see suriclone 
rumen 

drug absorption 169-74 
motility and serotonin 275 

ruminants 
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anaemia in the newborn 105 et seq. 
antibiotics and digestion 768-94 
drug effects 7, 6-16, 177-9 
drug pharmacokinetics 3 et seq., 17-20, 

23 et seq., 39, 49-53,57,61,133 
el seq., 151 el seq., 156-61, 165-79, 
199,213,235-40,241-5 

fetal circulation 9, 10-12 
fetal growth 3-6 



fetal thyroidectomy and nephrectomy 6 
fluorosis 681-9 
gastrointestinal motility 283 et seq. 
labour initiation 204-5 
mycotoxin fate 630, 633, 634-5 
oesophageal groove closure 283-4 
oral drug dosage forms 161, 165-6 
photosensitization 671 et seq. 
placental morphology 24-5 
thermoregulation 14-15 
toxicology field data 733-6 
uterine motility 203 et seq. 

rurazolidone poisoning 735 

saffan and neuronal response 813-16 
safrole 79 
salbutamol 205, 206 
salicylamide elimination 410 
salicylate 7, 8, 24, 169 

antipyretic therapy 421, 423 
in milk 194 
pharmacokinetics 27-9 
toxicity 326 

salinomycin in ruminants 782-5, 786-94 
Schistosoma 221-3 
sebacil 762 
secobarbital effect on receptor binding 446 
selenium 

deficiency 186-9 
fetal distribution 48 
toxicity 703 

serotonin (5-hydroxy tryptamine) 7, 10, 20 
antagonists 264 
pharmacology 263-4 
receptors 264 
veterinary applications 261-80 

sex steroids 7, 8, 90, 204-5, 559 
and reproduction control 383 

sheep 
adverse drug reactions 738-44 
anaemia 105 et seq. 
and copper pollution 602 
cost of parasitic diseases 766 
diarrhoea 310-11, 313 
drug pharmacokinetics 137-9, 158-60, 

235-40 
fetal growth 4 
fluorosis 681 et seq. 
grain engorgement therapy 178 
helminths 221-3 
lasalocid usage 774-7 
salinomycin usage 782-5, 787-91 
teratological calendar 95 
toxicology field data 733-6 

SKF525-A 531 
skin, drug metabolism by 526, 528 
sleep states 7, see also anaesthetics 
sodium bromide 7 
somatomedins 6 
somatotrophin 7, 8 
small intestine 

drug effects 367 et seq. 
on motility 289-91 

spasmolytic analgesics 367 
spectinomycin in feed 752 
spiramycin 598, 755 

INDEX 

adverse reactions 738 
in milk 194, 195 

sporidesmin 626, 674 
Stachybotrys toxin 626 
sterigmatocystin 629, 636 
steroids 

adverse reactions 739, 741, 742 
anti-inflammatory properties 505, 509, 

510 
assay techniques 354 
biotransformation and phenylbutazone 527 
ester bioavailability 353 
enzyme induction 524 
pharmacokinetics 353-65 
reproduction control 383, 384 

Streptococcus zooepidemicus infection 429 
et seq. 

streptomycin 50, 583-4 
adverse reactions 739 
anaesthetic interaction 498 
in milk 612 

sucsal 109, 110-12 
sudoxicam 322, 324 
sulindac 322, 324 

toxicity 326 
sulphobromophtalein and anaesthetics 488 
sulphonamides 35, 583-4, 756 

adverse reactions 738-9 
blastocyst uptake 24 
dosage forms 161, 166 
drug interactions 489, 530 
in feeds 752, 755, 761 
in milk 194, 195,612,651 
pharmacokinetics 27, 29, 50, 52, 135-6, 

137-9,155,161,166, 175,401-2, 
404,410 

phototoxicity 672, 673 
sui pi ride and colonic motility 295 
suprofen 423 
suradavo 124, 125-6 
surfacrant see pulmonary surfactant 
suriclone 439-9 
swine see pig 

T2 toxin 626, 629, 630-3, 635, 636 
Taenia 221-3 
target impact relay assay 666-8 
tartar emetic 167, 168 
TCPH toxicity 666 
teratogenicity 93 et seq., 662, 663, 760-1 
terpene phototoxicity 673 
testosterone 

phenylbutazone interaction 527 
reproduction control 383 

tetracyclines 24, 582, 583-4, 598 
adverse reactions 737, 738-9, 742 
and blood cells 147 
in feeds 752, 754, 755, 756, 761 
in milk 194, 195, 196, 197, 198-202,612, 

