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ABSTRACT

When wild animals are captured they often devebggure-related side-effects that
may result in morbidity and mortality. During chexal capture of wild ungulates,
capture-induced hyperthermia and opioid-inducedira®ry depression occur
commonly. Little is known about the mechanismsagitare-induced hyperthermia,
and the effects of opioid drugs on respiratory fiomcstill need to be clarified. Also,
current methods of reversing opioid-induced respitadepression are inadequate. |
therefore investigated the mechanisms and pattércepture-induced hyperthermia,
by continuously measuring body temperatures of lengaring different capture
procedures. | also investigated the effects ofidmlougs on respiratory function and
pulmonary performance by examining the changesuaficrespiratory variables
before and during opioid immobilization of goatslampala. Concurrently, |
investigated whether serotonergic ligands coulddel to reverse the opioid-induced

respiratory depression that occurred in these dsima

| found stress to be the major factor associatei eépture-induced hyperthermia,
with exercise playing a minor role. | also foundttenvironmental thermal conditions
and the pharmacological effects of the capturesiplgyed no role in inducing
capture-induced hyperthermia. | found that the idpitsug etorphine, which is
commonly used to chemically capture wild animatst, anly causes depression in
respiratory rhythm and ventilation, but also a dase in alveolar-arterial oxygen
exchange. | demonstrated that serotonergic liganitisagonist effects at 5-HX and
5-HT,receptors partially reversed opioid-induced respisadepression and hypoxia,

predominantly by improving alveolar-arterial oxygexchange, presumably by



v

increasing pulmonary perfusion and improving vetitih perfusion ratios, but also,

in some cases, by improving ventilation.

| advise that to limit the morbidity and mortalsgsociated with capture-induced
hyperthermia, procedures that cause the leasssgthesild be used and animals should
be exposed to stressors for the shortest timelges3ihe use of anxiolytic drugs to
reduce stress may also be considered. If animalsaptured by chemical
immobilization with opioid drugs their respiratdiynction should be monitored
closely. Counting breaths does not adequately morespiratory function and
methods to assess carbon dioxide and oxygen levatterial blood should be used.
If respiratory depression occurs, efforts to regehgs depression should not focus
only on improving ventilation but also should aitriraproving gas exchange in the
lungs. Serotonergic ligands with agonist effectS-8fT;, and 5-HT receptors could
be used to achieve these aims. Although some sétligands can cause arousal in
immobilized animals, if they are administered witie opioid they enhance the
induction of catatonic-immobilization, and theireus a dart may not only improve
knock down times, thereby minimising stress andwapinduced hyperthermia, but

they may also prevent opioid-induced respiratomyredssion.
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CHAPTER 1

Introduction



The conservation of wildlife is important not ority maintaining the earth’s rich
biodiversity, but also for the economies of manyrdades, as eco-tourism generates
substantial revenue. An essential component ofliveldonservation and
management is the capture and transport of wilchalsi. Techniques for capturing
wild animals have improved substantially over thstdew decades, reducing both
animal mortalities and the costs of capture (McKeri®93). However, an
unacceptable number of animals still die or expegemorbidity as a result of
capture-related complications; mortalities as ligh#3% have been reported in some

capture operations (Knottenbelt 1990; Knox & Hagtirl992; Murray et al. 1981).

Any attempt at capturing a wild animal causes abusthat animal (Knox 1992).
That arousal induces the release of stress horn{etangh et al. 1990), which
changes the physiology of the animal’s body, priepait for potential danger (Knox
& Hattingh 1992; Meltzer & Kock 2006b). When animalre unable to escape the
perceived danger, this arousal leads to an extpayehological and physiological
response which may result in stress, trauma, Hypertia, capture myopathy, shock
and ultimately death (Meltzer & Kock 2006b). Toued arousal and the related
adverse events, wild animals usually are captuyschbmical immobilization with
potent drug combinations. While these drugs sealadecalm animals, they also
compromise the animal’s normal physiological fuostand may lead to bloat,
vomiting or regurgitation, respiratory depressioyperthermia, cardiovascular

depression, shock and death (Meltzer & Kock 2006b).

In this thesis | will address two of the adversergs most commonly associated with

mortality during wildlife capture, namely capturediiced hyperthermia and opioid-



induced respiratory depression. This introductdrgpter reviews the current
knowledge of the mechanisms that result in, thesequences of, and the possible
ways of reducing these side-effects, and poseguéstions that are addressed in the

thesis.

1.1 Capture-induced hyperthermia

1.1.1 Introduction

Wild animals typically develop an acute hyperthermvhen captured (Cheney &
Hattingh 1987; Fuller et al. 2005; Gericke et &78; Hofmeyr et al. 1973; Jessen et
al. 1994; Kock et al. 1987a; Kock et al. 1987b; tdeci et al. 1992; Montané et al.
2003; Montané et al. 2007). Although body tempeessometimes is measured and
documented during capture operations, very litlsaid about the cause, significance
and consequences of its elevation. Neverthelesasibeen proposed that capture-
induced hyperthermia may play a significant roleapture myopathy and acute death
(Antognini et al. 1996; Cheney & Hattingh 1987; (6ke et al. 1978; Meltzer &

Kock 2006b). However, the mechanisms involved duiring this hyperthermia are
not well understood and methods of preventing aating capture-induced
hyperthermia are based on intuition and anecdatatration, with little or no

systematic investigation of whether they are beradfi

1.1.2 Possible mechanisms involved in capture-induced hgpthermia
For hyperthermia to develop in an animal its heatpction needs to exceed its heat
loss. When this situation occurs heat is stora@tierbody and the magnitude of this

heat storage is determined by the addition of th&abolic heat production to the rate



of heat transfer via evaporative, convective, radkaand conductive means between

the animal and the environment (Jessen 2001; Wilehal. 2005).

Metabolic heat production increases via a numbenethanisms. An increase in
resting metabolic rate can be achieved by incregasi@ metabolic activity of body
organs and is usually brought about by either arease in thyroid hormone activity
or an increase in nutrient intake (Jansky 1995ee2001). The increase in resting
metabolic rate is not usually associated with alsndncrease in heat production but
rather with a slow increase over the long-termgde001). Capture-induced
hyperthermia, on the other hand, is associatedavitacute precipitous increase in
heat production and body temperature (Fuller 2@05; Jessen et al. 1994) and
therefore it is unlikely that an elevation in regtimetabolic rate via thyroid hormones

and nutrient intake is involved.

Acute increases in metabolic heat production cabrbeght about by other metabolic
processes. These include shivering and non-shiyéngrmogenesis. Non-shivering
thermogenesis occurs predominantly in brown adipissae and is brought about by
the activation of sympathetic fibres which incresagee rate of fatty acid oxidation via
uncoupling proteins in the mitochondria (Jesserl200ilimer et al. 2005). This
oxidative process bypasses the production of ATdPtherefore energy released from
this oxidation is not conserved, as would normatigur, but rather is dissipated into
the body as heat (Jessen 2001). Although this psasehighly effective at producing
body heat, in some rodent species it can increppse 500% of resting heat
production (Guyton & Hall 1996), its role duringptare-induced hyperthermia,

particularly in large adult mammals, is still questaible. The reason is that the



general accepted dogma states that in larger speepresence of brown adipose
tissue is restricted mainly to the perinatal pefigessen 2001), with very few brown
fat cells occurring in white fat tissue in adutel{(Jansky & Jansky 2002). However,
with the development of fluorodeoxyglucose positeomission tomography (FDG-
PET) significant amounts of brown adipose tissueshHzeen indentified in adult
humans (Nedergaard et al. 2007; Virtanen et al9pafd, this tissue appears to play
a significant role in the control of body temperatand adiposity (Saito et al. 2009).
However, these studies have only been done in hsiayaah therefore the occurrence
and metabolic significance of brown adipose tisaugther large adult mammals still
needs to be determined. Shivering, on the othed,lraay play a role in capture-
induced hyperthermia. Shivering is an involuntaeyrtor of the skeletal muscle that is
used primarily to defend normal body temperatunéenducold exposure (Jessen 2001;
Willmer et al. 2005). Two phases of shivering o¢the first being associated with
continuous trains of action potentials to singlegonainits that result in an increase in
muscle tension, and the second being associatedyvatip discharges of motor units
that result in oscillatory muscle movements (Je2&€11). Although animals are
usually normothermic before capture, and therefioteshivering, | have observed
both muscle tension and oscillatory muscle movemgnsome animals during
capture. Whether muscle tension and overt shivexiwgys occur during capture and
whether the changes are brought about by a thestinallus, or are centrally

regulated in reaction to stress, needs to be detedn

Acute increases in metabolic heat production adsole brought about by increasing
energy turnover in the organs of the body. Duriagtare, animals are often, but not

always, highly active as they try to escape beagured (Burroughs & McKenzie



1993; Meltzer & Kock 2006b). This activity increashe work done by the skeletal
muscles and also increases heat production of tiseles; up to 75% of the nutrient
energy utilized during muscle contraction is reéehs the form of heat (Guyton &
Hall 1997; Schonbaum & Lomax 1991d). The heat pceduby muscle contraction
during capture is not only limited to that of theketal muscles but also is produced
by the heart and respiratory muscles as the actifithese muscles increases as the
body’s demand for oxygen increases (Jessen 200thpugh animals often engage in
high-intensity exercise during capture, when theyralatively inactive or in
confinement during capture, they also display acueeases in body temperatures
(Bakken et al. 1999). Therefore, unlike the curesgumptions of game capture
personnel that activity is the sole cause of captuduced hyperthermia, activity does

not appear to be essential for its development.

An increase in heat production in animals can bésbrought about by derangements
in metabolism. Porcine Stress Syndrome is oneasietlderangements, where a
precipitous rise in body temperature, severe labacs, muscle pathology and acute
death with the rapid onset of rigor are induceahatural stressors such as transport,
high ambient temperature, exercise, fighting, cafoih and parturition (Patterson &
Allen 1972). Although this syndrome is describegigs, many other species
including humans, horses, zebra and a number efago® and bird species develop
the same clinical symptoms after extreme boutxefase. Because of these similar
symptoms Porcine Stress Syndrome has been equoatssl ¢ause of exertional
myopathy in man and horses, and capture myopatiwidnanimals (Mitchell &
Heffron 1982). However, the distinguishing featafd’orcine Stress Syndrome,

compared to exertional myopathy and capture mygpé#lihat pigs that develop



Porcine Stress Syndrome are stress-susceptibldeaatop aberrant metabolic
changes even after exposure to minor stressogsldition, these pigs have a genetic
deficit which also predisposes them to develop dnagiced malignant hyperthermia

(Mitchell & Heffron 1980).

Drug-induced malignant hyperthermia is a hereditagmbrane disorder which is
brought about mainly by anaesthetic agents andtsasaua hypercatabolic
derangement in metabolism (Ali et al. 2003; Schanb& Lomax 1991a). The
pathophysiology of malignant hyperthermia involeesuncontrolled release of
cytoplasmic free calcium from the sarcoplasmiarétim which leads to the
activation of energy-liberating biochemical patheaynd results in a precipitous rise
in body temperature, hyperkalaemia and acidosisatAdl. 2003). Malignant
hyperthermia has been reported in humans, pigs, dadgs, horses and cattle
(Schonbaum & Lomax 1991a). It is induced predomiyesy halogenated volatile
anaesthetics like halothane, isoflurane and enfkjrand depolarizing muscle
relaxants like succinylcholine (Ali et al. 2003}her drugs like local anaesthetics and
caffeine also may trigger its occurrence (Schonb&umemax 1991a). Drug-induced
malignant hyperthermia has been shown to play loinahe development of capture
myopathy (Antognini et al. 1996) and no reportsehbeen documented during
wildlife capture. Indeed, the drugs that induceigrant hyperthermia are used rarely
in wildlife capture, with the exception of succiolgbline which is used to capture
crocodiles and cull elephants (Burroughs et al6200oth of which don’'t show
malignant hyperthermia. Therefore a role for dnuduiced malignant hyperthermia in

capture-induced hyperthermia is unlikely.



However, it is possible that drugs that are usezhpture may cause other
derangements in metabolism that increase heat ptioduNeuroleptic drugs, like
azaperone, haloperidol, zuclopenthixol acetatepemphenazine enanthate are used
extensively as tranquilizers during capture anchihesing of wildlife (Meltzer &

Kock 2006a; Swan 1993a). These drugs may causeleptic malignant syndrome, a
syndrome that has been documented mainly in huarasthss associated with a drug-
induced hyperthermia. Its pathogenesis is unlik¢ ¢ drug-induced malignant
hyperthermia but it causes a similar hypermetalstéite (Nisijima et al. 2007;
Ohnishi 1994). Although there is no documentedence, it is possible that
neuroleptic malignant syndrome may contribute fotwae-induced hyperthermia, but
only when neuroleptic drugs are used; neuroleptiemnot always used during capture.
In addition, neuroleptics affect thermoregulatibrough several mechanisms,
including anti-adrenergic effects, inhibition ofsating, and central dopamine
antagonism, which disrupt the thermoregulatorypset causing thermal lability
(Fick 2007; Fick et al. 2006). This disruption iretmoregulation would alter the rate
of heat transfer between the animal and the enwiesrt and, under high
environmental heat loads, also may contribute tmarease in an animal’s body

temperature during capture.

A drug-induced disruption in thermoregulation i naly limited to the neuroleptic

drugs but also may occur with the sedatives andahilizing agents that are used
during capturea,-agonists are drugs that are used commonly asigeslaluring

chemical capture. These drugs induce thermal taljilalanka & Roeken 1990;
Maskrey et al. 1970) by affecting the central noegadrgic mechanisms that control

body temperature regulation (Cremer & Bligh 196%)e opioids, which are used as



immobilizing agents in the majority of herbivoreeses, also alter thermoregulation.
Their effects on thermoregulation are complex agpletid on either the drug, the dose,
the route of administration, the species, ambientltions and the behavioural state
of an animal (Schonbaum & Lomax 1991c). Meltzer Kndk (2006b) proposed that
during chemical capture the adrenergic effectspadid drugs increase metabolic rate
and, hence, heat production. Although the adrea&ffgcts of opioid drugs have

been demonstrated in rats given etorphine (Roqtuébeelgoulet 1988), these

effects have not been linked to body temperatuamgés, so the effect of the opioid

drugs on capture-induced hyperthermia is unclear.

Apart from the possible role of capture drugs iptaee-induced hyperthermia, it has
also been proposed that environmental conditioeggiing during capture influence
body temperatures (Ebedes et al. 1996; McKenzi@1%9om these proposals, it has
become accepted in the game capture industry tinagés should not be caught when
ambient temperatures exceed 25°C, and thereforedp#ure operations should be
restricted to the early mornings and late aftersd&bedes et al. 1996; Kock et al.
2006; McKenzie 1993). The primary objective of tnescommendations is to ensure
that hyperthermic animals are able to dissipatey hadt to the environment after
capture (Meltzer & Kock 2006b). However, these reoendations also have led to
the assumption that animals will become hypertheifithey are captured on hot
days (Ebedes et al. 1996; Wenger et al. 2007). 83samption may well be true if
capture-induced hyperthermia was a passive hypertadrought on by high
environmental heat loads, but it is unlikely as ynanimals that are captured on cold
days also develop capture-induced hyperthermia {Menet al. 2003; Montané et al.

2007).
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An increase in metabolic heat production duringwagcan also be brought about by
changes in circulating hormones. A number of horesosuch as adrenaline,
noradrenaline, cortisol, glucagon and insulin ewkahe activity of metabolic
pathways and therefore are thermogenic (Jansky; 8®nbaum & Lomax 1991d).
However, the role of hormonal thermogenesis inwa&pinduced hyperthermia is not
known. What is known is that capture causes treasel of some of these hormones,
but their conventional role is believed to be redbtio a reaction to stress rather than to

thermogenesis (Hattingh & Petty 1992).

Finally, stress, itself, may stimulate an increiaseeat production and play a role in
the generation of capture-induced hyperthermigh@lgh it has been proposed that
stress plays a role in capture-induced hyperthefBuaroughs & McKenzie 1993;
Meltzer & Kock 2006b; Montané et al. 2003; Montaél. 2007), especially in
captures that result in capture myopathy (Gerictksd.e1978; Harthoorn 1976;
Mitchell & Heffron 1982), it is uncertain how imgant its role is. Although stress is
difficult to quantify, its occurrence can be iddieti by measuring the body’s
behavioural, biochemical and cellular reactionsradixposure to a stressor (Hattingh
1988b; Mostl & Palme 2002). By using these meastihesoccurrence of stress has
been identified in wild animals in different capyrocedures and in a wide variety
of species (Cheney & Hattingh 1987; Ganhao et3891Ganhao et al. 1988;
Hattingh 1988a; Hattingh & Petty 1992; Knox & Hagh 1992; Knox & Zeller 1993;
Kock et al. 1987a; Kock et al. 1987b; Martucciletl®92; Morton et al. 1995; Read
et al. 2000). Acute stress results in a centrabyliated response, through the

activation of the hypothalamic-pituitary-adrenaissand the sympatho-adrenal-
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medullary system (Henry 1992), which alters an afismphysiology in preparation

for a fight or flight response (Meltzer & Kock 208)6

Activation of the hypothalamic-pituitary-adrenaigxesults in the enhanced secretion
of corticotropin releasing hormone, adrenocortigpfiic hormone and
glucocorticoids (Guyton & Hall 1997). Corticotropieleasing hormone has
thermogenic effects, but these effects are depemesympathetic activation of
brown adipose tissue (Olivier et al. 2003; Rothw®90). The thermogenic effects of
glucocorticoids also appear to be dependent om#tabolic activation of brown
adipose tissue (Hampl et al. 2006). Thus it iskedji that glucocorticoids and
corticotropin releasing hormone increase body teaipee of large adult animals
during capture. On the other hand, the activaticth® sympatho-adrenal-medullary
system with the subsequent release of adrenalth@@nadrenaline (Guyton & Hall
1997) may increase the body temperature of anichaieag capture. Normal
sympathetic stimulation and circulating adrenaéine nor-adrenaline decreases heat
loss from the body by causing vasoconstriction &ralso increases the rate of
cellular metabolism, but this increase usually éases the rate of heat production by
only 10 to 15% (Guyton & Hall 1996). This effectimportant during cold exposure
in both small and large mammals as it helps maimairmal body temperature
(Jansky & Jansky 2002). However, the infusion ghhiloses of exogenous
catecholamines can increase metabolic rate by ab am145% of basal metabolic rate
in adult humans and sheep (Graham & Christophel88i; Lesna et al. 1999).
Whether high surges of endogenous catecholamiaets;ydarly those that occur
during capture (Hattingh et al. 1988), can prodausanilar effect is not known. Even

if it could, this may not increase body temperatugeause Graham & Christopherson
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(1981) showed that even though high doses of exageoatecholamines increased

sheep’s metabolic rate by 45% it did not signifitaimcrease their body temperature.

The rise in body temperature that is induced lgsstis termed “stress-induced
hyperthermia”. Stress-induced hyperthermia is ntedidy the autonomic nervous
system and occurs prior to and during exposuré&éssors like noise, heat, handling,
novelty or pain (Olivier et al. 2003). Stress-indddyperthermia occurs concurrently
with the endocrine stress response, which is brioalgbut by the stimulation of the
hypothalamic-pituitary-adrenal axis and the sympstreno-medullary system
(Groenink et al. 1994). However, it does not applear this hyperthermia results
from the direct effect of hypothalamic-pituitaryradal axis stimulation, because
stress-induced hyperthermia can be reduced evda thiei hypothalamic-pituitary-
adrenal axis remains activated (Olivier et al. 208&cause of these and other
experimental findings it has been suggested thesstnduced hyperthermia is a
psychogenic fever that is centrally regulated amdight about by an elevation in the
thermoregulatory “set point”, similar to that of/éx (Briese & Cabanac 1991). This
mechanism was proposed because cyclooxygenas&anbjlvhich attenuate fever,
have been shown to partially attenuate stress-euihgperthermia (Michel et al.
2003; Morimoto et al. 1991). However, the view thtess-induced hyperthermia is a
psychogenic fever has been strongly contestedranently, Vinkerst al. (2009)

have shown unequivocally (see example in Fig. &) stress-induced hyperthermia
and infection-induced fever are two distinct preassmediated largely by different
neurobiological mechanisms. However, their findisgié cannot explain why

cyclooxygenase inhibitors partially attenuate ise m body
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Figure 1. Effects of (A) diazepam (0-4mg.Kg IP) and (B) aspirin (0-300mg.kd,

PO) on stress-induced hyperthermia in C57 mice (n1). Note the stress-induced
hyperthermia induced by the stress of handlingjattion (60 min), and that of being
placed in a new cage (120 min). The anxiolytic dn attenuates the stress-induced
hyperthermia but the cyclooxygenase inhibitor asmgpes not. **:p<0.01, ***:

p<0.001. (Taken from Figure 1. Vinkers CH, Groenlink/an Bogaert MJV,

Westphal KGC, CJ Kalkman CJ, van Oorschot R, Og4®8, Olivier B,andKorte

SM (2009) Physiology & Behavior 98: 37-43.)
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temperature in some models of stress in rats.eDéia (2001) propose that stress-
induced hyperthermia, or as they term it “psychmalgstress-induced rise in core
temperature” can be induced by two different mewmas, a prostaglandink
dependent mechanism (psychogenic fever) and agglasdin E-independent
mechanism (anticipatory anxiety-induced rise ired@mperature). Their proposal
explains why cyclooxygenase inhibitors partialljeatiate the rise in body
temperature in some models of stress like “opdd-B&ess”, but not in others like
“anticipatory or anxiety stress” (Oka et al. 20(Hpwever, any model of
psychological stress will induce some form of atyend therefore it seems plausible
that the main cause of the rise in body temperatuespective of which stress model

is used, will be because of prostaglandiririElependent mechanisms.

It has been proposed that stress-induced hyperiésrabiquitous because it is
present in virtually any mammal that has been destefar (Bouwknecht et al. 2007,
Vinkers et al. 2008). In rats and mice it has b&tedied extensively and its
occurrence in different stress models has allowagle used as a measure of stress
and anxiety in behavioural and pharmacologicalisgi(Bouwknecht et al. 2007,
Olivier et al. 2003; Vinkers et al. 2008). It ha=el speculated that stress-induced
hyperthermia is a component of capture-induced tilgpemia in wild animals
(Bakken et al. 1999; Burroughs & McKenzie 1993; Néoré et al. 2003; Montané et
al. 2007), however, no studies have validatedtttgsry. Although stress-induced
hyperthermia has been the subject of many stutliesiill unclear as to how it is
mediated (Oka et al. 2001) and, like all the off@ential causes of hyperthermia, it

iS uncertain as to what role it may play in captmduced hyperthermia.
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Several different mechanisms may be involved inwapinduced hyperthermia, but
few have been tested (see Table 1 for a summahegdotential causes of capture-
induced hyperthermia). To successfully preventeattcapture-induced hyperthermia
it is essential to understand how it is causedthednechanisms involved in the
generation or retention of body heat. Systematidiss using different capture
procedures which involve the use of capture droggture without drugs, capture
with varying environmental conditions and capturhwarying levels of exercise and

stress, are required to elucidate these mechanisms.
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Table 1. Summary of the potential causes of heat pduction that may result in capture-induced hypertrermia

Potential cause of
heat production

Likelihood

Tested

Reference

Non-shivering
thermogenesis

Shivering

Exercise metabolism

Drug-induced
malignant
hyperthermia

Neuroleptic malignant
syndrome

Possible — In humans there is growing
evidence that metabolically active
brown adipose tissue occurs in adult

life

Possible — muscle tension and
shivering have been observed during
capture

Possible — exercise will increase body
temperature but capture-induced
hyperthermia can occur in inactive
animals

Unlikely — capture-induced
hyperthermia occurs irrespective of
whether drugs are used or not

Unlikely - capture-induced
hyperthermia occurs irrespective of
whether neuroleptic drugs are used or

not

Untested — requires clarification
of the occurrence and metabolic

significance of brown adipose
tissue in other large adult
mammalian species

Untested

Untested

Tested

Untested

(Nedergaard
et al. 2007;
Saito et al.

2009;

Virtanen et

al. 2009)

(Jessen
2001;
Willmer et
al. 2005)

(Bakken et
al. 1999)

(Antognini et
al. 1996)

(Nisijima et
al. 2007;
Ohnishi

1994)
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Potential cause of
heat

Likelihood

Tested

Reference

Adrenergic effects of
opioid drugs

Environmental

Hormonal metabolism

Stress

Possible — opioid drugs have been
shown to have adrenergic effects, but
capture-induced hyperthermia occurs

even when no opioids are used

Unlikely — capture hyperthermia can
occur in cold environments

Possible — a number of hormones,
particularly stress hormones are
known to be thermogenic

Likely — stress-induced hyperthermia
appears to be ubiquitous in mammals
exposed to stressors

Untested - requires
clarification, there is no
evidence that the adrenergic
effects of the opioids cause
hyperthermia

Untested

Untested

Untested

(Schénbaum
& Lomax
1991b)

(Montané et
al. 2003;
Montané et
al. 2007)

(Jansky
1995)

(Bouwknecht
et al. 2007;
Vinkers et al.
2008)
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1.2 Opioid-induced respiratory depression

1.2.1 Introduction

The therapeutic uses of the opioids include trevaition of pain and coughing,
induction and maintenance of anaesthesia, antidiaal and chemical immobilization
of wildlife (Bowdle 1988; Meltzer & Kock 2006a; Rgret al. 2003; Swan 1993b).
However, their benefits can be produced at a cdstdathing and tissue oxygenation,
which can lead to irreversible tissue damage aathd@owdle 1988; Eilers &
Schumacher 2004). These effects are always impgatatney may contribute
significantly to mortality when wild animals arearhically captured (Haigh 1990;

Meltzer & Kock 2006b).

The opioids that are used to chemically immobiiziellife are derived from
alkaloids found in opium or synthetic substancesedaon morphine’s structure
(Meltzer & Kock 2006b). These opioids are highlygrd; etorphine has an analgesic
potency up to 10000 times that of morphine (Swa®349. Because of these high
potencies and their intrinsic activities, opioidattare used to chemically capture
wildlife may cause respiratory depression. In sepecies, like canids and primates,
opioids tend to cause severe central nervous sydgmession, while in others, like
porcids, felids and equids, they tend to causetexent (Hannon & Bossone 1991;
Swan 1993b). Therefore, opioids are used to imreebdnd capture only certain
species which mostly come from the orders of pedastyla, artiodactyla and
proboscidae (see Table 2 for a summary of the @pinigs commonly used to
immobilize wildlife). Even within these species thgioids have varying effects, with

some species being more prone to developing réspirdepression than others.
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Those species that are more susceptible to respirdépression include giraffe,
hippopotamus, waterbuck, impala and white rhinoklzie 1993; Meltzer & Kock
2006b). There also are inherent differences t@hamacological effects of the
opioids amongst individuals within a species andg tbome individuals may be more
susceptible to developing respiratory depressian tithers (Ballanyi et al. 1997).
However, when any animal is chemically capturednftbe wild, it is not possible to
accurately predict its mass and therefore drugdmgng and adverse events like
respiratory depression can occur in any speci@sdoridual irrespective of their
susceptibilities. Therefore it is important to uredand the effects of opioids on
respiratory function and determine how to reversieid-induced respiratory
depression, without reversing the immobilizing pdes of the opioids, during

chemical capture of wild animals.
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Table 2. Summary of opioid drugs used to chemicallgapture wildlife (Kock et al. 2006; McKenzie 1993)

Opioid generic name

Opioid trade name
and distributor

Species immobilized Comments

Etorphine

hydrochloride

Fentanyl

Carfentanil

Thiofentanil

Butorphanol tartrate

M99, Norvatis, RSA
or

Captivon 98, Wildlife

Pharmaceuticals, RSA

Sublimase, Janssen
Animal Health, RSA

Wildnil, Wildlife
Pharmaceuticals, USA

A3080, Wildlife
Pharmaceuticals, RSA

Formulated to obtain
high enough
concentrations

From the orders of
perissodactyla,
artiodactyla and
proboscidae

Most commonly used opioid
agonist in Southern Africa

Mainly used in small
artiodactyla, also used in
canids e.g. wild dogs

Opioid agonist,
1/15 the potency of etorphine.
Ineffective in equids

Opioid agonist
Not available in Southern Africa
More potent than etorphine, faster
action and longer duration
Not very effective in equids

As for etorphine

Opioid agonist
Potency similar to etorphine but
faster action and shorter duration
Ineffective in equids

As for etorphine

Experimental use in a
number of species
including the carnivores

Opioid agonist-antagonist
Does not cause full immobilization
Less respiratory depressant effects
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1.2.2 Control of respiration and the mechanisms that arenvolved in opioid-
induced respiratory depression
Breathing is controlled by a neuronal network iedbund in the lower brainstem.
This neuronal network innervates spinal motonewsaagising periodic contractions
of respiratory muscles, which ventilate the lungelter & Spyer 2001). During
rapid shallow breathing contraction of respiratonyscles and the flow of air into and
out of the lungs is generated by inspiratory anstqotspiratory (stage 1 expiration)
neuronal phases. During deeper breathing theseplaas supplemented by a third
active expiratory (stage 2 expiration) phase (Ram& Richter 1996; Richter et al.
2000; Richter & Spyer 2001). The inspiratory nealgrhase corresponds to the
contraction of inspiratory muscles, the post-iresjoiry phase to passive exhalation
where inspiratory muscles cease to contract andrugpvay adductor muscles relax,
and the active expiratory phase to the period whepgratory muscles contract

(Bonham 1995; Haji et al. 2000).

