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Abstract 

The heart is a critical life support organ of vertebrate animals, responsible for driving the circulatory 

system that delivers oxygen to the cells that operate aerobically. The concept of symmorphosis 

suggests that animals should be designed economically, and that building and maintaining excess 

structure represents a waste of resources that should be selected against during a species’ evolution. 

Therefore, the cost of the circulation in supplying oxygen to the rest of the body should be 

proportional to the rate at which the body consumes that oxygen during maximal aerobic 

performance. Consequently, the cost of the circulation should be a constant proportion of an animal’s 

total metabolic costs, regardless of the size of the animal. However, there is some evidence to suggest 

that the relative cost of the circulation actually increases with the size of the animal. Unfortunately, 

despite its importance, heart work (approximated as the product of cardiac output and mean arterial 

pressure), which represents the overall cost of the circulation, has rarely been measured. This purpose 

of this thesis is to add to the scant data surrounding the relative cost of the circulation, and measure 

heart work in several species of wild mammals spanning a 20-fold body mass range, under both resting 

and maximal conditions.  

The animals of interest were 6 species of wild African antelope ranging in body mass from the 

12 kg common duiker (Sylvicapra grimmia) to the 230 kg common eland (Taurotragus oryx). However, 

obtaining cardiorespiratory data from the antelope involved several invasive procedures, and 

therefore necessitated chemical immobilisation. Unfortunately, immobilizing drugs can have adverse 

effects on the cardiorespiratory system, potentially yielding data that do not accurately represent the 

normal, resting state. Therefore, in Chapter 2, it was hypothesized that these adverse effects could be 

ameliorated by reversing the immobilizing agent while holding the animal under general anaesthesia. 

Habituated sheep (Ovis aries) and goats (Capra hircus) were used as models for antelope, and their 

cardiorespiratory function was measured under three conditions: (1) mild sedation (midazolam), as a 

proxy for the normal resting state, (2) immobilization (etorphine and azaperone), and (3) general 
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anaesthesia (propofol) followed by etorphine antagonism (naltrexone) were measured. Cardiac 

output for the sheep and the goats both remained unchanged across the three conditions (overall 

means of 6.2 ± 0.9 and 3.3 ± 0.3 L min−1, respectively). For both species, systemic and pulmonary mean 

arterial pressures were significantly altered from the initial midazolam treatment when administered 

etorphine + azaperone, but those arterial pressures were restored upon transition to propofol 

anaesthesia and antagonism of the etorphine. Under etorphine + azaperone, minute ventilation 

decreased in the sheep, though this decrease was corrected under propofol, while the minute 

ventilation in the goats remained unchanged throughout. Under etorphine + azaperone, the sheep 

and the goats both displayed arterial blood hypoxia and hypercapnia (relative to midazolam levels), 

which failed to completely recover under propofol, indicating that more time might be needed for the 

blood gases to be adequately restored. Nonetheless, many of the confounding cardiorespiratory 

effects of etorphine were ameliorated when it was antagonized with naltrexone while the animal was 

held under propofol. The results indicated that this procedure can largely restore the cardiovascular 

and respiratory systems closer to a normal, resting state. This anaesthetic protocol was then adapted 

for use in wild antelope in the subsequent chapters. 

Chapter 3 presents the scaling of cardiorespiratory measurements of the antelope under 

approximated resting conditions. The main findings confirm existing literature, in that antelope hearts 

scale allometrically with body mass, in contrast to the isometric scaling of heart mass for other 

mammals. The relatively larger hearts of the smaller antelope suggests that they also have relatively 

larger stroke volumes, a prediction that was confirmed with in vivo measurements. The larger stroke 

volume allows smaller antelope to have relatively slower heart rates when compared to other 

mammals of their body mass. For the antelope, the energetic cost of the circulation was not a constant 

proportion of whole-body metabolic costs, and this relative cost increased with body mass.  

According to the principles of symmorphosis, the structural capacities of a system should be 

designed to meet its maximum demands, therefore cardiorespiratory measurements under the 
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approximated resting conditions may not be as informative as those same measurements under 

maximal conditions. However, obtaining measurements such as blood pressure and cardiac output 

from exercising, free-living antelope can be very difficult, and exercising them under more controlled 

laboratory conditions presents additional challenges. Therefore, we attempted to mimic the effects 

of exercise on the heart by the infusion of exogenous adrenaline. The adrenaline infusion was 

successful at significantly elevating cardiac work rate 2.1-fold, owing to significant increases in both 

cardiac output and mean arterial pressure. However, the elevated cardiac work under adrenaline was 

still lower than what would normally be observed during exercise at V�O2max, because there was no 

change in stroke volume under adrenaline, despite a maximally elevated heart rate. During exercise, 

cardiac output increases by augmentations in both heart rate and stroke volume. Therefore cardiac 

output in the antelope under adrenaline was likely lower than it would be during exercise. 

Consequently, the effects of exercise on the heart cannot be entirely replicated by exogenous 

adrenergic stimulation. However, adrenaline was able to maximally stimulate certain aspects of the 

cardiovascular system, such as heart rate. By eliciting a maximum heart rate response in the antelope, 

the results from Chapter 4 show that smaller antelope have the same aerobic scope as larger antelope, 

owing to relatively larger stroke volumes at rest, and therefore a larger heart rate reserve by which to 

increase cardiac output. The aerobic scope of the antelope differs to other mammals, where it is 

believed that larger mammals have a higher aerobic scope than do smaller mammals.  

Collectively, this thesis shows: 1) a new chemical immobilisation protocol for collecting 

reliable cardiorespiratory measurements from wild animals, 2) that the cost of circulation is not a 

constant proportion of whole-body metabolic costs, because this ratio increases with body mass, and 

3) it is possible to maximally stimulate cardiac work rate pharmacologically with adrenaline, revealing 

that smaller antelope have the same aerobic scope as larger antelope. Therefore, analysis of 

physiological variables within phylogenetic groups can be useful, by revealing scaling patterns that are 

otherwise lost in larger interspecific examinations.  
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Chapter 1: Introduction 

The primary role of the circulatory system of vertebrates is to provide oxygen to the cells, oxygen that 

is utilized in aerobic respiration to produce ATP. Once oxygen is sufficiently supplied, the other 

functions of the circulation, such as the transport of heat, nutrients, and metabolic wastes, are largely 

accomplished without extra cost (Pittman 2011). The cost of transporting oxygen from the lungs to 

the cells, like any other metabolic cost, should be kept as low as possible, while still providing sufficient 

capacity to satisfy the lifestyle of the animal. Ideally, the cost of transporting oxygen within the 

circulation should be proportional to the animal’s oxygen consumption rate, because excess capacity 

in any of the steps in the cascade represents an energy waste to construct and maintain, and should 

be selected against. This idea of economical design is central to the concept of symmorphosis, as 

described by Weibel et al. (1991). With respect to the circulatory system, and the metabolic 

requirements of the body, they posited that every step of the oxygen delivery cascade should be 

efficiently designed to satisfy the maximum rate of oxygen consumption. Every step in that cascade, 

from diffusing capacity of the lungs, to convection rate by the circulatory system, to diffusion into the 

mitochondria, and finally the mitochondrial respiratory enzymes, should operate at the same maximal 

capacity. Through allometric analysis, they showed in that, in mammals, all of the steps in the oxygen 

delivery cascade appeared symmorphotic, with the notable exception of the lung, which has excess 

anatomical diffusing capacity (Weibel et al. 1992).  

 Weibel et al. (1991) refer to the maximal capacity of the oxygen delivery cascade in terms of 

an animal’s aerobic capacity, or V�O2max during exercise. During V�O2max, the mitochondria within skeletal 

muscle cells become the main oxygen sink, utilizing the oxygen to produce ATP, and is the site of more 

than 90% of the total oxygen consumption (Weibel et al. 1991). It was found that the aerobic capacity 

of mammals scales with body mass in parallel with the volume of mitochondria in the diaphragm and 

locomotor muscles (Mathieu et al. 1981; Seeherman et al. 1981). Furthermore, oxygen supply to the 

mitochondria in the form of total capillary length, was also found to scale in parallel with aerobic 
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capacity (Hoppeler et al. 1981; Weibel et al. 1981). Because stroke volume is believed to scale 

isometrically with body mass, and haematocrit is invariant with body mass, an increase in the 

convective transport of oxygen to meet a higher metabolic demand is accomplished by varying heart 

rate (Weibel et al. 1992). For example, the mass-specific oxygen consumption of mammals is believed 

to scale in parallel with heart rate, both at rest and during V�O2max (Weibel et al. 2004; Weibel and 

Hoppeler 2004). Therefore, to supply the aerobic capacity of an animal, the heart must pump more 

blood, increasing cardiac output, but also performing more work to do so. 

In service to the idea of symmorphosis, much is known about adaptations of the circulatory 

system that reduce the work of the heart and minimize the cost of the circulation, such as blood 

vessels that produce laminar flow, efficient distribution of blood to vascular beds, and adjustment of 

the size and density of micro-vessels that optimise diffusive delivery of oxygen to tissues (Coulter Jr 

and Pappenheimer 1949; Kassab 2006; LaBarbera 1990; Popel 1989; Pries et al. 1995; Starling and 

Visscher 1927; Traub and Berk 1998; West et al. 1997). While these adaptations are undoubtedly 

important, the actual work of the heart, the physical work that represents the overall cost of moving 

blood through the circulatory system, has rarely been measured. This thesis aims to measure heart 

work, and understand the cardiorespiratory factors that influence it, in athletic mammals of different 

sizes. 

 

1.1 The cardiorespiratory system 

1.1.1 The lungs 

Oxygen is transported in the circulatory system, but oxygenation of the blood begins in the lungs, 

where gas exchange between the outside environment and the blood occurs. To accomplish gas 

exchange, the mammalian lung possesses an intricate structure that optimally matches blood flow to 

ventilation, thus allowing for efficient exchange with a minimal energy cost (Prange 2012). For 

example, the cost of breathing in an average adult human at rest is between 1 and 5% of total oxygen 

consumption, but can increase significantly during heavy exercise (Otis 1954; Peters 1969; Levitzky 
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2007). The mammalian lung has a compartmentalized structure, where air is drawn in through the 

trachea and into each lung via a bronchus. Within the lungs, the bronchi divide into a number of 

secondary bronchi that further divide and ramify into many smaller tertiary bronchi, called 

bronchioles. The final extensions of the terminal bronchioles are small, sac-like, alveoli, that make up 

the primary site of gas exchange in the lungs (Prange 2012). For context, the lungs of an average adult 

human are estimated to contain more than 300 million alveoli, each 200 to 300 µm in diameter, such 

that the total surface area of the alveoli is between 50 and 100 m2 (Levitzky 2007). Alveoli of the 

mammalian lung are not homogenous in their anatomical location, such that alveoli in different parts 

of the lung differ in blood flow and air flow, which results in regional differences in the matching of 

pulmonary ventilation and perfusion (West 2012). 

In mammals, lung volume constitutes about 5% of total body volume (Schmidt-Nielsen 1984). 

The lungs are unique within the oxygen delivery cascade, in that they possess a variable excess of 

morphometric diffusing capacity beyond that necessary to satisfy the maximum diffusion demand 

(Weibel et al. 1991, 1992). While the reason(s) for this “reserve” capacity is not fully understood, it is 

believed to be necessary to compensate for the functional inhomogeneity in alveolar ventilation and 

perfusion (Weibel et al. 1992). Alternatively, the excess capacity may represent an evolutionary 

advantage, for mammals in general, to maintain their aerobic capacity in a hypoxic environment (at 

high altitudes), or more specifically, for athletic species, that can partly exploit their pulmonary reserve 

to achieve higher oxygen uptake rates and improve aerobic performance (Karas et al. 1987; Weibel et 

al. 1991, 1992). It has also been posited that the structural redundancy of the lungs serves to 

compensate for a lack of structural plasticity, as the lungs do not adapt to any form of training. In 

contrast, the heart responds to training by increasing ventricular mass (Hoppeler and Weibel 2000).  

The excess diffusing capacity of the mammalian lung would count for nothing without 

adequate ventilation of the alveoli. Pulmonary ventilation, or moving air in and out of the lungs, is 

accomplished both by the contraction of a muscular diaphragm (which forms a hemispherical septum 

between the thoracic and abdominal cavities), and contraction of intercostal muscles that cause 
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movement of the rib cage (Withers 1992). In mammals, the stimulus for ventilation originates in the 

brainstem, namely the medulla and pons. The control of ventilation is modulated by feedback from 

the rest of the body, such as temperature, activity, and blood gas concentrations of oxygen and carbon 

dioxide (Levitzky 2007). The medulla has two distinct aggregations of neurons that control the 

different phases of the respiratory cycle, the ventral respiratory group (VRG) and dorsal respiratory 

group (DRG) (West 2012).  

The generation of the respiratory rhythm occurs in a group of tightly clustered neurons within 

the VRG called the pre-Botzinger complex (Horner 2011). Other neuron concentrations within the VRG 

are involved in generating inspiratory and expiratory signals that are associated with the respiratory 

rhythm (Horner and Malhotra 2016). The DRG is less involved in respiratory rhythmogenesis, 

containing mainly inspiratory neurons that are more responsible for modulation of the timing of the 

respiratory cycle (Hemmings and Egan 2012). The DRG is the primary projection site for vagal afferents 

from the lung, and afferents from the carotid and aortic chemoreceptors and baroreceptors, all of 

which can exert important reflex influences on breathing (Horner 2011). For example, central 

chemoreceptors located mainly on the ventral surface of the medulla are sensitive to changes in pH 

of the nearby cerebrospinal fluid, which are indicative of altered carbon dioxide concentrations (Nattie 

1999). Carbon dioxide produced by the tissues in the body is able to diffuse across the blood-brain 

barrier into the cerebrospinal fluid, reacting with H2O to produce carbonic acid, and decrease the pH 

(Oyamada et al. 1998). Stimulation of the central chemoreceptors will modulate the respiratory 

rhythm and induce an increase in respiratory rate and overall ventilation that then increases carbon 

dioxide excretion (Feldman et al. 2003). The pontine respiratory centres, termed the pneumotaxic 

centre and the apneustic centre, are not involved in respiratory rhythmogenesis, and are instead 

responsible for modulating and fine-tuning the respiratory cycle, for example setting the lung volume 

at which inspiration is terminated (Hemmings and Egan 2012). The pontine centres also coordinate 

the input from other centres, such as the hypothalamus and cerebral cortex, and integrate sensory 

information such as temperature and odours, that also modulate the respiratory rhythm (Hemmings 
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and Egan 2012). Maintaining an adequate respiratory pattern is essential to ensure sufficient oxygen 

delivery to the circulation.  

 

1.1.2 The heart 

The circulatory system is driven by the heart, which in mammals, is positioned within the thoracic 

cavity, surrounded by a fibrous sac known as the pericardium. The external layer of heart tissue is 

called the epicardium, while the innermost layer is the endocardium. The muscular tissue between 

the two aforementioned layers, the myocardium, is responsible for the ventricular contractions that 

circulate blood to the lungs and the body (Wessels and Sedmera 2003). Mammals have two separate 

vascular systems, with flow maintained through each by the separate sides of the heart (Christoffels 

et al. 2000). Each side consists of two chambers, atrium and a ventricle, separated by an 

atrioventricular valve (Christoffels et al. 2000). The right ventricle of the heart pumps blood through 

the pulmonary valve and into the pulmonary artery to the pulmonary circulation, where blood is 

oxygenated and carbon dioxide is excreted (Iaizzo 2009). Oxygenated blood then returns to the left 

atria via the pulmonary vein, before being pumped by the left ventricle through the aortic valve and 

into the aorta, supplying the systemic circulation (Iaizzo 2009). Deoxygenated blood from the body 

then returns to the right atria through the inferior and superior vena cava, and the entire process is 

repeated, from birth until death (Iaizzo 2009). The myocardium itself is supplied with oxygenated 

blood via the coronary arteries, which branch off the aorta, just above the aortic valve (Partington et 

al. 1989). By partitioning blood from the systemic and pulmonary circulation, the separate divisions of 

the circulatory system have drastically different pressures, with pressure in the systemic circulation 

being several times that of the pressure in the pulmonary circulation (Euler and Liljestrand 1946). 
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The cardiac cycle  

The right and left sides of the heart operate as two serial pumps that work synchronously in a normal 

heart. The cardiac cycle consists of the two main phases: systole, referring to the period of ventricular 

contraction and the ejection of blood out of the ventricles, and diastole, being the period of ventricular 

relaxation and filling. The heart has the inherent capacity to contract rhythmically without any external 

stimulus. Myocardial contraction is initiated by the spontaneous generation of electrical impulses in 

the sinoatrial (SA) node, a.k.a., the pacemaker, located in the superior lateral wall of the right atrium. 

After initiation, the electrical signal spreads rapidly through the muscle of the atria by cell-to-cell 

conduction, causing contraction and ejection of blood into the ventricles (Katz 2010). In a normal 

heart, the atria are insulated from the ventricles by a ring of fibrous tissue, called the anuli fibrosi 

cordis (Barry and Patten 1968). Electrical communication occurs between the atria and the ventricles 

by a single conduction system, called the atrioventricular (AV) node, and Bundle of His (Šolc 2007). 

When the wave of contraction from the atria reaches the AV node, it is briefly delayed at a patch of 

tissue known as the atrioventricular (AV) node, and then conducted and spread rapidly through the 

ventricles via the left and right bundle branches and Purkinje fibre conduction system (Opie 2004). 

The ventricles contract almost simultaneously, increasing pressure within the ventricles (Opie 2004). 