651,653 
pharmacokinetics 46, 50, 178, 401, 404, 

768 
phototoxicity 672, 673 
residues 760 

tetramisole 229, 230-1, 232, 241 
adverse reactions 735, 739 
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thalidomide teratogenicity 24, 93-4, 96, 662 
Theileria 247 
theophilline 35, 755 

effect on DNA repair 473-4 
therapeutic index 398 
therapeutic drug monitoring 

digoxin 333-9 
phenytoin 405 

thiabendazole 156, 225, 229, 665 
toxicity risks 761, 762 

thiaminase I in the rumen 177 
thiamine therapy 177 
thiamylal 490-3 
thiocyanate pharmacokinetics 27, 31, 33 
thiopental 24, 493 

phenylbutazone interaction 325 
pharmacokinetics 402, 404, 407 

thiopentone 7, 345 
cardiovascular effects 800-2, 823-4 
chloramphenicol interaction 803 

thiophanate 229, 665 
thioridazine :1.93 
thiouracil disposition 75 
thromboxanes 505 
thyroidectomy, fetal 6 
thyroxine 7, 8 
tiamulin 583-4 

monensin interaction 756 
tiletamine and neuronal response 814 
tocolysis 205-8 
tocopherol 12 

toxicity 666 
tolazoline 26, 285 
tolbutamide drug interactions 530 
tolerance 527 
toliprolol 209 
tolmetin 322 
toxaphene poisoning 726-31 
toxicology 

evaluation of residues 663 
use of hepatocyte cultures 472-6 

toxic pneumonia model 575-6 
trace elements 

deficiency in cattle 186-90 
in fetus 45-6 

trace metals see also heavy metals 
and disease 421 
in milk 614, 644 
pollution 602-3, 644 

toxicity 697 et seq. 
tranquilizers 343-4, 437 et seq. 
tremorgen toxins 626 
trenbolone 606 

toxicity 90, 666 
triamcinolone 355 
triazines 79 
trichlorfon 230 
trichlorphone in milk 614 
Trichostrongylus 223 
trichothecenes 626, 629, 636, 637 
trifenomorph 222 
trifluoperazine and vomiting 303 
trimethoprim 756 

adverse reactions 738 
in milk 194 
pharmacokinetics 135-6 

trinitrine 659 

tripelennamin 584 
trout hepatoma 601 
Trypanosoma infections 247, 422-6, 529 
tumour promoters 473 
turkey X disease 601 
tylosin 583-4, 598 

in milk 194, 195 

urethc-.ne 79, 490-3, 494, 496-7 
uterus, pharmacology 203-10 

vaccines and respiratory disease 
prophylaxis 584-6 

vacor poisoning 727-731 
valproic acid 397, 404 
vasopressin, effect on behaviour 559 
Veratrum alkaloids 40 
verapamil 416 
vinbarbital effect on blood pressure 490-3 
vincamine and hypoxia 418 
virginiamycin in ruminants 768-70 
virus infections 567-8, 578-80 

in calves 141-2 
visna-maedi, animal model 567 
vitamin A 7, 8 
vitamin D and milk fever 183-4 
vitamins 

adverse effects 740 
fetal distribution 45-6 
therapy 185-6 

vomiting 299-302 
treatment 302-4 

warfarin 
drug interactions 527, 530 
pharmacokinetics 403 
poisoning 726-31 

water supply pollution 599 
water exchange in the rumen 169-71 
winter anoestrus, ovulation induction 

387-91 
worm diseases 221 see also helminths 

xenobiotics 
biotransformation 73, 525-8, 531-5, 

659-62 
in hepatocytes 467-72 

residues 641-5 
perinatal interactions 73-7 
perinatal responses 77-80 
teratogenesis 93 et seq. 

xylazine 372, 488, 800-2, 820-2 
adverse reactions 740, 742 
effect on blood pressure 490-3 
pharmacokinetics 404 

zearalenone 626, 628, 632-3, 635, 637 
in the fetus 41-4 

zeranol606 
carcinogenicity 90 

zinc 
and fever 4231, 423, 424-6 
fetal distribution 45 
toxicity 700-1 

zinc-bacitracin degradation 598 
zinc-protoporhyrin test for lead toxicity 

700, 716, 720-2 
zopiclone 439-49 
zoxazolamine paralysis-time test 531, 534 

838 
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