The neuronal respiratory network in the brainstemaomposed of groups of neurones
that control and regulate the cycling of the restpiry phases (See Fig. 2). These
groups of neurones are arranged bilaterally irbthenstem and consist of a dorsal
and ventral respiratory group and pontine respiyatentres (Bonham 1995). The
respiratory groups contain different types of restpiry neurones that discharge at
different times throughout the respiratory cycleiiBam 1995). Respiratory activity
is controlled by synaptic interactions betweendifierent types of respiratory
neurones, and these interactions activate or inthibiphases of the respiratory cycle

to generate respiratory rhythm (Richter & SpyerD00he ventral



Pons
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Figure 2. Respiratory control centres in the brainstem
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(Taken from Figure 13-33. Sherwood L (2001, 4thtied), Brooks/Cole Thomson

Learning, Pacific Grove, USA, pp. 765)
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respiratory group contains all of the differentdgpmf respiratory neurones and
therefore is essential for rhythm generation (Bomi&95; Richter & Spyer 2001).
The ventral respiratory group has been divided ¢atodal, intermediate, rostral, pre-
Botzinger, and Botzinger complexes and the parafacoup. Of these the pre-
Botzinger complex has been identified to be thennaaga that generates respiratory
rhythm as it contains a kernel of respiratory neasothat have intrinsic bursting
properties necessary for respiratory rhythm geimergSchwarzacher et al. 1995;
Smith et al. 1991). However, there is currentlyatelabout whether the pre-
Botzinger complex is the primary respiratory rhytgenerator, or whether the
parafacial respiratory group determines the rhytifithe neurones in the pre-
Botzinger complex (Onimaru et al. 2006). Despits tontroversy it appears that the
pre-Botzinger complex plays a major role in redpinarhythm generation (Onimaru
et al. 2006; Pefa & Garcia 2006) and emerging eeelshows that the pre-Botzinger
complex and the parafacial respiratory group aet esupled oscillator with

modulating influences from the pons (Pattinson 2008

Respiratory rhythm also is modulated by many senisquts that are external to the
known respiratory neuronal groups. These inputs Fegulate respiratory pattern
generation and the volume and frequency of bregtf@ray et al. 1999; Ramirez &
Richter 1996). The effects of these sensory infutd,the connectivity of the
neurones of the respiratory network, occur throaiglumber of neurotransmitters that
activate specific receptors. The principal neurtgraitters in the respiratory network
are glutamate, GABA and glycine (Bonham 1995; ldapal. 2000; Richter et al.
1997). Serotonin, catecholamines, acetylcholinessunce P, somatostatin,

cholecystokinin, and endogenous opioids play arsgey neuromodulatory role
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(Bonham 1995; Haji et al. 2000; Richter et al. J99he role of many of these
neurotransmitters in respiratory control is welblm, but it is not clear what role
endogenous opioids play. It appears that they @irewolved in the generation of
normal respiration (Bonham 1995), but rather thaytplay a role during acute stress
and in abnormal respiratory states like sleep apaoel hypoxic apnoea. The role of
endogenous opioids during these events has bepogwd to be neuroprotective as
they reduce excitotoxicity of neurones (Richteale000; Shook et al. 1990).
Although endogenous opioids appear to play noirofermal respiration, opioid
receptors are highly expressed throughout thenatspy network (Lonergan et al.
2003a; Pattinson 2008) and are particularly comated in the pre-Botzinger

complex (Gray et al. 1999; Manzke et al. 2003).

Opioid drugs cause respiratory depression maimbyutlh their activation of opioid
receptors that occur in respiratory neurones (Mo@ron & Alheid 2003; Shook et al.
1990). Different opioid drugs do not cause equivaiespiratory depressive effects as
their effects on respiratory function are depenaentvhich opioid receptors they
activate. The activation of mu(p)-opioid receptamsparticular 4 receptors, causes
respiratory depression (Haji et al. 2000; Shookl.€1990). There is also evidence that
activation of both deltad- and kappax)-opioid receptors also causes respiratory
depression (Ballanyi et al. 1997; Bowdle 1988; Lrgaa et al. 2003b; Takeda et al.
2001), but the main depressant effects of opioigeear to be caused by the activation

of up-opioid receptors (Haji et al. 2000).

The activation of opioid receptors results in a benof effects that cause respiratory

depression. The neurones in the pre-Botzinger cexmgbpear to be the most
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sensitive tqu-opioid agonists and therefore the most importathese effects is a
disturbance in respiratory rhythm (Lalley 2003;tirabn 2008). Opioids also disturb
respiratory rhythm by activating respiratory newsin the pons and also reduce the
ability of the ventral respiratory group neuronesdact to the chemoreceptor
response to hypercapnia and hypoxia (Lalley 2008CNMnmon & Alheid 2003;
Pattinson 2008; Santiago & Edelman 1985; Shook @080). Opioids also depress
the neurones that regulate tidal volumes, andiays decrease the depth of breathing
(Lalley 2003; Lalley 2008). They also inhibit thetians of vagal motorneurones
which promote dilation of vocal folds (Lalley 2008)ereby causes an increase in
upper airway resistance (Lalley 2008). In additiopioids cause catatonia (Haveman
& Kuschinsky 1982), which results in generalisedsoie rigidity and a decrease in
the chest wall compliance (Chen et al. 1996). Tdlsy increase the resistance to
chest wall expansion by tonically activating exforg neurones during inspiration
(Lalley 2003; Lalley 2008). The respiratory depezgsffects of the opioids are not
limited to their effects on respiratory neuroneshi@ central neuronal network.
Opioids have a direct action on carotid bodies cWiiauses a decrease in
chemoreceptor discharge and thus further depréssessponse to hypoxia and
hypercapnia (Pattinson 2008; Santiago & Edelmarb)L3Bpioids also activate
pulmonary J receptors which may cause opioid-indag®oea (Bowdle 1998;
McKenzie 1993; Santiago & Edelman 1985; Shook .et290). The combination of
all these effects will lead to a decrease in respiy pump action and cause

hypoventilation with its associated pathophysiotagjeffects.

The effects of the opioids, on both the central padpheral neurones, therefore play

a major role in decreasing pulmonary ventilatioowdver, the respiratory depressant
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effects of the opioids are not limited to just #ftects on ventilation; opioids also
have marked effects on the cardiovascular systetmthy cause a decrease in the
perfusion both of the lungs and other organs tleasehsing oxygen delivery to
tissues. The effects of opioids on the cardiovascs)stem are complex and
dependent on the opioid and dose used (Bowdle 18ffyever, the opioids used
during chemical immobilization of wildlife genenaltause systemic and pulmonary
vasoconstriction (Haigh 1990; Heard et al. 1990arddeet al. 1996; Santiago &
Edelman 1985) by either activating the sympathstizvous system (Hannon &
Bossone 1991; Heard et al. 1990; Heard et al. 1R6uebert & Delgoulet 1988) or
possibly by causing the release of histamine (Ha#ial. 1992; Mather 1994). These
vascular effects would result in a decrease indjoerfusion of body tissues, and
would cause ventilation perfusion mismatching armging of blood in the lungs, and
a decrease in oxygen diffusion across the alvené&nbrane (Nunn 1993). Few
studies have assessed pulmonary blood shunting>gmeén diffusion during opioid
immobilization of animals. Two of the studies thatve done so, have shown that
opioid immobilization causes a decrease in oxyg#uagion in immobilized
rhinoceros (Wenger et al. 2007) and elephant (&t@ll. 1996). However, in another
study in goats (Buss & Meltzer 2001) (Buss 20083, duthors argue that opioid
immobilization did not result in pulmonary bloodusting. Their claims, however,
appear to be erroneous as they calculated shutibinebased on the incorrect
assumption that the partial pressure of oxygeherelveoli is equal to that of the

partial pressure of oxygen in end capillary pulmgnaessels.

Although much is known about the neurological coindf respiration, and the effects

of opioids on this control, a better and more ira¢ige understanding of the effects of
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the opioids on cardio-respiratory control and fimtis needed, especially if more

effective treatments for opioid-induced respiratdepression are to be established.

1.2.3 Reduction of opioid-induced respiratory depression

Many different pharmacological agents have beed usattempts to reduce or
reverse the respiratory depressant effects ofpiads in both man and other animals
(see table 3 for summary of receptor and respiatotivity of ligands recently
investigated to reverse opioid-induced respirat@gression). Opioid receptor
antagonists, or partial opioid receptor antagonigts naloxone, nalorphine,
butorphanol, nalbuphine, diprenophine and naltreXweve relieved respiratory
depression successfully, but their major drawbachkat they cause unwanted side-
effects by blocking analgesia, causing cardiovasaduaktability, and reversing
anaesthesia and chemical immobilization (Bowdle81$8van 1993b). Analeptic
drugs cause widespread central nervous systemlatioruwhich results in increased
ventilation (Bowdle 1988). Some of the analeptiks bemegride, nikethamide and
picrotoxin, which have been used in the past, hastefavour because of their

convulsant effects (Swan 1993b). One analepticustédd is doxapram. Unlike other



Table 3. Serotonergic and dopaminergic ligands inaigated for reversal of opioid-induced respiratorydepression

Ligand Dose Species Respiratory effect Known receptor activity References
Primary Secondary
increased phrenic nerve (Manzke 2004;
BIMU-8 1-2 1 Rats activity and respiratory S-HTa@ o-HTs. Malnzke etal.
mg.kg . agonist antagonist 2003; Wang et al.
minute volume
2007)
15 mg Humans
, no effect on respiratory i . (Lotsch et al.
Mosapride 100 minute volume >-HT4 agonist 2005)
mg.kg* Rats
restored respiratory rate (Manzke 2004;
10-100 and increased , 5-HT, Sahibzada et al.
8-OH-DPAT ng.kg* Rats respiratory minute 5-HT.a agonist agonist 2000; Wang et al.
volume 2007)
50 Rats restored respiratory rate dopamine
: ng.kg* i : receptor (Sahibzada et al.
Buspirone 5-HT; agonist dependant 2000)
60 mg Humans  no effect on respiratory effects

minute volume

28
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Ligand Dose Species Respiratory effect Known receptor activity References
Primary Secondary
a-methyl-5- 100 no effect on respiratory i
HT ng.kg* Rat neuronal activity 5-HTza (Manzke 2004)
BW 723C86 L Rat no effect on respiratory 5-HTze (Manzke 2004)
mg.kd neuronal activity
increased respiratory
i 3 rate and depth and D;-dopamine
6-chloro APB mg.kg" Cat improved HbQ and agonist (Lalley 2005a)
ETCO
increased respiratory
, - 1 rate and depth and D;-dopamine
Dihydrexidine mg.kg" Cat improved HbQ and agonist (Lalley 2005a)

ETCO

ETCGO, — end tidal carbon dioxide, Hh©G Oxygen saturation of haemoglobin
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analeptics, doxapram has a wide safety margiepitisulsant dose is 70-75 times the dose that
stimulates respiratory activity (Swan 1993b). Dasap not only causes central nervous system
stimulation but it also stimulates peripheral chesseptors (Haji et al. 2000; Nishino et al. 1982;
Swan 1993b). Its use, especially during chemicatailization, is limited by its short duration

of effect (Swan 1993b), its low concentration affitacy after intramuscular injection which
limits its use in a dart, and its side-effects, etthinclude cortical arousal, tachycardia,
hypertension, hyperthermia and muscle rigidity (Biev1988). Due to the limitation of the
current therapies, novel pharmacological agentaegeled to reverse and prevent opioid-
induced respiratory depression without causing umedside-effects, and preserving the
therapeutic value of opioids, particularly whenytlage used as analgesic and immobilizing

agents.

Improved understanding of the mechanisms involweithié generation and control of respiration
allows for the investigation of potential novel pfmacological agents to reverse opioid-induced
respiratory depression. Investigations have focygpsedominantly on neurotransmitters and
other agents that activate pathways that alteptbduction of adenosine 3’,5’-monophosphate
(cAMP). The rationale for this approach is that cRMependent protein kinase activities
increase neuronal activity which is particularlypontant for the generation and maintenance of
stable respiratory rhythm (Ballanyi et al. 1997)ditionally, opioid receptor activation causes a
decrease in CAMP; opioid receptors are coupledito @oteins which inhibit adenylyl cyclase,

an enzyme essential for the production of CAMP I@Bwgli et al. 1997; Manzke et al. 2003).
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Initial approaches to stimulate respiration focusedncreasing cCAMP by reducing its
breakdown. Methylxanthines, like theophylline, aaphylline and caffeine, which block
phosphodiesterase, the enzyme that catabolises cAdAfé some respiratory stimulant effects
(Eldridge et al. 1983; Wilken et al. 2000). Thesspiratory effects are not due solely to their
effects on phosphodiesterase but also to theigantstic effects on adenosing and A
receptors (Rang et al. 2003). However, methylxaethiappear to be clinically useful only as
bronchodialators and for the treatment of centrah-drug induced, apnoeas (Pefia & Garcia

2006; Rang et al. 2003; Wilken et al. 1997).

Recent steps at increasing respiratory neuronalRAlsive focussed on the activation of
receptors that directly increase the activity aéradyl cyclase. A promising advance has been
the discovery that dopamine-eceptor activation can reverse opioid-induced orweai
respiratory depression (Lalley 2004; 2005b) throtighactivation of adenylyl cyclase (Ballanyi
et al. 1997), without reversing opioid-induced geala (Lalley 2005a). However, at present
there are no therapeutigideceptor agonists that cross the blood brain daftialley 2005a).
Therefore, reversing opioid-induced neuronal redpny depression with receptor agonists in

clinical situations currently is not feasible.

More promising steps have been made at increagiMPan respiratory neurones with
serotonergic ligands that activate specific seliatoeceptors in the neuronal network. In the
brainstem medullary raphe neurones that productasen project onto respiratory neurones
(Richter et al. 2003). Although endogenous serotpiays an important neuromodulatory role

during normal breathing (Cao et al. 2006; HodgeRiéherson 2008; Richter et al. 2003), its
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effects on respiratory neurones appear to be conapid are not clearly defined (Bonham 1995).
Serotonin can have both a facilitatory and depvessifect on respiratory function (Sessle &
Henry 1985), which can be attributed to its actorabf multiple 5-HT-receptor subtypes found
throughout the respiratory network (Pefia & Gar€i@g). The facilitatory effects of serotonin
appear to be associated with an activation of eenots-HT;a, 5-HT,a, 5-HT2g, 5-HT, and 5-

HT--receptors (Lalley et al. 1995; Manzke 2004; Peff@aacia 2006; Richter et al. 2003).

5-HT, receptors, particularly the splice variant 5adyl are highly expressed in respiratory
neurones of the pre-Boétzinger complex (Manzke .e2@03). Manzke et al. (2003) demonstrated
that 5-HT, ) andp-opioid receptors were coexistent on these neurands$oth were coupled to
adenylyl cyclase in a antagonistic mannegpioid receptors decrease cAMP through Gi
proteins and 5-Hi, receptors increase cAMP through Gs proteins @igSimilarly, 5-HT,
receptors also are positively coupled to adenylglase (Vanhoenacker et al. 2000) and
coexistent with opioid receptors on these neurdReshter et al. 2003; Fig. 4). However, the
expression of 5-HAreceptors in the pre-Bétzinger complex is reldyivew (Richter et al.

2003). The coexistence pfopioid receptors and 5-HE and 5-HT, receptors on pre-Botzinger
complex respiratory neurones, and the contrastitigraof the opioids and serotonin on
adenylyl cyclase, has allowed for the use of seergic ligands with 5-Hi;)and 5-HT actions
to reverse opioid-induced depression of respirateyrones (Manzke et al. 2003; Richter et al.

2003; Wang et al. 2007).
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Figure 3. Signal transduction pathways of the 5-H7,) and p-opioid receptors: abbreviations:
adenylyl cyclase (AC), protein kinase (PKA), cydidenosine 5’, 3'-monophosphate (CAMP),
serotonin 4(a) receptor (4(ajyopioid receptory), stimulating or inhibitory hetero-trimeric
guanine-nucleotide-binding proteind& G), hetero-trimeric guanine-nucleotide-binding
proteinal3 (G,13), A-kinase-anchoring protein 110 (AKAP 110) (Resinafrom Figure 71,

Manzke T. Unpublished PhD thesis, University of thgen, Gottingen, Sweden).
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Figure 4. Signal transduction pathways of the 5-H,, 5-HT7 and p-opioid receptors:
abbreviations: adenylyl cyclase (AC), protein km@BKA), cyclic adenosine 5, 3'-
monophosphate (CAMP), serotonin 7 receptor (7phtsam 1A receptor (LA)-opioid receptor
(w), stimulating or inhibitory hetero-trimeric guaprimucleotide-binding protein (@r G)

(Taken from Figure 72, Manzke T. Unpublished Phésts, University of Gottingen, Gaottingen,

Sweden).
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The possibilities of reversing opioid-induced nenaorespiratory depression with 5-pAT 5-
HT.g and 5-HTa receptor agonists also have been studied. Althéuigh,, and 5-Hhg
receptors are expressed in the pre-Botzinger congpid their activation in the absence of
opioids increases respiratory activity (Lalley et1®95; Manzke 2004; Pefia & Ramirez 2002),
agonists of these receptors are not able to rewpised-induced neuronal respiratory depression
(Manzke 2004). These findings could be explainethiege receptors being coupled to
phospholipase C, which activates respiratory agtiiee mechanisms that are distinct to those
which are activated via adenylyl cyclase (Manzk@&2@ig. 5). 5-HTa receptors, on the other
hand, are coupled to adenylyl cyclase, but theipinbdenylyl cyclase and decrease the
production of cAMP (Richter et al. 2003; Fig. 4)owever, agonists of 5-HX receptors
stimulate respiration (Garner et al. 1989; Mendeksbal. 1990) and reverse opioid-induced
neuronal respiratory depression (Manzke 2004; Saldi et al. 2000; Wang et al. 2007). How 5-
HT1a agonists affect respiratory function and revergeid-induced neuronal respiratory
depression is not understood, but possible meamartigve been proposed. In the central
respiratory network, 5-Hil receptors are the serotonin receptor subtype ss@demost
extensively and these receptors are involved imedsing respiratory neuronal excitability
(Richter et al. 2003). Activation of post-synagditiT,a receptors in pontine areas of the
brainstem inhibits apneusis, which is a markedgorgation of inspiration, by inhibiting the
activity of neurones that cause prolonged inspiya¢dfort (Barnes & Sharp 1999; Lalley et al.
1994a; Pierrefiche et al. 1998). This proposed raeisim couples with the proposed model by
Manzke (2004) that suggests that 5i@gonists shift opioid-induced breathing patterosnfa
three-phase to a two-phase cycle by inhibitingye@dpiratory and post-inspiratory neurones,

thus increasing respiratory rate. Although thesp@sed mechanisms have not been linked to
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Figure 5. Signal transduction pathways of the 5-H7a, 5-HT 2z and p-opioid receptors:
abbreviations: serotonin 2A receptor (2A), seratdB receptor (2B), phospholipase C (PLC),
inositol 1,4, 5-triphosphate () diacylglycerol (DAG), protein kinase C (PKC),tem-trimeric
guanine-nucleotide-binding protein q (Gq), adenglytlase (AC), protein kinase (PKA), cyclic
adenosine 5’, 3'-monophosphate (CAMpYppioid receptory), inhibitory hetero-trimeric
guanine-nucleotide-binding protein;jGTaken from Figure 74, Manzke T. Unpublished PhD

thesis, University of Goéttingen, Goéttingen, Sweden)
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the reversal of opioid-induced neuronal respirattegression they may be plausible because the
action of opioids on pontine neurones can causelggtic respiratory arrhythmias (Lalley 2005c;

Pattinson 2008).

Other mechanisms also may account for the abifi-dT,4 agonists to reverse opioid-induced
neuronal depression. 5-hlyagonists are believed to reverse opioid-inducedamal respiratory
depression by increasing the excitability of resoiry motoneurones in the spinal cord (Teng et
al. 2003). 5-HTa agonists also decrease the inhibitory effect®aftenin on respiratory
neurones in the pre-Botzinger complex by activafirgrsynaptic 5-Hia autoreceptors in
brainstem raphe neurones (Oertel et al. 2007)vaiitin of these autoreceptors leads to a
decrease in opioid-induced neuronal serotonin selead dorsal raphe neuron activity, which
results in antagonism of opioid-induced neurongpitory depression (Florez et al. 1972;
Lalley et al. 1997; Tao & Auerbach 1995; TrulsorAgasteh 1986). It is possible that one, or a
combination, of the above effects is involved ia thversal of opioid-induced respiratory

neuronal depression by 5-llfagonists, but further clarification is needed.

The effects of serotonergic ligands on the revestapioid-induced neuronal respiratory
depression are not limited to the central nervgstesn but also involve haemodynamic effects
that influence respiratory function. The most intpat of these haemodynamic effects is the
reversal of opioid-induced pulmonary vasoconsuitijHaigh 1990; Heard et al. 1990; Heard et
al. 1996; Santiago & Edelman 1985); pulmonary vasstriction decreases pulmonary
perfusion and negatively alters ventilation perdasiatios and alveolar gas exchange (Lumb

2005). Other important haemodynamic effects wondduide the reversal of opioid-induced
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systemic vasoconstriction and alterations in blpassure (Hannon & Bossone 1991; Heard et
al. 1990; Heard et al. 1996); both of these effatdy decrease tissue perfusion and tissue

oxygenation.

Serotonin generally causes pulmonary vasoconstni¢teyermek 1996), an effect that is
attributed predominantly to its binding to 5-pATand 5-HTg/1p0 receptors in the pulmonary
vascular bed (Cortijo et al. 1997; Morcillo & C¢otil999). However, there also is evidence that
serotonin can mediate vasodilatation directly tigiothe activation of 5-Hfand 5-HT,

receptors located on vascular smooth muscle (Mor&ilCortijo 1999); in sheep activation of 5-
HT,4 receptors causes potent endothelium-independexaten of pulmonary veins (Cocks &
Arnold 1992), and in rabbits activation of 5-HEceptors causes nitric oxide-independent
vasodilatation in pulmonary vessels (Morecroft &daan 1998). 5-Hia receptors have not
been identified in pulmonary blood vessels, attlsadar in humans (Cortijo et al. 1997), rats
and pigs (Cortijo et al. 1997; Ulimer et al. 199%nd their agonists do not have any direct action
on these vessels (Ogawa et al. 1995). However, f-Eigonists cause systemic vasodilatation
(Dabiré et al. 1990). This vasodilatation is bedig¥o occur via central effects on vasomotor
centres which result in a decrease in sympathanie (Blessing 2004; Dabiré et al. 1990;
Ootsuka & Blessing 2003; Saxena & Villalon 1990;i&@n 1996). This decrease in sympathetic
tone is important as it may reverse the activabibsympathetic neurones brought about as a
direct effect of the opioids (Roquebert & Delgoul®88) and from opioid-induced hypoxia and
hypercapnia (Heard et al. 1990; Heard et al. 19Dy decrease in sympathetic tone results in a

decrease in systemic and pulmonary vascular resstand may increase pulmonary perfusion
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thereby improving ventilation perfusion ratios ayjas exchange (Kadowitz & Hyman 1973;

Nunn 1993).

The decrease in sympathetic tone caused by &-BiJonists not only decreases vascular
resistance but it also affects the heart by causiagycardia (Dabiré et al. 1990; Saxena &
Villalon 1990). Other serotonergic ligands alseatfthe heart. 5-Hlreceptor agonists cause
bradycardia by activating receptors on postganglioardiac sympathetic nerve fibres (Dabiré et
al. 1990). 5-H¥ receptor agonists cause tachycardia and posdiariopy by inducing the
release of catecholamines from adrenomedullarynchfiin cells (Saxena & Villalén 1990). 5-
HT,4receptor agonists also cause tachycardia and\sositotropy, which results in an increase
in blood pressure, by activating receptors in teliac atria (Kaumann & Levy 2006; Villalon et
al. 1991). These effects of the 5-H&ceptor agonists appear to occur only in pigstamdans.

In other species, including cats, dogs, rats abdits, tachycardia is not induced by the
activation of 5-HTEreceptors but rather by the activation of 5:ldid 5-HT receptors (Langlois

& Fischmeister 2003).

Although the specific cardiovascular effects obsenin and its ligands have been determined,
little is known about how these effects alter cacdbutput or tissue perfusion. In spite of the
many studies on the respiratory neuronal effecseodtonin during opioid-induced respiratory
depression, few, if any, have measured the crpbigdiological variables of Pa@nd PaC@
Additionally, very few of these studies have beenalin unanaesthetised animals without the
confounding effects of general anaesthetics. Furtbee, most of the studies done to date have

been done in laboratory animals and nothing is knatout the effects of serotonin and its
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ligands in other species including wildlife. Thered, nothing is known about how the
cardiorespiratory effects of serotonin and itsigs influence blood and tissue oxygenation and

carbon dioxide removal in animals that receive msidor clinical applications.

1.3 Consequences of capture-induced hyperthermia and apd-induced respiratory
depression
In all animals there is a lower and upper critioadly temperature, also known as the critical
thermal minimum or maximum, beyond which cellulanthge occurs (Leon 2007; Willmer et al.
2005). In most placental mammals the upper critiogt is between 42°C and 44°C (Willmer et
al. 2005). However, there is no set upper body &Fatpre that will predict thermal injury in an
individual and sometimes this injury occurs at tenapures below a proposed upper critical
temperature for that species (Leon 2007). Hedtgeat cytotoxicity, causes cellular injury by
causing disruption to metabolic pathways, distuckearn cellular energy supplies, and the
degradation and aggregation of proteins which léadlse breakdown of enzymatic processes
(Willmer et al. 2005; Yan et al. 2006). It alsoeadfs membrane structures so that various
transport systems into and between cells are desdyghereby upsetting intracellular conditions
and cellular metabolism (Willmer et al. 2005; Ydrak 2006). To complicate matters further,
heat causes an increased need for oxygen and endrglyates as it increases cellular

metabolism (Willmer et al. 2005; Yan et al. 2006).

The cytotoxic, metabolic and hypoxic effects oftheahe body may cause many cells to
undergo lethal damage, which could lead to apoptmseven cellular necrosis (Yan et al. 2006).

The consequences of heat-induced cell damage kasshedied extensively in humans (Leon
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2007; Yan et al. 2006) and in animal models of s¢@ke (Damanhouri & Tayeb 1992). Heat
stroke in both man and other animals is associatédabnormally high body temperatures and
diffuse tissue injury which can involve gastroiriieal failure, renal failure, hepatic failure,
disseminated intravascular coagulation, myocafdialre, skeletal muscle cytolysis,
encephalopathy, hypoxemia, metabolic acidosis, tkgb@emia and cardiogenic shock
(Bouchama et al. 2005; Haskins 1995; Leon 2007; étal. 2006). One of the consistent
findings in heat stroke is that the gastrointestiaarier is damaged in the early stages
(Bouchama et al. 2005; Bynum et al. 1977; Halllee@01) causing a leakage of endotoxins and
the subsequent release of inflammatory cytokinesiiLl2007; Yan et al. 2006), which, in
conjunction with the release of other inflammatorgdiators from damaged tissues, results in a
systemic inflammatory response syndrome (Bouchamfad&chel 2002; Leon 2007; Yan et al.
2006). This systemic inflammatory response syndrameombination with the effects of heat
cytotoxicity, can result in multiple organ dysfuioct and failure (Bouchama & Knochel 2002;

Haskins 1995).

Heat stroke in man and other mammals can be caithet by passive exposure to hot
environmental conditions, which is known as claadeat stroke, or by strenuous physical
exercise, which is know as exertional heat str@a@ithama & Knochel 2002; Jessen 2001; Yan
et al. 2006). Although classical heat stroke cazuot wild animals, especially if they are
compromised by dehydration or disease, it is uhjlike play a major role in capture-induced
hyperthermia. On the other hand, exertional heakst which often is associated with
rhabdomyolysis, hyperkalaemia, hypocalcaemia, nofmghemia and myoglobinurea (Haskins

1995), may play a role because these symptomdtareseen post-capture and are also
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associated with capture myopathy (Harthoorn 197@.for this reason that it has been
proposed that heat stroke and capture-induced tingreria are synonymous, and that they play
a role in capture myopathy (Antognini et al. 196868eney & Hattingh 1987; Ebedes et al. 1996;
Gericke et al. 1978; Meltzer & Kock 2006b). Howeudis proposal is based on the assumption
that capture-induced hyperthermia is caused byipdlysxercise, an assumption that is not
always true as capture-induced hyperthermia o@gs when minimal physical exercise occurs
(Bakken et al. 1999). Therefore, although captodeiced hyperthermia and heat stroke share
some similarities, the mechanisms that cause titrease in body temperature in these two
phenomena appear to be distinct. However, bothptegya role in the cause of capture

myopathy.

Capture myopathy is a common cause of death oridityrlafter capture operations (Ebedes et
al. 1996; Harthoorn 1976; Meltzer & Kock 2006b)Ith®dugh it is primarily associated post-
mortally with visible pathology of cardiac and skl muscles, lesions are not always seen in
muscle, and muscle damage is not always the pricauge of death (Ebedes et al. 1996;
Harthoorn 1976; Kock et al. 2006). Harthoorn (19d@é3cribed differing degrees of capture
myopathy which he attributed to differing levelsstfess and exertion an animal is exposed to
during capture. The most lethal of these is theemgzute form which is associated with per-
acute death within an hour of capture (Ebedes d9816) and is attributed to heart failure caused
by a profound acidaemia and hyperkalaemia (Harth@8i76). In the acute form animals die
within 12 hours of capture and death is attributeldeart failure or pulmonary oedema
(Harthoorn 1976). The sub-acute form is associaitdamage to muscle and other major

organs, like the lung, liver and kidneys, with deeatcurring from these complications within
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one to two weeks after capture (Harthoorn 1976)hénchronic form death usually occurs only
weeks to months after capture and usually ariseswalmimals are re-captured; it is attributed to
either the development of the acute form of theahg, or heart failure which results from

chronic myocardial fibrosis (Ebedes et al. 1996rthtzorn 1976).

The primary causes of capture myopathy are beliewd@ overexertion during a chase and the
stress associated with the capture (Ebedes 9%, Gericke et al. 1978; Harthoorn 1976;
Hofmeyr et al. 1973; Kock et al. 2006). The pathgiblogy of capture myopathy is very similar
to that of exertional rhabdomyolysis in man andsksr(Aleman 2008; Criddle 2003; Valentine
2008) and Porcine Stress Syndrome in pigs (Mitchétleffron 1982), as patients suffering
from these syndromes all present with muscle &) hyperthermia, metabolic acidosis,
myoglobinuria, increased serum creatine kinasepat@ssium concentrations. These changes are
believed to be brought about by a combination stf@ss-induced increase in serum
catecholamines (Ebedes et al. 1996; Gericke &0@B; Harthoorn 1976), an increase in
anaerobic metabolism due to excessive exertiondg&bet al. 1996; Harthoorn 1976), and a
derangement in metabolism (Mitchell & Heffron 198&phaerobic metabolism in muscle cells
results in an increase in lactic acid productiod amlisturbance of the active transport of
electrolytes in and out of cells. These effectsltan cellular damage and the leakage of
myoglobin, cellular enzymes like creatine kinasej ather constituents like potassium,
phosphate, lactic acid and other inorganic acitistime blood stream (Criddle 2003; Guyton &
Hall 1997; Harthoorn 1976; Meltzer & Kock 2006bhelresultant metabolic acidosis further
compounds the hyperkalaemia as hydrogen ions dsplatassium ions from cells (Guyton &

Hall 1997). This hyperkalaemia, in combination wstvere acidaemia, is believed to be the
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cause of heart failure in the hyper-acute and doubes of capture myopathy (Gericke et al.
1978; Harthoorn 1976). Pulmonary oedema, which ialseen in the acute form, is possibly
caused by pulmonary hypertension resulting frordasmia and an increase in sympathetic and
adrenal discharge (Harthoorn & Young 1976), bub aly occur as a result of heart failure
(Harthoorn 1976). Renal failure, which occurs ia #tute form, can occur if muscle damage is
severe and is brought about by the combinatioemdlirvasoconstriction and the nephrotoxic
effects of myoglobinaemia (Criddle 2003; Hartho@8Y6). The damage seen in other organs of
animals with capture myopathy appears to occur inaiecause of hypoperfusion, which results

in anaerobic metabolism and the build up of toxetabolites (Harthoorn 1976).