The phase when pressure increases most rapidly is called the isovolumetric contraction time, since all 

of the valves of the heart are closed at that time, and the ventricular volume is constant. When the 

pressure in the ventricles exceeds the pressure in the aorta or the pulmonary artery, the aortic and 

pulmonary valve, respectively, open and blood is ejected from the ventricles.  

From the ventricles, the blood travels along the circulatory system, driven by the pressure 

gradient that is generated by the work of the myocardium. Ventricular ejection coincides with the 

beginning of right and left atrial filling by venous return from the body and the lungs. After contraction, 

the relaxation of the ventricular myocardium leads to a rapid decrease in ventricular pressure, leading 

to the closure of the pulmonary and aortic valves when ventricular pressure decreases below the 

pressures in the pulmonary artery and aorta, respectively (Lilly and Braunwald 2012). During atrial 
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filling, atrial pressure increases, with blood flow into the ventricles occurring once atrial pressure 

exceeds ventricular pressure, and is called the fast filling phase or the early diastolic wave (Lilly and 

Braunwald 2012). Ventricular filling is completed with atrial contraction, at which point ventricular 

pressure exceeds atrial pressure leading to the closure of the atrioventricular valves. Thereafter a new 

cardiac cycle begins.  

The volume of blood that is pumped by the heart, by either the left or right ventricle over a 

given amount of time, is known as the cardiac output. Cardiac output is the product of the pumping 

frequency (heart rate), and the volume of blood that is pumped per beat (stroke volume). Cardiac 

output can vary considerably according to the metabolic needs of the body. For example, the cardiac 

output of a 70kg adult human at rest is typically around 5 L min-1, however that output can increase 

dramatically during heavy exercise to 22 L min-1 in an untrained human, or 35 L min-1 in an endurance 

trained one (McArdle et al. 2010). Cardiac output can be manipulated by changes in heart rate, stroke 

volume, or a combination of the two. 

 

Control of heart rate 

There are two mechanisms that are involved in the control of the heart rate: nerve impulses and 

hormonal influences. Parasympathetic innervation of the heart arises in the vagal motor nuclei of the 

brainstem, and is carried to the heart by the vagus nerve. The preganglionic vagal fibres synapse with 

postganglionic parasympathetic neurons within the myocardium itself, mostly located near the SA and 

AV nodes (Guyton 2006). The parasympathetic postganglionic nerve terminals release acetylcholine, 

a neurotransmitter that binds to muscarinic receptors in the cell membrane of both nodes, reducing 

the flow of Ca2+ and Na2+ ions into the pacemaker cells, reducing the rate at which the pacemaker cells 

reach threshold, and thus depolarization. The net result is an almost immediate decrease in heart rate 

(Hutter and Trautwein 1956; Jalife and Moe 1979). 

Conversely, sympathetic innervation of the heart arises from the accelerans nerve. Unlike the 

parasympathetic fibres, sympathetic fibres richly innervate ventricular muscle, as well as the atria and 
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the electrical system (Christensen and Galbo 1983). Sympathetic nerve terminals release the 

neurotransmitter noradrenaline, which binds to adrenoceptors in the cell membrane (such as β1) 

(Christensen and Galbo 1983). Adrenoceptor binding increases the flow of Ca2+ and Na2+ ions into the 

pacemaker cells, bringing them closer to threshold and thus augmenting their depolarization rate 

(Brown and Noble 1974; Reuter and Scholtz 1977). Additionally, sympathetic stimulation reduces the 

outward current that would tend to decelerate pacemaker depolarization (Brown et al. 1979). For the 

heart to function effectively at a higher rate, all of the phases of the cardiac cycle must be shortened, 

and sympathetic stimulation serves to reduce the conduction delay in the AV node, as well as to 

increase the relaxation rate of the myocytes by stimulating the sarcoplasmic reticulum cisternal 

pumps to take up free cytosolic Ca2+ more rapidly, shortening systole and thus preserving the diastolic 

period for refilling (Hutter and Trautwein 1956). Notably, the release of noradrenaline and adrenaline 

as hormones from the adrenal medulla into the blood, can also result in the same accelerating effects 

as those caused by sympathetic nerve impulses (Von Euler 1958). There is no corresponding hormonal 

release of acetylcholine, as it is rapidly hydrolysed by acetylcholinesterase in the circulating blood, 

thus limiting its usefulness as a hormone (Matthes 1930). 

 

Stroke volume  

The manipulation of stroke volume operates around the principle that ventricular contraction does 

not eject all of the blood received by the ventricle, with a substantial amount of blood remaining 

within the ventricle after ejection has ended (the end-systolic volume). The volume of the blood in the 

ventricle at the beginning of contraction is called the end-diastolic volume, and the proportion of 

blood that is ejected during contraction is called the ejection fraction. Various physiological factors 

can impact on the end-diastolic, and the end-systolic, volumes, and in doing so, can impact on the 

ejection fraction and stroke volume (Berne and Levy 2001). For example, catecholamines, such as 

noradrenaline and adrenaline, both have inotropic effects in addition to chronotropic effects, 

increasing the strength of contraction of the myocardium, and thus the ejection fraction. 
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Adrenoceptor mediated influx of Ca2+ ions not only places the membrane potential closer to threshold, 

but also increases the release of Ca2+ ions from intracellular stores, which increases contractile speed 

and force, augmenting the force of the cardiac muscle contraction and thus ejecting a larger volume 

of blood from the ventricle per contraction (Gesser et al. 1982; Kaumann and Molenaar 1997; Walsh 

and Van Patten 1994). 

Stroke volume can also be manipulated due to an inherent characteristic of cardiac muscle; 

the more it is stretched during diastole, the more forceful the contraction during systole, potentially 

ejecting a higher volume of blood (Guyton 1963). The degree of stretch experienced by the 

myocardium during diastole is determined by the end-diastolic volume, and is often referred to as the 

cardiac preload. Thus if venous return increases, there is a greater filling of the heart, causing a greater 

stretch of the heart muscle, leading to an increase in the force of contraction, a larger stroke volume, 

and assuming heart rate remains the same, overall cardiac output. The relationship between 

end-diastolic volume and stroke volume is known as the Frank-Starling law of the heart (Konhilas et 

al. 2002). 

 

Cardiac preload 

In the intact heart, cardiac preload is often described synonymously with ventricular end-diastolic 

volume, which is the amount of blood that returns to the left ventricle from the venous circulation. 

The venous return can be augmented by venous pressure, which in turn is affected by venous tone. 

An increase in venotone reduces the capacitance of the venous circulation and increases the venous 

pressure, which consequently increases venous return and preload. Essentially, a higher venous return 

to the heart increases end-diastolic volume and pressure, stretching the sarcomeres, which leads to 

an increase in active tension and force generation according to the Frank-Starling law (Vincent 2008). 

The Frank-Starling mechanism is partly due to the removal of mechanical interference. Maximum 

tension is generated at sarcomere lengths of 2.2-2.3 µm, and at sarcomere lengths below 2.0 µm, 

opposing actin filaments (being 1 µm long each) overlap each other, which interferes with the 
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formation of actin-myosin crossbridges, and hence force generation. The mechanical interference is 

removed when the sarcomere is stretched, thus increasing contractile force generation (Kentish et al. 

1986). Additionally, stretching of the sarcomeres increases the Ca2+ responsiveness of the cardiac 

contractile apparatus, augmenting the force that is generated for a given Ca2+ concentration (de 

Tombe et al. 2010). While this mechanism is not fully understood, it is at least partly mediated by the 

actions of titin, a giant protein greater, than 1 µm in length, that promotes the formation of more 

numerous and more strongly-bound crossbridges (Sequeira and van der Velden 2017). While a larger 

stroke volume can result from a greater cardiac preload, it is also partly constrained by the cardiac 

afterload. 

 

Cardiac afterload  

Cardiac afterload can be defined as the ventricular wall stress during systole, and is determined by the 

impedance to ejection, and ventricular geometry. This relationship can be expressed using the 

principle of Laplace, which states that wall stress (σ) is proportional to the ventricular systolic pressure 

(P) and radius (r), and inversely related to wall thickness (h) (Ross Jr 1983); 

𝜎𝜎 ∝
𝑃𝑃 × 𝑟𝑟
ℎ

 

Wall stress, and therefore afterload, is dictated by several factors. However, in a normal heart, it is 

mainly affected by the ventricular pressure, itself determined partly by pressure in the rest of the 

circulation. A simpler way of thinking, is that afterload is the “obstacle” that the heart must eject blood 

against, and for the left ventricle, is essentially a function of aortic pressure, because the left ventricle 

pumps blood to the rest of the body by first ejecting it into the aorta (Vincent 2008). Therefore, the 

pressure in the aorta must be overcome by the left ventricle to eject blood (the same consideration is 

present in the pulmonary circulation with the pulmonary artery, albeit with lower pressures). If the 

pressure in the aorta remains higher than left ventricular pressure, the aortic valve remains closed 

and no blood is ejected during systole. The pressure in the aorta and the rest of the systemic 

circulation can be affected by resistance in the periphery, specifically the arterioles (Bugge-Asperheim 
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and Kiil 1973). Much like with the venous circulation, an increase in systemic peripheral resistance will 

lead to an increase in systemic pressure, and hence afterload. For a given preload, an increase in 

afterload results in more of the available contractile energy being used to increase ventricular 

pressure during isovolumetric contraction. Consequently, less contractile energy remains for 

myocardial shortening, which reduces the ejected stroke volume (Katz 2010). It is important to note 

that afterload does not directly alter preload, however preload can change secondary to changes in 

afterload. For example, an increase in afterload will reduce stroke volume by limiting ejection, 

resulting in a larger end-systolic volume which is then added to by subsequent venous return. 

Therefore end-diastolic volume, and hence preload, will increase for the next contraction, which 

partially compensates for the reduced stroke volume that is caused by the higher afterload. 

 

The principle of Laplace 

While ventricular pressures and volumes affect the cardiac output, they also govern the morphology 

of the heart. Because the atria make up less than 10% of the heart’s total mass, variations in heart size 

between individuals and species are due principally to differences in ventricular mass (Starling and 

Visscher 1927). The size of the ventricles, and therefore the size of the heart, is constrained by the 

magnitude of the pressure and volume demands that are placed upon the ventricular walls (Seymour 

and Blaylock 2000; White and Seymour 2014). The pressure and volume demands are quantified by 

the principle of Laplace, as described in the formula given for cardiac afterload. Ventricular pressure 

and ventricular radius must be met by a commensurate wall tension (T), to ensure heart function is 

not compromised. Therefore, tension (T) in the ventricular wall is proportional to the product of the 

intraventricular pressure (P) and the ventricular radius (r); 

𝑇𝑇 ∝ 𝑃𝑃 × 𝑟𝑟 

Contextually, the “pressure load” refers to the intraventricular pressure that has to be 

generated by the ventricles during the isovolumetric phase to overcome a given afterload and perfuse 

blood through the body. An increased peripheral resistance can lead to an increase in systemic 



12 
 

pressure, thus increasing the afterload and the pressure load placed upon the heart, something 

commonly seen in the pathology of human patients with hypertension (Kannel et al. 1972). 

Additionally, higher pressure load can be seen in larger animals as a result of longer blood columns 

located above the heart, representing an additional hydrostatic component that must be overcome 

to eject blood into the aorta, and to a lesser extent, the pulmonary artery (Patterson Jr et al. 1965). 

The “volume load” refers to the amount of blood within the ventricle, and as larger animals have larger 

stroke volumes, the increased volume requires an increased luminal capacity and hence a larger radius 

(Holt et al. 1968).  

 

The work of the heart 

Most of the energy that is used by the heart comes from the hydrolysis of adenosine triphosphate 

(ATP), and maintaining a supply of that energy relies on the regeneration of ATP by the oxidative 

phosphorylation of adenosine diphosphate (ADP). Oxidative phosphorylation occurs in the 

mitochondria, and so it is not surprising to find an abundance of mitochondria in the heart. While the 

hearts of all mammals contain significant numbers of mitochondria, mitochondrial volume density 

decreases with body mass, representing a decrease from 36% of cardiomyocyte space in a 2.4 g shrew 

to 21% in a 920 kg cow (Hoppeler et al. 1984). Cardiac mitochondria are not only abundant in number, 

but they also contain a larger proportion of cristae (i.e. the morphologic sites where the respiratory 

chain enzymes are located), and hence a larger surface area, than the mitochondria of other organs, 

such as the liver, brain, or skeletal muscle (Langer and Brady 1974). Unlike organs such as the brain or 

skeletal muscle, where ATP is generated almost exclusively by the metabolism of glucose or glycogen, 

the heart is an omnivorous organ, able to utilize glucose, lactate, pyruvate, fatty acids, amino acids, 

and ketone bodies to regenerate ATP and thus sustain contractile function (Jaswal et al. 2008). 

However, in the healthy heart under resting conditions, fatty acids serve as the primary substrate in 

oxidative metabolism, with about 70-80% of total ATP production being derived from the β-oxidation 

of fatty acids, and the remainder from glucose, lactate, and ketone body oxidation (Lopaschuk et al. 
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1994; Stanley and Chandler 2002). During maximal exercise, the heart uses 80-90% of its oxidative 

capacity, suggesting that there is very little excess capacity for ATP production compared to ATP 

utilization (Mootha et al. 1997; Snelling et al. 2016). 

Ultimately, the energy harnessed by mitochondria of the heart is expended during systole, 

partly in the formation of heat and partly in producing external mechanical work, the latter of which 

takes the form of an increase in the pressure and volume of blood in the arterial system. In the case 

of the heart, the external mechanical work is termed stroke work, and can be quantified as the rise in 

ventricular pressure (P) multiplied by the stroke volume (V) (Li 2000). For example, if the left ventricle 

raises the pressure by 100 mmHg (1.33 x 104 N m2) and ejects 75 ml (which is 75 cm3, or 0.75 x 10-4 m3) 

of blood, it performs about 1 N m, or 1 Joule, of mechanical work. That work is imparted into the 

external system along with the ejected volume of blood. In addition to imparting potential energy, the 

heart also imparts kinetic energy to the blood during ejection, by accelerating the blood and so 

conveying an increase in velocity (Burton 1965). Because kinetic energy is dependent on the velocity 

(v) and mass (m), the total mechanical work of the heart is therefore: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤𝑇𝑇𝑟𝑟𝑤𝑤 =  ∆𝑃𝑃 × ∆𝑉𝑉 +
𝑚𝑚∆𝑣𝑣2

2
 

Contextually, for an average sized human at rest, with approximately 0.08 kg of blood being 

ejected at a mean velocity of 0.5 m s-1, the kinetic energy works out to be 0.01 kg m2 s-2, or 0.01 J. For 

the left ventricle, this constitutes about 1% of the external work at resting outputs, and is often 

neglected. For the right ventricle however, the kinetic energy constitutes approximately 5% of the 

mechanical work, because even though the blood velocity in the pulmonary artery is the same as in 

the aorta, the pressure work of the right ventricle is only about 20% of that performed by the left 

ventricle. During heavy exercise, the ejection velocity increases greatly in both the aorta and the 

pulmonary artery (to approximately 2.5 m s-1). Thus, during heavy exercise, there is a much higher 

increase in kinetic work compared to the increase in pressure work. For example, during heavy 

exercise, kinetic energy could account for about 15% of left ventricular work, and about 50% of right 

ventricular work (Burton 1965; Folkow and Neil 1971), and overall a substantial proportion of the total 
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external cardiac work. Notably, measurement of stroke work from ventricular pressure and stroke 

volume is a simplified estimation from the more correct values given by a full ventricular pressure 

volume loop. However, measuring stroke work in the experimental setting using this method is 

complicated. Therefore, calculating the external mechanical work of the heart using more easily 

obtainable measurements such as ventricular pressure and stroke volume, is more commonly used. 

The work done by the heart is of particular interest, because it represents the overall cost of 

supplying oxygen for use by the rest of the tissues in the body. It is reasonable to assume that a 

selective pressure for a species’ evolution is energetic economy, and so the cost of transporting 

oxygen through the circulation should be proportional to the rate at which that oxygen is consumed. 

Furthermore, the assumption that the cost of supplying oxygen to the rest of the body is proportional 

to oxygen demand means that the cost of heart work should be a constant fraction of the energy 

expenditure of the whole body, regardless of the mass of the body, whether in a 40 g mouse or a 

4 tonne elephant.  

 

1.2 Scaling 

The heart is a critical life support organ of all vertebrate animals, but why does our heart, or the heart 

of any animal, weigh as much as it does? The average human’s heart weighs approximately 350 g, 

which is roughly 0.5% of their total body mass. An elephant’s heart is about the same fraction of their 

body mass, and weighs roughly 23 kg. However, despite being the same proportion of their body mass, 

an elephant’s heart does not use the same relative amount of energy as a human’s heart does. 

Understanding the discrepancy between the cost of the heart, and heart mass requires allometric 

analysis, or scaling. Likewise, understanding the relationship between the cost of the circulation and 

the total metabolic cost of the body also requires scaling. Allometry (from the greek alloios, which 

means different) is a versatile tool that can be used to compare the disproportionate change in one 

variable with the change in another (Lindstedt and Schaeffer 2002). In biology, allometry is used to 

compare how one aspect of an organism changes or “scales” in relation to either another part, or the 
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entirety, of the organism. In that respect, scaling in biology is often defined as the study of how body 

mass pervades other aspects of an organism’s life. For mammals, body mass ranges from the 1.8 g 

Etruscan shrew (Suncus etruscus), to the 173 tonne blue whale (Balaenoptera musculus), a 100-million 

fold increase. Despite the immense range of body mass, all mammals share the same basic cell types, 

which make up the same types of tissues and organs. Each species has its own specific adaptations 

and variations that, while mediated by natural selection, are ultimately constrained by the overall 

mass of their bodies (Prothero 2015). 

In comparative physiology, relating the variation in one aspect of an animal’s morphology or 

physiology to its body mass is often achieved by plotting the logarithm of the variable of interest (y), 

against the logarithm of another variable (x), most commonly body mass. A particular y variable can 

be any aspect of an animal’s biology, such as the size of its heart, its haemoglobin concentration in the 

blood, or its basal metabolic rate. Quantitatively, the relationship between the rates of change 

between the two variables is given by the slope (b) of the line expressing y as a function of x. Because 

many variables do not scale linearly with body mass, but instead scale logarithmically, the relationship 

is typically expressed as a power equation in the form, y=axb, where the constant, a, is numerically 

equal to the antilog of the intercept (i.e., where x = 1) and the exponent b is the slope of the straight 

line, assuming x and y are presented in log-log coordinates. The slope of the equation relating the two 

variables is often viewed as an average, or a median, and as a generalization (or simplification) of that 

relationship. The ultimate result of quantifying this scaling relationship is the development of 

generalizations on how one aspect of an animal’s biology changes with body mass.  

Typically, the most important component of a scaling equation is the exponent or slope. The 

slope informs how a particular variable changes with body mass. However, the coefficient, or elevation 

of the regression line can also be important. When the exponents of two scaling equations are not 

significantly different, the regression lines representing the equations are parallel. In this case, the 

vertical distance between the lines can be used to determine if there is a difference between the 
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measured variables, with a significant difference indicating that the two populations vary in the same 

manner with body mass, but are different from each other at all values (Warton et al. 2006).  

There are many different types of allometry, distinguished based on the specific comparisons 

being examined. For example, ontogenic allometry describes the change in one variable over the 

course of development, evolutionary allometry refers to relative change with the evolution of a 

particular clade, family, or order, interspecific allometry compares a particular variable between 

species, and intraspecific allometry compares individuals within the same species. For the purpose of 

this thesis, interspecific allometry is used to describe general trends between species within a 

particular phylogenetic group, in this case, six different species of antelope from the family Bovidae, 

within the order Artiodactyla. 

 

1.2.1 Log-transforming data 

Allometric studies commonly begin with the log-transformation of data to fit a particular scaling 

equation, however, there has been extensive debate over its appropriateness. One of the main 

concerns is that, when data are log-transformed, potential errors in the data can be compounded due 

to the multiplicative nature of log-transformation, while the same errors would be additive if the 

untransformed data were analysed (Tian et al. 2013). In such cases, it is advised that log 

transformation should be used only when the data and research question warrant it (Packard 2009, 

2011; Xiao et al. 2011). In contrast, supporters of log transformation argue that many of the apparent 

limitations of the method are useful advantages, mainly because variation in biology is multiplicative 

rather than additive (Kerkhoff and Enquist 2009; Mascaro et al. 2013; Voje et al. 2014). The natural 

variation in many biological phenomena is proportional to the magnitude of the parameter, such as 

growth and metabolism, and are inherently multiplicative (Gingerich 2000), especially when the study 

involves allometric samples that span over multiple orders of magnitude (Savage et al. 2004; White 

and Seymour 2003; White and Seymour 2004).  



17 
 

Opponents of log-transformation assert that fitting a line through log transformed data 

distorts the relationship between variables because it reduces the effect that large values have on the 

fitted line, increases the relative effect of small values, and potentially hides the effects of influential 

outliers (Packard 2009). However, log-transformation is used specifically to uniformly depict the 

relative variation in the relation between variables, thus avoiding overweighting large-magnitude 

observations, normalizing sample variance, and reducing the influence of outliers (Calder 1996; Huxley 

et al. 1932; Niklas 1994; Peters and Peters 1986). Therefore, the supposed weaknesses of 

log-transformation can be considered strengths that necessitate its use. Log transformation is also 

useful for meaningful statistical evaluation of relationships because it can significantly improve the 

normality and homoscedasticity of many datasets, allowing the data to conform to the assumptions 

of linear regression (Smith 1980). 

 

1.2.2 Linear regression 

There are several methods for fitting a straight line through data, with the most common method 

being linear regression by the method of ordinary least squares (OLS) (Rzhetsky and Nei 1992). Other 

methods used in allometric studies include major axis, and reduced major axis, regression (Warton et 

al. 2006). Ordinary least squares regression is typically recommended for equations designed to 

predict y from x, or to test for associations between the two. Major axis (MA) and reduced major axis 

(RMA) regression is recommended where lines are fitted to describe the bivariate scatter of x and y, 

and test if the slope is equal to a certain value (Warton et al. 2006). A potential disadvantage of OLS 

regression is slope attenuation, which occurs when lines fitted by the method may have shallower 

slopes than they should. Slope attenuation occurs when there is measurement error in the x variable 

(Carroll et al. 2006; McArdle 2003). However, a recent review found that measurement error generally 

accounts for <5% of the total variance in allometric studies (Kilmer and Rodriguez 2017). In such cases, 

the OLS slope would be attenuated by about 5%, such that a structure that in fact scales isometrically 

(b=1) would be described by a slope of 0.95. Although the slope is indeed attenuated, the bias can be 
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considered small enough that it does not cause confusion in the analysis. Additionally, the error can 

be mitigated by controlling for measurement error itself, for example by taking multiple repeated 

measurements.  

For major axis and reduced major axis regression, a main issue is that the methods do not take 

into account the covariance between traits when estimating the slope, and therefore do not describe 

functional scaling relationships. There are some comparisons where RMA could be appropriate, such 

as if the variables involved are co-dependent, i.e. x and y are interchangeable (Forstmeier 2011; 

Legendre and Legendre 2013). However, that is rarely the case in studies of allometry, where traits 

are usually compared to body size. For example, one would typically say an animal’s heart is big for its 

body mass, rather than saying its body mass is low for the size of its heart. Furthermore, RMA 

regression is susceptible to over-estimating the slope of a regression if the data are widely scattered, 

and any measurement error must be proportional in the two axes. Disproportionate error in either 

axis will result in either overestimation or underestimation of the slope (McArdle 1988). However, in 

most studies, measurement error is generally not a large contributor to the scatter of the data, with 

the vast majority of deviation coming from natural variation, i.e. differences among individuals in 

precisely how big a structure is relative to body size (Smith 2009). For example, two adult humans may 

have the same body mass, but different sized hearts as a result of genetic variation or environmental 

factors such as aerobic training. 

While OLS regression is admittedly not perfect, it is still recommended for studies of allometry 

rather than RMA, because the relatively minor problem of slope attenuation can be mitigated through 

careful measurement. Additionally, OLS is used because it actually describes allometric scaling, while 

RMA does so only if a narrow range of conditions are met. 

 

1.2.3 Manipulation of allometric equations 

The algebraic manipulation of allometric equations is often useful to compare two equations.  

Allometric cancellation was a method developed and used by Stahl (1962) to determine ratios and 
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differences between specific variables. Briefly, the method derives an allometric equation for the ratio 

between two variables by dividing the allometric equations for those variables by each other. For 

example, the ventilatory equivalent describes the volume of air that is inspired to supply a given 

oxygen consumption rate. The ratio can be derived for mammals from the data of Frappell et al. (1992) 

by the scaling equations for ventilation and oxygen consumption:  

𝑉𝑉𝑉𝑉𝑉𝑉𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑉𝑉𝑇𝑇𝑉𝑉
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑉𝑉𝑉𝑉 𝑐𝑐𝑇𝑇𝑉𝑉𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝑇𝑇𝑉𝑉𝑇𝑇𝑉𝑉

=  
518𝑀𝑀𝑏𝑏

0.74

12.9𝑀𝑀𝑏𝑏
0.73 

 

                      = 40.2𝑀𝑀𝑏𝑏
0.01 

For this relationship, the exponents of the two original equations are very similar, and so the exponent 

of the derived equation is close to zero. Therefore, the ventilatory equivalent is commonly reported 

to be independent of body mass (Frappell et al. 1992). There are many other aspects of an animal’s 

biology that are known to be invariant with body size, such that the y variable scales with body mass 

with an exponent close to zero. For example, the average size of red blood cells from more than 100 

species of mammals was found to be uniform (Altman 1961) and is therefore considered to be 

unaffected by body mass. When the exponent relating the y variable to body mass is 1.0, the rate of 

change in y is directly proportional to the rate of change in x, and that outcome is usually referred to 

as isometry. For example, the hearts of mammals are widely accepted to comprise 0.5% of their total 

body mass, and so is generally considered an isometric variable (Bishop 1997; Holt et al. 1968; 

Lindstedt and Schaeffer 2002; Seymour and Blaylock 2000; Stahl 1965). 

 

1.2.4 Interpreting allometric equations 

Allometric equations, and the regression lines that determine them, are commonly presented with 

additional statistics, such as correlation coefficients, and confidence intervals. The 95% confidence 

interval is especially useful in that it summarises the scatter of the data and allows informed 

comparisons of the dataset beyond what can be determined from the regression line alone. However, 



20 
 

a distinction must be made between a result that is statistically significant, and one that is biologically 

significant. A result that is not statistically significant does not necessarily mean a lack of biological 

significance, because an non-significant result can be due to a Type II error, itself a result of 

measurement error or wide natural variation in the parameter. Case in point, the scaling of blood 

pressure, one of the determinants of external cardiac work, is commonly considered to be invariant 

with body mass (Westerhof and Elzinga 1991), with mean arterial pressure, in particular, being about 

100mmHg in all mammals. Despite the fact that several studies have shown that blood pressure 

increases in larger mammals, scaling as Mb
0.05, (Gunther and Guerra 1955; Patterson Jr et al. 1965; 

Seymour and Blaylock 2000; White and Seymour 2015). The mechanistic explanation for blood 

pressure increasing in larger animals is due to the hydrostatic effect that gravity has on the circulation 

(Patterson Jr et al. 1965; Seymour 1987; Seymour and Lillywhite 1976; White and Seymour 2014). The 

notion that blood pressure is invariant with body mass persists in a very recent review by Poulsen et 

al. (2018). The controversy regarding the relationship between blood pressure and body mass 

probably reflects the fact that the real effect is small, increasing the likelihood of Type II errors. 

Because of that likelihood, Poulsen et al. (2018), recommended the collection of more robust data. 

 In light of that, the work of this thesis is mainly focused on the collection of cardiorespiratory 

measurements, such as blood pressure, from wild, free-living mammals, in this case, six species of 

African antelope.  The collection of cardiorespiratory measurements from multiple species over a wide 

body mass range will allow for the investigation of the scaling of cardiorespiratory variables with body 

mass. Additionally, antelope provide an opportunity to study the cardiorespiratory adaptations that 

might support a high aerobic capacity, because they are athletic prey animals that depend on 

competent cardiovascular performance for survival.  

 

1.3 Antelope 

Antelope are a diverse group of hoofed, ruminant mammals of the Bovidae family within the order 

Artiodactyla. The antelope are related to other, more familiar mammals, such as sheep, goats, and 
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cows (Wilson and Reeder 2005). There are more than 80 species of antelope, ranging in size from the 

royal antelope (Neotragus pygmaeus), with a body mass of around 3.5 kg, to the giant eland 

(Taurotragus derbianus), that has a body mass close to 1,000 kg (Nowak and Walker 1999). Antelope 

are indigenous to various regions in Africa and Eurasia, and can be found in a wide variety of habitats, 

such as the forest-living bongo (Tragelaphus eurycerus), extreme cold-living saiga (Saiga tatarica), or 

the desert-adapted Arabian oryx (Oryx leucoryx). Most species of African antelope live exclusively on 

the  savannah, with around 30 different species cohabitating much of East Africa (Bro-Jorgensen and 

Mallon 2016; Wilson and Reeder 2005). 

 

1.3.1 Ruminants and basal metabolic rate 

All antelope are ruminants, and therefore have a sophisticated digestive system that includes a four 

chambered stomach (Kay et al. 1980). Ingested plant material is taken initially into the reticulorumen 

(that consists of the rumen and reticulum), where it is processed mechanically and exposed to bacteria 

(Church 1969). The microbial activity results in fermentation, which breaks down complex 

carbohydrates, such as cellulose. Particulate matter is partially regurgitated and chewed again, being 

mixed with saliva and mechanically broken down quicker than if it remained in the rumen (Boomker 

2000). When it is small enough, the degraded particulate matter then passes into the omasum, where 

further mechanical processing allows for passage into the abomasum. Acid and enzymes that are 

released into the abomasum complete the digestive process before absorption can occur in the small 

intestine (Church 1979).  

While rumination hastens the breakdown of ingested material to a size than can pass to the 

omasum, the process is lengthy compared to passage rates in monogastric mammals. Because of the 

complex and lengthy nature of ruminant digestion, it is very rare that an antelope is in a 

post-absorptive state (the time after ingested food has been fully digested, absorbed and stored). 

Therefore, true measures of basal metabolic rate (BMR) are very difficult to obtain in ruminants such 

as antelope. Basal metabolic rate, one of the hallmarks of allometric studies, must be measured under 
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strict physiological conditions. Those BMR measurements must be obtained in the inactive circadian 

phase for adult animals that are non-reproductive, conscious, resting, in a thermoneutral 

environment, and in the post-absorptive state (McNab 1997). While some mammals such as humans 

can transition into a post-absorptive state in a few hours (Arfvidsson et al. 1991; Louis et al. 2003), 

species that rely on microbial fermentation to digest cellulose may require up to a week to arrive at a 

post-absorptive state (Blaxter 1962). Therefore, obtaining true BMR measurements from ruminants 

such as antelope can be challenging, if not impossible (McNab 1997).  

The difficulty in obtaining true BMR measurements from ruminants has led to controversy 

surround the exact scaling exponent relating BMR to body mass. It was widely accepted that BMR 

scaled with body mass with an exponent of 0.75 across interspecific comparisons (Cohen et al. 2003; 

Marquet 2002; Weibel 2002; West et al. 2002). However, it has been shown that the slope of 0.75 for 

BMR is inflated by the inclusion of large ruminants that are almost never in a post-absorptive state 

(White and Seymour 2005). Therefore, it has been proposed that the exponent of true BMR is closer 

to 0.69 (White and Seymour 2005), or 0.71 (White et al. 2009). However, more recently, there is a 

growing body of evidence suggesting that there is unlikely to be a single universal BMR scaling 

exponent, and that it depends on a number of factors, such as the species, and the proportion of 

smaller and larger species included in the dataset (Calvier et al. 2017; Capellini et al. 2010; Clarke et 

al. 2010; Glazier 2015; White et al. 2009). Nevertheless, allometric power equations of metabolic rate 

can be useful in comparative study, but care must be taken not to rely to adhere to strongly to a 

particular scaling exponent. 

 

1.3.2 Antelope aerobic capacity 

Antelope are preyed upon by a variety of predators, and engage in a number of behaviours that help 

them to avoid those predators. Living in social groups called herds, antelope communicate via auditory 

signals such as snorting or stamping (Hasson 1991; Kingdon 2015) or visual signals such as tail flicking 

(LaGory 1981; Stuart and Stuart 2006), that warn other members of the herd of potential threats, such 
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as predators. Antelope can also adopt defensive tactics when confronted by a predator, such as 

remaining immobile, or even attacking the predator (Caro and Fitzgibbon 1992; Fitzgibbon 1994; Gese 

1999; Packer 1983). However, one of the most common responses to evade a predator is to flee 

(LaGory 1987; Rowe-Rowe 1974; Smythe 1970; Walther 1969). The success of a prey species in this 

behaviour depends on the animal’s aerobic capacity. The southern part of Africa is home to a number 

of athletic wild animal species, with predators like the cheetah and the lion being very adept sprinters. 

It is no surprise that antelope, which are often prey to those species, have evolved to be very athletic 

themselves. For example, the impala (Aepyceros melampus), despite being capable of brief sprints, is 

considered mainly as an endurance-type athletic animal (Kohn et al. 2005) and is able to outdistance 

its predators to evade capture. Other species of antelope, like the blue wildebeest (Connochaetes 

taurinus) or springbok (Antidorcas marsupialis) possess both attributes, being capable of reaching 

maximum speeds in excess of 80 km h-1 (Curry et al. 2012; Garland 1983; Kohn et al. 2005), and an 

ability to sustain those high speeds over extended distances (Pennycuick 1975; Perry et al. 1988).  

While it is clear that antelope are very athletic animals, relatively little data have been 

collected about the particular physiological adaptations that enable such physical performance. Most 

of the data regarding the exercise performance of animals usually comes from observational studies 

(Gambaryan 1974; Rowe-Rowe 1974; Garland 1983; Caro and Fitzgibbon 1992; Sharma et al. 2009) or 

studies on their skeletal muscles (Curry et al. 2012; Kohn et al. 2011; Kohn et al. 2007; Kohn et al. 

2005). Most of the studies that have reported direct physiological measurements, such as V�O2max, and 

the cardiorespiratory variables that support V�O2max, come from the work of Taylor and Weibel, in their 

seminal series of papers that tested symmorphosis in the mammalian respiratory system (Gehr et al. 