It is apparent that anything that would increasseaobic metabolism during capture would
enhance the severity of capture myopathy. Whemanad over-exerts itself its ability to
metabolise aerobically is limited by the body’sdiavascular and respiratory capacity to deliver
oxygen to cells (Guyton & Hall 1997). During cauhis capacity may be diminished by
generalized vasoconstriction caused by excesssaidige of the sympathetic nervous system
following stress (Kock et al. 2006). Importantliyist vasoconstriction may directly affect oxygen
and nutrient supply to muscles as the sympatheticons system plays a major role in
regulating muscle blood flow during exercise (RdW&97; 2004; Thomas & Segal 2004).
Hyperthermia also will increase anaerobic metabobks it increases cellular metabolism; for
every 1°C increase in body temperature metabolsmeases by 10-12% (Criddle 2003; Guyton
& Hall 1997). At body temperatures above 41-42°@immmals the oxygen requirement of cells
exceeds the cardiovascular capability for suffit@tygen delivery leading to hypoxia and

cellular damage (Grint et al. 2007; Haskins 199%aerobic metabolism also will be increased
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by the insufficient supply of oxygen to the lungsscenario that may occur during chemical
capture, where opioid drugs may cause respiratgpyession, and recumbency may hinder lung

expansion and ventilation (Kock et al. 2006).

Opioid-induced respiratory depression is importasttonly in capture myopathy, but for other
reasons it also may influence the survival of amahduring and after chemical immobilization.
As discussed in section 1.2.2, opioids cause hygdagon, ventilation perfusion mismatching,
shunting of blood in the lungs, and a decreaseygen diffusion across the alveolar membrane.
The consequence of these effects is hypoxia anérbgpnia (Nunn 1993). Hypoxia means that
less energy is available to the cell, and metadmlike hydrogen and lactate ions build up
(Guyton & Hall 1997; Nunn 1993). These ions mayaggcinto the circulation where they can
cause a metabolic acidosis, but, in the brainbtbed-brain barrier is relatively impermeable to
charged ions, so that these ions build up in neagamd cause an intracellular acidosis (Lumb
2005). The consequences of cellular energy depletna acidosis are the development of gross
abnormalities in ion channel function, which le&@sbnormal intracellular and extracellular
ionic gradients, leading to cell death (Lumb 20@9)hough the organ believed to be the most
susceptible to hypoxic damage is the brain, anthdsze to neuronal depression and damage
usually occurs (Lumb 2005), under special circumsta other organs may be more susceptible
(Wilson & Benuhof 2005). During anaesthesia, tharhes the organ that is most susceptible to
hypoxic damage because hypoxaemia generally pr@ncateliac irritability and arrhythmias as
the increase in oxygen demand, caused by sympati&di catecholamine myocardial
stimulation, and the decrease in oxygen supplg,thp normal balance between myocardial

oxygen supply and demand (Wilson & Benuhof 2005 addition, if hypoxaemia is severe, with
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arterial oxygen haemoglobin saturations below 6t cardiovascular system is severely
affected and blood pressure falls rapidly due wopddatation. Shock eventually develops, and
the heart either fibrillates or arrests (Wilson &raihof 2005).

Hypercapnia also causes direct depression of betimtyocardium and vascular smooth muscle,
but at the same time it causes a reflex stimuladidhe sympathoadrenal system which usually
compensates for any cardiovascular depression (L2005). However, the reflex
sympathoadrenal stimulation further exacerbatescarytial oxygen demand and may cause
arrhythmias (Lumb 2005; Wilson & Benuhof 2005). ldypapnia may further exacerbate
hypoxia by diluting oxygen concentrations in theealli and shifting the oxygen haemoglobin
dissociation curve to the right (Lumb 2005; Wils@Benuhof 2005). It also can cause
generalised pulmonary vasoconstriction which mégr d@he diffusion of oxygen across the
alveoli membrane (Lumb 2005). Finally, if severéjwthe arterial partial pressure of carbon
dioxide (PaCQ@ above 100mmHg, hypercapnia will cause profoundaowal depression which

may result in narcosis and death (Guyton & Hall7Z;99umb 2005; Wilson & Benuhof 2005).

In summary, there is a distinct interplay betwdendide-effects of capture-induced
hyperthermia and opioid-induced respiratory depoasd he precise role each of these has to
play in the development of capture-related moriditd mortality has not been defined.
Furthermore, little is known about the effects apture-induced hyperthermia and the role it
plays in capture myopathy, and whether its effaotsassociated with other adverse events like
depression and anorexia in boma kept animals.ditiad, it is also not known what affects
opioid-induced respiratory depression has on wildhals post capture. However, before these

guestions are answered we need to establish tise cheapture-induced hyperthermia, and
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determine how opioid drugs affect respiratory fimtiand pulmonary performance. We also
need to determine whether opioid-induced respiyadepression can be reversed adequately
without altering the immobilizing and sedative etteof the drugs used to chemically

immobilize wildlife.

1.4 Thesis aims

My interest is in pathophysiological events asdeciavith the capture process that may lead to
immediate or delayed morbidity and mortality indfifle. | have chosen to focus on two of these
events, capture-induced hyperthermia and opioidged respiratory depression, because they
are adverse events that consistently occur duaptuce procedures, and because both can cause

morbidity and mortality.

Chapter 1. Sections 1.1 and 1.3 outline our cumederstanding of the possible causes and
effects of capture-induced hyperthermia. Althougpdrthermia is a common occurrence during
capture, very little is known about its cause. @ouently, interventions to either prevent or treat
capture-induced hyperthermia have been instituésedb on speculation that capture-induced
hyperthermia is related to either the ambient teaipee, the activity levels of the animal, the
drug’s effects, or the effects of stress, duringtaee. Therefore, | aimed to investigate the

mechanisms and patterns of capture-induced hyperiae

Section 1.2 and 1.3 outline our current understandf the possible causes and effects of
opioid-induced respiratory depression and also sans@ the current understanding of the role

serotonin plays in the regulation of respiratiod &ow its actions can be used to reverse opioid-
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induced respiratory depression. Reversal of ogiwdgdiced respiratory depression, without
reversal of the opioids desired effects, is of pamant importance to both veterinary and human
medicine and anaesthesia. However, few agentsvaialale clinically which meet this criteria,
and therefore there is a need for new agents. T thee focus of the research on reversing
opioid-induced respiratory depression has beeredlao reversing neuronal depression in the
respiratory network. The majority of the studiesdwacted in this field have assessed only the
effects of specific receptor ligands on respirateeyronal activity or on respiratory rate, rhythm
and pattern. Currently no study has examined hevsénotonergic ligands effects on
cardiorespiratory function influence blood gased whether these ligands can be used to
reverse opioid-induced respiratory depression,mitlieversing chemical immobilization. |
aimed therefore to investigate systematically rosmergic ligands can be used to reverse
opioid-induced respiratory depression, by improuhgpd gases, in chemically immobilized
animals. | also aimed to determine how the opitidpdhine, that is used to chemically

immobilize wildlife, affects cardiorespiratory futmn and pulmonary performance.

Chapter 2. Although the continuous measuremenody bemperature in springbok (Fuller et al.
2005) and black wildebeest (Jessen et al. 1994 pewided some insights into body
temperature changes during capture, little is knatsout the pattern and mechanisms of capture-
induced hyperthermia. | therefore measured bodypé&eature in impala, at 10-minute intervals,
with intra-abdominally implanted temperature-semsitiata loggers, throughout various capture
procedures. To determine the role of capture diugapture-induced hyperthermia, | captured
impala with and without immobilizing drugs. | assed the effect of ambient temperatures and

activity levels on capture-induced hyperthermianisasuring both throughout the capture
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procedures. To assess the role of stress, | mehsarem cortisol levels during capture, and
compared body temperature and stress responsasyala in different groups that had been

habituated to various periods of boma housing amdiing.

Chapter 3. Many capture drugs are believed to #legmoregulation (Meltzer & Kock 2006a). |
therefore investigated whether different capturggdrombinations influence the magnitude of
the capture-induced hyperthermia in impala. | alssessed whether the immobilizing effects of
the different drug combinations, which influence thme from darting to when the animals
became recumbent, influenced the magnitude ofdp&uce-induced hyperthermia. Serum
cortisol was used to determine whether the magaitidhe capture-induced hyperthermia could
be correlated to the stress response induced hysthef the different capture drug combinations.
In addition, heart rate, respiratory rate and pesipl haemoglobin oxygen saturation were
measured to determine how the different drug coathins affected the cardiorespiratory

system and how they were related to the magnit@itteeccapture-induced hyperthermia.

Chapter 4. Respiratory depression is one of themsajle-effects that is caused by the opioid
drugs that are used to chemically capture wild atsniKock et al. 2006; McKenzie 1993).
Promising advances at reversing opioid-inducediragpy depression, without affecting the
intended use of opioids, have been made usingosenaic ligands (Manzke 2004; Manzke et al.
2003; Sahibzada et al. 2000). Unfortunately, thoweghy little is known about the effects of
these drugs on cardiorespiratory function, andingtts known about their effects in ungulates. |
therefore investigated the cardiorespiratory effefttwo experimental serotonergic ligands,

which have differing mechanisms of action, in goathose goats as my subjects as they have
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been used before as a successful model for thetafé€ opioid immobilization on
cardiorespiratory function in wild ungulates (B&s#/eltzer 2001; Heard et al. 1990; Heard et
al. 1996), and they are easy to handle, therefi@@npmobilization data could be collected from
them and they could be restrained with ease ififamds reversed opioid immobilization. |
measured blood gases, respiratory rates, heastaateblood pressures to determine
cardiorespiratory function, and times from injentio recumbency and the quality of
immobilization, to determine the effects of theseosonergic ligands on chemical

immobilization.

Chapter 5. If serotonergic ligands are to be usaditerse opioid-induced respiratory depression
during game capture, their effects need to be dstrated during an actual capture procedure,
and the drugs used need to be available commercidlpresent, no commercially-available
serotonergic drugs are able to reverse opioid-ieduespiratory depression in humans (Lotsch
et al. 2005; Oertel et al. 2007). | therefore inigeged whether three commercially available
serotonergic drugs, which have differing mechanisiraction, could be used to reverse opioid-
induced respiratory depression in chemically-imripéd impala. To evaluate respiratory
function more extensively than previously (chapter) | measured blood gases, respiratory
rates, minute ventilation, tidal volumes, oxygensumption and carbon dioxide production. To
determine the effects of the serotonergic drugshmmical immobilization | evaluated the

quality of the immobilization by measuring the mments of the animals.

Conclusion. In the conclusion | aim to give an @@w of the findings that | have made and

place these findings in context with existing knedde. | will also discuss the significance of
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these findings and make recommendations as to heyrhay be used to improve wildlife

capture. | will also discuss the future and hightlithe relevance of the findings of this thesis.



CHAPTER 2

Hyperthermia in captured impala (Aepyceros melampus): A fright
not flight response

Meyer LCR, Fick LG, Matthee A, Mitchell D and Fuller A. Journal of
Wildlife Diseases 44, 404-416, 2008
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HYPERTHERMIA IN CAPTURED IMPALA (AEPYCEROS MELAMPUS):
A FRIGHT NOT FLIGHT RESPONSE
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ABSTRACT:  To investigate the patterns and mechanisms of capture-induced hyperthermia, we
surgically implanted 9(7 impala (Aepyceros melampus) with miniature thermometric data loggers,
which measured body temperatures continuously throughout capture procedures. Four groups of
impala, which were habituated to v arying levels <)fhandhntr and boma-housing, were captured by
net restraint or by chemical immobilization. The studv took place be stween July 1999 411(1
December 2005, Irrespective of whether impala were chemically ¢ capture d, net-captured,
disturbed by exposure to a stressor, they developed a precipitous increase in body tempe mtuu'
This increase in body temperature was not related to activity levels; animals that had low activity
levels before immobilization had lar ger increases in body temperature compared to those that had
high activity levels but were not nnmolnha d (t=3.6, P=0.001, n=5). Similarly this increase in
b()dv temperature was not related to env 11011111(‘11&11 heat l()ad at the time of darting and
immobilization (r=—0.05, P=0.85). Body temperature increase also did not depend on w. h<,th<,1
the animals were captured using drugs or not. ITowever, we found that those animals that were
habituated more to handling and boma- housing had smaller increases in body temperatures
(F=37, P<0.001) and smaller stress responses, 111(11( -ated by lower plasma cortisol concentrations
(F=5. 5 P<0.05), and less fractious behavior, compared to those animals that were habituated less
or not at all. Therefore we believe that capture -induced hyperthermia in impala is caused
predominantly by stress, which induces a rapid rise in body temperature.
Key words: Body temperature, capture, cortisol, habituation, opioid, stress.

INTRODUCTION measures are based on anecdotal evi-
dence, and on unproven assumptions that

i [a 1 al< NI 7 3 Y [a A0 ) . .
Wild animals t\pm‘lﬂ} deve l()p an acute hot ambient t(*mp(*rutur(*s and exercise

hyperthermia when captured (Hofmeyr et

al., 1973; Gericke et al., 1978; Cheney and

Hattingh, 1987; Kock et al, 1987a, b;
. o ot 999. mé ot . .

Martucci et al., 1992; Montané et al., 1 6rmia are based on single measurements

2003, 2007). This hyperthermia is not fectal temperature. To better understand

accompanied by the rigor or other corre- 1,6 causes of capture-induced hyperther-
> . L .
lates of nuhgndnt hyperthermia or Por- mia, it is essential to measure body

during capture are the main causes of this
hyperthermia.
Most records of capture-induced hyper-

cine Stress Syndrome (Mitchell and Hef- temperatures continuously before, during,
fron, 1980, 1962>= and currently there is  and after capture pr()codur(*s Continuous
no evidence for any peripheral metabolic  gnd accurate measurement of body tem-
derangement. Because it has been pro- perature is possible through surglcdl im-
posed that the hyperthermia may play a plantation of miniature temperature-sensi-
role in capture myopathy and acute death  tive data loggers into the abdominal cavity.
during capture (Gericke et al, 1978; The loggers, which measure and re scord
Cheney and Hattingh, 1987; Antognini et temperature at specified intervals, have
al., 1996 Meltzer and K()Lk 2006), been used succcssfuﬂy to examine thermo-
measures usually are taken to decrease regulation in a variety of wild antelope
the incidence and seve rity of capture- species (Mitchell et al., 2002). Although
induced hyperthermia. In the absence of a  capture-induced hyperthermia is evident in
proper understanding of the mechanisms  records of body temperature obtained from
of capture-induced hyperthermia, these abdominal loggers in antelope (Jessen et al.,

404

53



MEYER ET AL —CAPTURE-INDUCED HYPERTHERMIA IN IMPALA 405

1994; Fuller et al., 2005), no study has used
the technology available for continuous
measurements of body temperature to
investigate systematically the
severity of capture-induced hyperthermia.
We used temperature-sensitive data
loggers to measure continuously body
temperature during different capture con-
ditions. We hypothesized that the greater
the reaction ()f an animal to the proce-
dures leading to and including its capture,
the greater would be the severity of
hyperthermia it develops. We assumed
that the reaction of the animal would be
influenced by its activity level in attempt-
ing to escape cuptur(*, 1))’ the time between

cause or

initial intervention and completion of

capture, and by the familiarity of the
animal with human activities. To vary the
activity levels and capture times to test our
hypothesis we primarily used chemical
immobilization and employed immobiliza-
tion re glm( ns with er(*dsmg sedative
efficacy, starting with a low dose of :

conve ntl()nal immobilizing opioid dnd
ending with a higher dose of the same
opioid plus a tranquilizing adjuvant. In a
few animals we measured the consequences
of capture without sedation. As we in-
creased sedative efficacy of the immobi-
lizing agents, we also increased the
familiarity of the
interference, by handling the animals and
increasing the duration of boma-housing
of the animals before our trials started. To
investigate whether environmental tem-
peratures play a role in capture-induced
hyperthermia, we monitored the micro-
climate conditions during the trials. We
chose impala (Aepyceros melampus) as
our experimental animals because they are
known to be highly excitable and reactive
to capture and confinement (Knox
and Hattingh, 1992). We found that,
in impala at least, the major cause of
acute capture-induced hyperthermia is
related to stress rather than to the thermal
effects of chemical immobilization,
activity

animals with human

envi-
ronmental heat load, or levels

during cupturv .

MATERIALS AND METHODS

The results reported emanate from three
studies conducted with the primary aim of
investigating hyperthermia in capture . impala,
and th(' se (ondaw aim of determining the
effects of different capture drugs and cate-
cholamine blockage on body temperature in
chemically nnm()[nlu( d 11111)414 The effects of
the different capture drugs and catecholamine
bl()ckagc on body t<:mp<:r-a1tur<: are not report-
ed here, but where we report the effects of
che 1111(41 immobilization on body temperature
we focus on the immobilizing (hu(f ctorphine
and the tranquilizer azaperone. The proce-
dures were approved by the University of the
Witwatersrand’s Animal Ethics Scree ning
Committee (clearance numbers 1999/9()/()5,
2001/78/05, 2004/11/05). All studies took place
between ]ulv 1999 and December 2005 at the
Lichtenburg Game Breeding Centre of the

South Afncan National Z()Ological Gardens
(26°07'S, 26°07'E), 220 km west of Johannes-

burg, South Africa.

Animals and surgery

Twenty-six adult female impala were used.
The animals were caught from the wild and
transported to bomas (holding pens with high
wooden pole walls) no less than 2 wk before
th(‘V underwent sur gery. On the (Lw of surgery
th<-v were herded into a game ((Lptm( ve 111( le
or (14’((' where th<'v received a tmnqmluu
(zuclopenthixol acetate, 50 mg, Clopixol-Acu-
phase, Lundbeck, ]()lmnm sburg, South Africa;
or azaperone, 40 mg, Stresnil, Janssen Phar-
maceutica, ]()hann( ssbur g, South Africa; or
lmlop( ridol, 15 mg Kyron Laboratories, Jo-
hannesburg, S(mth Africa), 111tmnmsculallv
(IM) via a p()l(' syringe. Once tmnqlul th('v
were captured 111(11\ idually by hand and
anesthetized with halothane (Flu()than(', Astra
Zeneca, Johannesburg, South Africa) in 100%
oxygen via a face mask. Once the animal was
Lnl(,sth(/tu(/d, a 200X 100 mm midline area on
the ventral abdomen was shaved and sterilized
with a mixture of 5% chlorhexidine gluconate
(Hibitane, Astra Zeneca, Johanne sblu o, South
Africa) in 100% cthanol. Within this arca, a
50 mm midline incision was made through the
skin and linea alba, and a miniature temper-
ature-sensitive data logger was placed into the
abdominal cawty, where it could float fr(:(:ly.
The linea alba and skin were sutured closed.
The surgical wound was coated with a topical
tick rcpcllcnt (Tickgruusc, (Iyp(:rm(:thrin
0.025% m/m, Bay(:f Animal Health Pty,
Isando, South Africa) and sprayed with a
topical antiseptic spray (N ecrospray, Centaur
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Labs, Johannesburg, South Africa) to prevent
inf(/ctmn, fly worry, and myiasis. Each of the
impala received a long-acting penicillin-based
antibiotic (4—5 ml IM, Peni LA Phenix, Virbac
Animal Health, ]ohdnn( sburg, South Africa),
an analgesic and anti- mﬂanmmt()w medica-
tion (()lltdlllll](f 140 m(f/ml annplu nazone,
70 mg/ml so(hum ph( nylbutazone, and
0.5 m(r/ml dexamethazone (4—=5 ml IM. Dexa-
Tonmnol Centaur Labs, Johannesburg, South
Africa), 411(1 a long-acting parasiticide, d(n;un(:c-
tin (5 mg subcutanumslv [SC], Dectomax,
Pfizer Laboratories, ]()lmnn( ssburg,  South
Africa). Animals were marked with (hff( srent
colored plastic ear tags for identification.

At the end of the studies, the impala were
recaught, and the data loggers were removed
using a similar anesthetic and surgical proce-
dure to that used for implantation. After
surgery the impala were released back into a
large camp where they ranged free.

Body temperature measurements

Temperature was measured at 10-min
intervals in the abdominal cavity of the impala
with miniature temperature- s<,ns1t1\ ¢ data
l()gg(:rs (St()wAway XTI, Onset Computer
Corporation, Pocasset, Massachusetts, USA).
These data loggers had a measurement range
of +34 C to +46 C, to a resolution of 0.04 C.
The loggers had a mass of ~40 g, and
dimensions of ~50X45X20 mm when cov-
ered in an inert wax (Sasol wax EXP9S6,
Johannesburg, South Africa). Before implan-
tation the l()mn s were calibrated individually,
in an 111511L1t(,d water bath, against a hlgh—
accuracy thermometer (Quat 100, Heraecus,
Hanau, Germany) and were found to have an
accuracy of better than 0.05 C.

Darting procedure

Impala were darted with either a Telinject
air rifle (VARIO 3R, Telinject, California,
USA) and Dan-Inject darts (S300 dart with
1.5%X30 mm collared needle, Dan-Inject, Bor-
kop, Denmark) or a Sabi 500 dart gun (SABI
Werkswinkel #a Magnum Arms, Nelspruit,
South Africa) and a Pneu-Dart dart (Type P
3 ce, 13 gauge, 25 mm long wire barbed
needle, Pneu-Dart, \Villiumspk)rt Pennsylva-
nia, USA). All the darts were positioned in the
gluteus muscle group. Once the animal was
recumbent it was blindfolded and cotton wool
was placed in its ears to reduce external
sensory stimuli, as is common practice in
professional game capture procedures.

Naive animals

Six nonhabituated (naive) impala were used
to examine h()dv temperature responses to
opioid immobilization and net capture (Ta-
ble 1). After the impala had been implanted
with the data loggers, they were released into a
fenced 62-ha camp where they ranged freely.
On two occasions, separated hv two weeks, the
impala were he rded into a smaller enclosure
(0.25 ha) within the 62-ha camp. After 24 hr,
in a random order, the impala were darted
with either 0.5 mg etorphine hydrochloride
IM (M99, Nov Lutls Johanne Sblu”, South
Africa), or with 10-12 mg fentanyl citrate IM
(Kyron Laboratories, ]ohann( sblutr South
Afuca) Three dnlmals were darte (1 in short
succession (<3 min in total). The other three
animals in the group, which were not darted,
remained in the group and were exposed to
the presence of humans in the enclosure and
to the darting of their companions. They were
darted dppl()xnlmt( lv 1 hr after the fnst three

TasLe 1. Summary of differences in immobilization regimens, activity levels, and habituation
between groups.
Habituation
Dose Dose Activity
Group Opioid (mg) Tranquilizer (mg) levels® Boma-housing (mo) Handling

Naive n=6 Etorphine 0.5 None +++ None None
Four month  Etorphine 1.0 Azaperone ++ 4 4> hand caught

n=>5 +tranqniliz(>(lh
Two month Etorphine 1.5 Azaperone + 2 1 xXimmobilization®

n=9
Five month  Etorphine 1.5 Azaperone + 5 2xXimmobilization®

n=~6

* Activity levels from darting up until recumbency. +++ = high-intensity activity; ++ = medium-intensity activity; + =

low-intensity activity.

Each time these animals were handled, they were tranquilized with the long-acting tranquilizer haloperidol.

¢ The animals were immobilized with etorphine to be weighed.
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animals had been darted. Once an animal was
recumbent a 10 ml venous blood sample was
drawn. The animals remained recumbent for
20 min, in a quiet part of the enclosure, after
which we reversed the immobilizing effects of
the opioids using 1 mg diprenorphine hydro-
chloride intravenously (IV) (M5050, Novartis)
for the animals that received etorphine, and
20 mg nalorphine hydrochloride IV (Kyron
Laboratories) for those that received fentanyl.
Once fully conscious the first three impala were
released back into the enclosure to join their
companions, and only after the second three
impala were reversed were all the animals
released back into the 62-ha camp. The time
from darting to the opioid reversal, and release
of the (meals was approximately 35 min. On
one occasion, two of these II]]I)dld were chased
by a vehicle into capture nets, where they were
restrained, blindfolded, and cotton wool was
placed in their ears for 15 min before they were
released back into the 62-ha camp.

Four-month habituated animals

Five Ilnpdld were used in a study with a

sccondary aim of investigating the ¢ fects of
catecholamine blockade dff(l chemical cap-

ture (results reported from control animals
only; see below). The impala had been housed
in a 30X50 m boma for 4 mo before the
experiments. During this 4-mo period, the
impala became accustom( »d and adapted
(habituated) to the presence of humans, who
provided fodder (lucerne) and cleaned the
bomas. On four occasions (Table 1) during the
4-mo period, these animals had been herded
into a game capture vehicle, where they were
handle d physically restrained, and then in-
jected w1th the l()n(r acting tr dntha r halo-
peridol (5-20 mg, ‘mcmdmﬁ to mass, Kyron
Laboratories), and tmnspmt(,d to test for the
effects of transport on body temperatures (sce
Wimberger, 2005).

On our experimental days, we herded the
group of impala into an adjacent 10X20 m
boma, to ensure reliable darting from a closer
range. Each impala in the group was darted on
twn occasions, separated by 2 wk, with 1 mg
ctorphine and 40 mg azaperone. Once an
impala had been nnmolnha d, it was removed
from the group and placed in an adjacent
boma where it received a bolus TV injection of
a catecholamine blocker or a control (2 ml
dimethyl sulphoxide, Merck Chemicals, Gau-
teng, South Africa). After 20 min, we reversed
th<, effects of etorphine using 2 mg diprenor-
phine hydrochloride and re turned th(' impala
to the rest of the group. The time from darting
to reversal, and release of the animals, was

approximately 30 min. The human activity in
the boma, from the time of darting to removal
of the immobilized animal, caused agitation
and attempted escape in the other impala,
even though, at the time, there was no direct
interference with them. We did not collect
blood samples from these animals because
they had received catecholamine blockers,
which we expected would alter the normal
plasma cortisol changes (Liu et al., 1991).

Two- and 5-mo habituated animals

Fifteen impala were used at different times
over a 2-yr period. The animals were housed,
in 5X10 m bomas, with a maximum of three
animals per bonm They were fed lucerne
every second day, and the bomas were cleaned
uzguhuly. Nine animals were exempt from our
(:xpcn'mcntul interventions for 2 mo, except
for a single occasion on which they were
immobilized to be weighed (Table 1). The
other six animals were exempt from interven-
tions for 5 mo, except for two occasions on
which they were immobilized to be weighed
(Table 1). After their exempt period, ecach
animal was darted IM on four occasions,
fortnightly in a random order, with four
different combinations of opioid plus adjuvant,
namely, 1.5 mg ctorphine+40 mg azaperone,
1.5 mg e t(n‘phlm +2 mg me de t(nmdm(' hydlo—
chloride (Domitor, Nov artis, Johannesburg,
South Africa) 1.2 mg thmf( ntanyl oxalate

(A3080, Wildlife Phannac( witicals, Karino,
South Africa) +40 mg azaperone, and 1.2 mg

thiofentanyl+2 mg me d< tomldm(, We darted
three animals sh(nﬂy after each other, within
3 min of the first dart, with about 20 min
between the groups of three. Once each
animal was recumbent, we drew a 10 ml
venous blood sample. After 30 min we re-
versed the effects of the drugs, using 3 mg
diprenorphine 1V for <t<n’phm<' 12 mg nal-
trexone hydrochloride IV (Trexonil, \Vlldhf('
Pharmacecuticals) for thiofentanyl, dnd 10 mg
atipamezole hydrochloride IM (Antisedan,
Novartis) for medetomidine. There is no
recognized reversing agent for azaperone,
and 40 mg of azaperone alone did not
nnmobﬂu(' or sedate the animals.

Plasma cortisol

Blood samples were drawn from either the
cephalic or jugular veins, into a lithium
heparin tube (BD Vacutainer Systems, Ply-
mouth, UK). In the field, the samples were
kept on ice until they umld be centrifuged to
separate the plasma. The plasma was stm( :d in
a —70 C freezer, until thawed for cortisol
concentrations to be determined by radioim-
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munoassay (Coat-A-Count Cortisol Kit, Diag-
nostic Products, Los Angeles, California,
USA).

Climatic data

Climatic data at the study site were obtained
from a nearby (<1 km) open area with a Hobo
portable weather station (Onset Computer
((np()mtmn) For the studv of the “1-5-mo
habituated animals,” dry- bulb and black globe
temperatures were measured in the bomas, at
2-min intervals, with a Hobo Data Logger
(HO8-007-02, Onset Computer Corporation)
connected to a black globe thermometer.
Black globe temperature incorporates  air
temperature, solar radiation, and wind speed
and therefore provides the best single index of
environmental heat load.

Data analysis

Results are reported as mean £SD, and a
P<<0.05 was considered statistically significant.
Reported results were  derive od onlv from
animals that received ctorphine or etorphine

+azaperone. Changes in body temperature
were calculated as the difference between
maximum h()dv temperature attained after
darting and the mean body temperature over
the 3() min before (Lll'tlll(f A Pearson’s corre-
lation was used to d(:tcrmm(: the relationship
between the body temperature changes and
the environmental temperature and between
the body temperature changes and times to
recumbe 'ney across the groups. An unpaired
Student’s t-test was used to test for differences
in body temperature changes between animals
that were darted and th()w that were not
darted in the “4-mo habituated animals,” and
body temperature changes in animals that
were not darted h(:t\w sen the “naive” and “4-
mo habituated group.” A onc-way analysis of
variance (ANOVA) followed hv a Student
Neuman Keuls (SNK) post-hoc test was used
to test for differences between h()dy temper-
ature changes, plasma cortisol concentrations,
and times to recumbency between the differ-
ent groups of animals.

RESULTS
Naive animals

In the free-ranging impala, body tem-
perature followed a nychthemeral rhvthm
(Fig. 1, days 1-6), with a mean dmphtudo
of 1.1 C, minimum temperatures in the
morning (~06:30 am) and peak tempera-
tures, of ~39.5 C, in the late afternoon to
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early evening (~6:00 pm). In response to
(Lxr‘[mg and immobilization, by an opioid
alone, the impala became th( srthermic,
with 1)()(1\’ temperatures incres 1s1ng within
minutes and reaching levels as high as
43.5 C (Figs. 1 and 2). Severe hyperther-
mia was evident not only in the animals
that were immobilized (temperature
change 3.2+0.6 C) but also in animals in
the same group that were not immobilized
(temperature change 2.9+0.5 C; Fig. 2).
The profile of the body temperature
changes was identical, on (*ach day, in all
six animals (Fig. 2), despite the animals
being darted at different times and with
two different opioids. The hyperthermia,
related to darting and immobilization,
peaked after the reversal of the opioid
drugs and then resolved gradually (Fig. 2).