1981; Taylor et al. 1981; Taylor and Weibel 1981). In those studies, the cardiorespiratory variables of 

several species of wild antelope, including wildebeest, dik dik (Madoqua krikii), and eland 

(Taurotragus oryx), were reported. There are many other species of antelope, over a wide range of 

body masses, which have not been assessed. 
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It is possible that the structures of the oxygen delivery cascade in athletic animals like antelope 

are well adapted to support their high aerobic capacity. For example, the pronghorn antelope, which, 

contrary to its name, is taxonomically not an antelope, is an artiodactyl widely considered to be one 

of the fastest land vertebrates in the world, with a top speed of 100 km h-1, second only to the cheetah 

(Acionyx jubatus) (McKean and Walker 1974). Like many species of antelope, the pronghorn is capable 

of running at high speed for extended periods, likely an evolutionary response to predation in its 

natural habitat (O’Gara 1978). Due to its status as an aerobic powerhouse, study on the physiology of 

the pronghorn antelope revealed several adaptations that enable its exercise performance. The 

pronghorn antelope has an extremely high V�O2max that far surpasses the predicted maximum aerobic 

capacity for an animal of its size (Lindstedt et al. 1991). The high V�O2max is supported by a large heart 

(larger than predicted for its body mass), more oxygen diffusion structures in the lung, a greater 

oxygen delivery capacity, and a larger than predicted skeletal muscle capacity for oxygen utilization 

(Lindstedt et al. 1991; McKean and Walker 1974; Popel et al. 1994). It is possible that other athletic 

animals, like antelope, may have similar physiological adaptations that allow for their impressive 

aerobic capacities, and that have yet to be measured.  

Studying the physiology of antelope is not without challenge, as many of them are large, and 

must first be captured safely. Furthermore, cardiorespiratory measurements such as blood pressure 

and cardiac output may require invasive procedures that are conducted on animals under controlled 

conditions, all of which necessitates some form of chemical immobilization or sedation. However, 

every chemical agent can potentially impact upon the cardiovascular and respiratory systems, thus 

affecting the reliability of any measurements taken. Therefore it is necessary to achieve a balance 

between the safe and humane chemical restraint of wild antelope, and the integrity of acute 

physiological measurements of the cardiovascular and respiratory systems, thus allowing for the 

collection of cardiorespiratory data that more closely represent the animals’ normal resting state. 

 



25 
 

1.4 Chemical immobilization 

Long before they represented a wealth of scientific data, wild animals had been a resource for humans 

for thousands of years, most commonly as a source of food for ancient human populations or for 

capture and eventual domestication. Many cultures throughout the world still rely on wild game or 

bush meat as part of their diet. Capturing these animals began with physical restraint, though this 

would eventually progress chemically in the form of various poisons such as curare or its derivatives, 

delivered via blow pipe, darts, or arrows (Nielsen 1999). Though chemical capture techniques 

continued to evolve over time, the 1950s saw many advances in the development of newer, more 

efficacious methods of chemical immobilisation (Harthoorn 1976), the result of which are the host of 

drugs and techniques that are available today.  

The most common and effective method of capturing wild animals involves some form of 

chemical immobilization to prevent, or at least limit, the animal’s ability to fight or escape, allowing 

for its handling. Chemical immobilisation can range from light sedation to unconsciousness, depending 

on the drugs and doses used. Chemical immobilisation is related to, but categorically different from, 

general anaesthesia, because where the latter condition involves a reversible loss of sensation and 

consciousness (Urban and Bleckwenn 2002), chemical immobilisation does not always cause loss of 

consciousness. For example, early practitioners of chemical immobilisation used neuromuscular 

blockers that paralysed animals without affecting their level of consciousness, which increased the 

animal’s stress levels and contributed to high mortality rates (Caulkett and Arnemo 2007). Since then, 

the drugs used in chemical capture now also have partial or total CNS depressive effects, and are often 

combined with other drugs that have synergistic effects that decrease the dose, reducing possible side 

effects, and increasing their efficacy (Fahlman 2008; Schumacher 2008). 

Animals are commonly immobilised from a distance via remote darting, which necessitates 

the use of potent concentrated drugs that can be delivered in small volumes. Given that the exact 

health status and body mass of animals in the wild is usually unknown, the drugs that are used need 

to have a wide safety margin (Kock and Burroughs 2012). Furthermore, a rapid induction time is critical 
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to reduce the risk of the animal being injured as a result of the terrain or because sight of the animal 

is lost in dense foliage or darkness (Fahlman 2008). The drugs should also be easily and quickly 

reversible by an antagonist, whether for emergencies, or to facilitate a quick recovery should that be 

a desired outcome post-capture (Fahlman 2008).  

 

1.4.1 Immobilization using etorphine 

There are many different drugs available for immobilising animals, and some of the most commonly 

used belong to the opioid family. The most popular drug that is used for antelope is etorphine (M99). 

Etorphine was introduced in 1963 for the immobilisation of large ungulates (Bentley and Hardy 1963) 

and continues to be the drug of choice for that purpose. Its safety and efficacy have made it one of 

the most popular immobilising agents in the world, with the level of sedation determined by its dosage 

(Harthoorn 1976). More specifically, it satisfies the main criteria required of a chemical immobilising 

agent, as it is highly potent and therefore logistically easy to deliver via dart, it is safe, owing to its high 

therapeutic index, and is easily reversed via available antagonists (Williams and Riedesel 1987).  

Etorphine, like other opioids, works by binding to and activating mu, delta, and kappa opioid 

receptors, thereby altering the activity of voltage-sensitive ion channels on synaptic neurons (Blane et 

al. 1967). Opioids have actions on both presynaptic, and postsynaptic neurons, preventing 

depolarization and inhibiting neurotransmitter release (either at the synapse or at the target cell 

respectively, depending on the receptor sites). Depression of neural communications generally leads 

to the desired effect of catatonia (Blane et al. 1967; Chahl 1996), however the overall action of the 

opioid depends on which specific type of neuron it interacts with (presynaptic or postsynaptic). For 

example, postsynaptic neuron opioid interaction simply prevents the release of a neurotransmitter 

onto a target cell. The presynaptic action is similar in that it inhibits neurotransmitter release, this 

time at the synapse, however in some cases, such binding can produce an excitatory effect at a target 

postsynaptic neuron, if the neurotransmitter normally produces an inhibitory effect, essentially 

inhibiting the inhibitor. (Chahl 1996; McQueen 1983). Therefore the location and density of opioid 
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receptors on a neuron, or chain of neurons, determines the overall effects of the opioid. Etorphine’s 

interactions with the various opioid receptors within the central nervous system confer anaelgesic 

effects on the management of pain, in addition to the desired effect of immobilization (Schumacher 

2008; West et al. 2014). Considering that the nervous system comprises neurons of many different 

types which differ in size, shape, and function, that vary in the chemical nature of the neurotransmitter 

released from their terminals, the effects of an opioid might differ at different parts of the body, 

despite being the same molecule (Chahl 1996; McQueen 1983). For example, the effect of etorphine 

on the cardiovascular system has been reported to include vasodilation within the systemic 

circulation, but vasoconstriction within the pulmonary circulation (Hakim et al. 1992; Willette and 

Sapru 1982).  

One of the main advantages that etorphine has over other sedatives such as ketamine, or 

tranquilizers like midazolam, is its reversibility with the appropriate antagonist. Opioid antagonists like 

naltrexone typically bind to opioid receptors with a higher affinity than etorphine, thus displacing the 

opioid molecules and rapidly reversing its effects, usually within a few minutes (Ramsay 2008; Woolf 

1970; Alford et al. 1974). Butorphanol, another opioid antagonist, only partially reverses the effects 

of opioids as it competitively binds to only certain opioid receptors with antagonistic effects. Partial 

antagonists, such as butorphanol, are used to lighten the level of catatonia and other possible side 

effects without removing the immobilization altogether (Kock and Burroughs 2012). 

While etorphine is highly suited for use in wild ungulates owing to its excellent immobilizing 

effects and rapid reversibility, it has several cardiovascular and respiratory side effects that make it 

unsuitable for in situ physiological studies of animals. It induces some profound physiological changes 

and can represent a significant risk to the health and safety of the animal if they are held under 

etorphine for an extended time. The side effects are generally dose and species dependant. For 

example, bradycardia and hypotension have been observed in smaller mammals such as rats, cats, 

dogs, and monkeys (Blane et al. 1967; Roquebert and Delgoulet 1988), whilst tachycardia and 

hypertension have been observed in larger mammals such as horses, domestic cattle, and sheep 
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(Alford et al. 1974). In addition to its interactions with opioid receptors in the central nervous system, 

etorphine also acts on G-protein coupled receptors on mast cells, inducing the release of histamine, 

leading to vascular smooth muscle relaxation and vaso/venodilation (Grossmann et al. 1996). It can 

also have a direct negative chronotropic effect via interaction with opioid receptors on the heart itself 

(Gautret and Schmitt 1984; Gautret and Schmitt 1985). A decrease in systemic vascular resistance, 

increase in venous capacitance, as well as direct depressive effects on the heart, mean that mean 

arterial pressure can become severely reduced. 

The pulmonary system can also be significantly affected by opioids, and varying degrees of 

respiratory depression are frequently observed in animals under etorphine (Alford et al. 1974; Blane 

et al. 1967; Boom et al. 2012; Gautret and Schmitt 1984; Roquebert and Delgoulet 1988; Woolf 1970). 

Decreases in both the rate, and the depth of ventilation in animals under etorphine is believed to be 

due to reductions in the ventilatory response to carbon dioxide (Buss and Meltzer 2001; Shook et al. 

1990), as well as direct interactions with brainstem opioid receptors that alter the breathing pattern 

(Pattinson 2008; Boom et al. 2012). A common observation is that animals that are immobilized with 

etorphine are more likely to become hypoxic and hypercapnic (Boom et al. 2012). 

These side effects mean that in situ data collected from wild animals under etorphine would 

generally be unreliable for the assessment of their normal cardiovascular and respiratory systems, as 

those data do not accurately reflect the resting state. As a way of improving etorphine’s effectiveness 

and reducing possible complications, the drug is commonly given in conjunction with other chemical 

agents. Combinations of different synergistic drugs allow for a lower individual dose of each drug, 

which reduces the incidence and prevalence of side effects. For example, etorphine can be given in 

combination with a tranquilizer such as azaperone, a neuroleptic butyrophenone that improves the 

induction time and enhances the opioid’s sedative effects (Wenger et al. 2007), as well as ameliorating 

some of the opioid-induced respiratory depression (Greth et al. 1993). Other combinations can include 

sedatives such as midazolam, xylazine, or detomidine, leading to similar outcomes, such as improving 
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the opioid’s sedative effects and reducing detrimental side effects (Buss et al. 2016; Hillidge and Lees 

1976; Lian et al. 2014; Perrin et al. 2015; Risling et al. 2011; Wenger et al. 2007). 

It is important to note that there is no perfect drug or drug combination in chemical 

immobilization. Every option can have complications or undesirable side effects, and the possible 

variation in efficacy and difficulties both between and within species’ means that the chemical agents 

to be used must be selected carefully in the light of each animal’s physiology (Tranquilli et al. 2013).  

 

1.4.2 Sedation using propofol 

While chemical immobilisation has all of these issues and complications, it is a necessity in capturing 

wild animals for scientific study. A potential solution is to use etorphine to achieve immobilisation, 

then place the animal under general anaesthesia with another chemical agent that has milder 

cardiorespiratory side effects, before finally reversing the etorphine with an antagonist such as 

naltrexone, thus removing the unwanted side effects from etorphine altogether. 

Propofol is one of the most commonly used intravenous anaesthetics for inducing and 

maintaining varying levels of sedation and general anaesthesia in humans (Mirenda and Broyles 1995) 

and various animal species (Goodchild and Serrao 1989; Peratoner et al. 2004; Runciman et al. 1990). 

Its exact mechanism of action is unknown, however as with most general anaesthetics, propofol is 

thought to alter the behaviour of neurons by interacting directly with GABA receptors on neuronal cell 

membranes (Trapani et al. 2000), enhancing inhibitory signals or blocking excitatory signals, and 

reducing the overall activity of the neurons (Garcia et al. 2010). The primary target of propofol seems 

to be GABAA receptors, which are ligand-gated ion channels that, when activated, result in 

hyperpolarization of the cell and inhibition of neurotransmission (Siegel 1999). The anaesthetic effect 

of propofol is at least partly mediated by interactions with GABAB receptors, G-protein-coupled 

receptors that, when activated, have an inhibitory effect on neuronal firing activity (Schwieler et al. 

2003). Propofol has also been reported to act on other ion channels, such as glycine receptors, 
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nicotinic receptors, and certain potassium channels (Alkire et al. 2008; Franks and Lieb 1994), all with 

the similar outcome of reducing neuronal activity and thus facilitating its anaesthetic effects. 

As with any other chemical agent, propofol can have cardiorespiratory side effects. The main 

negative cardiovascular effect of propofol is hypotension due to an inhibitory effect on the 

sympathetic nervous system, reducing sympathetic output to the smooth muscle that lines the blood 

vessels, resulting in both venodilation and vasodilation in humans (Claeys et al. 1988; Robinson et al. 

1997). The venodilation increases venous capacitance and lowers preload (Muzi et al. 1992; Bentley 

et al. 1989; Goodchild and Serrao 1989), whilst the vasodilation causes a reduction in systemic vascular 

resistance (Claeys et al. 1988; Boer et al. 1990; Grounds et al. 1985). Several studies have also 

suggested that propofol reduces cardiac muscle contractility by direct negative inotropic effects 

(Coetzee et al. 1989; Mulier et al. 1991). In addition to reducing blood pressure, propofol may also 

impair the barostatic response, attenuating the heart rate response to a decrease in blood pressure 

as well as reducing sympathetic vasoconstrictor outflow (Ebert et al. 1992).  

Another potential problem with propofol is respiratory depression. Anaesthesia via propofol 

has been shown to cause a decrease in tidal volume, minute ventilation, and alterations in breathing 

frequency, as well as attenuating the ventilatory response to hypoxia and hypercapnia in humans, 

dogs, and goats (Goodman et al. 1987; Madan et al. 2010; Mirenda and Broyles 1995; Nieuwenhuijs 

et al. 2001). Propofol is believed to act on peripheral chemoreceptors located in the carotid bodies, 

situated at the bifurcation of the common carotid arteries which respond to changes in PaO2 and 

PaCO2, as well as central chemoreceptors, located in the dorsomedial and ventrolateral medulla 

(Blouin et al. 1993; Nieuwenhuijs et al. 2000; Nieuwenhuijs et al. 2001). Direct activation of GABAA 

receptors by propofol inhibits neurotransmission, reducing the sensitivity of the chemoreceptors 

(Davies et al. 1998; Krasowski et al. 2001) and thus the ventilatory response to both hypercapnia and 

hypoxia. However, there is also evidence that propofol is a bronchodilator, promoting airflow 

(Pedersen et al. 1993), and most importantly, that the severity and prevalence of these side effects is 
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generally much milder under propofol compared to etorphine (Goodman et al. 1987; Madan et al. 

2010; Nieuwenhuijs et al. 2001; Rosa et al. 1992). 

 

1.5 Aims and organization 

The major aim of this thesis is to detail the cardiorespiratory system of six species of wild African 

antelope, and to determine how aspects of their cardiorespiratory physiology scale with body mass. 

In particular, this thesis investigates how both resting and maximum heart work scales with body mass 

in the antelope. The following summaries of each chapter briefly outlines the approach taken. 

 

Chapter Two: An anaesthetic protocol was developed and tested on domesticated mammals (sheep 

and goats), for later use on wild African antelope. I compared the cardiovascular (heart rate, stroke 

volume, cardiac output, and blood pressures) and respiratory (respiratory rate, tidal volume, minute 

ventilation) responses of sheep and goats that had been trained to wear a face mask while mildly 

sedated, to the response of the same animals under etorphine, and then under propofol. The protocol 

was successful, as it allowed for the rapid and safe immobilization of the animal, while minimizing 

many cardiorespiratory side effects that arose from chemical immobilization and approximated a 

resting condition. This anaesthetic protocol was then used on the antelope in the subsequent 

chapters. 

 

Chapter Three: Cardiovascular (heart rate, stroke volume, cardiac output, and blood pressures) and 

respiratory (respiratory rate, tidal volume, minute ventilation) measurements were collected from six 

species of wild African antelope under the anaesthetic protocol that was developed in Chapter 2.  The 

species covered a 20-fold body mass range, varying from the 12 kg common duiker (Sylvicapra 

grimmia), to the 250 kg common eland (Taurotragus oryx). The scaling of these cardiorespiratory 

variables were compared to the established scaling relationships for other mammals, and it was 

determined that antelope differ from other mammals in several aspects of their cardiovascular 
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physiology. Finally, the external cardiac work rate of the antelope was calculated, and compared to 

their total metabolic rate to demonstrate how the relative cost of the circulation increased with body 

mass. 

 

Chapter Four: The same cardiorespiratory measurements as described in the previous chapter are 

reported here, albeit of the antelope under an elevated level of heart work, stimulated by intravenous 

adrenaline. Cardiorespiratory measurements under this simulated maximum reveals how these 

aspects of the antelopes’ physiology might respond under heavy exercise.  

 

Chapter Five: The concluding chapter is a general discussion that summarises the major findings from 

each experimental chapter, and discusses the most important results with more latitude for 

speculation. 
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Chapter 2: Ameliorating the adverse cardiorespiratory effects of 

chemical immobilization by inducing general anaesthesia in sheep 

and goats:  implications for physiological studies of large wild 

mammals 
 

2.1 Abstract 

Chemical immobilization is necessary for the physiological study of large wild animals. However, the 

immobilizing drugs can adversely affect the cardiovascular and respiratory systems, yielding data that 

do not accurately represent the normal, resting state. We hypothesise that these adverse effects can 

be ameliorated by reversing the immobilizing agent while holding the animal under general 

anaesthesia. We used habituated sheep Ovis aries (N=5, 46.9±5.3 kg body mass, mean±SEM) and goats 

Capra hircus (N=4, 27.7±2.8 kg) as ungulate models for large wild animals, and measured their 

cardiorespiratory function under three conditions: (1) mild sedation (midazolam), as a proxy for the 

normal resting state, (2) immobilization (etorphine and azaperone), and (3) general anaesthesia 

(propofol) following etorphine antagonism (naltrexone). Cardiac output for sheep and goats both 

remained unchanged across the three conditions (overall means of 6.2±0.9 L min-1 and 3.3±0.3 L min-1, 

respectively). For sheep and goats, both systemic and pulmonary mean arterial pressures were 

significantly altered from initial midazolam levels when administered etorphine + azaperone, but 

those arterial pressures were restored upon transition to propofol anaesthesia and antagonism of the 

etorphine. Under etorphine + azaperone, minute ventilation decreased in the sheep, though this 

decrease was corrected under propofol, while the minute ventilation in the goats remained 

unchanged throughout. Under etorphine + azaperone, both sheep and goats displayed arterial blood 

hypoxia and hypercapnia (relative to midazolam levels), which failed to completely recover under 

propofol, indicating that more time might be needed for the blood gases to be adequately restored. 

Nonetheless, many of the confounding cardiorespiratory effects of etorphine were ameliorated when 
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it was antagonised with naltrexone while the animal was held under propofol, indicating that this 

procedure can reinstate the cardiovascular and respiratory systems to a normal, resting state. 

 

2.2 Introduction 

Little is known about normal physiological function in large wild animals because measurements 

cannot be made without either habituating the animals, physically restraining them, or chemically 

immobilizing them. Because the habituation of large wild animals is generally impractical, and physical 

restraint introduces additional physiological stresses, many researchers have adopted chemical 

immobilization as a means to obtain measurements that would otherwise be extremely challenging in 

the fully awake state (Boesch et al. 2011; Brøndum et al. 2009; Buss et al. 2016; Ozeki et al. 2014; Rey 

et al. 2016; Springer et al. 2015). However, the chemical agents used for immobilisation can have 

profound effects that compromise normal physiological function. One of the most widely used drugs 

for immobilizing large mammals is etorphine hydrochloride, a potent synthetic opioid popular due to 

its rapid and reversible immobilization (Woolf et al. 1973). 

While etorphine is recognized as an effective immobilizing agent, it has various species-

dependent and dose-dependent side-effects, varying from bradycardia and hypotension to 

tachycardia and hypertension, as well as respiratory and central nervous system depression (Alford et 

al. 1974; Buss and Meltzer 2001; Meyer et al. 2010; Perrin et al. 2015; Woolf 1970; Radcliffe et al. 

2014; Cabral et al. 1980; Marano et al. 1996). The cardiovascular effects can be mediated by vagal 

feedback from the lungs (Willette et al. 1982; Willette and Sapru 1982), via direct effects on the heart 

itself (Gautret and Schmitt 1984; Gautret and Schmitt 1985), and also through central autonomic 

stimulation (Alford et al. 1974; Heard et al. 1990; McQueen 1983). Additionally, the etorphine-induced 

respiratory depression presents an increased risk of asphyxiation for the immobilized animal. 

Etorphine acts on opioid receptors within the respiratory centres of the brainstem, inhibiting both the 

rate and depth of ventilation, and reducing the sensitivity of the animal to carbon dioxide (Buss and 

Meltzer 2001; Shook et al. 1990). Animals immobilized with etorphine are therefore more likely to 
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become hypoxic and hypercapnic (Boom et al. 2012). To mitigate this problem, etorphine is commonly 

given in combination with other chemical agents, both to lower the dose of etorphine, and to help 

alleviate some of its side effects. For example, etorphine is often used in conjunction with low doses 

of azaperone, a neuroleptic butyrophenone that enhances the opioid’s sedative effects (Wenger et al. 

2007) while ameliorating its depressive respiratory effects (Greth et al. 1993).  

Nonetheless, cardiorespiratory data from animals under etorphine, even when used in 

conjunction with azaperone, are generally unreliable for assessment of normal physiological function 

of the cardiovascular and respiratory systems, as they are unlikely to reflect normal resting values. 

Therefore, there is a need to identify and assess alternative immobilizing agents with less impact on 

the cardiovascular and respiratory systems. Unfortunately, many of the current alternatives are 

impractical for darting because of the large and continuous volumes required to effectively immobilize 

large wild animals. A potential solution is to persist with etorphine as the initial immobilizing agent, 

but once immobilization is achieved, induce a general anaesthesia with an alternative chemical agent 

that has milder cardiorespiratory side effects, and then provide naltrexone, an opioid antagonist, to 

reverse the effects of etorphine. A candidate for an alternative chemical agent that has anaesthetic 

effects but impacts less on the cardiovascular and respiratory systems is propofol, commonly used in 

human and veterinary surgical procedures. Although propofol’s exact mechanism of action is unclear, 

it is thought to bind to and activate GABAA and GABAB receptors of neurons within the central nervous 

system, inhibiting their activity and leading to a loss of consciousness (Trapani et al. 2000). As with 

most anaesthetics, propofol does have side effects, namely hypotension, as propofol can have 

negative chronotropic effects on heart rate, secondary to increased venous capacitance, which may 

reduce overall cardiac output, as well as reduced systemic vascular resistance, possibly mediated by 

the drug’s inhibitory effect on sympathetic action within the vessel walls (Hoka et al. 1998; Muzi et al. 

1992). A reduced cardiac output and systemic vascular resistance, and a possibly blunted baroreflex, 

could result in persistently reduced mean arterial pressure (Sinclair 2003). Propofol can also have 

similar dose-dependent respiratory depressant effects to those of etorphine, such as reduced minute 
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ventilation, and attenuated ventilatory response to hypoxia and hypercapnia (Mirenda and Broyles 

1995; Madan et al. 2010; Nieuwenhuijs et al. 2001; Goodman et al. 1987).  However, the severity of 

these side effects appear to be generally much milder when propofol is used compared to etorphine 

(Rosa et al. 1992; Madan et al. 2010; Nieuwenhuijs et al. 2001; Goodman et al. 1987). 

Although no chemical agent is without side effects, if a balance can be achieved between the 

adequate chemical restraint of large wild animals and the integrity of acute physiological 

measurements of the cardiovascular and respiratory systems, then cardiorespiratory data can be 

obtained that more accurately represent the normal, resting state. In this study, we assess whether 

or not the adverse cardiorespiratory effects of etorphine can be ameliorated by reversing it with an 

opioid receptor antagonist, while holding animals under general anaesthesia using propofol. We used 

habituated sheep and goats as a two-species ungulate model, because previous research suggests that 

species can differ in their physiological response and sensitivity to opioids (Alford et al. 1974; Woolf 

et al. 1973; Mir et al. 2000). Furthermore, both species are routinely used as animal models and both 

are known to provide reliable cardiorespiratory measurements (Egermann et al. 2008; Lenaerts et al. 

2013; Vahle-Hinz and Detsch 2002). We measured cardiovascular variables (heart rate, stroke volume, 

cardiac output, and systemic and pulmonary arterial blood pressures), respiratory variables 

(respiratory rate, tidal volume, minute ventilation), and arterial blood gas tensions (partial pressures 

of oxygen and carbon dioxide), under (1) mild sedation using midazolam as a proxy for the normal 

resting state, (2) immobilization using etorphine and azaperone, and (3) general anaesthesia using 

propofol after administration of the opioid receptor antagonist, naltrexone. We hypothesised that 

propofol anaesthesia could return cardiovascular and respiratory function to normal in domestic 

ungulates initially immobilized with etorphine, thus enabling the possible future assessment of normal 

cardiorespiratory function of large wild ungulates. 
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2.3 Material and methods 

Animals 

The procedures used in this study were approved by the Animal Ethics Committees of the University 

of Western Australia (UWA AEC RA/3/100/1241) and of the University of the Witwatersrand 

(AESC 2013/25/2B). Adult sheep (Ovis aries, N=5, 46.9±5.3 kg body mass, mean±SEM) and adult goats 

(Capra hircus, N=4, 27.7±2.8 kg), purchased from farm stock, were housed in large indoor enclosures, 

under a controlled temperature (23±1°C) and lighting regime (12:12h day-night), at the Central Animal 

Services, University of the Witwatersrand, South Africa (~1,750 m elevation). Animals were fed once 

daily on a mix of teff (Eragrostis tef), lucerne (Medicago sativa), vegetables, and commercial pellet. 

Water was provided ad libitum. Animal health was assessed daily, and body mass measured twice a 

week. During the three-week period leading up to day of experimentation, each animal was 

habituated to stand or lie quietly while being handled and wearing a respiratory face mask. The 

domestic nature of the sheep and goats mean they are predisposed to being more readily approached 

by humans and less stressed in a captive environment (Price 1999). Furthermore, the additional 

training during the habituation period helped to familiarize the animals to their surroundings and 

prepare them for handling on the day of experimentation, with the ultimate aim of minimizing stress 

and thus providing physiological measurements more reflective of the resting state. 

 

Cardiovascular function 

Measurements were made in a large-animal surgery maintained at a constant temperature (23±1°C). 

Initially, each animal was mildly sedated with an intramuscular injection of midazolam (0.3 mg kg-1; 

Dormicum; Roche Products, Johannesburg, South Africa) and was in a state that human medicine 

terms “minimal sedation”, which allows the individual to tolerate uncomfortable procedures while 

maintaining cardiorespiratory function (American Society of Anesthesiologists 2004). Individuals 

exhibited intact corneal reflex, partial loss of muscle tone, and were nonresponsive to innocuous 

stimuli. The skin and underlying tissue of the left mid-neck region was locally anesthetized with 
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lidocaine (5 ml; Lignocaine Hydrochloride Fresenius 2%; Fresenius Kabi, Midrand, South Africa), then, 

a fluid-filled Swan-Ganz continuous cardiac output thermodilution catheter (7 French gauge; 

139HF75P; Edwards Life Sciences, Irene, South Africa) was introduced into the left jugular vein at the 

mid-neck region, and advanced into the superior vena cava, through the right atrium and right 

ventricle, before terminating in the pulmonary artery. The port at the tip of the thermodilution 

catheter was connected via a fluid-filled line to a pre-calibrated Deltran II pressure transducer 

(DPT-200; Utah Medical Products, Midvale, UT, USA), which allowed for real-time monitoring of 

pressure waveforms at the tip, ensuring its correct placement, and providing continuous 

measurement of pulmonary arterial pressures (mmHg). In addition, the auricular artery of each animal 

was catheterised with an intravenous catheter (22 gauge; Introcan; B/Braun, Melsungen, Germany) 

connected via a fluid-filled line to another pre-calibrated Deltran II pressure transducer, which allowed 

for continuous measurement of systemic arterial pressures (mmHg). The pressure transducers were 

placed at the level of the scapulohumeral joint (level with the base of the heart) and zeroed to 

atmospheric pressure to standardise pressure readings. The pressure transducers were connected via 

blood pressure amplifiers (FE117; ADInstruments, Castle Hill, Australia) to a PowerLab Exercise 

Physiology System (ML870B80; ADInstruments), which captured and displayed real-time data through 

LabChart software (Chart 5; ADInstruments). Heart rate (beats min-1) was also captured and displayed 

in real time via the same software. The thermodilution catheter’s heating coil lay in the right ventricle 

and the thermistor at the catheter tip lay in the pulmonary artery, allowing measurement of cardiac 

output (L min-1) following thermodilution principles (Fegler 1954). The thermodilution catheter was 

connected to a Vigilance Monitor (450070-R11; Edwards Life Sciences), which continuously measured 

cardiac output (L min-1). Stroke volume (ml) was calculated as the quotient of cardiac output and heart 

rate. Pulmonary artery temperature was recorded and used as a measure of body temperature. 
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Respiratory function 

A respiratory face mask was placed around the muzzle of each animal, connected through a 

respiratory flow head (MLT1000L; ADInstruments) and gas mixing chamber (MLA246; ADInstruments) 

to the spirometer component (FE141, ADInstruments) of the same PowerLab system. A Powerlab 8/30 

amplifier (ML870; ADInstruments) collected the data from these modules before integrating with the 

system’s metabolic module software to determine tidal volume (L), respiratory rate (breaths min-1) 

and minute ventilation (L min-1). A 3-L precision volume syringe was used to calibrate the spirometer 

prior to each use. The gas analyser was calibrated with a calibration gas (12% O2, 5.1% CO2, Air 

Products, Johannesburg, South Africa).  

 

Arterial blood gases 

Blood samples were drawn from the auricular artery via its respective catheter and measurements of 

the partial pressures of arterial oxygen (PaO2; mmHg) and carbon dioxide (PaCO2; mmHg) were 

measured with a blood gas analyser using pre-calibrated blood gas cassettes (Roche OPTI CCA Analyser 

and OPTI cassette B; Kat Medical, Johannesburg, South Africa) and corrected to body temperature. 

Barometric pressures were measured by the built-in barometer of the blood gas analyser, which was 

calibrated against a Fortin-type precision mercury barometer (On; F D & Co. Ltd., Watford, UK). The 

partial pressure of alveolar oxygen (PAO2; mmHg) was calculated from the alveolar gas equation, 

PAO2 = FiO2 (Pb - PAH2O) - PACO2/RER, where FiO2 is the fraction of oxygen in the inspired air (0.209), 

Pb is the barometric pressure (mmHg), PAH2O is the water vapour pressure of saturated alveolar air 

(mmHg) correct to temperature and pressure (Barenbrug 1974), PACO2 is the partial pressure of 

alveolar CO2 (mmHg) which we assumed to equal the measured PaCO2 , and RER is the respiratory 

exchange ratio (i.e. ratio of CO2 production to O2 consumption rates) (Curran-Everett 2006) which we 

assumed a value of 1, as previously measured in healthy sheep and goats (Beker et al. 2010). The 

alveolar-arterial oxygen partial pressure gradient (P(A-a)O2; mmHg) could then be calculated as the 
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difference in oxygen partial pressure between the calculated value for the alveoli and the measured 

value for the artery. 

 

Experimental procedure 

The timeline of the experimental procedure is summarised in Figure 2.1. Following instrumentation, 

each animal was given approximately 5 min for conditions to stabilise, before cardiorespiratory 

variables under midazolam (described earlier) were measured for 15 min.  Animals were then injected 

intramuscularly with etorphine (0.05 mg kg-1; Captivon; Wildlife Pharmaceuticals, White River, South 

Africa) and azaperone (0.5 mg kg-1; Stressnil; Janssen Pharmaceuticals Ltd, Halfway House, South 

Africa), and the cardiorespiratory variables were measured for a further 15 min following a 5 min drug 

stabilisation period. The animals then received a bolus of propofol (3 – 5 mg kg-1; Diprivan; Fresenius 

Kabi, Bad Homburg, Germany) followed by propofol infusion at a constant rate (6 – 12 mg kg-1 h-1 

depending on the animal), and an intravenous injection of naltrexone (1 mg kg-1; Trexonil; Wildlife 

Pharmaceuticals, White River, South Africa) to reverse the etorphine. Once again, the same 

cardiorespiratory variables were measured for a further 15 min following a 5 min drug stabilisation 

period. After the physiological measurements were complete, each animal was euthanized with an 

injection of sodium pentobarbitone (200 mg kg-1; Euthapent; Kyron Laboratories, Johannesburg, South 

Africa) and the hearts were harvested for use in another study (Snelling et al. 2016). 

 

 

Figure 2.1 Timeline of the experimental procedure. Midazolam was given prior to instrumentation. 

Each experimental phase lasted approximately 20 min with approximately 5 min for stabilisation (S) 

before commencing approximately 15 min of data collection. Naltrexone was given after propofol 

infusion commenced. 
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Statistical analyses 

All values are reported as mean ± standard error (SEM).  Mean values were calculated as the average 

of the last 15 min of each drug phase. The effects of the different drugs on the measured 

cardiorespiratory variables were analysed using a one-way ANOVA. Where the ANOVA indicated 

significance, a Student Newman-Keuls post-hoc test was used to compare individual means. Statistical 

significance was set at P<0.05 a priori. All statistical analyses were performed using STATISTICA 

(Version 4.1; Statsoft, Tulsa, OK, USA). 

 

2.4 Results 

Cardiovascular function 

In sheep, heart rate increased from 110±14 beats min-1 under midazolam to 180±7 beats min-1 under 

etorphine + azaperone (P<0.001; Figure 2.2A). When etorphine was reversed and the sheep placed 

under propofol, there was a significant decrease in heart rate to 147±6 beats min-1, although it 

nonetheless remained significantly higher than the initial midazolam phase (P<0.05). In goats, the 

heart rate was 86±5 beats min-1 under midazolam and was unaffected by the introduction of 

etorphine + azaperone (86±2 beats min-1; P=0.96), while etorphine antagonism and introduction of 

propofol increased heart rate to 110±8 beats min-1 (P<0.05). In general, stroke volume showed an 

inverse response to that of heart rate across the three drug phases, particularly in the sheep. In sheep, 

stroke volume decreased significantly from 53±4 ml under midazolam to 35±6 ml under 

etorphine + azaperone (P<0.05; Figure 2.2B), before increasing again during the propofol phase to 

42±6 ml, although it nonetheless remained significantly reduced compared to the initial midazolam 

phase (P<0.05). In goats, stroke volume did not change across all three drug phases with an overall 

mean of 37±2 ml. Because changes in heart rate tended to cancel changes in stroke volume, 

particularly in the sheep, cardiac output in both sets of animals did not vary significantly between the 

three drug phases (Figure 2.2C). Thus, the overall average cardiac output was 6.2±0.9 L min-1 for the 
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sheep and 3.3±0.3 L min-1 for the goats. Or, expressed in mass-independent units, cardiac output was 

0.29±0.02 L min-1 kg-0.79 for the sheep and 0.24±0.04 L min-1 kg-0.79 for the goats (Holt et al. 1968). 