Two free-ranging impala captured after
being chased into a capture net had
similar hyperthermic responses (Fig. 3,
solid arrow) to those of the animals
captured by chemical immobilization
(Figs. 1 and 2). However, high-intensity
exercise, induced by pursuit in a vehicle,
in two earlier unsuccessful attempts to
capture the impala in the net caused a rise
in body temperature (temperature change
~0.7 (1, Fig. 3) much smaller than the rise
evident when the animals were captured
in the net and handled (temperature
change ~3 C to ~4 C). The duration of

8 &%

Body temperature {°C})
&
Il

39
38+
t
37 L) L) L] L} L 11 L] L) L] L)
2 4 8 8 10 12
Days

Ficure 1. Body temperature, measured at 10-

min intervals in one, naive (nonhabituated) female
impala over 13 days. The arrow indicates when the
impala was immobilized, in this case with etorphine
(0.5 mg).
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A
e T etorphine (n=3)
—— fentanyl (n=3)

-====torphine (n=3)

Body temperature (°C)

— fentany| {(n=3)

Time of day

FIGURE 2.
at 10-min intervals, of six naive impala before,

Mean body temperatures, measured

during, and after immobilization by darting with
etorphine (0.5 mg) and fentanyl (10-12 mg). in
random order, on two separate nonconsecutive days
(A and B). The solid arrows indicate the time at
which three impala, in the group of six, were darted
and immobilized with etorphine and the dashed
arrow the time at which the effects of the (‘*tm‘phiﬂ(*
were reversed with diprenorphine in those impala
(20 min after darting). The open bars indicate the
time at which the other three impala were immobi-
lized with fentanyl. The three impala darted first
were in the company of the other three impala in the
group, which were to be darted later, until the darted

animals became recumbent.

the unsuccessful pursuits (S and 10 min),
and the running speed of the impala, was
similar to that of the successtul pursuit
(10 min).

Four-month habituated animals

Impala that were habituated for 4 mo
also developed a hyperthermia when they
were immobilized chemically (Fig. 4).
Body temperature increases in these
impala were significantly smaller than in
the “maive impala” (1.0£0.2 C s,

3.6+0.6 C; F'=37, P<0.001; Fig. 5A).

cc

44+
) 15 —Impala 1
i Impala 2 .
2 424
2
& a1+
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5 40‘
% 39+
O 38+
m
37

Time of day

FIGURE 3.
min intervals, of two naive (nonhabituated) impala.
The dashed arrows indicate when both of the animals
were chased by a vehicle, which caused full-speed

Body temperatures, measured at 10-

flight and successful escape, followed by a chase, at
about the same speed, into a capture net (solid
arrow). After the animals became entangled in the
net, they were restrained for 15 min by handlers,
without chemical immobilization. after which they
into a 62-ha camp, without

were released

further interference.

When an individual in the “4-mo habitu-
ated darted, the other
animals in the group, which were actively
running, also showed a transient increase

animals™ was

o — Impala 1
o 419 ..... Impala 2
o ;
e ]
2 ;
[ ;
P 40+
o
E
2
> 39+
]
o
o

0

Time of day

FIGURE 4.
min intervals, of two impala immobilized successive-
ly, about 30 min apart. in a group of five animals that

Bo(ly temperatures, measured at 10-

were habituated for four months. The downward
solid arrow indicates when the group of animals was
herded into a novel 10X20 m boma. The following
two upward dashed arrows indicate when other
impala in the group were immobilized. The upward
solid arrows indicate the times at which the two
impala were darted (impala 1 depicted by the solid
line was darted first). When an impala was immobi-
lized, all the impala stayed together as a group, until
the darted animal became recumbent. The immobi-
lized impala was removed from the group to an
adjacent boma, while the rest of the impala remained
in the original boma where darting took place.
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Ficure 5. Change in body temperature (A), time
to recumbency after darting (B), and cortisol
concentration (C) in four groups of immobilized
impala. “Naive animals™ (n=6) were free-ranging
animals that had not been handled or habituated to
boma-housing before the darting trials commenced;
they were immobilized with etorphine (0.5 mg) only.
“Four-month animals” (n=>5) had been kept in a
large (3050 m) boma for 4 mo, handled four times,
and were immobilized with etorphine (1 mg) plus
azaperone (40 mg). “Two-month animals™ (n=9) had
been kept in small (5X10 m) bomas for 2 mo and
had been handled once in that time, and were
immobilized with etorphine (1.5 mg) and azaperone
(40 mg). “Five-month animals” (n=6) were managed
in the same way as the “2-mo animals,” except for the
longer captivity (5 mo), and were handled twice
before been immobilized with etorphine (1.5 mg)
plus azaperone (40 mg). Brackets above the bars
indicate significant differences between the
groups (P<0.05).

in body temperature (an example of this
effect is depicted by the dashed arrows in
Fig. 4). These increases in body temper-
ature were significantly smaller than the
increases in the darted animals, which also
ran but were less active than nondarted
animals (temperature change 0.4+0.3 C
vs. 1.0x0.2 C, t=3.6, P=0.001; n=5;
Fig. 4).

Two- and 5-mo habituated animals

When impala that were habituated for
2-5 mo were immobilized with different
drug combinations they exhibited an
increase in 1)()(1}’ t(*mp(*mtur(*, with tem-
perature profiles similar to the other
immobilized animals described above.
When the same amount of etorphine and
azaperone were used to immobilize the
two groups of impala, the body tempera-
tures animals that had been
habituated for 5 mo rose significantly less
than those that had been habituated for
2 mo (t(*mp(*rutur(* chungo 14204 C vs.
2.1+0.4 C; F=37, P<0.01; Fig. 5A). Even
though the doses, per kg body mass, of
etorphine and azaperone were similar
(F=1.51, P=0.26), the animals that had

been habituated for 5 mo became recum-

in the

bent in a significantly shorter time com-
pared to those that had been habituated

for 2 mo (F=11.7, P<<0.05; Fig. 5B).

Comparison between groups

The body temperature increases during
immobilization were greatest in the “naive
impala” and were g(-*n(?raﬂy significantly
less, in a descending order, as the impala
became more habituated to human han-
dling (Fig. 5A, F=37, P<<0.001). Although
this trend in body temperature changes
between the groups was similar to the
trend in the times to recumbency, those
animals that were habituated for 4 mo did
not become recumbent in a significantly
shorter time compared to the “2-mo
(F=37. P>0.05:
Fig. 5B), and there was no relationship,
across the groups, between mean body

habituated animals™

t(*mporutur(\ chung(*s and mean times to
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recumbency (r=0.87, P=0.14). The level
of activity (see summary in Table 1), from
dart placement to recumbency, also was
not related to body temperature changes
(Fig. 5A).

Plasma cortisol concentrations, after
immobilization, were higher in

cc

naive
impala™ that received only etorphine,
compared to impala that were handled
twice, habituated for 5 mo, and received
ctorphine and azaperone (Fig. 5C, F=5.5,
P<<0.05). When impala received the same
amounts of etorphine and azaperone,
those animals that were handled twice
and habituated for 5 mo had lower plasma
cortisol concentrations compurod to those
that were handled once and habituated for
2 mo (Fig. 5C, F=5.5, P<<0.05).

The body temperature changes that
occurred in animals that were not immo-
bilized (these animals were not under the
influence of any drugs but with the
exception of the actual darting were
exposed to the same capture-related
stresses) were significantly less in impala
that were habituated for 4 mo as com-
pared to ‘mnaive impala” (1=8.05,

P<0.0001; Fig, 6).

Observations

“Naive impala” appeared to be extreme-
ly fractious when approached, and once
darted they engaged in high-intensity
activity before they became recumbent.
Impala that were habituated were less
naive impala.” Those
impala that were habituated for 4 mo,
but were darted in the bigger 10X20 m
boma, were more active after darting
compared to those impala that were

cc

fractious than

habituated for 2-5 mo but darted in the
5X10 m bomas (Table 1). There did not
appear to be any differences in activity
levels, postdarting, between the impala
that had been habituated for 2 mo com-
pared to those that had been habituated
for 5 mo, but those impala that had been
habituated for the longer time appeared to
be less fractious when approached.

. I I

14

]

4 month

Body temperature change (°C)
[~}

Naive
Ficure 6. Change in body temperature in six
“naive impala” and five “4-mo habituated impala” in
response to disturbance when other animals in the
group were darted and chemically immobilized. The
human activity in the enclosure or boma caused
agitation, and attempted escape, in the disturbed
animals, even though, at the time, there was no direct
interference with the animals. Once the darted
animals were immobilized they were either moved

to an ‘[l(lj‘[l(_'("ﬂt boma or were plz‘lC(‘*(l in a quiet area of

the enclosure, so as to reduce the disturbance of the
other members of the group that were not immobi-
lized. Brackets above the bars indicate significant
differences between the groups (P<<0.05).

Climatic data

Although there were day-to-day and
seasonal variations in climatic conditions,
and the trials took place throughout the
calendar year, the weather conditions did
not differ significantly between the trials.
Mean dry bulb temperature was 168 C
and mean black globe temperature was
20*12 C over the study periods. In the
“2-5-mo habituated animal study,” in
which local microclimates were recorded
continuously in the boma, the animal’s
body temperature changes during immo-
bilization were not correlated to dry bulb
temperatures (r=—0.19, P=0.5; Fig. 7TA)
or black globe temperatures (r=-—0.05,
P=0.85; Fig. 7B).

Morbidity and mortality after immobilization

Three of the “naive impala™ died after
experimental trials. All three of these
animals had body temperatures that ex-
ceeded 43 C during one of the two
immobilizations. Macroscopic post-mor-
tem
lesions indicative of capture myopathy

indicated that these animals had
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Ficure 7. Change in body temperature, in
response to darting and chemical immobilization, of
15 impala that were habituated for 2 and 5 mo and
then darted with etorphine (1.5 mg) and azaperone
(40 mg) versus the mean (lr}' bulb temperature (A)
and mean black globe temperature (B) measured at
2-min intervals in the bomas during the 30 min of

darting and immobilization.

(Young, 1971; Gericke et al., 1978); both
their cardiac and skeletal muscles, partic-
ularly the semimembranosus and semiten-
dinosus muscles, had extensive areas of
dull white necrotic tissue. There also was
severe pulmonary and moderate general-
ized body congestion.

DISCUSSION

By obtaining the first continuous and
accurate records of body temperature
during a study on capture-induced hyper-
thermia, we have shown that irrespective
of whether impala are chemically cap-
tured, net-captured, or disturbed by ex-
posure to a stressor, they developed a
precipitous increase in 1)()(1}’ temperature.
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This increase in body temperature was
well above both the normal 24-hr body
temperature patterns (Fig. 1) and the
body temperature increase experienced
during high-intensity exercise not associ-
ated with capture (Fig. 3). The magnitude
of the body temperature increase during
capture pr()codur(*s was not related to
activity level; animals that had low activity
levels during capture had large increases
in body temperature compared to those
that had high activity levels but were not
captured (Figs. 3 and 4). Also, the magni-
tude of the body temperature rise during
capture was not related to environmental
heat loads (Fig. 7) and did not depend on
whether the animals were captured using
drugs or not. Irrespective of whether
animals were chemically captured, net-
captured, or disturbed by exposure to a
stressor, their 1)()(1}’ temperatures rose in a
similar way (compare animals darted to
those not darted in Figs. 2 and 3).

The main factor that appeared to
influence the magnitude of the body
temperature increase was the level of the
stress response to capture. Those animals
that were habituated more, predominantly
by handling procedures and less so by
boma-housing, had smaller changes in
body temperatures and smaller stress
responses, indicated by lower plasma
cortisol concentrations and less fractious
behavior, compared to those animals that
were habituated less or those that were
not habituated (Fig. 5). Similarly, those
animals that were better habituated were
less fractious and had smaller changes in
body temperature when they were ex-
posed to capture-related events without
themselves being chemically captured
(Fig. 6). Therefore capture-induced hy-
perthermia in impala was not related to
the effects of drugs, environmental condi-
tions, or activity, but rather appeared to be
strongly related to the level of stress in
response to capture.

Hyperthermia is a common sequel
when wild animals are captured (Bur-
roughs and McKenzie, 1993). A large
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magnitude or prolonged duration of hy-
pe srthermia may re ssult in m()rtdhtv or may
compound capture-related pdﬂl()l()gl( S
like capture myopathy (Gericke et al.,
1978; Antognini et al., 1996). In our study
employing naive impala, three animals
whose te mperatures were greater than
43 C died subsequently with macroscopic
lesions indicative of capture myopathy.
Similarly, two tsessebe (Damaliscus luna-
tus) that had been captured by manual
restraint in nets and had body tempera-
tures greater than 43.7 C (11( d acutely
without any abnormal macroscopic post-
mortem hndmgs (Wimberger, 2005). Be-
of the morbidity mortality
associated with hyperthermia, it is recom-
mended that capture operations take place
during only the cooler times of the day
(Murray et al., 1981) when air tempera-
tures are below 25 C (Meltzer and Kock,
2006). This recommendation ignores the
influence of radiant heat load on animals

cause and

and does not consider that body temper-
atures of antelope, following a 24-hr
rhythm, are greatest in the late afternoon
to ecarly evening when air temperatures
are l()w. Also,
capture-induced hyperthermia is related
to environmental heat load,
best of our knowledge, only one study has
shown that ambient temperature may
influence body temperature during cap-
ture (Cheney and Hattingh, 1987). In that
study impala were immobilized for 90-
min, and ambient heat was most likely to
have influenced body temperature due to
the prolonged effects of the immobilizing
agents,
animals to become thermally labile over
that time.
for a shorter duration (20-30 min), so it
was unlikely that ambient heat load would
have significantly influenced body tem-
perature.

there is little evidence that

and, to the

which would have caused the

Our animals were immobilized

Although there is evidence that opioid
drugs, including etorphine, cause a change
in body temperature that is dose-depen-
dent and profoundly influenced by envi-
ronmental temperature in small animals

(Rosow et al., 1980; Clark and Lipton,
1985), it has been suggested that ctor-
phine, when used to immobilize wildlife,
causes hyperthermia not through any
action on the opioid receptors but thr()ugh
its adrenergic activity (Meltzer and Kock,
2006). The adrenergic activity of etorphine
(Roquebert and Delgoulet, 1988) may well
have contributed to the hyperthermia that
occurred during chemical immobilization,
but
magnitude of hyperthermia in the animals
during net capture, or the hyperthermia
that occurred in animals that were not
immobilized but disturbed by the pres-
ence of humans in a confined area when

it cannot account for a similar

other members of their group were
immobilized. It also has been suggested
that there is an increase in muscle dL‘[lVlt} N
and thus an increase in heat production, in
animals e xpe rie nung the excitement
phase of chemical immobilization before
they become recumbent (Burroughs and
McKenzie, 1993; Meltzer
2006). This physical activity again may
contribute to the overall h\p( rthermia,
but the contribution to the overall change
in body temperature during capture is
likely to be small (Bakken et al., 1999).
Th(* major factor contributing to the
body temperature elevation appears to be
Ll()S( ly associated with the level of the
stress response in the animals. Chemical
animals clearly
evokes a stress response (Cheney and
Hattingh, 1987; Morton et al., 1995;
Meltzer and Kock, 2006), and in chemi-
cally immobilized impala there is a distinct
elevation of stress response variables in
plasma (Cheney and Hattingh, 1987) from
the “normal” leu( »s obtained from brain-
shot animals (Hattingh et al., 1988). Our
impala had comparable increases in plas-

and Kock,

immobilization of wild

ma cortisol concentrations compur(*d to
captured impala in a previous study
(Cheney and Hattingh, 1987). Although
there is no objective measure of stress
biochemical variables
indicate the level of
response to a stressor (Huttingh, 1988;

levels in animals,

can be used to
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Hattingh and Petty, 1992). Morton et al.
(1995) showed that plasma cortisol con-
centrations provided a relatively good
indication of the of the
response in captured impala and other
antelope species. They also found that
when antelope were housed in bomas for a
protracted time (35 days) they became
habituated, and their response to a stress-
or, indicated by plasma cortisol concen-
trations, decreased. On the contrary, Knox
et al. (1990)
impala that were physically restrained in
nets every week for 8 wk did not show a
statistically significant decrease in stress
hormone response over that time. Plasma
cortisol and catecholamine concentrations
may have been lower if the duration of
their study had been longer and less
stressful  procedures, such as chemical
immobilization, had been used (Hattingh
and Petty, 1992). Although we did not
measure plasma cortisol concentrations
when we initially caught our impala from
the wild, and therefore cannot compare
the differences in plasma cortisol concen-

levels stress

found that boma-housed

trations in individual animals over time,
we believe that habituation occurred in
our animals because plasma cortisol con-
centrations were lower in animals that
were handled more, and boma-housed for
extended periods of time, compared to
“naive animals.” The effects of habituation
also were evident in the animals” behavior;
when animals were approached they were
less fractious if they were habituated more
compared to if they were habituated less.
However, irrespective of whether the
impala were habituated or not, the animals
displayed a stress response to being
chemically immobilized; all the animals
had elevated body temperatures and
plasma cortisol concentrations compared
to normal values.

The procedure of chemical immobiliza-
tion probably induced a stress response
because of the fear induced by the
presence of humans, the fright that occurs
with darting, and the anxiety accompany-
ing an inability to escape the “perceived

JOURNAL OF WILDLIFE DISEASES, VOL. 44, NO. 2, APRIL 2008

danger” of the capture procedure. Stress-
induced hyperthermia is a reaction to a
stressor, or is caused by anxiety, and is
common to many mammalian species
(Bouwknecht et al., 2007) and occurs
irrespective of changes in ambient tem-
peratures (Oka et al., 2001) or activity
(Moe and Bakken, 1997:; Bakken et al.,
1999; Montané et al., 2003). The precise
mechanisms underlying stress-induced hy-
perthermia are not known, but the hyper-
thermia does not arise solely as the result
of the metabolic and vascular effects of
catecholamine release (Mitchell and Hef-
fron, 1980; Nakamori et al., 1993; Oka et
al., 2001). Oka et al. (2001) propose that
this hyperthermia results from a centrally
regulated rise in body temperature. But
whether this hyperthermia indeed is
centrally regulated or is consequent of a
derangement in metabolism, as are malig-
nant hyperthermia and Porcine Stress
Syndrome (Mitchell and Heffron, 1980;
Mitchell and Heffron, 1982), remains to
be elucidated. What is clear from our data,
and from studies carried out in laboratory
animals (Olivier et al., 2003; Veening et
al., 2004), is that the magnitude of the
hyperthermia developed during a stresstul
event is directly related to the stress
response of the animal, and that the
magnitude of the stress-induced hyper-
thermia exceeds that of exercise-induced,
and probably all other, hyperthermias.

In summary, we have shown that
capture-induced hyperthermia in impala
is caused predominantly by stress rather
than the effects of physical activity that
occur before recumbency, environmental
conditions, or the effects of immobilizing
drugs. Although we believe that stress is
the major cause of capture-induced hy-
perthermia, we do not suggest that phys-
ical activity will not alter body tempera-
ture. On the contrary, we propose that
excessive physicul activity sup(*rimp()svd
on stress-induced hyperthermia will com-
pound capture-induced hyperthermia, es-
pecially if an animal has peripheral
vasoconstriction from increased sympa-
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thetic activity. Similarly environmental
heat conditions, and the effects of the
capture drugs on thermoregulation, would
compound capture-induced hyperthermia.
To reduce capture-induced hyperthermia,
and its associated morbidity and mortality,
capture techniques that invoke lower
stress responses should be used whenever
possible; the period of time that an animal
is exposed to a stressor should be kept to a
minimum, long high-intensity chases
should be avoided, and immobilizing drug
cocktails should be chosen so as to restrict
times and distances to recumbency. Dur-
ing extreme environmental temperatures,
prolonged immobilization and post-cap-
ture confinement in hot or cold vehicles
should be avoided, but short capture
procedures that induce minimal stress
can be considered if animals are quickly
released into stress-free environments.
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Thermal, cardiorespiratory and cortisol responses of impala
(Aepyceros melampus) to chemical immobilisation with 4 different

drug combinations
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ABSTRACT

Thermometric data loggers were surgically implanted in 15 impala (Aepyceros melampus) to
investigate the consequences of chemical capture. Impala were darted and chemically
immobilised for 30 min with each of the following drug combinations: etorphine and
azaperone; etorphine and medetomidine; thiafentanil and azaperone, and a thiafentanil
medetomidine combination. During immobilisation, pulse oximeter readings, respiratory
rhythm, the plane of immobilisation and plasma cortisol concentrations were measured
and recorded. The impala developed an extremely high rise in body temperature, which
peaked 20-30 min after reversal of the immobilisation. The magnitude of the rise in body
temperature was similar for all the drug combinations (F = 0.8, P = 0.5), but the duration of
the hyperthermia was shorter when the thiafentanil and azaperone combination was used
(F =3.35,P < 0.05). Changes in body temperature were related to the time that it took for an
animal to become recumbent after darting (rz = 0.45, P = 0.006) and not to the effect of the
drug combination on time to recumbency (1‘2 = 0.29, P = 0.46). The relationship between
time to recumbency and body temperature change, and also to plasma cortisol concentra-
tion (»‘2 =0.67, P =0.008), indicated that physiological consequences of capture were related
to the duration of exposure to a stressor, and not to the pharmacology of the capture drugs.
Although shorter time to recumbency in individuals resulted in the benefit of smaller stress
responses and body temperature changes, those individuals were predisposed to develop-
ing hypoxia and possibly induction apnoea. When animals are chemically immobilised,
reducing the thermal consequences of capture requires limiting the exposure of the animal
to a psychological ‘fright stress’.

Key words: body temperature, stress, etorphine, thiafentanil, medetomidine, azaperone,
stress-induced hyperthermia, impala (Aepyceros melampus).
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INTRODUCTION

When wild ungulates are immobilised
chemically, using capture drugs in a dart,
they typically develop an extremely high
rise in body temperature”**'""*'”*, This
rise in body temperature may result in
lethal hyperthermia, but it also increases
cellular oxygen consumption™" in ani-
mals that may already have a negative ox-
ygen balance from drug-induced hypoxia
and a high metabolic demand from
intense activity during escape attempts. If
cellular energy production cannot keep
pace with normal cellular needs, normal
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cellular function and integrity are dis-
rupted, which ultimately could lead to
organ failure” and capture myopathy”.
Understanding why body temperature
rises is crucial to survival during chemical
capture, but very little actually is known
about its cause. Meltzer and Kock™ sug-
gested that the rise in body temperature
during chemical capture may be related
partly to the effects of capture drugs on the
animal’s thermoregulatory processes.
The potential effects of capture drugs
on an animal’s thermoregulation may
vary depending on the pharmacological
effects of the drugs, and so the use of
different drugs could result in different
body temperature responses during
capture. The aim therefore was to deter-
mine the thermal response of impala to
chemical capture using different drug
combinations used to immobilise wild
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ungulates. Cardiorespiratory and plasma
cortisol responses to capture were also
measured. The drug combinations used
consisted of a narcotic opiate drug, used
to induce catatonic immobilisation and
sedation, and a tranquiliser or sedative,
used as an adjuvant to further calm the
animals. No studies have investigated the
differences between the thermoregulatory
effects of etorphine and thiafentanil in
ungulates. Thiafentanil induces immobi-
lisation more rapidly and has a shorter
duration of action than does etorphine'™’.
Medetomidine and azaperone are sup-
posed to disrupt central thermoregulatory
control and cause thermal labilitym; they
affect peripheral blood flow differently,
and, hence, heat flow to and from the
environment. Azaperone causes vaso-
dilation through its alpha-1(c;)-antago-
nistic effects, and therefore increases
peripheral blood flow™®, whereas mede-
tomidine causes vasoconstriction and a
fall in blood pressure and cardiac output,
thus decreasing peripheral blood flow””.
Impala (Aepyceros melampus) were chosen
as experimental animals, because they are
known to be highly excitable and reactive
to capture', and because they are known
to develop capture-induced hyper-
thermia®.

MATERIALS AND METHODS

The procedures were approved by the
University of the Witwatersrand’s Animal
Ethics Screening Committee (clearance
number 2004/11/05). The study took place
between December 2003 and December
2005 at the Lichtenburg Game Breeding
Centre (26°07’S, 26°07'E) of the National
Zoological Gardens, 220 km west of
Johannesburg, South Africa.

Animals and surgery

Fifteen adult (mean mass of 37.5 =
3.5 kg) female impala were caught from
the wild and transported to bomas (5m x
10 m holding pens with solid 3 m-high
wooden pole walls) no less than 2 weeks
before surgery. On the day of surgery,
the impala were herded into a game-
transport vehicle where they received a
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tranquiliser azaperone 40 mg (Stresnil,
Janssen Pharmaceutica, Johannesburg,
South Africa) or haloperidol 15 mg,
(Kyron Laboratories, Johannesburg,
South Africa) intra-muscularly (i.m.) via a
pole syringe. Once tranquil, impala were
captured individually by hand and
anaesthetised using halothane (Fluo-
thane, Astra Zeneca, Johannesburg,
South Africa) in 100 % oxygen delivered
via a face mask. A 50 mm incision was
made through the midline in the ventral
abdominal wall and a miniature tempera-
ture-sensitive data logger (described
below) was placed, without tethering,
into the abdominal cavity. Post-surgery,
each impala received a long-acting
penicillin-based antibiotic (45 m¢, i.m.,
Peni LA Phenix, Virbac Animal Health,
Johannesburg, South Africa), an analge-
sic and anti-inflammatory containing
140 mg/m¢ ramiphenazone, 70 mg/m¢{
sodium phenylbutazone and 0.5 mg/m¢é
dexamethasone (4-5 m¢, i.m., Dexa-
Tomanol, Centaur Labs, Johannesburg,
South Africa), and a long-acting parasiti-
cide, doramectin (5 mg, subcutaneously
(s.c.), Dectomax, Pfizer Laboratories,
Johannesburg, South Africa). The impala
were marked with different coloured
plastic ear tags foridentification. Once the
impala recovered from anaesthesia they
were returned to the bomas where they
were housed for the duration of the
study.

At the end of the study, the impala were
re-caught, and the data loggers were re-
moved under an anaesthetic and surgical
procedure similar to thatused forimplan-
tation. The animals were then released
back into the main reserve.

Body temperature measurements

Core temperature was measured at
10-min intervals in the abdominal cavity
of the impala with miniature tempera-
ture-sensitive data loggers (StowAway
XTI, Onset Computer Corporation,
Pocasset, MA, USA). The loggers had a
measurementrange of +34°Cto +46°C,a
resolution of 0.04 °C and a mass of ~40 g
(50 x 45 x 20 mm) when covered in an
inert wax (Wax EXP986, SASOL, Johan-
nesburg, South Africa). Before implantation
the loggers were calibrated individually,
in an insulated water bath, against a
high-accuracy thermometer (Quat 100,
Heraeus, Hanau, Germany); each logger
had a calibrated accuracy of greater than
0.05 °C.

Experimental procedure

Experimental trials began 2-5 months
after surgery. Trials were conducted using
3 groups of impala. For the 1st group (1 =
4) trials took place between February and
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April (late southern hemisphere summer
to early autumn) 2004, for the 2nd group
(n = 6) trials took place in February and
March 2005 and for the 3rd group (1 = 5)
trials took place between June and Sep-
tember (mid-winter to early spring) 2005.
Throughout the trials, the impala were
housed in 5 X 10 m bomas, with a maxi-
mum of 3 impala per boma; these bomas
limited the amount of escape activity pos-
sible during and after darting. The impala
received lucerne and water ad libitum and
the bomas were cleaned regularly, so the
impala were accustomed to occasional
human presence. During the trials, each
impala was darted by dart gun (Sabi 500,
SABI Werkswinkel t/a Magnum Arms,
Nelspruit, South Africa; Pneu-Dart dart
type P, 3 m{ volume, 25 mm long, wire-
barbed needle, Pneu-Dart, Williamsport,
United States of America) between 8:00
and 13:00 and each impala was darted on
4 occasions, fortnightly, in a random
order. Each time a different cocktail was
administered, namely: 1.5 mg etorphine
hydrochloride (M99, Novartis, Johannes-
burg, South Africa) and 40 mg azaperone;
1.5 mg etorphine hydrochloride and 2 mg
medetomidine hydrochloride (Domitor,
Novartis, Johannesburg, South Africa);
1.2 mg thiafentanil oxalate (A3080, Wild-
life Pharmaceuticals, Karino, South Africa)
and 40 mg azaperone; and 1.2 mg
thiafentanil oxalate and 2 mg medeto-
midine hydrochloride. The darts were
fired into the gluteus muscles. The doses
of the drugs, per unit body mass, were
40.1 + 3.5ug/kg (mean * SD) etorphine,
32.1 + 2.8ug/kg thiafentanil, 1.07 = 0.09
mg/kg azaperone and 53.4 = 4.7ug/kg
medetomidine. Drug dosages were based
on dosages recommended by experi-
enced veterinarians working in the wild-
life field"’.

Allimpala ina boma were darted within
3 minutes. Time from dart impact to that
atwhich theimpala no longer could stand
onits own was designated ‘time to recum-
bency’. Once recumbent, each impala
was moved to a non-shaded area in
the boma, where it was held in a sternal
position, with the head positioned so that
the neck was aligned with the spinal
column and the head was elevated above
the thorax with the nose pointing down-
wards. This positioning allowed for unob-
structed eructation of ruminal gas and
maintained open upper airways. The
impala were blindfolded and cotton wool
was placed in their ears to reduce external
sensory stimuli. Respiratory rate was
measured by counting the number of
breaths in a minute. To measure arterial
haemoglobin oxygen saturation and
heart rate, a veterinary pulse oximeter
(Nonin 9847V with lingual sensor 2000SL,

Nonin Medical, North Plymouth, USA)
was clipped to the wall of the vulva.
According to the manufacturer’s specifi-
cations, saturation was measured to an
accuracy of 3 % and heart rate to an
accuracy of 2 beats/min. The level of
immobilisation was assessed clinically by
observing movement and muscle tone.

Twenty-eight minutes after darting,
blood samples were drawn from either a
cephalic or a jugular vein, into a lithium
heparin tube (BD Vacutainer Systems,
Plymouth, UK). The samples were kept
on ice until they could be centrifuged to
separate the plasma. The plasma was
stored at —70 °C until thawed for cortisol
concentrations to be measured by radio-
immunoassay (Coat-A-Count Cortisol
Kit, Diagnostic Products, Los Angeles,
USA). Thirty minutes after darting, the
action of the immobilising drugs was
reversed with 3 mgdiprenorphine hydro-
chloride (M5050, intravenously(i.v.),
Novartis, Johannesburg, South Africa) for
etorphine, 12 mg naltrexone hydrochlo-
ride (Trexonil, i.v., Wildlife Pharmaceuti-
cals, Karino, South Africa) for thiafentanil,
and 10 mg atipamezole hydrochloride
(Antisedan, i.m., Novartis, Johannesburg,
South Africa) for medetomidine.

Climatic data

The microclimate in the bomas through-
out darting and immobilisation was
assessed by measuring dry-bulb (ambient
air) and black globe temperatures 1 m
above the ground at 2 min intervals by
means of a Hobo data logger (H08-007-02,
Onset Computer Corporation, Pocasset,
MA, USA). Black globe temperature
integrates the effects of ambient air tem-
perature, solar radiation and wind speed,
and provides the best single index of dry
environmental heat load. Water vapour
pressure was not measured, but it typi-
cally wasverylow (~1.8kPa), at the site.