 

 

Figure 2.2 Mean ± SEM (A) heart rate, (B) stroke volume and (C) cardiac output of sheep (unfilled 

circles, N=5) and goats (filled circles, N=4) under the different drug regimens. The drug regimens 

comprised midazolam (mild sedation), followed by etorphine + azaperone (immobilisation), and then 

followed by the antagonism of etorphine with naltrexone while held under propofol (general 

anaesthesia). Statistical differences between the mean values of the different drug regimens are 

identified for sheep (a, b, c) and goats (x, y). Statistical significance set at P<0.05. In the different drug 

phases, asterisk and double asterisk signify potential residual effects of the drug(s) from the previous 

treatment (midazolam only, and midazolam and azaperone respectively). 

 

Systemic mean arterial pressure decreased significantly in sheep and goats from initial levels of 

120±8 and 96±4 mmHg under midazolam, respectively, to 95±8 and 71±3 mmHg under 

etorphine + azaperone (P<0.05; Figure 2.3A).  However, in both sheep and goats, systemic mean 

arterial pressure recovered, following the propofol administration and etorphine antagonism, to 

108±12 and 101±6 mmHg, respectively, which were both statistically indistinguishable from their 

respective midazolam levels (P>0.05). In the transition from midazolam to etorphine + azaperone, the 
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systemic vascular resistance decreased significantly from 21±2 to 16±2 mmHg min L-1 in the sheep 

(P<0.05) and from 31±2 to 23±2 mmHg min L-1 in the goats (P<0.05; Figure 2.3B). After the transition 

onto propofol and antagonism of etorphine, systemic vascular resistance returned to levels that were 

statistically indistinguishable from the initial midazolam levels in both the sheep, 18±3 mmHg min L-1 

(P=0.54), and the goats, 30±4 mmHg min L-1 (P=0.94). 

 

 

Figure 2.3 Mean ± SEM (A) systemic mean arterial blood pressure and (B) systemic vascular resistance 

of sheep (unfilled circles) and goats (filled circles) under the three drug regimes. See Figure 2.2 for 

explanation of statistics and asterisks. 

 

Pulmonary mean arterial pressure increased from 14±1 mmHg under midazolam in both groups 

of animals, to 19±1 and 20±2 mmHg under etorphine + azaperone in the sheep and goats, respectively 

(P<0.05; Figure 2.4A).  These pressures then decreased again following propofol administration and 

etorphine antagonism, to 14±1 and 16±1 mmHg in the sheep and goats, respectively, which is not 

significantly different from their respective midazolam levels (P>0.05). In the transition from the 

midazolam to etorphine + azaperone, the pulmonary vascular resistance increased from 1.7±0.4 to 
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2.4±0.6 mmHg min L-1 in the sheep (P<0.05) and from 3.2±0.2 to 4.6±0.6 mmHg min L-1 in the goats 

(P<0.05; Figure 2.4B). Following the propofol administration and antagonism of etorphine, pulmonary 

vascular resistance returned to levels that were statistically indistinguishable from the initial 

midazolam levels in both the sheep, 1.3±0.5 mmHg min L-1 (P=0.07), and the goats, 

2.6±0.6 mmHg min L-1 (P=0.23). 

 

 

Figure 2.4 Mean ± SEM (A) pulmonary mean arterial blood pressure and (B) pulmonary vascular 

resistance of sheep (unfilled circles) and goats (filled circles) under the three drug regimes. See 

Figure 2.2 for explanation of statistics and asterisks. 

 

Respiratory function 

Both species showed a significant decrease in respiratory rate after the administration of 

etorphine + azaperone, decreasing from 54±17 to 26±4 breaths min-1 in the sheep and from 31±3 to 

22±1 breaths min-1 in the goats (P<0.05 for both species; Figure 2.5A). However, following the propofol 

administration and the antagonism of etorphine, respiratory rate recovered to 68±7 breaths min-1 in 

the sheep and 42±6 breaths min-1 in the goats, which were statistically indistinguishable from their 
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respective frequencies recorded under midazolam (P>0.05 for both species). Tidal volume of the 

sheep did not change across the three drug phases, with an overall mean of 0.14±0.02 L. In the goats, 

however, tidal volume increased significantly from 0.14±0.03 L under midazolam to 0.25±0.05 L under 

etorphine + azaperone (P<0.05; Figure 2.5B), before decreasing again, following the propofol 

administration and etorphine antagonism, to 0.12±0.02 L, which was not significantly different from 

the initial midazolam volumes (P=0.62). Minute ventilation in the sheep decreased significantly from 

7.4±1.8 L min-1 under midazolam to 3.1±0.3 L min-1 under etorphine + azaperone (P<0.05; Figure 2.5C), 

before recovering to 9.1±1.8L min-1 following the propofol administration and etorphine antagonism, 

and was not significantly different from the initial midazolam levels (P=0.23). In the goats, minute 

ventilation was not significantly different between the three drug phases, with an overall mean of 

4.8±0.7 L min-1. 

 

 

Figure 2.5 Mean ± SEM (A) respiratory rate, (B) tidal volume and (C) minute ventilation of sheep 

(unfilled circles) and goats (filled circles) under the three drug regimes. See Figure 2.2 for explanation 

of statistics and asterisks. 
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Arterial blood gases 

The arterial partial pressure of oxygen (PaO2) in the sheep decreased significantly from 69±5 mmHg 

under midazolam to 35±5 mmHg under etorphine + azaperone (P<0.05), and then partially recovered 

to 57±4 mmHg following propofol administration and etorphine antagonism, though it was still lower 

than the initial midazolam levels (P<0.05; Figure 2.6A). For the goats, PaO2 also decreased significantly 

from 68±1 mmHg under midazolam to 48±5 mmHg under etorphine + azaperone (P<0.05), but did not 

change following the propofol administration and etorphine antagonism, 51±7 mmHg, and therefore 

remained below the initial midazolam level (P<0.05). 

The arterial partial pressure of carbon dioxide (PaCO2) in the sheep increased significantly 

from 32±2 mmHg under midazolam, to 53±2 mmHg under etorphine + azaperone (P<0.05), and then 

partially recovered to 38±1 mmHg following the propofol administration and etorphine antagonism, 

although it was still higher than the initial midazolam level (P<0.05; Figure 2.6B). For the goats, PaCO2 

also increased, from 32±1 under midazolam, to 39±3 mmHg under etorphine + azaperone (P<0.05), 

but then did not change significantly following the propofol administration and etorphine antagonism, 

38±3 mmHg, and thus remained significantly higher than the initial midazolam level (P<0.05). 

Lastly, the alveolar-arterial oxygen partial pressure difference (P(A-a)O2) for the sheep 

increased from 21±5 mmHg under midazolam, to 32±4 mmHg under etorphine + azaperone (P<0.05), 

and then recovered to 25±3 mmHg following the propofol administration and etorphine antagonism, 

which was not significantly different from the initial midazolam level (P=0.07; Figure 2.6C). In the 

goats, the P(A-a)O2 also increased significantly, from 21±1 mmHg under midazolam, to 32±3 mmHg 

under etorphine + azaperone (P<0.05), although unlike the sheep, P(A-a)O2 remained elevated at 30±4 

mmHg following propofol administration and etorphine antagonism, and was thus significantly higher 

than the initial midazolam level (P<0.05). 
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Figure 2.6 Mean ± SEM (A) arterial partial pressure of oxygen (PaO2), (B) carbon dioxide (PaCO2) and 

the (C) alveolar–arterial oxygen partial pressure difference (P(A-a)O2) of sheep (unfilled circles) and 

goats (filled circles) under the three drug regimes. See Figure 2.2 for explanation of statistics and 

asterisks. 

 

2.5 Discussion 

The main problem with collecting physiological data from chemically immobilized animals is that it is 

generally unrepresentative of the normal resting state, owing to the adverse cardiorespiratory effects 

of the immobilising drugs. In this study, etorphine had significant adverse cardiorespiratory effects, 

with the sheep appearing relatively more sensitive than the goats. However, when etorphine was 

antagonised while the animals were held under a general anaesthesia using propofol, many of the 

negative cardiorespiratory effects partly – or completely – improved. Thus, we believe that the 

protocol used in this study, albeit with some modification to extend the recovery period, could be 

adopted to allow for safe and reliable acquisition of acute physiological data from large wild animals. 
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Validation of the drug phases 

Sedation under midazolam appeared to be mild in our animals, as evidenced by the fact that their 

heads remained mostly upright with only slight additional support from the handler, they maintained 

an intact corneal reflex, and they exhibited only partial loss of muscle tone (American Society of 

Anesthesiologists 2004) The anxiolytic use of midazolam was necessary to obtain our initial 

cardiorespiratory measurements, as it assisted in keeping the animals calm and closer to a resting 

state. It has been demonstrated in goats that clinical levels of sedation require intramuscular doses of 

at least 0.6 mg kg-1 of midazolam, with the severity being dose dependent, and that cardiorespiratory 

variables such as heart rate and ventilation rate were not significantly affected under those doses, 

which are notable higher than those used in this study (Stegmann and Bester 2001).   

Midazolam is presumed to work by binding to glycine, enhancing the affinity of GABAA to its 

receptor, and thus promoting its inhibitory effects (Splinter et al. 1995). While midazolam itself can 

have some effect on cardiorespiratory function, the severity of the effect is proportional to the level 

of sedation (Upton et al. 2009), which in our study was mild. Furthermore, the cardiorespiratory 

variables for our animals under midazolam were similar to those reported in the literature for non-

anesthetized sheep and goats (Chahl 1996; Greene 2002; Holt et al. 1968; Jackson and Cockcroft 2008; 

Seymour and Blaylock 2000), as documented in Table 2.1. Therefore, we believe that midazolam, at 

the mild dose used in the present study, had little effect on our initial and subsequent 

cardiorespiratory measurements, and indeed helped maintain a physiological state closer to that 

experienced under resting conditions. 
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Table 2.1 Mean ± SEM absolute, body-mass-specific, and body-mass-independent cardiac output and 

minute ventilation of sheep (N = 5) and goats (N = 4) recorded under mild sedation (midazolam) in the 

present study compared to values recorded from non-anaesthetized individuals in the literature. 

 Sheep Goats 

Midazolam non-anaesthetized Midazolam Non-anaesthetized 

Cardiac Output  

(L min-1) 

6.0 ± 1.0 

 

7.1 3.2±0.2 3.9 

Mass-specific  

cardiac output  

(L min-1 kg-1) 

0.13±0.01 0.15 0.12±0.01 0.13 

Mass-independent 

cardiac output 

(L min-1 kg-0.79) 

0.28±0.03 0.34 0.23±0.02 0.26 

Minute ventilation  

(L min-1) 

7.4±1.8 6.7 4.2±0.6 4.3 

Mass-specific  

minute ventilation 

(L min-1 kg-1) 

0.15±0.02 0.14 0.15±0.02 0.14 

Mass-independent 

minute ventilation 

(L min-1 kg-0.8) 

0.33±0.06 0.30 0.29±0.03 0.28 

Literature source:  Non-anaesthetized cardiac output data and scaling exponent (Holt et al. 1968), minute 
ventilation data (Jackson and Cockcroft 2008; Greene 2002) and scaling exponent (Stahl 1967).  

 

Etorphine immobilisation was reversed by the opioid receptor antagonist, naltrexone. It is 

possible that there could have been some lingering effects of etorphine, especially in the initial stages 

of the propofol drug phase.  However, the effect is likely minimal because we analysed data only from 

the final 15 min of each drug phase, and because the antagonism of etorphine, using intravenous 

naltrexone, is generally a very rapid process (Presnell et al. 1973; Alford et al. 1974; Roussel and 

Patenaude 1975). Previous reports of recovery range from almost instantaneous (Lynch and Hanson 

1981) to within a few minutes (Atkinson et al. 2002). 
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Azaperone may also affect cardiorespiratory function. However, previous studies show that it 

has only a slight stimulatory effect on respiration (Clarke 1969), and little or no effect on cardiac output 

and heart rate (MacKenzie and Snow 1977). Nonetheless, azaperone has been reported to decrease 

mean arterial pressure (Lees and Serrano 1976), and because it cannot be antagonised in the same 

way that etorphine was in the present study, it is possible that its effects may have persisted into the 

propofol phase. However, our data shows that systemic mean arterial pressure only improved under 

propofol after the etorphine was reversed, which suggests that azaperone likely did not have 

substantial effects. 

 

Cardiovascular function 

Compared to the initial midazolam phase, we found no change in heart rate, stroke volume or cardiac 

output of the goats when placed under etorphine + azaperone (Figure 2.2). This differs to the results 

of Meyer et al. (2015), who showed a significant decrease in cardiac output after administration of 

etorphine; although in that study, etorphine was given at twice the dose  as in the present study and 

without azaperone. We also found no change in cardiac output of the sheep between the midazolam 

and the etorphine + azaperone phases, however there was a decrease in stroke volume which was 

compensated for by an increase in heart rate. This reduction in stroke volume could have resulted 

from the direct vasoactive effects of opioids, which can induce mast cell histamine release, binding 

with H1 and H2 receptors on vascular smooth muscle, causing relaxation and venodilation (Grossmann 

et al. 1996).  The exact mechanism behind this histamine release is currently unknown, although it is 

speculated to occur via the interaction of the opioid with G-proteins on mast cells (Barke and Hough 

1993). Opioids can also act centrally to reduce venous tone, similar to their effects on the rest of the 

systemic circulation (Lowenstein et al. 1972; O'Keefe et al. 1987; Mansour et al. 1970), and can have 

negative chronotropic effects by direct stimulation of opioid receptors in the heart itself (Gautret and 

Schmitt 1984; Gautret and Schmitt 1985). 
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The administration of etorphine and azaperone led to a decrease in the systemic mean arterial 

pressure in both sheep and goats, consistent with etorphine’s reported effects of systemic 

hypotension (McQueen 1983) (Figure 2.3A). In addition to causing systemic hypotension, etorphine 

also resulted in pulmonary hypertension (Figure 2.4A). In both instances, the observed changes in 

blood pressure were almost entirely due to changes in vascular resistance, because cardiac output 

remained unchanged between the different phases.  

The observed pulmonary hypertension occurred concurrently with a decrease in PaO2 

(Figure 2.6A) and, consequently, an increase in the P(A-a)O2 in both species (Figure 2.6C), and may 

have led to pulmonary congestion and oedema (Hattingh et al. 1994; Shaw et al. 1995). This would 

have increased the oxygen diffusion distance, and assuming oxygen flow rate across the surface was 

unaffected and in the steady state, would increase the oxygen partial pressure difference between 

the alveoli and the arterial circulation (Meyer et al. 2015). It is likely that this inadequate oxygen 

diffusion resulting from the oedema persisted into the propofol phase, and did not clear immediately 

following etorphine antagonism, persisting into the propofol phase, explaining the incomplete 

recovery of the P(A-a)O2, especially in the goats. Although an RER of 1 is considered normal for sheep 

and goats (Beker et al. 2010; Fernández et al. 2012), calculating the P(A-a)O2 for the animals assuming 

an RER of 0.7 showed that the observed trends were still apparent, with the P(A-a)O2 widening under 

etorphine and remaining slightly higher until the end of the experiment. Further studies utilizing this 

method might benefit from extending the recovery time under propofol to account for the slower 

resolution of potential pulmonary congestion and oedema. 

The simultaneous systemic hypotension and pulmonary hypertension might be explained by 

the numerous mechanisms by which opioids are known to alter blood pressure. Opioid stimulation of 

pulmonary J-receptors in the periphery transmits a chemoreceptor reflex via vagal afferents to the 

central vasomotor regions (Paintal 1969; Willette and Sapru 1982), which can inhibit splanchnic 

neurotransmission to systemic vascular beds (Willette et al. 1982), leading to a reduction in vascular 

tone and hence reduced resistance through these vessels. Given that we found cardiac output to be 
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virtually unaffected by etorphine, the decrease in systemic mean arterial pressure is likely due to the 

commensurate decrease in systemic vascular resistance observed in both species under the opioid 

(Figure 2.3B). Activation of opioid receptors within the lung can also cause the release of histamine 

into the rest of the circulation that leads to systemic hypotension. However, the local effects of 

histamine release have the opposite effect, leading to potent vasoconstriction within the lung itself, 

and thus pulmonary hypertension and subsequent oedema (Hakim et al. 1992). Opioids can also  

directly influence vasomotor centres within the central nervous system (Laubie et al. 1974; 

Daskalopoulos et al. 1975). It is believed that the medulla region of the brainstem possesses several 

distinct types of opioid receptors that elicit either constrictive or dilatory vasoactive responses 

(McQueen 1983). Therefore, it is possible that activation of different receptors within the same area 

may elicit different responses in different areas of the body, like those seen in the medulla, or that 

activation of the same receptors may cause different downstream responses in different areas, as in 

the case of the lungs, thus resulting in systemic hypotension but pulmonary hypertension. 

While under propofol, and with etorphine reversed, systemic vascular tone was restored in both 

species, with systemic vascular resistance and systemic mean arterial pressure returning to the same 

levels observed under the initial midazolam phase (Figure 2.3). The opioid antagonism was 

accompanied by increased stroke volume and reduced heart rate in the sheep (Figure 2.2). However, 

heart rate in both sheep and goats was still higher during the propofol phase than during the 

midazolam phase. Propofol has been reported to affect the cardiovascular system by inhibiting 

sympathetic activity to vascular smooth muscle, leading to decreases in systemic vascular resistance 

and increased venous capacitance (Hoka et al. 1998; Muzi et al. 1992) as well as having a direct 

chronotropic effect on the heart (Runciman et al. 1990), possibly explaining the elevated heart rate 

seen in the propofol phase. Importantly, for both sheep and goats, despite the significant effect of 

etorphine on systemic and pulmonary pressures and on systemic and pulmonary vascular resistances, 

these variables returned to their initial midazolam levels once etorphine was reversed and the animals 

were held under propofol. Similarly, despite the effect of etorphine on sheep heart rate and stroke 
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volume, and despite the apparent effect of propofol on goat heart rate, the overall cardiac output 

remained unchanged for both sets of animals across the three drug phases. 

 

Respiratory function 

Under etorphine + azaperone, the respiratory rates of both species were significantly reduced 

compared to the initial levels under midazolam (Figure 2.5A), likely due to etorphine’s interaction with 

pons and medullary opioid receptors, which is known to alter breathing patterns (Boom et al. 2012; 

Pattinson 2008). Opioids also have been shown to reduce the sensitivity of central and peripheral 

chemoreceptors, depressing the respiratory system and reducing the response to hypoxaemia and 

hypercapnia (Boom et al. 2012; Pattinson 2008). While both sheep and goats had a reduced 

respiratory rate under etorphine + azaperone, the goats displayed an increase in tidal volume 

(Figure 2.5B) such that overall minute ventilation was maintained under the opioid (Figure 2.5C). This 

might explain why there was less deviation in PaO2 and PaCO2 in the goats between the midazolam 

and the etorphine + azaperone drug phases as they were taking deeper, albeit fewer, breaths. 

After the animals were placed under propofol and the etorphine was antagonized, breathing 

patterns were restored to those observed under midazolam. However, PaO2 and PaCO2 levels for both 

species did not return to the initial partial pressures recorded under midazolam, with the sheep 

showing significant, albeit incomplete, recovery and the goats showing no significant recovery under 

propofol. That the blood gases did not return completely to the levels measured in the midazolam 

phase could be explained by the slow resolution of pulmonary congestion and oedema; given enough 

time these could possibly have corrected. Perhaps most importantly, all the animals were kept under 

a sufficient level of chemical restraint, evidenced by a lack of movement and response to external 

stimuli (no palpebral reflex), throughout the experiment.  
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Conclusion 

The overall purpose of this study was to develop a chemical restraint drug protocol that allows for the 

safe and reliable acquisition of physiological data from large wild animals. While darting with 

etorphine remains a crucial tool to provide access to species in the wild, physiological data collected 

under this drug do not reflect normal resting values. Therefore, subsequent antagonism of etorphine 

and transition onto a replacement agent, such as propofol, is essential to obtain more accurate 

physiological data. In this study, we showed that the negative cardiorespiratory effects associated 

with etorphine can largely be reversed by transitioning the animals to propofol and restoring 

cardiovascular and respiratory function to a rest-like state. We expect that etorphine-induced 

pulmonary hypertension may have resulted in pulmonary congestion and oedema, and so, despite the 

rapid action of the drugs used in this study, a longer recovery period under propofol may be required 

to normalise gas exchange and blood gases. From the results of this study, the recovery period under 

propofol should not be shorter than the 20 min used here, however the length of the recovery period 

would need to be balanced against the logistical factors of working with wild animals over an extended 

period of time. 
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Chapter 3: Scaling of cardiorespiratory variables in wild African 

antelope 
 

3.1 Abstract 

The primary role of the circulatory system is to provide oxygen to the cells for aerobic respiration. 

Because energy efficiency should be a selective pressure in a species’ evolution, the cost of supplying 

oxygen should be proportional to the overall oxygen demand of an animal. However, despite its 

importance, the cost of circulation, expressed in terms of cardiac work, has rarely been measured. 

External mechanical cardiac work rate (the product of cardiac output and mean arterial pressure) was 

measured in six species of wild African antelope, prey animals that depend on competent 

cardiovascular performance, across a 20-fold body mass range. It was found that heart mass scaled 

allometrically with body mass according to a power equation with an exponent of 0.88±0.07 (±95% 

confidence interval). Stroke volume followed a similar scaling pattern to heart mass, and scaled with 

an exponent of 0.90±0.22, while heart rate scaled with an exponent of -0.11±0.10. Therefore, cardiac 

output scaled with an exponent of 0.79±0.22, and mean arterial pressure scaled with an exponent of 

0.07±0.07. Overall, the external mechanical cardiac work rate scaled with an exponent of 0.86±0.22. 

Because total metabolic rate scaled with an exponent of 0.75±0.19, the ratio of cardiac work rate to 

total metabolic rate scaled with an exponent of 0.12±0.10. Therefore the cost of the circulation is not 

a constant proportion of the total metabolic costs of the body, and instead increases from 10% in a 

12 kg duiker to 15% in a 230 kg eland. 

 

3.2 Introduction 

Larger organisms require larger hearts to drive their circulatory systems, providing oxygen to the cells 

of the body for aerobic respiration. The functional relationship between heart mass and body mass 

has been studied extensively over the past century. Power equations, derived for numerous species 

of eutherian mammals over a broad range of body masses, show that heart mass scales with body 
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mass with exponents ranging from 0.96-1.06 (Bishop 1997; Brody 1945; Holt et al. 1968; Lindstedt and 

Schaeffer 2002; Prothero 1979; Seymour and Blaylock 2000; Stahl 1965; Hoppeler et al. 1984). With 

exponents from these interspecific analyses typically around 1.0, the general consensus is that heart 

mass scales isometrically with body mass. However, an analysis performed by Woodall (1992) showed 

that the hearts of 13 species of antelope scaled allometrically with body mass, increasing with an 

exponent of 0.88±0.10, suggesting that larger antelope have relatively smaller hearts. Therefore, it is 

possible that the relationship between heart mass and body mass within some groups, such as 

antelope, is not the same as that predicted from observations across different taxa. 

The atria make up less than 10% of the heart’s total mass, and so the variation in heart size 

arises principally from changes in left and right ventricular mass (Starling and Visscher 1927). The size 

of the ventricles, and therefore the size of the heart, is determined by the magnitude of the volume 

loads and pressure loads that act upon the ventricular walls (Seymour and Blaylock 2000; White and 

Seymour 2014). These loads can be expressed using the Principle of Laplace (T∝Pr), which states that 

the circumferential tension (T) in the ventricular wall is proportional to the product of the 

intraventricular pressure (P) and the ventricular radius (r). Contextually, the pressure load refers to 

the intraventricular pressure that has to be generated by the ventricles to overcome a given afterload 

on the right and left ventricle, to perfuse blood through the lungs and the rest of the body, 

respectively. The pressure load increases in larger mammals as a result of longer blood columns above 

the heart, representing an additional hydrostatic component that must be overcome to perfuse blood 

to the head. The volume load refers to the amount of blood within the ventricle, and because larger 

animals have larger stroke volumes, the increased volume requires an increased luminal capacity and 

hence a larger radius of curvature. The higher total myocardial force required to accommodate the 

increased pressure and volume load is accomplished by proportionately thicker ventricular walls, 

allowing a constant overall average wall stress, ensuring that heart function is not compromised. 

While these pressure and volume loads govern the ultimate morphology of the heart, they 

also determine its operational costs. Part of this energetic cost can be expressed as the total external 
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cardiac work rate (herein simplified to cardiac work rate), which is the rate of external mechanical 

work performed by the ventricles to circulate blood around the body, defined as the product of mean 

arterial pressure, stroke volume, heart rate, and the rate at which kinetic energy is imparted to the 

blood (Li 2000), which is generally considered negligible at rest (Burton 1965; Folkow and Neil 1971). 

There are well documented adaptations of the circulatory system that help to minimise this cost, such 

as blood vessels that produce laminar flow (Coulter Jr and Pappenheimer 1949; LaBarbera 1990; Traub 

and Berk 1998), an efficient vascular tree (Kassab 2006; Starling and Visscher 1927), and microvessels 

that optimise the delivery of oxygen to the tissues (Popel 1989; Pries et al. 1995; West et al. 1997). 

While these adaptations are important, the actual work of the heart, representing the overall cost of 

moving blood through the circulatory system, has rarely been measured. 

In mammals, cardiac output (the product of stroke volume and heart rate) is proportional to 

Mb
0.81 (Holt et al. 1968), and mean arterial pressure scales as Mb

0.05 (Seymour and Blaylock 2000). 

Therefore, the energy cost of the cardiac work rate (Eh) can be predicted to increase with Mb
0.86 (the 

sum of the exponents of cardiac output, 0.81, and mean arterial pressure, 0.05). Therefore, not only 

does Eh increase in larger animals, but if the total oxygen consumption rate, or whole-body metabolic 

rate (Eb) scales as Mb
0.71 (White et al. 2009), then the ratio of Eh/Eb should scale as Mb

0.15 (the difference 

in the exponents between Eh, 0.86, and Eb, 0.71). Consequently, as body mass increases, the work of 

the heart then represents an increasing cost relative to the total metabolic costs of the body. One of 

the few studies that has directly examined cardiac work was by Loiselle and Gibbs (1979), who found 

that across six species of mammals ranging from 0.3 kg rat to a 70 kg human, the ratio of Eh/Eb scales 

with body mass to the power of 0.21. The relationship shows a significant increase in the relative cost 

of Eh from about 3.6% in a rat, to 10% in an adult human. This trend implies that the relative cost of 

circulating blood is even higher in very large mammals.  

Given the scarce empirical data available to support the scaling relationship between the 

relative cost of the circulation and body mass, we aimed to add another order of magnitude of body 

mass to the relationship by measuring the cardiac work rate in six species of wild African antelope, 
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ranging from a 12 kg duiker to a 232 kg eland. As African antelope are athletic prey animals that 

depend on competent cardiovascular performance for survival, their heart cost could represent a 

significant proportion of their total metabolic costs. We measured cardiovascular variables (heart rate, 

stroke volume, cardiac output, and systemic and pulmonary arterial pressures) as well as certain 

haematological parameters (haematocrit and total haemoglobin concentration) to determine Eh. 

Measurements of Eh were compared to Eb, where Eb was calculated from measured respiratory 

variables (respiratory rate, tidal volume, minute ventilation, and expired gas concentrations). We also 

measured post-mortem heart mass via gross dissection to compare with the findings of Woodall 

(1992), which only focused on the scaling of heart mass, and not the physiological aspects mentioned 

above. We hypothesised that the established trend for increasing relative heart cost with increasing 

body mass would prove to be consistent in larger mammals.  

 

3.3 Materials and Methods 

Animals 

The implemented procedures were approved by the Animal Ethics Committees of the University of 

Western Australia (UWA AEC RA/3/100/1340) and the University of the Witwatersrand (AESC 

2015/04/11/A). Cardiorespiratory data were collected from three adults of each of six species of 

antelope, comprising the common duiker (Sylvicapra grimmia, 13.3±1.5 kg body mass, mean ± SD), 

springbok (Antidorcas marsupialis, 24.3±1.2 kg), blesbok (Damaliscus pygargus phillipsi, 56±6.1 kg), 

gemsbok (Oryx gazella, 114±7 kg), blue wildebeest (Connochaetes taurinus, 149±24 kg), and eland 

(Taurotragus oryx, 206±31 kg). All animals were non-breeding adult females (N=18 in total), captured 

from wild stock in the South African bushveld by darting with chemical immobilizers, etorphine 

hydrochloride (0.05 mg kg-1 i.m; Roche Products, Johannesburg, South Africa) and azaperone 

(0.5 mg kg-1 i.m ; Roche products). Once immobilized, the animals were transported to large outdoor 

enclosures, “bomas”, at a commercial game capture facility near Pretoria, South Africa. The animals 

were acclimatized in the facility for 3-6 weeks prior to experimentation to ensure that the 
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physiological measurements that were obtained were closer to the resting state. Animals were 

provided with feed in the form of Lucerne hay (alfalfa, Medicago sativa) and water ad libitum and 

were assessed daily by a veterinarian.  

Prior to measurement, each animal was fasted for 12-24 h. On the day of experimentation, 

individual animals were immobilized in the bomas by darting with etorphine (0.05 mg kg-1 i.m) and 

azaperone (0.5 mg kg-1). After successful immobilisation, the animal was transported by utility vehicle 

to a nearby surgical area. Upon arrival, the animal was weighed, with body mass recorded to the 

nearest 1 kg, on a calibrated digital strain gauge scale (PCE-CS 5000N; PCE Instruments, Southampton, 

UK).  

 

Cardiovascular function 

While each animal was still immobilized by the etorphine and azaperone, a Swan-Ganz catheter 

(139HF75P; Edwards Life Sciences, Irene, South Africa) was introduced into the left jugular vein via a 

mid-neck incision. The catheter was then advanced into the cranial vena cava, through the right atrium 

and right ventricle before terminating in the pulmonary trunk. The port at the tip of the catheter was 

connected via a fluid-filled line to a pre-calibrated Deltran II pressure transducer (DPT-200; Utah 

Medical Products, Midvale, UT, USA), which allowed for real-time monitoring of pressure waveforms 

at the tip, to aid in placement, and continuous measurement of pulmonary arterial pressures. Mixed 

venous samples for blood gas analysis were drawn from this central line. Pulmonary artery 

temperature was also recorded and used as a measure of core body temperature.  

The right auricular artery of each animal was catheterized with a 22 gauge intravenous 

catheter (Introcan; B/Braun, Melsungen, Germany) connected via a fluid-filled line to another pre-

calibrated Deltran II pressure transducer which provided continuous measurement of systemic arterial 

pressures. The pressure transducers were placed at the level of the scapulohumeral joint (level with 

the base of the heart) to standardise pressure readings. These pressure transducers were connected 

via blood pressure amplifiers (FE117; ADInstruments, Castle Hill, Australia) to a PowerLab Exercise 
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Physiology System (ML870B80; ADInstruments), which captured and displayed real-time data through 

LabChart software (Chart 5; ADInstruments). Heart rate was derived from the arterial pressure 

oscillations and displayed and recorded in real-time via the same LabChart software. Cardiac output 

(CO) was calculated from the Fick equation (CO = V�O2/a-vO2), using measured values of oxygen 

consumption rate (V�O2) and the arteriovenous oxygen difference (a-vO2) as described in subsequent 

sections of the methods. Stroke volume was calculated as the quotient of cardiac output and heart 

rate. Systemic vascular resistance (SVR) was calculated from the equation SVR = MAP/CO. Left and 

right ventricular work of the heart were calculated as CO x P, where P is either mean systemic arterial 

pressure for the left side, or mean pulmonary arterial pressure for the right side. Total cardiac work 

rate (Eh) refers to the total work done by both ventricles and assumes an efficiency of 20% (Ten Velden 

et al. 1982). 

 

Respiratory function 

The animals were intubated endotracheally, and the length and size of the tube varied commensurate 

with the size of the animal’s trachea. This tube connected through a respiratory flow head (MLT1000L; 

ADInstruments) and gas mixing chamber (MLA246; ADInstruments) via a custom built non-rebreathing 

valve to a spirometer component (FE141, ADInstruments) of the same PowerLab system. A PowerLab 

8/30 amplifier (ML870; ADInstruments) collected data from these modules before being integrated 

with the system’s metabolic module software to determine tidal volume, respiratory rate, and minute 

ventilation (V�e), as well as the inspired (when open to atmospheric air) and expired (when connected 

to the endotracheal tube) concentrations of oxygen and carbon dioxide. These data then allowed for 

the calculation of V�O2 according to the equation V̇O2 = (V̇i x FiO2) - (V�e x FeO2), where V� i and V�e are the 

inspired and expired ventilation rates, respectively, and FiO2 and FeO2 are the inspired and expired 

fractional concentrations of oxygen, respectively. The V̇i was calculated following the formula 

V̇i = V�e(FeN2/FiN2), where FiN2 and FeN2 are the inspired and expired fractional concentrations of 

nitrogen, respectively. Fractional concentrations of nitrogen (FN2) were calculated following the 
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formula FN2 = 1 - FO2 - FCO2 - FH2O, where FCO2 and FH2O are the fractional concentrations of carbon 

dioxide and water vapour, respectively. Water vapour pressure was calculated following the formula 

provided by Barenbrug (1974). The V�e was measured wet but converted to dry and at standard 

temperature and pressure. Oxygen consumption was converted to whole-body metabolic rate (Eb), 

assuming an RER of 0.9, and that 1 ml of O2 consumed equates to 21 J of energy expended, which is 

within the range recorded for ruminants (Beker et al. 2010; Fernández et al. 2012; Lawler and White 

2003). A three-litre precision volume syringe was used to calibrate the spirometer prior to each use. 

The gas analyser was calibrated with a calibration gas (12% O2, 5.1% CO2, Air Products, Johannesburg, 

South Africa).  

 

Arterial and venous blood gases 

Arterial and venous blood samples of 0.5 ml were drawn simultaneously at 5 min time intervals from 

the beginning of data collection. Haematocrit (Hct) and total haemoglobin concentration ([Hb]) was 

measured by a blood gas analyser using pre-calibrated blood gas cassettes (Roche OPTI CCA Analyser 

and OPTI cassette B; Kat Medical, Johannesburg, South Africa) and corrected to the measured body 

temperature. The same blood samples were used to determine the arteriovenous oxygen difference 

(a-vO2). A 5 ul syringe with stops (SGE Analytical Science, Melbourne, Australia) was used to sample 

the blood directly from the syringe containing either arterial or venous blood. The blood was washed 

out twice before taking the sample, being sure to avoid bubbles and sucking slowly. This sample was 

immediately introduced into a 600 ul chamber (no. 1271, Diamond General Corporation, Ann Arbor, 

Michigan, USA) with an oxygen electrode (MI-730 Micro-Oxygen Electrode, Microelectrodes, Inc., New 

Hampshire, USA), with stirrer. The electrode output was read by a pico ammeter (ReadOx-4, Sable 

Systems International, Nevada, USA) and recorded with an analogue-digital converter (model DI-145) 

and Windaq software (Dataq Instruments, Ohio, USA). The chamber had degassed ferricyanide  and 

blood oxygen content was measured from the increase in PO2 after each injection (Tucker 1967).  
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Experimental protocol 

When the equipment was in place, the animal was given a bolus injection of propofol (3 – 5 mg kg-1) 

Diprivan; Fresenius Kabi, Bad Homburg, Germany), and held under general anaesthesia via propofol 

infusion at a constant rate (between 6 – 12 mg kg-1 h-1 depending on the animal). Once the propofol 

anaesthesia was established, the etorphine was reversed with an intravenous injection of naltrexone 

(1 mg kg-1. Trexonil; Wildlife Pharmaceuticals, Windsor, CO, USA). This anaesthetic protocol was tested 

in a previous pilot study on goats and sheep (Izwan et al. 2018) and is detailed in chapter 2 of this 

thesis, and was shown to affect physiological measurements significantly less than maintaining 

immobilization under etorphine, and provided data more reflective of the animal’s resting state. 