Data analysis

Results are reported as mean + SD, and
P < 0.05 was considered statistically
significant. Changesin body temperature
were calculated as the difference between
maximum body temperature after dart-
ing and body temperature immediately
before darting. The thermal response
index was calculated as the time integral
of the elevation of body temperature
from body temperature before darting.
Pearson product-moment correlations
were used to compare relationships
between all other relevant pairs of vari-
ables. Where appropriate, we correlated
the responses of the 15 impala averaged
over the 4 different drug combinations
(1 =15), or the average response of the 15
impala to each drug combination (1 = 4).

0038-2809 Tydskr.S.Afr.vet.Ver. (2008) 79(3): 121-129

68



Repeated measures 1-way analysis of
variance (ANOVA) followed by a Student
Neuman Keuls (SNK) post hoc test was
used to test for differences between the
different drug combinations in terms of
times to recumbency, body tempera-
ture changes, thermal response indices,
arterial haemoglobin oxygen satura-
tions, respiratory rates and heart rates. A
Kruskal-Wallis test was used to compare
cortisol concentrations in response to each
of the different drug combinations. A
Chi-square test was used to test for an as-
sociation between drug use and induction
apnoea. Because of the length of time that
it took for some of the impala to become
recumbent with some drug combinations
(up to 14 min), and because the immobi-
lising drugs were reversed 30 min after
darting, we analysed arterial haemoglo-
bin oxygen saturation, respiratory rate
and heart rate only over the 1st 16 min of
the immobilisation from the time the
animals became recumbent, divided into
0-8 min and 8-16 min. To determine the
immediate effects of the drugs on arterial
haemoglobin oxygen saturation post-
darting, the data in the 1st4 min of immo-
bilisation (0—4 min) were analysed.

RESULTS

Body temperature and time to
recumbency

Body temperature of the impala while
they were housed in bomas was 38.93 +
0.25 °C (n = 15), with a fluctuation of
about 1.2 °C over 24 h. Body temperature
followed a nychthemeral rhythm, with
minimum temperatures soon after dawn
and peak temperatures in the late after-
noon to early evening. Whenever the
impala were immobilised body tempera-
ture increased rapidly, continued to rise
during immobilisation and reached a
peak 20-30 min after the effects of the
immobilising agents had been reversed
(Fig. 1). After this peak, body temperature
decreased slowly, buthad not stabilised as
long as 3 h after reversal of the immobili-
sation. The magnitude of the body tem-
perature increase was not influenced
significantly by the drug combination
used to immobilise the impala. There
were no significant differences between
the mean body temperature changes of
the impala following immobilisation with
the drug combinations (Fs1, = 0.79, P =
0.51, n = 15; Fig. 2A), nor in the thermal
response indices calculated over the
period of immobilisation (Fs,, = 0.62, P =
0.60, n = 15, data not shown). However,
the thermal response indices calculated
over2,3 and 4 h after darting were signifi-
cantly lower when thiafentanil/azape-
rone was used as the immobilising agent,
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Fig. 1: Body temperatures (mean + SD, n = 15), measured at 10-minute intervals, of impala
before, during and after immobilisation with etorphine and azaperone, etorphine and
medetomidine, thiafentanil and azaperone, and thiafentanil and medetomidine. The solid
line at time 0 indicates the time at which the impala were darted, and the dashed line at
30 min the time at which the immobilising effects of the drugs were reversed, with
diprenorphine used for etorphine, naltrexone for thiafentanil, and atipamezole for

medetomidine.

than when etorphine/azaperone was
used 2h F; =311, P =0.03; 3h F5y =
3.62, P = 0.02; 4 h F3,, = 3.35, P = 0.03;
Fig. 2B, all n = 15). The reduction in ther-
mal response index associated with
immobilisation with thiafentanil and
azaperone occurred mainly because body
temperatures recovered sooner, rather
than because peak temperatures were
significantly lower (Fig. 1).

The time for the impala to become
recumbent also differed in response to
each of the drug combinations (F;u =
10.29, P < 0.0001, n = 15; Fig. 2C). When
impala received thiafentanil they became
recumbent more quickly than when they
received etorphine, in both combinations
(Fig.2C). There was no significant correla-
tion between time to recumbency and the
magnitude of the body temperature
changes (r2 =029, P =046, n = 4; also
compare Fig. 2A to 2C), or between time to
recumbency and the thermal response
indices (30 min »=049,P=0.30,t04h
¥ =0.63,P=021,n = 4 also compare
Fig. 2B with Fig. 2C), across the different
drug combinations. However, there was a
positive linear relationship between the
mean time to recumbency and mean
body temperature change when the
responses to the 4 drug combinations
were averaged for the individual impala
(7’2 = 0.45, P = 0.006, n = 15; Fig. 3A). The
mean time to recumbency for the 15
impala was also correlated with the mean
thermal response indices over the 30 min
(¥ = 0.61, P = 0.0006, 1 = 15) and the 4 h
period (f = 0.38, P = 0.01, n = 15) after
darting.
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Because peak body temperatures
occurred after the immobilising effects of
the drugs had been reversed and because
in the field it is impractical to measure
body temperatures after the animals had
recovered motility, body temperatures at
20 and 30 min after darting were investi-
gated to predict peak body temperature.
The body temperature at 30 min after
darting (¥ = 0.90, P < 0.0001; Fig. 4B) was
a better predictor of peak body tempera-
ture than was the body temperature at
20 min (* = 0.87, P < 0.0001; Fig. 4A).
Body temperature at 30 min also weakly
predicted the 4 h thermal response index
(r=10.56, P = 0.03), but body temperature
at 20 min did not do so (P = 0.10). Peak
body temperature () could be calculated
from body temperatures (x) measured
during immobilisation using the follow-
ing equations:

y = 1.06x -1.6 (Sy.x = 0.33 °C, body

temperature at 20 min),

and

y = 0.94x + 2.63 (Sy.x = 0.19 °C, body

temperature at 30 min).

Because the slope of these equations did
not differ significantly from 1 (F,;; = 0.1,
P = 0.76 body temperature at 20 min;
Fi15 = 0.41, P = 0.53 body temperature at
30 min) these equations could be simpli-
fied by fitting a constrained regression
line with a slope equal to 1:

y=x+0.79 (Sy.x = 0.32°C, body

temperature at 20 min),

and

y = x+ 0.38 (Sy.x = 0.19 °C, body tempera-

ture at 30 min).

Therefore, peak body temperature
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could be estimated, by extrapolation, by
adding 0.79 °C to body temperature as
measured at 20 min, or, better, by adding
0.38 °C to that measured at 30 min.
Although trials were carried out over a
range of environmental conditions (dry
bulb: minimum = 18.2°C, mean = 30.1 =
5.1 °C, maximum = 40.3 °C; black globe:
minimum = 24.5°C, mean = 37.4 + 5.6°C,
maximum = 47.2°C), these conditions did
not influence the magnitude of the
hyperthermia that the impala developed.
There was no correlation between the
change in the body temperature or the
thermal response index and the environ-
mental conditions that prevailed in the
bomas at the time of darting and immobi-
lisation, irrespective of which drug com-
bination was used (change in body
temperature vs dry bulb temperature ¥ =
0.03, P = 0.58, n = 15, Fig. 5A; 4 h thermal
response index vs dry bulb temperature
r=0.01,P=0.71,1n=15 Fig. 5B; change
in body temperature vs black globe
temperature 7 =002 P=065n=15
data not shown; 4 h thermal response
index vs black globe temperature P =
0.004, P = 0.82, n = 15, data not shown).

Plasma cortisol

The mean time to recumbency for the 15
impala was correlated to mean plasma
cortisol concentration (rZ =0.29,P =0.008,
n = 15; Fig. 3B). The mean plasma cortisol
concentration also was correlated to
mean body temperature changes (¥ =
0.31, P = 0.008, n = 15; data not shown) in
individual animals. The plasma cortisol
concentration, however, did not differ
significantly in the impala when they re-
ceived each of the drug combinations
(P=092,n=4).

Respiration

There was no significant effect of the
different drugs on respiratory rates of the
impala over the entire immobilisation
period (Fig. 6A). However, induction
apnoea (cessation of breathing at the
beginning of the immobilisation) occurred
in 33 % of the impala that were immobi-
lised with thiafentanil and azaperone,

3% that were immobilised with thia-
fentanil and medetomidine, and 7 % that
were immobilised with etorphine and
medetomidine. [tdid not occur with etor-
phine and azaperone. The risk of induc-
tion apnoea was significantly different
(¢* = 8.07, P = 0.04) between the 4 combi-
nations of immobilising drugs.

When impala were immobilised with
thiafentanil and azaperone, their haemo-
globin oxygen saturation was significantly
lower in the 1st 8 min of immobilisation
than when the other drug combinations
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Fig. 2: Change in body temperature (A), 4-hour thermal response index (TRI — the time
integral of the elevation of body temperature from body temperature before darting) (B), and time
to recumbency after darting (C) in impala (mean + SD, n =15) that were immobilised with
etorphine and azaperone (Etor+Azap), etorphine and medetomidine (Etor+Med), thiafentanil
and azaperone (Thia+Azap), and thiafentanil and medetomidine (Thia+Med). Bars above the
graphs indicate significant differences between the drug combinations (1-way ANOVA with

post hoc SNK test, P < 0.05).

were used (F;1, = 3.74, P < 0.05; Fig. 6B),
but it then increased, and became signifi-
cantly greater, over a period of 8-16 min
than when the impala were immobilised
with etorphine and azaperone (F;i, =
2.90, P < 0.05; Fig. 6B). There was no sig-
nificant difference in the haemoglobin
oxygen saturations of the impala given
the other drug combinations; the haemo-
globin oxygen saturations remained fairly
constant throughout the immobilisation
period. When the responses of individual
impala were analysed, haemoglobin
oxygen saturation was lower in impala
that had shorter times to recumbency;
there was a significant linear correlation

between mean haemoglobin oxygen
saturation and mean time to recumbency
both for the 1st 4 min of immobilisation
(I‘Z =0.49, P = 0.004, n = 15; Fig. 3C) and
throughoutimmobilisation (r: =0.58,P <
0.001, n = 15; data not shown). Thus
impala that had shorter times to recum-
bency had smaller increases in body
temperature and plasma cortisol concen-
trations, but lower haemoglobin oxygen
saturations, than those with longer times
to recumbency (Fig. 3).

Heart rate
Irrespective of which drug combination
was used to immobilise the impala, their
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heart rates were highest at the beginning
of the immobilisation and then decreased
over the period of the immobilisation
(Fig. 6C). When medetomidine was
combined with the opiates, the impala
had lower heart rates in the 1st 8min of
immobilisation than when azaperone
was combined with the opiates (F;u =
8.81, P < 0.001; Fig. 6C). For the duration
of the immobilisation the impala’s heart
rates were significantly lower when etor-
phine and medetomidine, and thiafen-
tanil and medetomidine, were used than
with etorphine and azaperone (Fs., =
11.53, P < 0.05; Fig. 6C).

Clinical assessment of immobilisation

After becoming recumbent, most of the
impala remained immobile, with infre-
quentand minor movements like chewing
(bruxism), ear twitching and tail flicking.
However, the impala that received thia-
fentanil and azaperone moved their legs
and bodies from 8 min after becoming
recumbent,and some attempted to stand.
A few of the impala that received the
other drug combinations also tried to
move after 8 min but their movements
were smaller and attempts to stand were
weak.

DISCUSSION

When impala were darted and chemi-
cally immobilised for 30 min with 4 com-
binations of an opiate and a tranquiliser
or sedative, they developed a high rise in
body temperature that peaked almost an
hour after darting (20-30 min after rever-
sal of immobilisation) and gradually
declined, in some cases, over more than
3 h after reversal of immobilisation. The
rise in body temperature, which could be
as much as 3 °C, varied greatly between
individual animals and was notcorrelated
to the prevailing environmental heat
load, even though air temperature some-
times exceeded 40 °C. The magnitude of
the rise also was not determined by the
choice of darting drugs. The main factor
contributing to the rise in body tempera-
ture and body temperature changes over
time appeared to be the psychological
‘fright stress’ that each individual animal
experienced during capture, which was
directly related to how long the animal
was conscious (i.e. by the time from
darting to recumbency). Irrespective of
the drug combination used, some animals
became recumbent in a shorter time than
did other animals, and those animals had
smaller changes in body temperature and
plasma cortisol concentrations than did
the animals that took longer to become
recumbent (Fig. 3A and Fig. 3B). The
thiafentanil drug combinations tended to
induce recumbency in shorter times than
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plasma cortisol concentration vs time to recumbency (B) (r2 =0.29, P=0.008, n=15) and
haemoglobin oxygen saturation over the 1st 4 minutes of immobilisation vs time to recum-
bency (C) (r2 =0.49, P=0.004, n=15), of impala in response to darting and chemical immo-
bilisation with etorphine and azaperone, etorphine and medetomidine, thiafentanil and
azaperone, and thiafentanil and medetomidine. Responses to the 4 drug combinations

were averaged for each impala.

did the etorphine drug combinations
(Fig. 2C), but there was a large variabil-
ity in the times to recumbency between
individual animals (Fig. 3). Some impala
always became recumbent in about
5 min, regardless of the darting drugs
used, while others took twice as long.
Because of that variability, there was no
statistically smaller mean rise in body
temperature in the impala when they
received the thiafentanyl combinations
(Fig. 2A).

Changes in body temperature therefore
appear to have been influenced mainly by
an individual animal’s stress response to
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capture, rather than by the pharmacologi-
cal effects of the immobilising drugs
themselves (see Fig. 2A). The shorter the
time to recumbency, the less was the
hyperthermia, irrespective of how that
short time to recumbency was achieved
(Fig. 3A). The variable susceptibility of
individual impala to the immobilising
drugs was demonstrated further by the
respiratory depressant effects of the
drugs. Those animals that appeared to be
more sensitive to the immobilising effects
of the drugs, in that they became recum-
bent in a shorter time and developed
smaller rises in body temperature
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(Fig. 3A) than those that were less sensi-
tive, also had lower percentage oxygen
haemoglobin saturations (Fig. 3C). These
animals therefore were more sensitive to
the effects of immobilising drugs on the
respiratory system. Consequently, a risk
of decreasing the time to recumbency is
that the animals may develop severe
respiratory depression and hypoxia.

Deciding which drug combination
causes the least disturbance to the overall
physiological function of impala there-
fore requires balancing the thermal
benefits of short time to recumbency with
its respiratory risks. Impala that received
thiafentaniland azaperone had the small-
est duration and extent of hyperthermia.
However, the immobilising effects of
thiafentanil and azaperone were short-
lived and the impala experienced initial
severe hypoxia (Fig. 6B), with a high inci-
dence of induction apnoea (33 %). The
other drug combinations also caused
moderate hypoxia, but this hypoxia was
not as severe as that caused by thiafen-
tanil and azaperone. The etorphine drug
combinations were less likely to cause
induction apnoea than were combina-
tions with thiafentanil, but with these
combinations the animals took longer to
becomeimmobile (Fig.2C), and etorphine
and azaperone caused prolonged hyper-
thermia (Figs 1 and 2B). Although thia-
fentanil and medetomidine did not
significantly reduce the magnitude or the
duration of the capture-induced hyper-
thermia below that seen with etorphine
drugs combinations, that combination
immobilised the impala more quickly and
induced only moderate hypoxia (Fig. 6B).
Therefore, based on our choice of drugs,
doses and capture method, we advocate
thiafentanil and medetomidine as the
most suitable combination with which to
immobilise impala chemically, but cau-
tion that the risk of capture-induced
hyperthermia, hypoxia and, in some ani-
mals, induction apnoea will not be elimi-
nated.

It is possible that different doses of the
drugs may have improved the clinical
outcome of individual animals, but because
theimpalareacted to the drugsina highly
variable manner, a drug dose that would
improve the clinical outcome in some
individuals may well have worsened the
outcome in others. It also might have
been useful to test the effects of drugs on
thermoregulation under controlled con-
ditions, for example in domesticated
animals in a laboratory. However, the
primary aim of the study was to test the
thermal consequences of using different
drugs under capture conditions, rather
than to systematically investigate the
effects of the drugs on thermoregulation.
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Fig. 4: Peak body temperature after darting vs body temperature at 20 minutes after darting
(A) and 30 minutes after darting (B), in 15 impala in response to chemical immobilisation
with etorphine and azaperone, etorphine and medetomidine, thiafentanil and azaperone,
and thiafentanil and medetomidine. Responses to the 4 drug combinations were averaged
for each impala. The dotted line is the line of identity (y = x), the dashed lines are the 95 %
confidence band and the solid lines are the regression lines (A, 2= 0.90, P < 0.0001; B,

r? = 0.87 P < 0.0001).

Opioids and adrenergic ligands have the
potential to cause thermal lability and
these effects may have become more
apparent with longer immobilisation.
Although there was no association be-
tween environmental conditions and
body temperature change, the experimen-
tal animals were not exposed to pro-
longed immobilisation or to severe heat
or cold. Impala are known to have a frac-
tious nature and therefore their responses
to stress also may be greater than those of
other wild ungulate species. However, it
is possible that the primary cause of
hyperthermia in other wild ungulate
species would be the same as that which
we found inimpala, namely fright stress.
There have been suggestions that
capture-induced hyperthermia results
partly from the effects of the capture
drugs on thermoregulatory processes.
Meltzer and Kock™ proposed that the
adrenergic effects of opiate drugs in-
crease metabolic rate and therefore heat
production during chemical capture.
Although adrenergic effects of opiate
drugs have been demonstrated in rats
given etorphine”, these effects have not
been linked to body temperature changes.

10

Geller and colleagues™ showed that etor-
phine caused a dose-related dual temper-
ature response in rats; low doses caused
hyperthermia, medium doses had no
effect and high doses caused hypother-
mia. Rosow and colleagues™ showed a
similar response in mice. They also showed
that this response could be altered by
changing environmental temperatures“,
implying that the underlying malfunc-
tion is thermal lability. The varying effects
of opiates on body temperatures are not
limited to rats and mice but also occur in
other mammalian species, including
ungulatesS, and appear to berelated to the
complex interaction of opiates on opioid
receptors both in the central and periph-
eral nervous system'”’. While these
effectsare notdisputed, they are probably
not significant during capture with
short-term immobilisation.

Like the effects of opiates on body
temperatures during chemical capture,
the effects of tranquilisers and sedatives
on body temperature are not clear.
Tranquilisers may affect thermoregulation
through several mechanisms including
anti-adrenergic effects, inhibition of sweat-
ing, and central dopamine antagonism
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that disrupts the thermoregulatory set-
point causing thermal labilitySA The
tranquiliser we used, azaperone, has
potent anti-dopaminergic effects and
causes vasodilation through minor «;-
antagonistic effects””. It would have
been expected that both of these effects
would have resulted in the impala be-
coming thermally labile and that their
body temperatures, during and after
immobilisation, could have been influ-
enced strongly by environmental heat
load. Similarly, environmental heat load
may have been expected to influence the
impalas’ body temperatures when mede-
tomidine was used, because central
noradrenergic mechanisms are involved
in the control of body temperature” and
ar-agonists induce thermal lability*".
Even if azaperone and medetomidine did
not cause the animals to become thermally
labile, some effect on the change in body
temperatures would be expected because
these drugs have opposite effects on
peripheral blood vessel diameters™, and
hence blood flows and heat exchange to
and from the environment. However, in
the impala, the effects of environmental
heat load on body temperature were not
statistically significant, even over a wide
range of environmental conditions.
Therefore any effects of environment on
body temperature during capture were
insignificant, compared with the effects
of fright stress.

The psychological processes in fright
stress that leads to hyperthermia are not
well defined. One factor could be the
effects of muscular activity of the animals
from darting to immobilisation. To ex-
clude the influence of activity on the body
temperatures in this study, the impala
were darted in small (5 X 10 m) bomas
and they displayed only low-level activity
before becoming recumbent. The factor
most likely to have induced excessive
body temperature rises in the impala was
the stress response to capture. Psycholog-
ical stress is known to induce hyper-
thermia which causes an acute rise in
body temperature similar to that seen in
the impala“aﬂs’lq. The precise mecha-
nisms underlying stress-induced hyper-
thermia are not known, but the
hyperthermia does not arise solely as the
result of the metabolic and vascular
effects of catecholamine release™”* and
rather appears to be centrally regulated in
response to a psychological stimulus™.

It is well known that the behaviour of
animals in a group is not uniform and
there are distinct differences in stress
responses between individual animals
when they are placed in capﬁvitym. The
magnitude of the rise in body tempera-
ture that occurred in our impala was
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Fig. 5: Change in body temperature vs dry bulb temperature (A) (r2 =0.03, P=0.58, n=15)
and 4-hour thermal response index (TRI —the time integral of the elevation of body temperature
from body temperature before darting) vs dry bulb temperature (B) (>=0.01, P=0.71, n=15) of
impala in response to darting and chemical immobilisation with etorphine and azaperone,
etorphine and medetomidine, thiafentanil and azaperone, and thiafentanil and medeto-
midine. Responses to the 4 drug combinations were averaged for each impala.

related strongly to an individual animal’s
response to capture. Even though all the
animals received similar drug doses per
kilogram body mass, some individuals
were affected more by the effects of the
drugs than were others; some individuals
always became recumbent quickly and
typically experienced hypoxia. Therefore
the variable thermal responses in our
animals can most likely be explained by
the inter-individual differences in behav-
iour and stress responses to chemical
capture. An animal’s susceptibility to the
drugs may be related to how ‘tame’ (not
afraid of humans) or how ‘wild’ (afraid of
humans) an animal is. “Tame’ animals
generally become recumbent sooner, are
more affected by the side-effects of immo-
bilising drugs®, show a smaller response
to stress™ and have smaller changes in
body temperature compared to ‘wild’
animals™.

Insummary, the acute body temperature
elevation that occurs during chemical
capture of impala does not appear to be
determined primarily by the pharmaco-

0038-2809 JI S.Afr.vet.Ass. (2008) 79(3): 121—129

logical effects of the capture drugs, but
rather is related to the animal’s psycho-
logical stress response to capture. This
hyperthermia peaks only after the reversal
of the immobilisation and also resolves
only hours later. We suggest that limiting
the magnitude and duration of this
hyperthermia requires minimising the
time from first encounter until the animal
becomes recumbent. When animals are
not confined to a small boma before
capture, steps also should be taken to
limit additional heat production by de-
creasing the length, duration and inten-
sity of pre-capture exercise. Restricting
capture to cool months of the year, or cool
times of the day, will not protect animals
from capture-induced hyperthermia; its
magnitude is independent of environ-
mental conditions. If animals are severely
hyperthermic and especially if they are
hyperthermic and hypoxic, steps should
be taken to decrease the hyperthermia
and ensure thatadequate tissue oxygena-
tion takes place. Although our study was
not designed to produce the supportive
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Fig. 6: Respiratory rate (A), haemoglobin oxygen saturation (B) and heart rate (C) in impala
(mean + SD, n=15) from time to recumbency (time 0). a, P < 0.05 etorphine and azaperone vs
etorphine and medetomidine; b, P < 0.05 etorphine and azaperone vs thiafentanil and
azaperone; ¢, P < 0.05 etorphine and azaperone vs thiafentanil and medetomidine;
d, P < 0.05 etorphine and medetomidine vs thiafentanil and azaperone; e, P < 0.05
thiafentanil and medetomidine vs thiafentanil and azaperone, 1-way ANOVA with post hoc
SNK test on means over the periods 0-8 min, 8—16 min and 0-16 min.

evidence, we believe that, once animals
are immobilised, they should be protected
from exposure to high or low tempera-
tures. In conclusion, limiting the thermal
consequences of capture requires limiting
the exposure of the animal to fright stress,
and selecting chemical agents that cause
rapid recumbency in all individuals with-
out inducing unmanageable respiratory
depression and hypoxia.
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Neurophysiological studies have shown that serotonergic ligands that
bind to 5-HT,, 5-HT7, and 5-HT, serotonin receptors in brain stem
have beneficial effects on respiratory neurons during opioid-induced
respiratory depression. The effect of these ligands on respiratory
function and pulmonary performance has not been studied. We there-
fore examined the effects of 8-hydroxy-2-(di-n-propylamino)tetralin
(8-OH-DPAT), an agonist of 5-HT;o and 5-HT; receptors, and
zacopride, an agonist of 5-HT4 receptors, to establish whether these
ligands would reverse opioid-induced respiratory depression and hyp-
oxia without affecting the immobilizing properties of the opioid drug
etorphine. When etorphine was used to sedate and immobilize goats,
it significantly decreased respiratory rate (P = 0.013), percent hemo-
globin oxygen saturation (P < 0.0001), and arterial oxygen partial
pressure [Pao,; Fio700 = 5.67, P < 0.05] and increased arterial
carbon dioxide partial pressure [F(j070) = 3.87, P < 0.05] and
alveolar-arterial oxygen partial pressure gradient [A-a gradients;
Fi0.70) = 8.23, P < 0.0001]. Zacopride and 8-OH-DPAT, coadmin-
istered with etorphine, both attenuated the effects of etorphine; res-
piration rates did not decrease, and percent hemoglobin oxygen
saturation and Pao, remained elevated. Zacopride decreased the hy-
percapnia, indicating an improvement in ventilation, whereas 8-OH-
DPAT did not affect the hypercapnia and, therefore, did not improve
ventilation. The main beneficial effect of 8-OH-DPAT was on the
pulmonary circulation; it improved oxygen diffusion, indicated by the
normal A-a gradients, presumably by improving ventilation perfusion
ratios. Neither zacopride nor 8-OH-DPAT reversed etorphine-induced
catatonic immobilization. We conclude that serotonergic drugs that
act on 5-HTa, 5-HT7, and 5-HT4 receptors reverse opioid-induced
respiratory depression and hypoxia without reversing catatonic im-
mobilization.

serotonin; etorphine; ventilation; alveolar-arterial oxygen partial pres-
sure gradients

OPIOIDS CAUSE RESPIRATORY DEPRESSION, a particular problem
when they are used as analgesics (26, 27) and when they are
used to immobilize wild herbivores (7, 16, 40). This respiratory
depression may cause hypoxic damage to vital organs (31).
Opioids affect the respiratory system mainly through their
action on p-opioid receptors on respiratory neurons in the
pre-Botzinger complex (14, 25), a collection of neurons in
the brain stem that generate respiratory rhythm (39). The
complex depends on neurotransmitters, including serotonin
(5-HT), for the modulation of respiratory rhythm (29).
Serotonin enhances activity in respiratory neurons through

its action on 5-HT A, 5-HT4, and 5-HT7 serotonin receptors
(33). The contrasting actions of opioids and serotonin on
respiratory neurons allow for the possibility that serotonergic
ligands could alleviate the depressive action of opioids on these
neurons.

This possibility has been realized in recent neurophysiolog-
ical investigations. The serotonergic ligands 8-hydroxy-2-(di-
n-propylamino)tetralin (8-OH-DPAT), an agonist at 5-HT;a
and 5-HT7 receptors, and buspirone, a partial agonist at the
5-HT A receptor, reversed morphine-induced depression of
respiratory neurons in anesthetized rats (37). BIMUS, an ago-
nist at the 5-HT4 receptor, reversed fentanyl-induced depres-
sion of respiratory neurons, importantly, without reversing
analgesia, in anesthetized rats (25). However, although mea-
surements of neuronal activity may reveal the potential of
serotonergic ligands to influence respiration, determining
whether such ligands actually improve respiratory function
requires measurement of pulmonary performance in the whole
animal. Also, because serotonin receptors are widely distrib-
uted throughout the body (15), even if serotonergic ligands
improve pulmonary performance, they may generate adverse
effects elsewhere in the body that may negate that benefit. If
they are to be used to alleviate opioid-induced respiratory
depression, they should not counteract the intentional effects of
the opioids.

Mortality and morbidity resulting from respiratory depres-
sion are major problems when opioids are used to immobilize
animals. We therefore set out to assess whether the serotoner-
gic ligands 8-OH-DPAT and zacopride could be employed to
reverse such depression, using the physiologically relevant
index of pulmonary function, namely, arterial blood gas status.
Because opioids are used therapeutically much more often to
immobilize ungulates than to immobilize small animals, we
used goats as an experimental animal. As our opioid, we used
the pharmacological agent preferred for immobilization of
ungulates, namely, the morphine derivative etorphine, a potent
agonist of p-opioid receptors. Concomitantly, we needed to
establish whether the serotonergic ligands would influence
etorphine-induced catatonia and sedation in the goats. We
hypothesized that 8-OH-DPAT, an agonist at 5-HT;o and
5-HT5 receptors, and zacopride, an agonist at 5-HT4 receptors
and an antagonist at 5-HT3 receptors, would reverse opioid-
induced respiratory depression and hypoxia without reversing
the opioid-induced catatonic immobilization and sedation. Al-
though our investigation was targeted to opioid-induced im-
mobilization, its outcomes clearly would have implications for
respiratory depression in patients under opioid analgesia.
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METHODS

Animals. Eight healthy adult female boer goats (Capra hircus),
weighing 40 kg (mean, SD 9), were used. They were housed in
climatically controlled indoor pens in Johannesburg, at an altitude of
1,753 meters, on a 12:12-h light-dark cycle. They had access to water
ad libitum and were fed on hay and sheep concentrate pellets. The
procedures were approved by the University of the Witwatersrand’s
Animal Ethics Screening Committee (clearance 2004/31/5).

Surgery. After veterinary inspection, anesthesia was induced with
an intramuscular injection of 2.5 mg/kg ketamine (Anaket; Bayer
Animal Health, Johannesburg, South Africa) and 0.04 mg/kg medeto-
midine (Domitor; Novartis, Johannesburg, South Africa). The goats
then were intubated, and anesthesia was maintained with 1-3%
halothane (Fluothane; Astra Zeneca Pharmaceuticals, Johannesburg,
South Africa) in oxygen. When inhalation anesthesia was stable, 0.2
mg/kg atipamezole hydrochloride (Antisedan; Novartis) was injected
intramuscularly to reverse the effects of the medetomidine. The left
lateral aspect of the neck was shaved and prepared aseptically for
surgery. The left carotid artery was translocated surgically to a
subcutaneous tunnel according to the modified transposition technique
described by Orsini and Roby (32), to allow for subsequent repetitive
arterial catheterization in conscious animals. After surgery, a pressure
bandage was placed over the site for 24 h. The animals were given a
month to recover before the experimental trials commenced.

Drugs. Etorphine hydrochloride (M99; Novartis) was injected in-
tramuscularly at a dose of 0.06 mg/kg. This dose adequately immo-
bilized and sedated the goats for 30 min. Both 8-OH-DPAT hydro-
bromide (Tocris, Bristol, UK) and 4-amino-N-1-azabicyclo[2.2.2]
oct-3-yl-5-chloro-2-methoxybenzamide hydrochloride (Zacopride;
Tocris) were used in their racemic form and were injected intrave-
nously at a dose of 0.5 mg/kg. This dose was established in a pilot
dose-response study as a midrange dose that increased the respiratory
rate in the goats under etorphine immobilization without causing any
harmful side effects. Both 8-OH-DPAT (5 mg/ml) and zacopride (10
mg/ml) were dissolved in sterile injectable water (Kyron Laboratories,
Johannesburg, South Africa).

Experimental procedures. The experiment consisted of three trials
in which each goat received etorphine + water (control), etorphine +
zacopride, and etorphine + 8-OH-DPAT, in random order, at weekly
intervals. The goats were weighed 2 days before each trial and were
starved for 24 h before the trial to reduce the risk of bloating and
regurgitation of ingesta. On the day of the trial, the neck (over the
translocated artery) and ears were shaved and disinfected. A 22-gauge
intravenous catheter (Introcan; B/Braun, Melsungen, Germany) was
placed in an auricular vein and connected to a saline drip (Sabax 0.9%
NaCl; Adcock Ingram, Johannesburg, South Africa) for subsequent
drug injection. Local anesthetic (2 ml of Lignocaine; Bayer Animal
Health) was injected subcutaneously around the translocated carotid
artery to desensitize the overlying skin. An intra-arterial catheter (14
G, FA-04014; Arrow, Erding, Germany) was inserted through a
shallow skin incision, about 4 mm long, into the carotid artery. A
three-way stopcock valve (Sabex, Johannesburg, South Africa) was
attached to the catheter and secured to the neck with adhesive tape
(Leukoplast, Hamburg, Germany).

Once the catheters were in place, the goat was moved into a trolley
(0.6 X 1.5 m), where it was restrained by a handler who held the
horns. To measure arterial hemoglobin oxygen saturation and heart
rate, a veterinary pulse oximeter (Nonin 9847V with 2000T animal
transflectance sensor; Nonin Medical, North Plymouth, MN) was
placed on the skin at the ventral tail base and secured with adhesive
tape. Saturation was measured to an accuracy of 3% and heart rates to
an accuracy of 2 beats/min. A pressure transducer (1210 ICSensor;
MSI Sensors, Fairfield, NJ) was connected to one arm of the three-
way stopcock valve with 1.19-mm tubing (Portex, Kent, UK), and the
transducer was attached to a processor constructed for us (School of
Electrical Engineering, University of the Witwatersrand) to measure
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and log mean arterial pressure every 15 s to an accuracy of 2 mmHg.
Rectal temperatures were measured with a thermocouple thermometer
(BAT-12; Physitemp Instruments, Clifton, NJ) to an accuracy of
0.2°C and were used to calculate water vapor pressure in alveolar air.
A digital stopwatch was used to record times to recumbency and
respiratory rates. Recumbency was determined when a goat could no
longer stand in a supine position on its own.

The etorphine injection induced immobilization and recumbency.
The level of immobilization was assessed clinically by a veterinarian
observing movement, neck tone, and vocalization. The goats were
held in sternal recumbency by a handler holding the horns so that the
neck was aligned with the spinal column and the head was elevated
above the thorax with the nose pointing downward. This positioning
allowed for unobstructed eructation of ruminal gas and open upper
airways. After 30 min, the action of etorphine was reversed by
intravenous injection of 0.096 mg/kg diprenorphine hydrochloride
(M5050; Novartis). Data recordings started 6 min before etorphine
injection (injection time = 0 min) and continued for 40 min after
injection. Heart rate, hemoglobin oxygen saturation, rectal tempera-
ture, and respiration rate were recorded every 2 min. Respiration rates
were measured by counting breaths, visible by movement of the chest
and abdominal wall, over a minute.

A 0.5-ml carotid arterial blood sample was drawn 2 min before
etorphine injection, at 6, 10, 20, and 30 min after etorphine injection,
and 10 min after etorphine reversal. After each sample was drawn, the
intra-arterial catheter was flushed with 5 IU/ml heparinized (Heparin;
Intramed, Johannesburg, South Africa) saline. Directly after the sam-
ple was drawn, a blood gas analyzer (Roche OPTI CCA analyzer +
OPTI cassette B; Kat Medical, Johannesburg, South Africa) was used
to measure the arterial partial pressure of oxygen (Pao,) and carbon
dioxide (Paco,) in the sample to an accuracy of 1.3 mmHg for Pao,
and 0.4 mmHg for Paco,. At the end of each trial, the catheters were
removed, and a pressure bandage was placed over the carotid artery
for 6 h to prevent hematoma formation in the neck. Once the etorphine
trials were completed, the goats were given intravenous injections of
0.5 mg/kg 8-OH-DPAT and 0.5 mg/kg zacopride separately and
without etorphine, to assess whether the serotonergic ligands alone
had effects on the goats. At the end of the experiment, all of the goats
were returned to stock.

All measurements were made indoors, between 0800 and 1300, at
an ambient dry bulb temperature between 20 and 22°C and relative
humidity between 21 and 24%. Barometric pressures were measured
to an accuracy of 0.1 mmHg by using the on-board barometer of the
blood gas analyzer, which we had calibrated against a Fortin mercury
barometer (Russel Scientific Instruments, Dereham, UK). Barometric
pressure ranged from 628 to 634 mmHg.

Data analysis. We used GraphPad Prism version 4.00 for Windows
(GraphPad Software, San Diego, CA) and Statistica 99 edition (Stat-
Soft, Tulsa, OK) for statistical analyses. All results were reported as
means, SD, and P < 0.05 was considered statistically significant. The
areas between the response curves (over time) to etorphine + water,
etorphine + zacopride, and etorphine + 8-OH-DPAT were calculated
for respiration rate, heart rate, hemoglobin oxygen saturation, and
mean arterial pressure for the first 6-min interval (preetorphine +
water/ligand administration), for the first, second, and third 10-min
intervals and the entire 30 min after etorphine + water/ligand admin-
istration, and for the 10 min after diprenorphine administration. A
one-way ANOVA followed by a Student-Newman-Keuls (SNK) post
hoc test was used to test for differences between these areas and also
for differences in the times to recumbency. A Student’s paired /-test
was used to determine differences within the trials, between
pre- and postetorphine + water/ligand administration, and between
preetorphine + water/ligand and postdiprenorphine administration.
Bonferroni corrections were applied where necessary.

For Pao,, Paco,, and alveolar-arterial oxygen partial pressure gra-
dients (A-a gradients), a two-way ANOVA followed by a SNK post
hoc test was used to test for differences between responses to pairs of
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injections and for differences between pre- and post-etorphine +
water/ligand responses and pre-etorphine + water/ligand and post-
diprenorphine administration in each trial. The A-a gradients were
calculated for an open system (constant pressure) from the formula
Fio,(Py, — Py,0) — Paco, — Pao,, where Flo, is the fractional inspired
oxygen (0.209), Py, is the measured barometric pressure (mmHg), and
Py o is the water vapor pressure of saturated air in the alveoli. Py ¢
(mmHg) was calculated as 4.58 exp [(17.27Tu)/(237.3 + Ty)] (3).
where T, is the body temperature taken as per rectum. We assumed
that the partial pressure of carbon dioxide in the alveoli was equal to
the Paco, (13, 31, 35).

RESULTS

Immobilization. Administration of etorphine caused immo-
bilization and recumbency in all the goats in all three trials.
When etorphine was injected with water, it took 93 (SD 13) s
(n = 8) for the goats to become recumbent. Throughout the 30
min of immobilization, the etorphine administration caused
sedation, muscle relaxation with only slight body movements,
and occasional vocalization. When 8-OH-DPAT was injected
with etorphine, time to recumbency was reduced significantly
(F=14,P<0.051t051(SD 21) s, but the subsequent degree
of immobilization was not qualitatively different from that
following etorphine administration with water. Zacopride ad-
ministered with the etorphine also significantly (F = 1.4, P <
0.05) reduced the time to recumbency, to 63 (SD 23) s, but
zacopride coadministered did alter the immobilizing effects of
etorphine: the goats had increased muscle tone, moved more,
and vocalized more than when they received etorphine +
water. Although the sedative effects of etorphine seemed to
have been reduced by zacopride, the animals were unable to
stand or engage in any coordinated movement at any time
during the immobilization period. Neither zacopride nor 8-OH-
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Fig. 1. Drug effects on respiratory rate over time. Values are respiratory rate
(means, SD, n = 8) of goats injected (solid arrow, time = 0 min) with
(intramuscular + intravenous) etorphine + water (0), etorphine + zacopride
(®). and etorphine + 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT)
(a). Dashed arrow (time = 30 min) indicates intravenous injection of diprenor-
phine. *P < 0.05, etorphine + zacopride vs. etorphine + water; and *P < 0.05,
etorphine + 8-OH-DPAT vs. etorphine + water [1-way ANOVA with post
hoc Student-Newman-Keuls (SNK) test on areas between the curves]. <P <
0.025, etorphine + water preinjection vs. postinjection (Student’s paired
t-test). Respiratory rates were not significantly different among the trials before
the agents were injected (F = 3.1, P = 0.19).
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Fig. 2. Drug effects on percent hemoglobin saturation of arterial blood by
oxygen. Values are percent saturation (means, SD, n = 8) of goats injected
(solid arrow, time = 0 min) with (intramuscular + intravenous) etorphine +
water (0), etorphine + zacopride (@), and etorphine + 8-OH-DPAT (a).
Dashed arrow (time = 30 min) indicates intravenous injection of diprenor-
phine. “P < 0.0125, etorphine + zacopride vs. etorphine + water; and "P <
0.0125, etorphine + 8-OH-DPAT vs. etorphine + water (1-way ANOVA with
post hoc SNK test on areas between the curves). °P << 0.025, etorphine + water
preinjection vs. postinjection; and ‘P < 0.025, etorphine + 8-OH-DPAT
preinjection vs. postreversal (Student’s paired f-test). Saturation values were
not significantly different among the trials before the agents were injected (F =
0.1, P =0.9).

DPAT immobilized or sedated the goats when the agents were
injected at the same dose but without etorphine. When the
ligands were injected without etorphine, the goats became
restless, and we were unable to accurately assess any cardio-
respiratory variables.

Respiratory rate. Etorphine administration caused a signif-
icant (Student’s paired r-test, P = 0.013) decrease in respira-
tory rate: before etorphine + water were injected, the respira-
tory rate was 27 (SD 9) breaths/min (n = 8), and after
etorphine + water injection, the respiratory rate decreased to
14 (SD 4) breaths/min, averaged over the 30-min immobiliza-
tion period (Fig. 1). The respiratory rate returned to preinjec-
tion rates once the etorphine action was reversed with diprenor-
phine (Student’s paired #-test, P = 0.1). Zacopride (Student’s
paired r-test, P = 0.91) and 8-OH-DPAT (Student’s paired
t-test, P = 0.4), coadministered separately with etorphine, both
abolished the decrease in the respiratory rate caused by the
etorphine administration. Both drugs significantly (F = 5.65,
P < 0.05) increased the respiratory rate over the full 30-min
period of immobilization compared with the etorphine + water
trial.

Percent hemoglobin oxygen saturation. Etorphine adminis-
tration resulted in a significant (Student’s paired t-test, P <
0.0001) decrease in the saturation of arterial hemoglobin with
oxygen over the 30 min of immobilization (Fig. 2). The
decrease in saturation was greatest in the first 10 min of the
immobilization. Saturation before etorphine administration
was 96 (SD 3)% (n = 8) and dropped to as low as 75 (SD 7)%
(n = 8) after 4 min, with a gradual increase thereafter over
time. After diprenorphine injection, saturation returned to near
preinjection values (Student’s paired 7-test, P = 0.5). Although
saturations significantly decreased after the administration of
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etorphine + zacopride (Student’s paired r-test, P = 0.0025)
and etorphine + 8-OH-DPAT (Student’s paired r-test, P =
0.0002), both zacopride and 8-OH-DPAT attenuated the etor-
phine-induced decrease in saturation. Over the entire immobi-
lization period, saturation in the goats that received etor-
phine + zacopride was significantly (F = 7.18, P < 0.05)
higher than that when they received etorphine + water. Satu-
ration in the goats that received etorphine + 8-OH-DPAT was
significantly (F = 10.76, P = 0.0015) higher than that when
they received etorphine + water only over the first 10-min
interval after administration. Zacopride (Student’s paired #-test,
P = 0.75) did not alter the return of saturation to preinjection
levels after diprenorphine administration, whereas saturation of
the goats that received 8-OH-DPAT + etorphine remained
moderately depressed (Student’s paired f-test, P = 0.02).

Partial pressure of oxygen. Figure 3 shows the effect of
administration of etorphine, with and without the serotonergic
ligands, on Pao,. Pap, was 69 (SD 4) mmHg (n = 8) before
etorphine administration. After the injection of etorphine +
water, Pao, dropped to below 50 mmHg after 6 min. The drop
following etorphine + water was significant [F(j0.70) = 5.67,
P < 0.05] over the first 20 min of immobilization. Thereafter,
Pao, gradually increased, and returned to preinjection values
[Fao70) = 5.66, P = 0.5] after diprenorphine injection.
Zacopride and 8-OH-DPAT attenuated, but did not fully abol-
ish, the etorphine-induced decrease in Pao,, and even though
the Pao, values decreased when zacopride and 8-OH-DPAT
were injected with etorphine, both drugs maintained signifi-
cantly [F0.70) = 5.67, P < 0.05] higher levels of Pao, in the
goats in the first 10 min of immobilization. Neither zacopride
[F(m_m) = 5.67, P = 0.64] nor 8-OH>DPAT [F(l()j()) = 5.67,
P = 0.95] affected the return of Pao, values to preinjection
values after diprenorphine administration.
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Fig. 3. Drug effects on arterial partial pressure of oxygen (Pao,). Values are
Pao, (means, SD, n = 8) of goats injected (solid arrow, time = 0 min) with
(intramuscular + intravenous) etorphine + water (O), etorphine + zacopride
(@), and etorphine + 8-OH-DPAT (a). Dashed arrow (time = 30 min)
indicates intravenous injection of diprenorphine. *P < 0.05, etorphine +
zacopride vs. etorphine + water; ®P < 0.05, etorphine + 8-OH-DPAT vs.
etorphine + water; °P < 0.05, etorphine + water preinjection vs. postinjection;
dp < 0.05, etorphine + zacopride preinjection vs. postinjection; and °P <
0.05, etorphine + 8-OH-DPAT preinjection vs. postinjection (2-way ANOVA
with post hoc SNK test). Pao, values were not significantly different among the
trials before the agents were injected [F(10.70) = 5.67, P > 0.05].
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Fig. 4. Drug effects on arterial partial pressure of carbon dioxide (Paco,).
Values are Paco, (means, SD, n = 8) of goats injected (solid arrow, time = 0
min) with (intramuscular + intravenous) etorphine + water (0), etorphine +
zacopride (@), and etorphine + 8-OH-DPAT (a). Dashed arrow (time = 30
min) indicates intravenous injection of diprenorphine. *P < 0.05, etorphine +
zacopride vs. etorphine + water; ®P < 0.05, etorphine + 8-OH-DPAT vs.
etorphine + water; P < 0.05, etorphine + zacopride vs. etorphine +
8-OH-DPAT; 9P < 0.05, etorphine + water preinjection vs. postinjection;
¢P < 0.05, etorphine + zacopride preinjection vs. postinjection; and P < 0.05,
etorphine + 8-OH-DPAT preinjection vs. postinjection/reversal (2-way
ANOVA with post hoc SNK test). Paco, values were not significantly different
among the trials before the agents were injected [F10.70) = 3.87, P > 0.05].

Partial pressure of carbon dioxide. Administration of etor-
phine resulted in a significant [F(j070) = 3.87, P < 0.05]
increase in PacoZ throughout the immobilization period (Fig.
4). Paco, was 31 (SD 2) mmHg (n = 8) before etorphine
administration. The highest Paco, value (41 (SD 5) mmHg)
occurred 6 min after the etorphine + water injection and
gradually decreased over time, returning to preinjection values
after diprenorphine injection [F(j070) = 3.87, P = 0.94].
Coadministration of 8-OH-DPAT with etorphine had no ben-
eficial effect, and the Paco, levels remained significantly
[Fao.70) = 3.87, P < 0.001] elevated throughout the immobi-
lization. Zacopride coadministration significantly attenuated
the rise in Paco, caused by etorphine. The Paco, value for
etorphine + zacopride was significantly [F(10.70) = 3.87, P <
0.05] lower than those for etorphine + water and etorphine +
8-OH-DPAT in the first 20 min of the immobilization period.
Zacopride [F(10.70) = 3.87, P = 0.93] did not alter the return of
Paco, values to preinjection values after diprenorphine admin-
istration, whereas in the etorphine + 8-OH-DPAT trial, Paco,
values did not return to preinjection values and remained
moderately elevated [F(10.70) = 3.87, P < 0.05].

A-a gradient. Figure 5 shows the effect of etorphine admin-
istration, with and without coadministration of the serotonergic
ligands, on a derived variable, namely, the A-a gradient in the
partial pressures of oxygen. The gradient was 21 (SD 3) mmHg
(n = 8) before administration of etorphine. When etorphine +
water were injected, there was a significant [F(i0,70) = 8.23,
P < 0.0001] increase in the A-a gradient, which resolved
progressively during the time course of the immobilization.
Coadministration of 8-OH-DPAT with etorphine abolished the
increase in the gradient [F(10.70) = 8.23, P = 0.5], and indeed,

AJP-Regul Integr Comp Physiol « VOL 290 « FEBRUARY 2006 + WWW.ajpregu.org



ZACOPRIDE AND 8-OH-DPAT REVERSE RESPIRATORY DEPRESSION

20

154

A-a gradient PaO, (mmHg)

'8 12 16 20 24 28 2 6
t Time (min) 1

Fig. 5. Drug effects on alveolar-arterial oxygen partial pressure gradient (A-a
gradient). Values are A-a gradient (means, SD, n = 8) of goats injected (solid
arrow, time = 0 min) with (intramuscular + intravenous) etorphine + water
(O), etorphine + zacopride (@), and etorphine + 8-OH-DPAT (a). Dashed
arrow (time = 30 min) indicates intravenous injection of diprenorphine. *P <
0.03, etorphine + zacopride vs. etorphine + water; P < 0.05, etorphine +
8-OH-DPAT vs. etorphine + water; P < 0.05, etorphine +zacopride vs.
etorphine + 8-OH-DPAT: ‘P < 0.05, etorphine + water preinjection vs.
postinjection/reversal; °P < 0.05, etorphine + zacopride preinjection
vs. postinjection; and P < 0.05, etorphine + 8-OH-DPAT preinjection vs.
postreversal (2-way ANOVA with post hoc SNK test). A-a gradients were
not significantly different among the trials before the agents were injected
[Fi0.70) = 8.23, P > 0.05].
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the gradient remained below the preinjection gradient through-
out immobilization. Coadministration of zacopride attenuated
[F(10.70) = 8.23, P = 0.003] but did not abolish the effects of
etorphine on the A-a gradient [F(j0.700 = 8.23, P < 0.002].
After administration of diprenorphine, the A-a gradients
dropped significantly below preinjection values in the etor-
phine + water [F(j0,70) = 8.23, P = 0.0004] and the 8-OH-
DPAT + etorphine [F(10.70) = 8.23, P = 0.005] trials.

Heart rate. Figure 6 shows the effects of administrating
etorphine, with and without serotonergic ligands, on heart rate.
Heart rate was 67 (SD 5) beats/min (n = 8) before etorphine
administration. Over the time course of the immobilization,
heart rate decreased after etorphine administration, whether or
not the ligands were coadministered. In contrast to its effect on
respiratory variables, etorphine administration did not affect
heart rate immediately. Heart rate was unchanged for at least
the first 8 min after etorphine administration. Thereafter, the
decline in heart rate was attenuated by coadministration of
zacopride but accentuated by coadministration of 8-OH-
DPAT. After the second 10-min interval, heart rate was sig-
nificantly [F.7y = 0.33. P < 0.001] decreased after 8-OH-
DPAT coadministration and increased [Fo7) = 033, P <
0.01] after zacopride coadministration, compared with heart
rate following coadministration of etorphine with water. In the
etorphine + water and etorphine + zacopride trials, heart rates
returned to the preinjection rates after diprenorphine adminis-
tration, whereas heart rate in the etorphine + 8-OH-DPAT trial
remained significantly (Student’s paired r-test, P < 0.0001)
lower than the preinjection rate.

Mean arterial pressure. Figure 7 shows the effect of admin-
istration of etorphine, with and without the serotonergic li-
gands, on mean arterial pressure. Mean arterial pressure before
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the administration of etorphine was 108 (SD 12) mmHg (n =
8). Etorphine administration had a biphasic effect on the mean
arterial pressure. For the first 6 min after etorphine + water
administration, mean arterial pressure increased, and then it
gradually decreased throughout the immobilization period.
Coadministration of 8-OH-DPAT with etorphine enhanced the
biphasic pressure changes. In the first 10-min interval, mean
arterial pressure after coadministration of 8-OH-DPAT with
etorphine was significantly (¥ = 0.94, P = 0.0015) higher than
that following etorphine + water and etorphine + zacopride.
Zacopride coadministration attenuated the biphasic effects of
etorphine administration and significantly (Student’s paired
t-test, P = 0.025) reduced mean arterial pressure throughout
the immobilization. After the administration of diprenorphine,
mean arterial pressures were significantly higher than preinjec-
tion values in the etorphine + water (Student’s paired f-test,
P = 0.0004) and etorphine + 8-OH-DPAT (Student’s paired
t-test, P = 0.01) trials. After the administration of diprenor-
phine, mean arterial pressure was significantly (Student’s
paired t-test, P = 0.007) lower than preinjection pressure in the
etorphine + zacopride trial.

DISCUSSION

At adose at which it immobilized goats, the opioid etorphine
caused marked respiratory depression. Symptomatically, this
depression was evident as a decrease in respiratory rate to
about one-half the rate before etorphine administration. The
respiratory rate remained low throughout the immobilization
period, but, alone, it did not reveal the respiratory status of the
animals. Directly after the administration of etorphine and up
until 10 min after injection, respiratory depression was the
most severe; the animals became clinically hypoxic, taken as
Pao, < 60 mmHg and percent arterial hemoglobin saturation
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Fig. 6. Drug effects on heart rate. Values are heart rate (means, SD, n = 8) of
goats injected (solid arrow, time = 0 min) with (intramuscular + intravenous)
etorphine + water (O), etorphine + zacopride (®), and etorphine + 8-OH-
DPAT (a). Dashed arrow (time = 30 min) indicates intravenous injection of
diprenorphine. *P < 0.0125, etorphine + zacopride vs. etorphine + water; and
bP < 0.0125, etorphine + 8-OH-DPAT vs. etorphine + water (1-way ANOVA
with post hoc SNK test on areas between the curves). 'P < 0.025, etorphine +
8-OH-DPAT preinjection vs. postreversal (Student’s paired 7-test). Heart rates
were not significantly different among the trials before the agents were injected
(F=0.03,P=0.7.
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Fig. 7. Drug effects on mean arterial pressure. Values are mean arterial
pressure (means, SD, n = 8) of goats injected (solid arrow, time = 0 min) with
(intramuscular + intravenous) etorphine + water (0O), etorphine + zacopride
(@), and etorphine + 8-OH-DPAT (a). Dashed arrow (time = 30 min)
indicates intravenous injection of diprenorphine. *P < 0.0125, etorphine +
zacopride vs. etorphine + water; P < 0.0125, etorphine + 8-OH-DPAT vs.
etorphine + water; and °P < 0.0125, zacopride + etorphine vs. 8-OH-
DPAT + etorphine (1-way ANOVA with post hoc SNK test on areas between
the curves). 4P < 0.025, etorphine + water preinjection vs. postreversal; °P <
0.025, etorphine + zacopride preinjection vs. postreversal; and /P < 0.025,
etorphine + 8-OH-DPAT preinjection vs. postreversal (Student’s paired 7-
test). Mean arterial pressure values were not significantly different among the
trials before the agents were injected (F = 0.41, P = 0.67).

<85% (8). Hypoxia resulted from both a decrease in the
ventilation, indicated by an increase in Paco,, and a decrease in
diffusion, presumably via a ventilation-perfusion mismatch,
indicated by an increase in the A-a gradient in oxygen partial
pressure. After 10 min, there was a gradual increase in both the
Pao, and the percent oxygen hemoglobin saturation values,
which was brought about predominantly by an improvement in
diffusion (compare Figs. 4 and 5).

That opioids depress respiration is well known. What we
have shown, we believe for the first time, is that the depressed
respiratory function can be reversed substantially by adminis-
tration of serotonergic ligands. Coadministration of zacopride
or 8-OH-DPAT with etorphine improved the respiratory func-
tion of the goats such that Pao, and arterial hemoglobin
saturation remained above levels defining clinical hypoxia. The
ligands, which act at ditferent 5-HT receptors, reversed respi-
ratory depression via different physiological mechanisms.
Zacopride attenuated the decrease in the respiratory rate and
decreased the hypercapnia, indicating improved ventilation.
8-OH-DPAT also attenuated the decrease in the respiratory rate
but did not improve ventilation, because Paco, remained ele-
vated (Fig. 4). The main beneficial effect of 8-OH-DPAT was
on the pulmonary circulation; it improved diffusion, as indi-
cated by the restoration of normal differences between alveolar
and arterial partial pressures of oxygen (Fig. 5), presumably by
improving ventilation-perfusion ratios. Zacopride also partially
restored the A-a gradient, but its effect was not as great as that
of 8-OH-DPAT. In addition to the deleterious effects on the
respiratory system, the opioid also affected the cardiovascular
status of the goats by inducing bradycardia and transient
hypertension (Figs. 6 and 7). The serotonergic ligands influ-
enced those cardiovascular effects, too. Zacopride abolished
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the hypertension, whereas 8-OH-DPAT transiently exacer-
bated the etorphine-induced biphasic changes in mean arterial
pressure (Fig. 7). Similarly, zacopride reduced, and 8-OH-
DPAT enhanced, the bradycardia (Fig. 6).

Both serotonergic ligands improved respiratory function and
affected the cardiovascular status without reversing catatonic
immobilization, a necessity given that the primary use of
etorphine is chemical immobilization of animals. Indeed, co-
administration of both zacopride and 8-OH-DPAT with etor-
phine significantly decreased the time it took for the goats to
become recumbent. Thus we have shown that the serotonergic
ligands zacopride and 8-OH-DPAT, acting through physiolog-
ically distinct mechanisms, improved the respiratory status of
goats immobilized with the opioid etorphine, without reversing
catatonic immobilization, and zacopride also improved the
cardiovascular status of the goats.

It should be noted that the laboratory in which we conducted
our experiments was situated at an altitude at which the
respiratory status of even intact animals is somewhat different
from that at sea level; Pao,, for example, was 70 = 4 mmHg in
the goats before immobilization. However, we have no reason
to suspect that the effects of the agents on the respiratory
system would differ at altitudes lower than ours, although
actual values of variables like the partial pressure of blood
gases and the oxygen hemoglobin saturation would differ.
Another potential limitation of our study is that zacopride and
8-OH-DPAT are ligands that act on more than one serotonin
receptor. Where we have drawn conclusions about the effects
of zacopride or 8-OH-DPAT on one specific receptor, we have
based these conclusions on the results from previous studies
that have investigated the function of specific 5-HT receptor
ligands.

Serotonergic receptors in neuronal pathways play important
roles in the modulation of respiratory rhythm (33). Many
studies have examined the effects of serotonin and its conge-
ners on the function of respiratory neurons, specifically during
sedative-induced compromise of those neurons. Indeed, the
actions of the ligands that we employed have been explored in
that context. Sahibzada et al. (37) showed that 8-OH-DPAT
reversed the morphine-induced suppression of neuronal activ-
ity in anesthetized rats, and Lalley et al. (22) used 8-OH-DPAT
to reverse pentobarbital- and ketamine-induced suppression of
respiratory neurons in cats. Richter et al. (33) claimed that the
effect of 8-OH-DPAT on the neurons generating respiratory
rhythm results from its agonism of 5-HT; receptors. They
proposed that the reversal of morphine-induced neuronal sup-
pression observed by Sahibzada et al. (37) depended on 8-OH-
DPAT’s action on 5-HT7 receptors and not, as Sahibzada et al.
had believed, on 5-HT;s receptors. Even if the action of
8-OH-DPAT is mediated by the 5-HT7 receptors, 5-HTa
receptors also are facilitatory in reversing morphine-induced
suppression of respiratory neurons, because buspirone, a
5-HT A agonist that has no effect on the 5-HT7 receptor (33),
also reversed the suppression (37). 8-OH-DPAT may well
improve the activity of the neurons generating respiratory
rhythm through its action on both the 5-HT;o and 5-HT;
receptors. We believe that 8-OH-DPAT increased respiratory
frequency in our goats through its action on respiratory neu-
rons, rather than through the enhancement of the hypoxic drive
that the goats experienced after etorphine administration. This
belief is supported by the finding that 8-OH-DPAT did not
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increase respiratory frequency or ventilation rate in hypoxic
goats (20).

8-OH-DPAT’s activation of 5-HT7 receptors provokes c-
AMP formation (33) in respiratory neurons, which then stim-
ulates the respiratory rhythm (2). It is not clear how 8-OH-
DPAT’s concomitant activation of the 5-HT 4 receptors could
improve respiratory rhythm, although Lalley et al. (22) found
that, in anesthetized cats, 8-OH-DPAT’s action on 5-HTa
receptors prevented prolonged discharge of early inspiratory
neurons. In another study, Lalley et al. (21) showed that the
effect of 8-OH-DPAT on inspiratory neurons is dose depen-
dent. At lower doses (10-50 pg/kg), 8-OH-DPAT increased
the frequency of phrenic nerve discharges in anesthetized cats.
but higher doses (50 and 90 pg/kg) suppressed phrenic nerve
discharges. In a similar and more recent study (34), phrenic
nerve discharges were decreased even when 20 pg/kg 8-OH-
DPAT was injected intravenously in cats. We used a much
higher dose (500 pg/kg) of 8-OH-DPAT in our goats, and we
did not observe any effects consistent with depression of
respiratory neurons. Sahibzada et al. (37) also found that
8-OH-DPAT had no depressant effects on rat respiratory neu-
rons when injected at a dose of 100 pg/kg.

In contrast to the uncertainties about the action of §-OH-
DPAT on respiratory neurons, the action of zacopride on such
neurons seems to derive unambiguously from its agonism of
5-HT, receptors, rather than antagonism of 5-HT5 receptors.
Zacopride has been shown to be an agonist of the 5-HTa,
receptor isoform (28), and Manzke et al. (25) discovered that
inspiratory neurons in the pre-Bétzinger complex host both
5-HT4, and p-opioid receptors. Stimulation of the p-opioid
receptors would decrease cAMP in inspiratory neurons (2) and
consequently decrease inspiratory drive, whereas stimulation
of the 5-HT4, receptors would increase cAMP and thus in-
crease inspiratory drive (25).

In contrast to the degree of investigation on the actions of
serotonergic ligands on respiratory neurons, as far as we can
establish, no one has investigated the actions of serotonergic
ligands on the function of the effecter organs in the respiratory
system. It is far from obvious how activity on neurons respon-
sible for respiratory rhythms would translate into effects on the
clinically important phenomena of hypoxia and hypercapnia
induced by opioids, nor, as we think we have discovered, is it
guaranteed that improvement of oxygenation results from ac-
tions on respiratory neurons. We have demonstrated that, in
goats subjected to opioid immobilization, although 8-OH-
DPAT improved respiratory rate, it did not improve alveolar
ventilation; hypercapnia did not decrease when 8-OH-DPAT
was coadministered with etorphine. Nevertheless, 8-OH-DPAT
coadministered did improve Pao,. We believe that this increase
in Pao, depended on 8-OH-DPAT countering the effects of the
opioid on the pulmonary vasculature. Opioids decrease Pao,.
both by reducing alveolar ventilation and by disrupting pul-
monary blood perfusion. Pulmonary perfusion decreases under
the influence of opioids both because hypoxia causes pulmo-
nary vasoconstriction (31) and because opioids directly cause
pulmonary vasoconstriction (19, 38). They do so by inducing
the release of histamine in the lungs (17, 26) and by activating
the sympathetic nervous system centrally (36). We believe that
8-OH-DPAT improved blood oxygenation primarily by reduc-
ing pulmonary blood shunting, through its serotonergic effects
on the pulmonary vasculature.
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Serotonin has a strong vasoactive effect on the pulmonary
vasculature (15). In goats, serotonin causes vasoconstriction in
the pulmonary arteries and vasodilation in the pulmonary veins
(10). Serotonin-induced pulmonary vasoconstriction appears to
be brought about mainly by the activation of 5-HT»4 receptors
(24), to which our ligands did not bind, and pulmonary veno-
dilation by the activation of 5-HT4 receptors (11). Although no
one appears to have explored the effects of 5-HT7 receptor
activation in the goat’s pulmonary vasculature, we believe that
8-OH-DPAT may have improved the pulmonary perfusion that
had been compromised by opioid administration, through its
action on 5-HT7 receptors. Our belief is supported by the
identification of 5-HT7 receptors in the pulmonary vasculature
of many other mammalian species (4, 42) and the observation
that 5-HT7 receptor activation causes smooth muscle relaxation
(42, 43). There also is evidence that 5-HT7 receptors may be
involved in pulmonary vasodilation in rabbits (30).

Zacopride causes venodilation in the pulmonary vasculature
through its action on 5-HT4 receptors (11). Venodilation would
increase pulmonary perfusion, and although any increase in
pulmonary perfusion would have contributed to improving
oxygenation, in our goats zacopride acted primarily to improve
ventilation, in so doing, reducing hypercapnia and improving
both Pao, and hemoglobin oxygen saturation. It seems likely
that the activity of zacopride on pre-Botzinger neurons, com-
promised by opioid administration, accounted for the restora-
tion of ventilation.

Although there have been several studies showing that
serotonergic ligands act on respiratory networks in the central
nervous system (21-23, 25, 37), we believe that our study is
one of the few showing the effects of serotonergics on blood
gases and that it is the first study showing that serotonergics
reverse opioid-induced respiratory depression and hypoxia
without reversing catatonic immobilization, an outcome that
mirrors, for the whole animal, the conclusion of Manzke et al.
(25) that a serotonergic ligand can excite respiratory neurons
without affecting those involved in analgesia. We also have
shown that the effect of serotonergics on the pulmonary vas-
culature plays an important role in influencing respiratory
status, in addition to effects mediated by central respiratory
networks. In addition to their effects on the pulmonary vascu-
lature, the ligands also affect the general circulation, with
zacopride improving the deleterious consequences of the opi-
oid on blood pressure and heart rate and 8-OH-DPAT wors-
ening them, but only mildly and transiently.

Opioids are used in veterinary practice and game manage-
ment to immobilize mammals (16, 40). They induce a catatonic
immobilization by acting on localized areas in the central
nervous system (41). In the rat, at least, the most prominent of
these areas are the nucleus raphe pontis (1, 5, 6, 41, 44) and the
nucleus accumbens (12). Both these nuclei contain serotoner-
gic receptors (44), and serotonin enhances opioid-induced
catatonia (6, 12, 44). To the best of our knowledge, no one has
identified which serotonin receptors are involved in such en-
hancement. We have shown that both zacopride and 8-OH-
DPAT enhanced opioid-induced catatonia in that both reduced
time to recumbency in our goats when coadministered with
etorphine. Subsequently, though, zacopride somewhat reduced,
rather than enhanced, the sedative effects of etorphine. This
finding may be explained if zacopride, through its 5-HT;
antagonistic effects, reversed the effects of k-opioid receptors
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(18), thereby resulting in a decrease in opioid-induced hypo-
tonic immobility (9). It would seem that more than one sero-
tonergic receptor mediates the enhancement of opioid-induced
immobilization, but because these ligands each act on two
5-HT receptor types, we are unable to draw any conclusions as
to which receptors are involved. We do know that neither
ligand, at least at the dose we used, brought about immobili-
zation in its own right.

We postulate that the key serotonergic receptors involved in
combating opioid-induced respiratory depression, at least in
goats, are the 5-HT,4 and 5-HT5 receptors, but positive identi-
fication of the receptors will require further studies with spe-
cific ligands. However, until we also know which serotonergic
receptor is responsible for improving opioid-induced catatonic
immobilization, we should not conclude that a specific receptor
ligand would be the most putative therapeutic agent to improve
both immobilization and respiratory welfare.

In summary, we have shown that the serotonergic ligands
improve blood oxygenation in goats with respiration depressed
by opioid administration, by improving both ventilation and
oxygen diffusion, we believe, by improving pulmonary perfu-
sion. Further studies are required to identify the mechanisms
involved and will require measurements of pressures and flows
in the respiratory system. Also, although our focus has been on
reduction of morbidity and mortality resulting from respiratory
depression in animals immobilized by opioid administration
and although extrapolation between species should be made
with caution, we feel that we also have provided more evidence
that serotonergic ligands might be useful in reversing respira-
tory depression in patients under opioid analgesia or anesthe-
sia, without interfering with the intentional effects of the
opioids.
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CHAPTER 5

Effects of serotonin agonists and doxapram on resitory
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ABSTRACT: Respiratory depression is a common side-effectvapeoids are used to immobilize
wildlife. Serotonergic ligands have the potentatéverse opioid-induced respiratory depression.
We therefore examined whether any of three serogonbgands could reverse this depression
in etorphine-immobilized (0.07mg/kg) impaldepyceros melampus). The study took place from
September to December 2007. Impala received intiaweinjections of metoclopramide
(10mg/kg, n=6), buspirone (0.05mg/kg, n=8), pimezfiimg/kg, n=8), doxapram (1mg/kg, n=6),
and control solutions, on separate occasions. Quhie immobilization, partial pressures of
oxygen (Pa@mmHg) andtarbon dioxide (PaC{OnmHg),respiratory rate (breaths/min),
ventilation (I/min), peripheral Esaturation (%), tidal volume (I) and the respiratexchange
ratio (RER) were measured before and after thetioje of the experimental drugs. Etorphine
immobilization caused respiratory depression armbkia (mean+SD, PaCG851+2 mmHg,
PaQ=40+3 mmHg). Metoclopramide and buspirone, butpistozide, attenuated the hypoxic
effects of etorphine; at 3 min after injection, owbpramide increased the Palty 7.5+6.3
mmHg and buspirone by 6+£6.6 mmHg=@.9;P=0.02). These effects were similar to those of
doxapram (87 mmHd;=3.9;P>0.05). Neither metoclopramide nor buspirone sigaiftly
increased ventilation but they increased Phaysignificantly improving the alveolar-arterial
oxygen partial pressure gradient (A-a gradiént].4; P<0.05), indicating an improvement in
oxygen diffusion. Metoclopramide and buspirone $rantly improved the blood oxygenation of
opioid-immobilized impala, probably by improvingntdation-perfusion ratios, without
reversing catatonic immobilization.

Key words: Buspirone, doxapram, hypoxia, metoclopramidegiopipimozide,

respiratory depression.
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INTRODUCTION

Potent opioid drugs are commonly used to chemigaliyiobilize wild animals (Swan,
1993; Meltzer and Kock, 2006). However, their usethis purpose comes at a cost to breathing
and tissue oxygenation. Opioid receptor antagonetscounteract the depressant effects of
opioids on respiration, but they block analgesm geverse anaesthesia, sedation and chemical
immobilization (Bowdle, 1988; Swan, 1993). Othengh that have been used to clinically
reverse opioid-induced respiratory depression,bgmnegride, nikethamide and picrotoxin, have
lost favour because of their convulsogenic effemtfecause they cause unwanted central
nervous system arousal (Bowdle, 1988; Swan, 1998)s novel pharmacological approaches
are needed to reverse opioid-induced respiratqoyession while preserving the therapeutic
value of opioids, particularly as analgesic and obitizing agents.
One such novel approach is the use of serotonkggicds. The potential of serotonergic ligands
to reverse opioid-induced respiratory depressiothout reversing the analgesic or
immobilizing effects of the opioids, has been dest@ted in several studies (Sahibzada et al.,
2000; Manzke et al., 2003; Richter et al., 2003y#feet al., 2006; Wang et al., 2007; Guenther
et al., 2009) In opioid-immobilized goats that riged serotonergic agonists, oxygen partial
pressures improved without a change in ventilatdayer et al., 2006); this improvement was
assumed to occur by the direct action of the a¢g®is pulmonary vessel diameter, which would
improve lung perfusion. We therefore investigatdgethier serotonergic agonists, currently
commercially available, reverse opioid-induced iedpry depression in animals, as indicated
by arterial blood oxygenation, without deleteri@ffects on the target action of the opioids.

From the repertoire of serotonergic drugs alreadylable for human and animal use,

experimental drugs were selected for their effent§-HT,; 5-HT14 and 5-HT, serotonin
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receptors, and consequently, their role in the teasmce of respiratory rhythm (Richter et al.,
2003). Of these drugs metoclopramide was seleoteitsf5-HT, receptor agonist effects
(Langlois and Fischmeister, 2003; Rang et al., 2003spirone for its 5-Hijlx receptor agonist
effects (Rang et al., 2003) and pimozide for itd B-receptor agonist effec(Roth et al., 1994).
The effects of these experimental drugs were coeapiar those of doxapram, an analeptic still
used commonly to reverse opioid-induced respiratdempression (Bowdle, 1988), particularly
during chemical immobilization (Swan, 1993). Impé@apyceros melampus) were chosen as the
experimental animals, because they are known fmabeularly susceptible to the respiratory
depressant effects of opioids during chemical imifieattion (Burroughs et al., 2006) and
because they are captured frequently for Africadliié management. The hypothesis was that
all three of the selected serotonergic drugs wattiehuate opioid-induced respiratory depression

and hypoxia in chemically immobilized impala.

MATERIALS AND METHODS
The procedures were approved by the UniversitheWitwatersrand’s Animal Ethics
Screening Committee (clearance number 2005/8010t) .study took place from September to
December 2007 at the Lichtenburg Game Breedingr€¢26°07'S, 26°07'E) of the South

African National Zoological Gardens, 220 km wesfohannesburg, South Africa.

Animals
Nineteen healthy adult male (n=2) and female (nshpala Aepyceros melampus),
weighing 36+6 kg (meantSD), were used. The impaewaught from the wild and transported

to bomas (holding pens with solid wooden pole Wallsere they were housed for three months
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before the experimental trials. Throughout thdgrithe impala were housed in 10 m x5 m
bomas, with a maximum of five impala per boma. ithpala received lucerne/alfalfa
(Medicago sativa) and waterd libitum and the bomas were cleaned regularly, so the ampal

were accustomed to occasional human presence.

Drugs

For each trial, we injected etorphine intramusdulam.), using a dart (see Table 1 for
details of the drugs used). On separate days xpherienental drugs and their controls were
injected as intravenous\(. into the jugular vein following placement confirtizen by
withdrawing an adequate volume of blood into thengye) boluses into immobilized animals.
Doxapram was injected at a mid-range dose recometkiby the manufacturers. The doses of
metoclopramide, buspirone, and pimozide were astaal in a pilot dose-response study, in a
separate group of impala (n=15), as mid-range dokésh improved respiratory rate or arterial
blood oxygenation. As controls, the vehicles, itgbte water and DMSO, were injected on their
own, at the volumes used to dissolve the experiaheintigs. The animals received only two of
the experimental drugs and one or both of the ots)ton separate occasions. Animals were
darted a maximum of four times only and, if theyr@veot fully immobilized or clinically unfit
on one of these occasions, experimental procedvees not performed. The drugs and their
controls were used randomly across the group ohalsi ten animals received water, eight

buspirone, six metoclopramide, six doxapram, epymozide and five DMSO.



TABLE 1. Agents used during the experimental trials
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Agent Manufacturer Dose Concentration Vehicle Known receptor activity References
mg/kg mg/ml Primary Secondary
. Novartis, - .
hy%tr%rfr:}g]r?de Johannesburg, 0.071 9.8 water Magf))lnoilsq[ ‘ &ago%?;?ld éi%%tsﬁ;erltgl;&g
South Africa ’
Doxapram Intramed, Port eripheral Z?fgtcrf;l (Nishino et al.,
prar Elizabeth, 1 20 water Perip . 1982; Martindale,
hydrochloride . chemoreceptors (mechanism
South Africa 1999)
not known)
(Martindale,
. Sigma-Aldrich, ) , ) 1999; Langlois
'\f_letgfcl)(éﬁlrgrrind'ge Aston Manor, 10 500 water %H;;tzggﬂlii anStaHI)?ﬁ - and Fischmeister,
y South Africa 2 9 9 2003; Rang et al.,
2003)
dopamine (Riblet et al.,
Buspirone rel?:e tor 1982; Taylor,
piron Sigma-Aldrich 0.05 5 water 5-HT;a agonist b 1988; Matrtindale,
hydrochloride dependant ! |
effects 1999; Rang et al.,
2003)
Pimozide Sigma-Aldrich 1 15 pmso > HT7agonist (Roth etal., 1994;

D, antagonist

Rang et al., 2003)
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Experimental procedure

Each impala was immobilized with etorphine hydrocide on three or four
occasions, separated by at least 72 hours, byndahem with a dart gun (Sabi 500,
SABI Werkswinkel t/a Magnum Arms, Nelspruit, Sodtfrica; Pneu-Dart dart type
P, 3 ml volume, 25 mm long, wire-barbed needle uFDart, Williamsport, USA).
With the use of a powder charge the darts werd firger a 4-5 m distance into the
gluteus muscles. Once an impala was fully immobdiand became recumbent, it
was moved to a shaded boma, where it was placadveterinary scale (Associated
Scale Corporation, Johannesburg, South Africa)retd in a sternal recumbency.
The impala was blindfolded and cotton wool was @thin its ears, to reduce external
sensory stimuli.

The impala’s ear was shaved and swabbed with 5l8th&xidine gluconate
(Hibitane, Astra Zeneca, Johannesburg, South Afiitd00 % ethanol, and a 22
gauge intravenous catheter (Introcan, B/Braun, Meen, Germany) was placed in
one of the auricular arteries. To ensure continuoeasures of peripheral
haemoglobin oxygen saturation, two veterinary poldeneters (Nonin 9847V, Nonin
Medical, North Plymouth, USA) were clipped (lings&nsor 2000SL) to the wall of
the vulva in female impala, or to a tented skimlfiol the perineum of male impala,
and on the skin (2000T animal transflectance s¢rddhe tail base (secured with
adhesive tape). Rectal temperatures were meastutted thermocouple thermometer
(BAT-12, Physitemp, Clifton, USA) and were usedlesbody temperature needed to
calculate water vapour pressure in alveolar airtarabrrect for blood gas
measurements. A clear canine anaesthetic face @&88C, Jorgensen Laboratories,
Loveland, USA) was placed over the muzzle of thpala, positioned so as to limit

the dead space, and a gasket made from a late& ffjaned a tight seal between the
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impala’s muzzle and the face mask. The face maskomanected to a two-way valve
which directed all the expired air into a PowerlEatercise Physiology System
(ML870B80, ADIntruments, Castle Hill, Australia)his system consisted of a
respiratory flow head (MLT1000L) linked to a spiretar (ML140) and a gas mixing
chamber (MLA245) from which the expired gas tempamwas measured and
mixed gas was sampled through a gas analyser (MLZ0® data from these
components was collected via the PowerLab 8/30i&iergIML870) and integrated
with the Metabolic Module software. The simultaneoweasurement of respiratory
gas concentrations and air flow allowed for thegktion of (at BTPS - body
temperature and pressure saturated) minute vemtiléitmin), oxygen consumption
(VOo, I/min), and carbon dioxide production (V&@min) and the respiratory
exchange ratio (RER = VG£/0O,). Respiratory rate and tidal volume also were
measured. Each day the spirometer was calibrated as3l| calibration syringe and
the gas analyzer with a calibration gas (12%501% CQ Air Products,
Johannesburg, South Africa) and inspired air (2293, 0.03% CQ).

Once impala were instrumented, which took ~ 8 MB0E116 s, mean+SD)
from the time the impala became recumbent aftaimdgrdata recordings started.
Data were recorded for 4 min before injection @tign time = 0 min) of the
experimental drugs or controls, and for 18 minrafigection. A 0.5 ml auricular
arterial blood sample was drawn 2 min before, arg 40, and 18 min after the
injection (these time intervals were selected arprithe catheter was flushed with 5
iu/ml heparinized (Heparin, Intramed, Johannesburg, S&iiita) saline. Directly
after each sample was drawn, we measured theadpartial pressure of oxygen
(PaQ) and carbon dioxide (PaGYusing a pre-calibrated blood gas analyzer with

pre-calibrated blood gas cassettes (Roche OPTI B&a#yzer + OPTI cassette B,
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Kat Medical, Johannesburg, South Africa). Artesainples were corrected for body
temperature.

During the data recording period, the impala’s nmgats were recorded and
assigned a score (see Table 2). At the end okttwrding period, all instruments
were removed and the impala were returned to bweiras, where the action of
etorphine was reversed by injection of 0.096 mglikgenorphine hydrochloridev.
(M5050, Novartis, Johannesburg, South Africa). gitdil stop-watch was used to

record the time that it took for the impala to stafter reversal.

TABLE 2. Description used to score the movements of thapala during the
immobilization

Movement score Description

no movement
movement of the ear or tail
movement of the ear and tail
movement of the leg or head (with or without ¢lae or tail)
movement of the leg and head (with or withouteheor tail)
whole body movement with no attempt to stand
whole body movement with an attempt to stand

OOk~ WNREFO

Ambient dry-bulb temperature and relative humiavigre recorded by a data
logger (Hobo HO8-007-0®nset Computer Corporation, Pocasset, MA, USA) twhic
was placed in the boma where the experiment toaseplambient temperature ranged
between 18 °C and 34 °C and water vapour pressiveebn 4.5 and 40.5 mmHg.
Barometric pressure, which ranged from 642 mmH@5® mmHg, was measured by
the on-board barometer of the blood gas analyzeichwve had calibrated against a

Fortin mercury barometer (On, F.D & Co Ltd, Unit€sthgdom).
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Data analysis

We used GraphPd@rism version 4.00 for Windows (GraphPad Softw&en Diego,
USA) for statistical analyses. The alveolar-arleviygen partial pressure gradient
(A-a gradient) was calculated for an open systasngtant pressure) from the formula:
FiO, (Pb — PHO) — PaCQ@- PaQ (Dill and Penrod, 1948), where Fi® the

fractional inspired oxygen (0.209), Pb the measbedmetric pressure (mmHg) and
PH,O the water vapour pressure of saturated air imtyeoli. PHO (mmHg) was
calculated as 4.58 e{(17.27Tb)/(237.3 + Th)}(Banmerp 1974), where Tb is the body
temperature. We assumed that the partial pres§@©g0in the alveoli was equal to
the arterial partial pressure of gRiley et al., 1946; D' Alonzo and Dantzker, 1983;
Lumb, 2005).

The change in PaOQPaCQ and A-a gradient were calculated by subtracting
post-injection values from the values measuredrairbefore the injection of the
agents and controls, while changes in respiratig, minute ventilation, tidal volume,
peripheral haemoglobin oxygen saturation (mean fiteertwo measurement sites)
and median movements were calculated by subtraptisginjection values from the
average value measured 4 min pre-injection. Aredeuthe curves, depicting a
change in response over time, were calculateddtwden 1-3, 4-10 and 11-18 min
post-injection (these time intervals were seleetgiori), for minute ventilation,
respiratory rate, tidal volume, peripheral haembigilamxygen saturation, respiratory
exchange ratio (RER) and median movements. Fonpre data a one-way
analysis of variance (ANOVA) followed by a Studé&guman Keuls (SNK) post-hoc
test was used to test for differences in the chemgblood gas variables, A-a
gradients, time to recumbency, time to standing,also for differences in areas

under the curves, between responses to injectadikr wloxapram, metoclopramide
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and buspirone and for differences between respdosagctable water, DMSO and
pimozide. For non-parametric data a Kruskal-Wadst with post-hoc Dunn’s
multiple comparison test was used to test for tlif$erences in the areas under the
curves for median movements. To determine if mefmelmide or buspirone effects
were different to those of the known respiratomnatant doxapram within the first 3
min after injection, a Student’s unpaireteést was used for all the parametric
variables, except for changes in movement (nonrpeiéc data), where a Mann-
Whitney test was used. All results are reportechean+SD, and BR<0.05 was

considered statistically significant.

RESULTS

Effects of etorphine

Etorphine (0.071+0.005 mg/kg) induced immobilizatR23+86 s after
darting. The time from darting to immobilizatiomnge to recumbency) did not differ
between the trial day$€0.54,P=0.66), hence we assumed there to be no
accumulative effects of using etorphine repetitivael a 72 h interval. The impala
remained sedated and recumbent for the duratiom({@Rof each trial. At the start of
our recording period, 8-10 min after the impalaarme recumbent, peripheral
haemoglobin oxygen saturation was 763 %, P43 mmHg, PaC©51+2 mmHg,
A-a gradient 34+1 mmHg, minute ventilation 10.9+0rBin, respiration rate was
13+1 breaths.min, tidal volume 0.8+0.1 |, and the impala were Btate of anaerobic
metabolism with RER = 1.04+0.04; these values diddiffer across the trials
(P>0.22). The rectal temperatures at the start airokeg were 39.8+3 C and at the
end 39.4+3 C, and the profile of the change in emajure was the same for all the

trials.
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After injection of water, peripheral haemoglobinygen saturation increased
gradually by 67 % (Fig. 3A), Pa®y 5.3+5 mmHg (Fig. 1A) and RER by
0.09+0.01 over 18 min. These changes in periple@imoglobin oxygen saturation
and Pa@appeared not to be associated with the effecas aficrease in respiratory
rate, minute ventilation or tidal volume (Fig. Byt rather to an improvement in the

A-a gradients with time (Fig. 1C).

Effects of doxapram

When doxapram was injected, after etorphine imnmdtibn, Pa@increased
by 8£7 mmHg (Fig. 1A) and peripheral haemoglobiggen saturation increased by
9+9 % (Fig. 3A) by 3 min and remained at similardks at 10 and 18 min after
injection. Compared to water, the increases inJRaf peripheral haemoglobin
oxygen saturation were significant only in thetfBamin after the injection of
doxapram (Pa@pF=3.9,P<0.05, peripheral haemoglobin oxygen saturakiea.2,
P<0.05). Increases of Pa@nd peripheral haemoglobin oxygen saturation were
accompanied by both an improvement in the A-a gradiFig. 1C) and an acute
increase in minute ventilation (Fig. 2B); in thesfi3 min after injection, both the A-a
gradient F=4.2,P<0.05) and minute ventilatiofr€3.1,P<0.05) were increased
compared to water. Although the increase in minetgtilation was significant,
doxapram did not decrease the Pa@>-2.1,P>0.05) within the first 3 min or

thereafter.

Effects of metoclopramide and buspirone
Compared to water, injections of metoclopramide launspirone both were

followed by increased Pa@t 3 min after injectiond=3.9,P<0.05; Fig. 1A);
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metoclopramide increased the Bd® 7.5+6.3 mmHg and buspirone by 6+6.6
mmHg. Although Pa@increased further at 18 min (metoclopramide 11+86m@Hg,
buspirone 9.3+9 mmHg), the change in Pa@s not different from water at 10 and
18 min >0.31). Metoclopramide increased the respiratoi irathe first 3 min after
injection F=3.0,P<0.05; Fig. 2A,). Following metoclopramide and hiuspe
injection, the increase in Pa@as accompanied by improvement in the impala’s A-a
gradients at 3 min (metoclopramide -5+4 mmHg, amsbirone -3+5 mmHd;=1.4,
P<0.05; Fig. 1C).
Effects of pimozide and DMSO

Compared to water, pimozide did not change the;RBiQ. 4A), PaCO2,
minute ventilation (Fig. 4C), the peripheral haeinbm oxygen saturation or the A-a
gradient, but did increase the respiratory ratienfirst 3 min after injectionF=6.8,
P<0.05; Fig. 4B,). However, there was no differeheenveen pimozide + DMSO, and
DMSO on its own £=6.8,P>0.05; Fig. 4B). Compared to water, DMSO increased

the respiratory rate in the first 3 min after igeiction £=6.8,P<0.01; Fig. 4B).

Comparison of the effects of metoclopramide or buspne versus doxapram
Metoclopramide’s effects on the respiratory vamgath the first 3 min after
injection were not different to those of doxaprdma@ changeP=0.84, PaC@
changeP=0.30, A-a gradient chand®=0.57, peripheral haemoglobin oxygen
saturation change=0.25, respiration rate change0.32, minute ventilation change
P=0.50, change in RER=0.28), except for tidal volume which was small¢era
metoclopramide injection than after doxapram inggc{P=0.01). Similarly, in direct
comparison to doxapram, buspirone’s effects omélpiratory variables in the first 3

min after injection were not different from thodedoxapram (Pa©changeP=0.56,
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PaCQ changeP=0.48, A-a gradient chand®&=0.94, peripheral haemoglobin oxygen
saturation change=0.07, respiratory rate change0.65, minute ventilation change
P=0.21). In this case there was no difference ircti@nge in tidal volumePE0.77),

but the change in RER was low&=0.03) with buspirone than with doxapram.

Effects on immobilization

Metoclopramide caused an increase in movement jpélnd-10 min after its
injection (P<0.05; Fig. 3B,). There were no other differencesvMeen the movement
caused by doxapram, metoclopramide, buspirone enozpe during any time

period.

Effects post-immobilization

Diprenorphine completely reversed the immobilizeftgcts of etorphine and
the impala were standing within 28-59s after ijsation. Doxapram, metoclopramide
and buspirone did not affect the time to stand®w(49), nor did they alter post-
immobilization behavior; the impala showed normabrdinated movements, social
behavior and normal appetite after the use of tesgs. Earlier injection with
DMSO (59425 s) and pimozide (38419 s) also didaftect the time to standing
(F=2.4,P=0.12). DMSO did not alter post-immobilization betwa, but pimozide
caused incessant restlessness and hyperactivésh(gia), uncontrolled mouth
movements (tardive dyskinesia), a stiff gait artdaked-under stance with muscle

tremors (parkinsonism) in some of the animals.
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Figure 1. MeantSD change in arterial partial pressure ogexy(A), arterial partial
pressure of carbon dioxide (B) and alveolar artenigigen partial pressure gradient
(C), in impala immobilized with etorphine, in rese to injection (time = Q). of
injectable water (n=10), doxapram (1 mg/kg, n=6@taulopramide (10 mg/kg, n=6)
and buspirone (0.05 mg/kg, n=8)Rx0.05 doxapram vs. water, Bs0.05
metoclopramide vs. water andRx0.05 buspirone vs. water (one-way ANOVA with

post-hoc SNK test).
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Figure 2. MeanzSD change in respiratory rate (A), ventilatiByp and tidal volume
(C), in impala immobilized with etorphine, in rese to injection (time = Q). with
injectable water (n=10), doxapram (1 mg/kg, n=63teunlopramide (10 mg/kg, n=6)
and buspirone (0.05 mg/kg, n=).Rx0.05 doxapram vs. water andMx0.05

metoclopramide vs. water (one-way ANOVA with postSNK test).
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Figure 3. MeanzSD change in the percentage of peripheral bgkxin oxygen
saturation (A) and median movements (B), in impalisobilized with etorphine, in
response to injection (time = 0). with injectable water (n = 10), doxapram (1
mg.kg", n = 6), metoclopramide (10 mg/kg, n=6) and buspr(0.05 mg/kg, n=8). a,
P<0.05 doxapram vs. water and”?%0.05 metoclopramide vs. water (one-way
ANOVA with post-hoc SNK test for £saturation changes and Kruskal-Wallis test

with post-hoc Dunn’s multiple comparison test foanges in movement).
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Figure 4. Mean+SD change in arterial partial pressure of exyA), respiratory rate
(B) and ventilation (C), in impala immobilized widtorphine, in response to injection
(time = 0)1.v. with injectable water (n=10), DMSO (n=5) and pinaei1 mg.kd,

n=8). a,P<0.05 DMSO vs. water and B<0.05 pimozide vs. water (one-way

ANOVA with post-hoc SNK test).
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DISCUSSION

We have shown that the opioid-induced hypoxia ticaurs during chemical
immobilization of a wild antelope can be partiagywersed by administration of drugs
that have serotonergic actions and which curremrtyavailable to veterinarians. At a
dose at which it immobilized our impala, the opietdrphine caused respiratory
depression. Hypoxia was the most severe in thiesingen minutes of recording (that
is, up to 15 min after darting), but the respirtaairiables gradually improved over
time. However, the animals still remained clinigdilypoxic (Pa@< 60mmHg,
percentage peripheral haemoglobin oxygen saturati®®so) up until the end of the
immobilization. Metoclopramide and buspirone immgdthe respiratory function of
the impala such that Pa@vels increased within the first three minutderaihjection.
These two drugs, which act at different 5-HT reoeptboth appeared to attenuate
hypoxia by improving oxygen exchange in the luragsindicated by the decrease in
the differences between alveolar and arterial @igptessures of oxygen (Fig. 1C),
presumably by improving ventilation-perfusion ratiélthough neither drug
measurably improved minute ventilation, it appedhad metoclopramide did exert
some effects on respiratory control, as it inijiaficreased respiratory rate (Fig. 2A).
This increase in respiratory rate, however, wasm@aganied by a decrease in tidal
volume, such that minute ventilation did not ineeand PaCfQevels remained
elevated (Fig. 2 and 1B).

Like metoclopramide, pimozide also did not impronmute ventilation but it
did increase respiratory rate (Fig. 4). Howevegstheffects on respiratory rate did
not appear to result from any pharmacological &gt pimozide on central

respiratory control, but rather were effects oéating its solvent DMSO; DMSO
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alone increased respiratory rate (Fig. 4B) to atgreextent than when pimozide was
dissolved in DMSO.

The respiratory effects of doxapram, the standard dsed by veterinarians to
reverse respiratory depression in animals, weréasino those of metoclopramide
and buspirone (Fig. 1 and 2). However, doxaprameased minute ventilation over
the first three minutes of immobilization, but tinsrease was not accompanied by a
decrease in PaG@t 3 min. The disparity may have arisen becausefteets of
doxapram on minute ventilation were confined tmaunte spike that occurred in the
first minute after its injection (Fig. 2B). The msatory effects of metoclopramide
and buspirone essentially did not differ to thokdaxapram, except that
metoclopramide decreased the tidal volume and rspied to a smaller increase in
the respiratory exchange ratio.

Both metoclopramide and buspirone improved resmiydunction in impala
immobilized with etorphine without reversing catsitoimmobilization,a necessity if
the agents are to be used to improve respirationglchemical immobilization of
wild animals. However, metoclopramide caused soresal, evident as more body
movement during the immobilization (Fig. 3B). Thi®usal appeared not to be in
phase with the changes in respiratory function (e Fig. 3B to Fig. 1, 2) and was
no different to the arousal and subsequent movesrikat followed doxapram
injection. Thus we have shown that administratibthe clinically-available drugs
metoclopramide and buspirone, which have serotoameftgcts, improved the
respiratory status of opioid-immobilized impalapapently predominantly by
improving ventilation-perfusion ratios, without exging catatonic immobilization.

Buspirone had little effect on the impala’s minuéatilation, a finding similar

to that seen in humans after oral doses of buspifOertel et al., 2007). However,
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buspirone improved arterial blood oxygenation, pneably via an improvement of
the ventilation-perfusion ratio, a finding simitarthat observed in immobilized goats
which received the 5-HF agonist 8-OH-DPAT (Meyer et al., 2006). In godiss
effect was believed to be brought about by 8-OH-DRAactivation of 5-HF

receptors (Meyer et al., 2006). However, becauseimne has very little 5-HT
activity (Pittala et al., 2007) we speculate thaltqponary perfusion was improved by
decreasing pulmonary sympathetic tone via the atitin of 5-HT A receptors in the
central nervous system (Dabiré et al., 1990; SagedaVillalén, 1990; Zwieten, 1996;
Ootsuka and Blessing, 2003). We believe that opalenhad high sympathetic
activity, and hence pulmonary vasoconstriction &tz and Hyman, 1973; Lumb,
2005), because of the stress of capture (Meltzé:Kack, 2006), the pharmacological
effects of etorphine (Roquebert and Delgoulet, 1988d the associated hypoxia and
hypercapnia caused by etorphine-induced respira®pyession (Heard et al., 1990;
Heard et al., 1996). Further evidence that the 5+#d@eptors may not be involved in
pulmonary perfusion is that the 5-FHagonist pimozide did not improve the A-a
gradient or arterial blood oxygenation in our ingpalso, contrary to what we might
have expected given the ability of 5-fHdctivation to restore normal neuronal activity
in opioid-induced apnea in rats (Richter et alQ20pimozide did not increase
respiratory rate compared to its solvent, DMSO.ddktpramide also increased
arterial blood oxygen concentrations apparentlyg alsimproving the ventilation-
perfusion ratios, and not by improving minute viation. Like the beneficial effect of
buspirone, that of metoclopramide might be attablg to an increase in pulmonary
perfusion, because 5-H&agonists cause potent venodilation in ruminantnoulary

veins (Cocks and Arnold, 1992; Morcillo and Cortij®99).
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In summary, we have shown that readily availablrpiaceutical agents
(metoclopramide and buspirone) with serotonergimas can be used to improve
blood oxygenation in animals with opioid-inducedpiatory depression and
hypoxaemia. Although these agents did not complee=olve the hypoxaemia, and
although there may be other better ways of imp@Wlood oxygenation (i.e., using
oxygen insufflation), our findings have a signifitgotential practical importance
considering that these agents, and other more tiarcgpecific serotonin ligands, may
be included in a dart where they would have thigéces in the period immediately
after the animals become recumbent, a period whenetspiratory depressant effects
of the opioids are most severe and often at awhen a veterinarian is yet to attend
to the animal. Our data show that serotonergiatigecan partially improve but
cannot eliminate opioid-induced hypoxia, and these exists further opportunity to
improve respiratory function and blood oxygenaim®animals under opioid
immobilization. We believe that efforts to do s@shl focus not only on improving
ventilation but also on further improving pulmongmsrfusion and ventilation-

perfusion ratios.
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Ungulates are genetically programmed to react yofam of danger in a manner that
both psychologically and physiologically prepatesm to escape. In nature, their
danger usually is in the form of a predator attacld usually exposure to this danger
is short-lived, either because it is fatal or ameh escapes. However, during capture
procedures not only is the danger novel, and nikelylvery threatening, but it also is
prolonged over a duration that often is longer thatural fleeing times. Therefore,
the psychological and physiological reaction totaegpmay be excessive, and the
capture most likely causes one of the most chalengpisodes that could occur in a

wild ungulate’s life.

In the past very crude methods were used to capiiloleanimals; often these were
centred on trapping, handling animals while theyeasonscious, and chasing animals
to exhaustion (Harthoorn 1976; McKenzie 1993). Bhe®thods resulted in a high
incident of mortalities. Over the past few decachgsture procedures have been
refined and new techniques have been introduced $o reduce mortalities. One of
the major advances in game capture took placesii@#60’s with the introduction and
use of highly potent opioid drugs, which inducepid reversible catatonic
immobilization when small volumes of drugs are usea dart (McKenzie 1993).

This advance allowed for the reduction of fleeiimgets and reduced the number of
animal mortalities during capture operations (Kethkl. 2006; Swan 1993a).
However, chemical capture of animals is costly immgractical when large numbers
of animals need to be captured. Therefore massi@afgchniques for capturing large
numbers of animals without the use of capture dwgye developed. Over time these
techniques have been advanced and refined, andttbduction of long-acting

neuroleptics, which are given to animals post aaptteduced transport and boma
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stress and also the incidence of capture myop&bgdes et al. 1996; McKenzie
1993). However, even though these advances haveweg capture procedures, and
reduced mortality rates, significant morbidity andrtality still occurs. In the
research for my thesis, | endeavoured to gaintebabhderstanding of some of the
effects of capture on ungulates and to determinethrdr novel approaches could be

used to reduce or reverse some of these captaiededide-effects.

Although the topics of my thesis, capture-inducgpdrthermia and opioid-induced
respiratory depression, are distinct, both can oiccoapture procedures, and both
cause a negative oxygen balance which causes @alaioi metabolize anaerobically.
Because anaerobic metabolism of a prolonged duratiy be harmful and lethal to
an animal, | focused on improving the understandingapture-induced hyperthermia,
the effects of opioids on respiratory function @utinonary performance, and the
treatment of opioid-induced respiratory depressiturrently, the physiological
responses during capture are not well understocduse few continuous and
accurate measurements of physiological variablee baen made. Therefore

| focused on accurately measuring body temperandecardiorespiratory variables

before, during and after capture procedures.

The primary cause of capture-induced hyperthermi@t known, and in the past, it
has been difficult to determine because it was sajtbe to continuously measure
body temperatures in free-living wild animals befaduring and after capture
procedures. To better understand the cause ofreaptduced hyperthermia |
implanted temperature sensitive data loggers wtactiinuously recorded body

temperatures in wild impala (Chapter 2 & 3). Toedletine whether capture drugs
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play a role in capture-induced hyperthermia, impatse captured with and without
immobilizing drugs (Chapter 2). The role of captdrags was assessed further in
Chapter 3 where different pharmacological combaregiof drugs were used to
capture impala. In Chapter 2 and 3 environmentaditmons were measured to
determine whether they influenced capture-induggzetthermia. In chapter 2
activity levels in both chemically and net captuneqbala were assessed to determine
whether activity plays a role in capture-inducegdrghermia. The role of stress in
capture-induced hyperthermia also was assesseldapt€r 2 and 3 by measuring
cortisol levels in captured animals. To furtheresssthe role of stress, impala were
habituated to boma housing and handling (ChapteCiZpter 3 also examined the
interaction between chemical immobilization, captinduced hyperthermia and

opioid-induced respiratory depression.

It is known that opioids cause respiratory depmsand hypoxia when wild animals
are immobilized chemically. These effects have maibuted primarily to a
depression in respiratory rate and pulmonary vatiih (Pattinson 2008; Santiago &
Edelman 1985), leading to the conclusion that #e& breatment of this depression is
to partially reverse the opioids’ effects or adrsiar drugs that improve ventilation
(Meltzer & Kock 2006a; Swan 1993b). However, unlikdthumans, very little is
known about the effects of opioids on cardiopulmgrmeerformance in wild animals.
Furthermore, the reversal agents that currentlyseel to treat opioid-induced
respiratory depression generally also reversentimeabilizing effects of the opioids,
and so are unsuitable for use in capture. Recahtlye has been a novel suggestion
to use serotonergic ligands to reverse opioid-ieduespiratory depression. However,

this suggestion has been based on the effectsaibaergic ligands on neuronal
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function in the respiratory network rather than ¢fffects of these ligands on
cardiopulmonary function and performance, and tieial blood gas variables. To
determine whether serotonergic ligands could bd tseeverse opioid-induced
respiratory depression during chemical immobil@atil used goats in a laboratory
setting (Chapter 4). In these goats | measureddd@ses and other cardiopulmonary
variables to determine the effects of opioids ardt®nergic ligands on
cardiopulmonary function and performance. Followtinig study, | conducted a
similar study in the field, in wild chemically imrbdized impala, to determine if
commercially-available serotonergic ligands cowtdused to reverse opioid-induced

respiratory depression (Chapter 5).

The work described in my thesis has yielded impuanteew insights, | believe, into
the primary cause of capture-induced hypertheranid,the role of physical exercise,
ambient conditions, and drugs in this hypertherttialso has shown that the hypoxia
caused by opioids is not caused solely by the dspre effects of opioids on
respiratory rhythm and pulmonary ventilation btoaland perhaps more importantly
by their effects on pulmonary perfusion and gasiarge. Moreover, | have shown
that serotonergic ligands can be used to reverisédeipduced respiratory depression
and that their effects improve not only respiratdrythm but also oxygen exchange

in the lungs.

6.1 Reduction of capture-induced hyperthermia
Wild animals typically develop hyperthermia whempaed (Cheney & Hattingh
1987; Gericke et al. 1978; Hofmeyr et al. 1973; Ketal. 1987a; Kock et al. 1987b;

Martucci et al. 1992; Montané et al. 2003; Montahal. 2007). The nature of this
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hyperthermia is that body temperature rises ragidiyn the onset of capture and may
continue to rise for up to 30 minutes after captbefore declining. Body temperature
often exceeds 41-42°C, the temperature at whidhlaedamage starts to occur in
most mammals (Grint et al. 2007; Haskins 1995).aBse of the nature and
magnitude of these hyperthermias, the causes arstquoences of capture-induced
hyperthermia have been equated to those of hedkestneat stroke is considered a
potential diagnosis when an animal’s body tempegatas exceeded 40-41°C
(Bouchama & Knochel 2002; Leon 2006; Yan et al.@06leat stroke occurs when
the body’s normal ability to regulate temperatgreverwhelmed by prolonged
exposure to heat, with (exertional heat strokeyitinout strenuous exercise (classic

heat stroke; Bouchama & Knochel 2002; Leon 2006).

Although capture-induced hyperthermia may shareeseimilarities with heat stroke,
it occurs through different mechanisms. Captureraed hyperthermia, for example,
occurs irrespective of the environmental conditj@rsl even when animals are
captured in the cold (Montané et al. 2003; Montaingl. 2007). As | have shown
(Chapter 2 and 3), the magnitude of capture-indinyperthermia is not correlated to
environmental conditions at the time of captursitaation different to that prevailing
in heat stroke. However, it is likely that enviroantal conditions play an important
role post-capture, as they will determine how gaasil animal will lose excessive
body heat to the environment. Additionally, immabilg agents which alter an
animal’s ability to thermoregulate may result irvieonmental conditions influencing

body temperature.
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As for environmental conditions, activity also doed appear to be correlated with
the magnitude of capture-induced hyperthermia (@&}, a situation contrary to
that of exertional heat stroke. There is no doltwyever, that the metabolic heat that
is generated from active muscles will contributeapture-induced hyperthermia, but
its overall contribution may be small (Bakken etl&®99), especially if exercise
duration and intensity is limited during captureqedures. Even if exercise intensity
was high, or extended over a long duration, hygentiia may be small because under
natural circumstances animals dissipate heat efédgtand rarely experience more
than 1-2°C rises in body temperature during exerdfsaan animal severely exerts
itself, a situation which would not occur naturaliyless an animal were to be chased
by a predator or captor, it is likely that a lapgeportion of heat gained could be
attributed to muscle activity. However, without th8uence of stress, normal heat
loss mechanisms would limit the hyperthermia, oaaimal would fatigue before
body temperatures reach lethal limits (Jessen 2GQt)hermore, we observed
precipitous rises in body temperature in capturemhals that did not engage in
strenuous exercise, and also found that animaisviiee chased vigorously, but were
not captured, had hyperthermias of smaller magaithen when they were captured
(Chapter 2). Therefore, activity also does not appe be the primary cause of

capture-induced hyperthermia.

Previously it has been suggested that capture-adibhgperthermia and capture
myopathy are in essence attributable to the saowhemical malfunction as Porcine
Stress Syndrome (Mitchell & Heffron 1982). Althoupigs that suffer from Porcine
Stress Syndrome develop an acute precipitousrrisedy temperature similar to that

of capture-induced hyperthermia, this hyperthersi@ot easily reversed and is
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associated with a genetic predisposition to stnelgsh results in aberrant
metabolism. Additionally, these pigs are genetycptedisposed to developing
malignant hyperthermia (Mitchell & Heffron 1980;83. Capture-induced
hyperthermia, on the other hand, can be reverssly eand it appears not to be the
result of malignant hyperthermia, as it occurs waeimals are captured with or
without exercise, and with or without drugs, anel tihugs that are used have not been
shown to cause malignant hyperthermia (Chapted23anFurthermore, malignant
hyperthermia has been shown not to be the causaptifire myopathy (Antognini et
al. 1996). | also have shown that capture-drugth differing effects on
thermoregulation, do not influence the magnitudeagfture-induced hyperthermia
(Chapter 3). Therefore, the pharmacological progeudf capture-drugs also are not
the primary cause of capture-induced hypertherkhoavever, these drugs may cause
thermal lability during chemical immobilization atfterefore may play an important
role in the changes in body temperature post tii@licapture and after removal of
the initial stressor. Therefore, in environmentdwhigh heat loads, drug-induced
thermal lability may compound capture-induced htipenmia and all efforts should
be made to reduce heat gain in immobilized aninta¢seby reducing the

complications associated with capture-induced Hiyeemia.

| believe that the major factor contributing to thagnitude of capture-induced
hyperthermia is stress. | have shown that individménals react differently to
capture and that their differing stress levelsloagorrelated to the magnitude of the
hyperthermia that they develop (Chapter 2 and B&ve also shown that if animals
are habituated to handling, capture and boma hguieir stress response and

capture-induced hyperthermia becomes blunted (€h&pt In addition, stress
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appears to be the only possible explanation foptkeipitous rises in body
temperature seen in animals captured in confinembate activity levels and
environmental heat loads were low (chapter 2). Alse stress of handling conscious
net-captured animals causes a larger hyperthehamathat caused by high intensity
exercise before net-capture (chapter 2). Furthexpadthough not describe in the
publications of this thesis, | have noticed simiigperthermias in impala which were
disturbed by the presence of humans but were rastachor captured; similar
disturbance-induced hyperthermias have been dodechénwild penguins (Regel &
Putz 1997). Therefore, | concluded that the printanyse of capture-induced
hyperthermia is stress, and | propose that the matgof this stress-induced
hyperthermia exceeds that of exercise-induced aviohply all other hyperthermias

that may occur during capture.

Although stress is the predominant cause of caphaheced hyperthermia, it is still
unclear what the mechanisms are that cause theasein heat production in stress-
induced hyperthermia. Therefore, until such tine these mechanisms are
understood, and alternative approaches can be ggdpthe best method of reducing
capture-induced hyperthermia is to reduce stressfuuli and the perception of

stress during capture procedures.
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6.2 Opioid-induced respiratory depression and itseversal

Opioid-induced respiratory depression is a comnweese event that occurs when
wild animals are immobilized chemically (McKenzi89B; Meltzer & Kock 2006Db).
The primary signs of opioid-induced respiratory @sgion are believed widely to be
brought about by the depressive effects of opiomsespiratory neuronal function,
which results in a depression in rhythmogenesispamghonary ventilation
(McCrimmon & Alheid 2003; Pattinson 2008; Santid&&delman 1985), in turn
causing hypoxia and hypercapnea (Lumb 2005). Icih@mically immobilized goats
and impala, | found that the opioid etorphine cdusgooxia and hypercapnea
(Chapter 4 and 5). However, the partial pressufresygen were not indicative of a
pure hypoventilation, but also were related to @elgse in transmembranal oxygen
exchange, as revealed by an increase in the gtaufihme partial pressures of oxygen
between the alveoli and arterial blood (A-a gragidmssumed that the decrease in
oxygen exchange was brought about by a ventilgefusion mismatching, caused
predominantly by a decrease in pulmonary perfusidtiough I did not measure
pulmonary blood flows or pressures, my assumptiogr® based on the findings that
etorphine causes pulmonary vasoconstriction (Hetall 1996) and chemical
immobilization causes systemic sympathetic activa{Meltzer & Kock 2006b;

Roquebert & Delgoulet 1988).

As expected, most of the serotonergic ligandslttested in goats and impala
improved opioid-induced depression of respirattigtiimogenesis, a finding similar
to that in rats (Manzke et al. 2003; Richter eR8D3; Sahibzada et al. 2000). This
improvement in rhythmogenesis increased respiratag; but it did not necessarily

improve ventilation. In goats (Chapter 4) | fouhdttthe distinct rhythmogenic
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effects of the 5-Hjxand 5-HT, agonists 8-OH-DPAT had no effect on ventilatios, a
the PaCQremained elevated, but it did improve the P&@ough improving oxygen
exchange. Initially | speculated that the improvatref oxygen exchange was
brought about by 8-OH-DPAT's actions on 5-H€&ceptors in the pulmonary
vasculature, which would have caused vasodilatgtorecroft & MacLean 1998).
However, in impala (Chapter 5), when | tested sy, which does not activate 5-
HT7 receptors, but is an agonist at 54{fleceptors, oxygen exchange also was
improved. In addition, | found that pimozide (Chapb), an agonist of 5-HT
receptors, did not improve oxygen exchange or #@®,Rand nor did it improve
rhythmogenesis as previously suggested for raasettlewith 8-OH-DPAT (Richter et
al. 2003). Therefore | conclude that the benefiefédcts of the 5-HTa agonists 8-
OH-DPAT and buspirone during chemical immobilizatexre not through their
rhythmogenic effects but rather through their éffean pulmonary blood flow, which
| believe is brought about by their ability to reduisympathetic tone (Blessing 2004,

Dabiré et al. 1990; Ootsuka & Blessing 2003; Sax&Néllalon 1990; Zwieten 1996).

The 5-HT, agonist zacopride did improve ventilation; it dessed the PaGan
chemically immobilized goats (Chapter 4). It alsgproved oxygen exchange, an
effect which most likely can be attributed to 544ifiduced venodilation in the
pulmonary vasculature (Cocks & Arnold 1992). In atgp(Chapter 5), the 5-HT
agonist metoclopramide also improved oxygen exchamgl the Pabut it did not
improve ventilation. Therefore the beneficial etéeof 5-HT, agonists are similar to
those of the 5-Hia agonists in that they improve oxygen exchangedbpending on
the agonist, or the species it is used in, they mlay have the added advantage of

improving ventilation.



125

Importantly, neither the 5-HiTor 5-HT;4 agonists reversed the immobilizing effects
of the opioid etorphine. Furthermore, as showrhiapter 4, if they are combined with
the opioid, they have the added benefit of redutiiegtime that the animals take to
become recumbent, an effect that could be attribitteserotonin’s role in catatonia,
catalepsy and motility (Broekkamp et al. 1988; @& Naylor 1975). The decrease
in time to recumbency is not only important in nmakcapture operations more
efficient, but is vital, as shown in chapter 3raalucing the animal’s exposure to a
stressor, and subsequently reducing the magnitiite @apture-induced

hyperthermia, thus further reducing metabolism famther oxygen demand.

6.3 Recommendations and conclusions

Although stress-induced hyperthermia is a well doeated occurrence, little is
known about the mechanisms involved in its genenaiOka et al. 2001; Olivier et al.
2003; Vinkers et al. 2008). Because stress is amfiagtor in capture-induced
hyperthermia, | believe that stress-induced hygentlia is a major component of
capture-induced hyperthermia. Therefore, gainibgtter understanding of the
mechanisms involved in stress-induced hyperthemaig help future attempts at

limiting capture-induced hyperthermia.

At present, what is known about stress-induced ttlgpemia is that anxiolytic drugs
reduce or abolish its occurrence in mice (Bouwknetlal. 2007; Olivier et al. 2003;
Vinkers et al. 2008). Anxiolytics which have 5-kTagonist effects primarily have

been shown to antagonise stress-induced hyperthénmodents (Lecci et al. 1990;

Ootsuka & Blessing 2003). These anxiolytics mayniygortant agents to include in a



126

cocktail of drugs used to dart an animal as they raduce capture-induced
hyperthermia and at the same time improve bloogjemyevels. Other anxiolytics
that antagonise stress-induced hyperthermia, amchvitave not been tested for this
purpose in ungulates, are the benzodiazepines;aadrenoreceptor antagonists
(Bouwknecht et al. 2007; Oka et al. 2001; Olivieale 2003). It is also worth noting
thatoy-adrenoreceptor agonists angtdhtagonists, which are classes of drugs
commonly used as sedatives and tranquilizers deapgure, do not antagonise
stress-induced hyperthermia (Bouwknecht et al. 2Q0ivier et al. 2003). Similarly,
opioids and their antagonists also are not effectimd neither are anti-pyretics

(Bouwknecht et al. 2007; Olivier et al. 2003; Vinket al. 2009; Vinkers et al. 2008).

In addition to little being known about the meclsams involved in the generation of
stress-induced hyperthermia, little is known alibateffects of capture-induced
hyperthermia on an animal. Currently most deattss-papture are attributed to
capture myopathy and although hyperthermia has ineglicated as contributing to
the pathology of capture myopathy (Antognini etl&l96; Cheney & Hattingh 1987;
Gericke et al. 1978; Meltzer & Kock 2006b), itseaieeds to be elucidated. If deaths
post-capture are attributed, by default, to captoyepathy, other pathologies related
to hyperthermia may be missed and the importantesafing or preventing
hyperthermia may be overlooked. For example, hizeentia may induce other lethal
pathologies like endotoxic shock and a systemiamimatory response which may
lead to multiple organ dysfunction (Bouchama & Knelc2002; Leon 2006; Yan et al.
2006). Furthermore, anorexia and the inabilityda to new environments post-
capture, which is a major concern in some speegscially white rhino in bomas

(McKenzie 1993), may have its origins in the captprocess where hyperthermia
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may cause gastrointestinal damage with subsequdot@aemia and cytokine
release (Leon 2006; 2007). This process is knovwratise a post-hyperthermic fever
(Leon 2006; 2007) and sickness behaviour whichnegllt in anorexia and
depression (Maier & Watkins 1999). Therefore, fatstudies should investigate the
effects of hyperthermia during and after captune, effective treatments of

hyperthermia should be established.

Future studies should also investigate the tredtiethe other systemic adverse
effects of hyperthermia and stress. A consequdratd have not investigated in my
thesis, but which also is of utmost importancehéacidotic effect of hypoventilation
and stress-induced and hyperthermia-induced anaer@iabolism. Acidaemia has
been implicated in causing per-acute deaths dwapgure, as it causes
hyperkalaemia and myocardial dysfunction (Harthd®#6). Acidaemia has also
been implicated in causing pulmonary hypertensiterthoorn & Young 1976).
Although bicarbonate treatment normalises potassoncentrations (Gericke &
Belonje 1975), decreases pulmonary hypertensiorttiblarn & Young 1976), and
reduces mortality (Harthoorn et al. 1974; Hartho&roung 1976), currently it is
not often used post-capture. Therefore future stushould also readdress the

treatment of acidaemia.

An increasingly common practice in the field isaiminister or insufflate oxygen to
chemically immobilized animals that exhibit opioitduced respiratory depression
(Bush et al. 2004; Kock et al. 2006). Essentidlig practice corrects hypoxia, but it
also may be helpful at reducing anaerobic metamodiad metabolic acidosis in

hyperthermic and stressed animals. Although oxyygplementation and
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insufflation may reduce metabolic acidosis, it witit correct respiratory acidosis, but
it may compound it by reducing hypoxic respiratdrive and ventilation (Paterson et
al. 2009). Another disadvantage is that it cangygied to an animal only once an
animal is fully immobilized and an oxygen cylinderavailable at the animal’s side.
Oxygen cylinders are cumbersome in the field, esfigdf more than one cylinder is
needed. Therefore, although it is helpful, it i$ alevays practical to administer or
insufflate oxygen to animals with hyperthermia espiratory depression.
Additionally, | have found that respiratory depiessis most severe directly after an
animal becomes recumbent, at a time when humadsygmen cylinders, are not yet
at an animal’s side. Therefore, it would be ideahave a drug that could be
incorporated in a dart that would reduce captuderted hyperthermia and prevent
respiratory depression. | believe that serotondig@nds have the potential to fulfil
both these requirements. Serotonin not only playsgor role in the control of body
temperature (Bligh 1979; Cremer & Bligh 1969), batl have already mentioned,
some of the anxiolytic serotonergics have the tgltii antagonise stress-induced
hyperthermia. Furthermore, serotonergic ligands ajgpear to enhance the ability of

the opioid drugs to immobilize the animal rapidlg, shorten the “knock down” time.

Contrary to what previous investigators may haweiad, as | have found, the
positive rhythmogenic effects of the serotonergjarids do not necessarily translate
into an improvement of ventilation. My research dat reveal why not. It may be
that the ligands that | used were not all that gjogfor the target receptor or may not
have been potent enough. It could also be thgbdk#@ioning of the animal, and the
catatonic effects of the opioids, limited the degptibreathing. However, what is clear

is that the ligands that | used did have an impbrdfect on pulmonary performance
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and they did improve blood oxygenation by improvirapsmembrane oxygen
exchange. Improvement of oxygen exchange, presynbglimproving pulmonary
perfusion, may be the most important way of comgcblood oxygen pressures
during chemical immobilization, and any other pidwwe where opioids are used. The
serotonergic ligands that | used did not entiretore the A-a gradients, so it appears
that there is further scope to improve pulmonamjyston and oxygen exchange.
However, it is essential to first establish what thechanisms are that cause this
reduction in pulmonary perfusion. Currently we knthat immobilizing opioids

cause pulmonary hypertension (Heard et al. 1996hdwv they have this effect is not
known. In some species, the effect is mediatedpyid-induced release of histamine
(Hakim et al. 1992), but this effect does not odgouall species (Lumb 2005).

Another important cause of pulmonary hypertensespecially during capture, could
be related to the activation of the sympathetivmes system (Harthoorn & Young
1976; Heard et al. 1996). Opioids too may haveectleffect on the pulmonary
vasculature, or may cause indirect vasoconstridijonausing localized hypoxic-
induced pulmonary vasoconstriction. Once the meshars established, future
investigations should determine whether blood orggien can be further enhanced
by further improving pulmonary perfusion. Furthemagat is also important to
determine whether agents that improve ventilatimh @xygen exchange also improve
tissue perfusion and tissue oxygenation. Thesetsffaay be particularly important

in muscle, the organ primarily affected during capt(Harthoorn 1976).

To conclude, | have shown that capture-induced tlgpemia is caused
predominantly by stress rather than by the effettshysical activity, environmental

conditions, or the pharmacological effects of thptare drugs. | suggest that limiting
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the magnitude and duration of this hyperthermiaiireg minimising the time an
animal is exposed to a stressor, i.e., the time fiicst encounter until the animal
becomes sedated and chemically immobile or confitieshimals are not
immobilized but are confined in a foreign envirompesteps should be taken to
reduce further exposure to stressors. If anim&<hased before capture, steps also
should be taken to limit additional heat productiyndecreasing the length, duration
and especially the intensity of pre-capture exerdiestricting capture to cool times
of the day, or cool months of the year, will nobtect animals from developing
capture-induced hyperthermia; contrary to the fotk amongst capture teams. To
reduce capture-induced hyperthermia, and its assatmorbidity and mortality,
capture techniques that invoke lower stress regsosisould be used. Additionally,
the pharmacology of the drugs that are used taioajginimals, if they do not have
anxiolytic effects, will not directly influence cape-induced hyperthermia, but drug
cocktails should be selected so as to restrict éintedistances to recumbency,
thereby limiting the stress and metabolic heat petidn. However, in some species
the drugs with the best knock down times have tkatgst respiratory depressant
effects, and therefore caution should be exeraigezh selecting drugs based purely

on their immobilizing properties.

Therefore, drug cocktails also should be selea#dvfing consideration of their
respiratory depressant effects, and once an amnmaimobilized it should be
monitored to track whether it develops hypoxiat Hoes develop hypoxia
appropriate steps should be taken to reduce tipiexig. One of these steps would be
to administer serotonergic ligands which have agjafiects at 5-Hfand 5-HT

receptors. Although no serotonergic ligands aresteged for use in wildlife, the two
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serotonergic drugs buspirone and metoclopramide&hndre available readily for
clinical use in man and other mammals, could be afiextra-label. These drugs,
and the other serotonergic ligands that we tesi@ek the ability to improve
respiratory rhythmogenesis but their main bendfeect was not that of improving
ventilation but rather of improving oxygen exchangesumably by improving
pulmonary perfusion and ventilation perfusion ratiobelieve that the effectiveness
of these drugs at reversing opioid-induced regmiyatepression during chemical
immobilization will be fully realised when the duigre included in a dart, so that
their rhythmogenic effects and their effects omparary perfusion will occur right
from the onset of chemical immobilization. Additally, | have shown that
serotonergic ligands can enhance catatonic imnzalitin and therefore their use in a
dart may also improve “knock down” times, therebglucing stress and capture-
induced hyperthermia. However, future studies mekd to investigate this action

further.

Although | have shown that serotonergic ligands gamially improve opioid-induced
hypoxia, they did not eliminate it, so there exeslarge scope to further improve
respiratory function and blood oxygenation in arignander opioid immobilization. |
believe that efforts to do so should focus not amyimproving ventilation but also
on further improving pulmonary perfusion and vettdn-perfusion ratios. These
effects and other efforts to reduce capture-induggeerthermia hopefully will reduce

the morbidity and mortality associated with capture
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