Resting cardiovascular and respiratory measurements for each animal were collected for 

approximately 60 minutes.  

 After all of the physiological measurements were complete, each animal was euthanized with 

an overdose injection of sodium pentobarbitone (200 mg kg-1 Euthapent; Kyron Laboratories, 

Johannesburg, South Africa) and the hearts were harvested and chemically fixed (Snelling et al. 2016). 

The left ventricular free wall plus septum (“left ventricle” or LV) and the right ventricular free wall 

(“right ventricle” or RV) were excised in accordance with the previous studies (Snelling et al. 2016; 

Snelling et al. 2015a; Snelling et al. 2015b). Aspects of the morphology and ultrastructure of these 

hearts have been published by Snelling et al. (2018). 

 

Statistical analyses 

Basic scaling relationships for cardiorespiratory variables were obtained by calculating ordinary least-

squares linear regressions of log10-transformed data with body mass as the independent variable. We 

used an F-test to assess the statistical significance of the regression, and the coefficient of 

determination (R2) to evaluate its strength. Significant differences in slope (scaling exponent) and 

elevation (scaling coefficient) between regressions were tested using ANCOVA (Zar 1999). Statistical 

analyses were performed on log10-transformed data, but scaling relationships are reported as the 
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power equation, y=aMb
b±95%CI, where y is the parameter of interest, a is the scaling coefficient, b is the 

scaling exponent, Mb is the body mass in kg, and CI is the confidence interval. Statistical significance 

was set at 0.05 a priori and all analyses were performed using GraphPad Prism 7 (Version 7.03; 

GraphPad Software, La Jolla, CA, USA). 

 

Figure 3.1 Scaling of absolute and relative heart mass with body mass in six species of wild African 

antelope (~20-fold body mass range, N=18). Solid line is the regression mean, dashed lines represent 

the 95% confidence band. See tables for complete scaling equation parameters and statistics. 

 

3.4 Results 

Cardiovascular variables 

For the 18 individual animals, heart mass comprised a smaller fraction of the total body mass in the 

larger antelope compared to the smaller antelope. For example, the heart of a 232 kg eland was 0.44% 

of its total body mass, compared to the heart of a 13 kg duiker, that was 0.68% of its total body mass. 
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Power equations describing a particular variable as a function of body mass, along with their statistics, 

are presented in Tables 3.1 – 3.4. Generally, heart mass increased with body mass with an exponent 

of 0.88±0.07 (Figure 3.1A), a value significantly less than 1.0, while relative heart mass scales with 

body mass with an exponent of -0.12±0.07 (Figure 3.1B).  

 

Table 3.1 Scaling parameters of power equations for heart mass and cardiovascular variables across 

six species of wild African antelope (~20-fold body mass range, N=18). 

 a b SEb 95% CI R2 P value 

Absolute heart* mass (g) 8.21 0.88 0.03 0.07 0.98 <0.0001 

Relative heart mass (g kg-1) 8.21 -0.12 0.03 0.07 0.46 0.0019 

Heart rate (beats min-1) 174 -0.11 0.05 0.10 0.27 0.028 

Stroke volume (ml) 1.16 0.90 0.10 0.22 0.83 <0.0001 

Cardiac output (L min-1) 0.20 0.79 0.10 0.22 0.78 <0.0001 

Systemic vascular resistance 

(mmHg L min-1) 

582 -0.72 0.11 0.24 0.71 <0.0001 

Systemic systolic pressure (mmHg) 156 0.05 0.04 0.08 0.08 0.24 

Systemic diastolic pressure (mmHg) 99 0.09 0.03 0.07 0.32 0.015 

Mean systemic arterial pressure 

(mmHg) 

118 0.07 0.03 0.07 0.21 0.053 

Pulmonary vascular resistance  

(mmHg L min-1) 

84 -0.70 0.12 0.26 0.66 <0.0001 

Pulmonary systolic pressure 

(mmHg) 

29 0.05 0.04 0.07 0.11 0.18 

Pulmonary diastolic pressure 

(mmHg) 

11 0.13 0.07 0.14 0.20 0.063 

Mean pulmonary arterial pressure 

(mmHg) 

17 0.09 0.05 0.10 0.17 0.088 

Power law equation y=aMbb, where Mb is body mass in kg, and coefficient (a), exponent (b), standard error of 
the slope (SEb), and 95% confidence interval (CI) for the slope are presented. P values represent comparisons of 
slope to 0.0. *Heart mass represented by ventricular chambers only. Including the ventricular and atrial 
chambers, relative heart mass follows the equation y=9.35Mb-0.13±0.07, R2=0.46, P=0.0019, and absolute heart 
mass follows the equation y=9.35Mb0.87±0.07, R2=0.98, P<0.0001. 
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The scaling exponents for cardiac output, heart rate and stroke volume were 0.79±0.22, -0.11±0.10 

and 0.90±0.22 (Figures 3.2A – 3.2C) respectively. The scaling exponents for the systemic systolic, 

diastolic, and mean arterial pressures were 0.05±0.08, 0.09±0.07 and 0.07±0.07, respectively (P=0.24, 

0.02, and 0.05 respectively) (Figure 3.3A). Pulmonary systolic, diastolic and mean arterial pressures 

were all independent of body mass (P=0.18, 0.06 and 0.09, respectively. Systemic vascular resistance 

decreased with body mass scaling with an exponent of -0.72±0.24 (Figure 3.3B), and was similar in 

terms of absolute magnitude to the exponent relating CO to body mass, 0.79±0.22, where the 

difference between the absolute values of both exponents is the scaling of MAP (0.07±0.07). The a-vO2 

was independent of body mass, scaling with an exponent of -0.04±0.09 (P=0.33) (Figure 3.3C). 

Haematocrit and total haemoglobin concentration were also independent of body mass, scaling with 

exponents of -0.04±0.06 and -0.03±0.10, respectively (P=0.22 and 0.55, respectively). 

 

Table 3.2 Scaling parameters of blood variables across six species of wild African antelope (~20-fold 

body mass range, N=18). 

 a b SE 95% CI R2 P value 

a-vO2 (ml O2 100ml-1) 5.43 -0.04 0.04 0.09 0.06 0.33 

Haematocrit (%) 45 -0.04 0.05 0.06 0.94 0.22 

Haemoglobin (g dl-1) 13 -0.03 0.05 0.10 0.02 0.55 

Refer to Table 1 for abbreviation, regression and statistical detail. 

 

Table 3.3 Scaling parameters of power equations of respiratory variables across six species of wild 

African antelope (~20-fold body mass range, N=18). 

 a b SE 95% CI R2 P value 

Respiratory rate (breaths min-1) 42 -0.17 0.05 0.10 0.42 0.0037 

Tidal volume (ml) 13 0.86 0.06 0.13 0.92 <0.0001 

Minute ventilation (L min-1) 0.56 0.69 0.08 0.18 0.81 <0.0001 

Oxygen consumption rate  

(V�O2; ml min-1) 

11 0.75 0.09 0.19 0.82 <0.0001 

Ventilation/perfusion ratio (V�e/CO) 2.75 -0.10 0.11 0.24 0.05 0.40 

Ventilatory equivalent (V�e/V�O2) 51 -0.06 0.10 0.20 0.02 0.57 

Refer to Table 1 for abbreviation, regression and statistical detail. 
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Figure 3.2 Scaling of cardiovascular variables in six species of wild African antelope (~20-fold body 

mass range, N=18). Solid line is the regression mean, dashed lines represent the 95% confidence band. 

See tables for complete scaling equation parameters and statistics. 
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Figure 3.3 Scaling of mean arterial pressure, systemic vascular resistance, and the a-vO2 in six species 

of wild African antelope (~20-fold body mass range, N=18). Solid line is the regression mean, dashed 

lines represent the 95% confidence band. See tables for complete scaling equation parameters and 

statistics. 

 

Respiratory variables 

Respiratory rate followed a similar trend to heart rate, being inversely related to body size with an 

exponent of -0.17±0.10 (Figure 3.4A). Tidal volume increased with body mass with an exponent of 
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0.86±0.13 (Figure 3.4B), and as shown by the 95% CI, was different from isometry. Minute ventilation, 

the product of tidal volume and respiratory rate, was related to body mass with an exponent of 

0.69±0.18 (Figure 3.4C). The ventilation/perfusion ratio (V�e/CO) was also mass independent (P=0.40), 

with a coefficient of 2.75 (Figure 3.4D). The ventilatory equivalent (V�e/V�O2), was mass independent 

(P=0.57; Figure 3.4E). 

 

 

Figure 3.4 Scaling of respiratory variables including the ventilation/perfusion ratio (V�e/CO), and the 

ventilatory equivalent (V�e/V�O2) in six species of wild African antelope (~20-fold body mass range, 

N=18). Solid line is the regression mean, dashed lines represent the 95% confidence band. See tables 

for complete scaling equation parameters and statistics. 
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Work rates 

Because LV CO and MAP increase with exponents of 0.79 and 0.07, respectively, the cardiac work rate 

of the LV increased with an exponent of 0.86±0.22, and was not different to that of the RV, which 

increased with an exponent of 0.88±0.22 (P=0.90; Figures 3.5A,B). The elevation of the relationship 

for the LV (0.26 J s-1) was higher than that of the RV (0.04 J s-1; P<0.0001), indicating that the LV was 

doing 6.5 times more work than that of the RV. The Eh scaled with body mass with an exponent of 

0.86±0.22 (Figure 3.5C). Smaller antelope were relatively more metabolically active than their larger 

counterparts, as evidenced by the exponent of Eb at 0.75±0.19 (Figure 3.5D). The Eh was not a constant 

fraction of Eb, rather it increased with body mass, as shown by the ratio of Eh/Eb scaling with an 

exponent of 0.12±0.10 (P<0.05; Figure 3.5E). The Eh/Eb ratio combining data from this study with other 

mammals sourced from the literature had an exponent of 0.15±0.04 (P<0.0001; Figure 3.6). 

 

Table 3.4 Scaling parameters of energetic work in six species of wild African antelope (~20-fold body 

mass range, N=18), and scaling parameters of Eh/Eb ratios. Power equation of other mammals sourced 

from studies by Sillau et al. (1976) and Seymour and Blaylock (2000). Combined mammal power 

equation integrates Eh/Eb data from the antelope in this study with data from other mammals. Power 

equation for Loiselle and Gibbs (1979) is from the data presented in that study. 

 a b SE 95% CI R2 P value 

Whole-body metabolic work  

(Eb; J s-1) 

3.84 0.75 0.09 0.19 0.82 <0.0001 

LV work (J s-1) 0.26 0.86 0.10 0.22 0.81 <0.0001 

RV work (J s-1) 0.04 0.88 0.10 0.22 0.82 <0.0001 

Total cardiac work rate (Eh; J s-1) 0.30 0.86 0.10 0.22 0.81 <0.0001 

Antelope Eh/Eb  % 7.89 0.12 0.05 0.10 0.29 0.0214 

Other mammals Eh/Eb  % 5.62 0.15 0.02 0.05 0.69 <0.0001 

Mammals combined Eh/Eb  % 6.11 0.15 0.02 0.04 0.60 <0.0001 

Loiselle and Gibbs Eh/Eb  % 4.00 0.21 0.09 0.25 0.58 0.08 

Refer to Table 1 for abbreviation, regression and statistical detail. 
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Figure 3.5 Scaling of cardiac work rates and total metabolic rate, as well as the cardiac work 

rate/whole-body metabolic rate (Eh/Eb) ratio in six species of wild African antelope (~20-fold body 

mass range, N=18). Solid line is the regression mean, dashed lines represent the 95% confidence band. 

See tables for complete scaling equation parameters and statistics. 
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Figure 3.6 Scaling of the Eh/Eb ratio. Mammal data refers to heart work/total metabolic work (Eh/Eb) 

ratio calculated from Eh and Eb directly measured from this study as well as data of other mammals 

sourced from studies by Sillau et al. (1976) and Seymour and Blaylock (2000). The Eh/Eb ratio for 

Loiselle and Gibbs (1979) is from the data presented in that study, where Eh was extrapolated from 

the measured heat output of isolated cardiac papillary muscles, extrapolated that into Eh, and Eb was 

predicted by the formula: V�O2 = 0.057Mb
0.75 (mlO2 min-1; Mb in g), presented by Kleiber (1947). 

  

3.5 Discussion 

In this study, we have shown that the relatively higher oxygen demands of smaller antelope are 

matched by their cardiac output. The relatively higher cardiac output of smaller antelope is the 

product of a slower heart rate and possibly larger stroke volume than expected for mammals of their 

body mass, and is likely a result of their relatively larger hearts. Mean arterial pressure increased, such 

that larger antelope, like the wildebeest and eland, had higher mean arterial pressures than their 

smaller counterparts, likely due to an increased hydrostatic effect creating a larger afterload on the 

heart. An increase in blood pressure with body mass resulted in a disproportionate increase in the 

cost of the circulation. As such, the cost of moving blood in a larger antelope represented a larger 

proportion of the total metabolic costs of the body. 

For the six species of antelope, the absolute size of the heart scaled with body mass with an 

exponent of 0.88±0.07 (Figure 3.1A), and smaller antelope, such as the duiker, had relatively larger 
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hearts than their bigger counterparts. This scaling relationship is significantly different from the 

established interspecific isometric scaling of heart mass in other mammals (Bishop 1997; Brody 1945; 

Prothero 1979; Stahl 1965). However, our exponent is identical to the exponent reported in a study 

on 13 species of antelope (Woodall 1992). The size of the heart is related to the maximum sustainable 

aerobic performance (Bishop 1997). Smaller antelope tend to face greater predation pressures 

because they are vulnerable to a larger range of different-sized predators, compared to larger 

antelope that are normally hunted only by large predators and cooperative pack hunters (Hayward 

and Kerley 2008; Jarman 1974; Radloff and Du Toit 2004). A relatively larger heart might provide 

smaller antelope with a higher relative aerobic capacity, increasing their chance for survival (Snelling 

et al. 2018).  

Given that heart mass should reflect the volume and pressure loads placed upon it, the scaling 

exponent of heart mass, 0.88±0.07, matched well with the volume load in the form of stroke volume, 

that scaled with body mass to the power of 0.90±0.22 (Figure 3.2C). Despite the overlap of the 95% CI 

with 1.0, the mean exponent of stroke volume being less than one helps to explain why heart rate 

scaled with body mass with a shallower exponent, -0.11±0.10 (Figure 3.2B), than the established 

exponent of -0.25 (Holt et al. 1968). Typically, the relatively higher oxygen demands of smaller 

mammals are satisfied by relatively higher cardiac outputs due entirely to faster heart rates, because 

stroke volume is believed to scale isometrically with body mass (Seymour and Blaylock 2000) However, 

because smaller antelope have relatively larger hearts, and possibly relatively larger stroke volumes 

than larger antelope, their heart rates do not have to be as high as that predicted for other mammals 

to maintain adequate cardiac output in support of their metabolic demands. A lower resting heart rate 

would be favourable, as it provides a greater available heart rate reserve for use during exercise. 

The pressure load on the heart, in the form of blood pressure, was once thought to be 

independent of body mass (Westerhof and Elzinga 1991). However, more recent analysis by Seymour 

and Blaylock (2000) showed that mean arterial pressures for a wide range of mammals scaled as Mb
0.05, 

with the exponent being significantly different from zero. Notably, MAP of the antelope in this study 
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were on average, higher than MAP reported in other mammals by Seymour and Blaylock (2000). For 

example, the coefficient relating MAP to body mass for the antelope was 118 mmHg, compared to 96 

mmHg from Seymour and Blaylock (2000). The higher MAP of the antelope might have been due to 

capture induced stress elevating sympathetic tone and blood pressure (Buss et al. 2016). Nevertheless, 

the exponent for MAP of 0.07 (Figure 3.3A) suggests that afterload does increase with body mass, 

because larger mammals are generally also taller mammals, and therefore have longer vertical blood 

columns between the heart and the head (Patterson Jr et al. 1965). Consequently, to eject blood, the 

left ventricle of the heart must generate a higher pressure that is sufficient to overcome not only the 

resistance in the periphery, but also the additional hydrostatic effect of the blood column above the 

heart, which is reflected in the higher MAP (Seymour et al. 1993). Furthermore, when the hydrostatic 

effect is removed, such as when the density of the surrounding medium matches body fluids, as in 

aquatic snakes, there is no increase in blood pressure when the distance between the heart and head 

increases. Conversely, blood pressure in terrestrial snakes increases with longer head to heart length. 

(Lillywhite and Pough 1983; Seymour and Lillywhite 1976). While a MAP exponent of 0.07 might seem 

negligible, even such a shallow slope could profoundly affect the blood pressure in larger mammals. 

For example, a 10 kg duiker would be predicted to have a MAP of 139 mmHg, while a 300 kg eland 

would have a MAP 27% higher at 176 mmHg. This difference of 37 mmHg is equivalent to the 

hydrostatic pressure of a blood column 0.5 m high. The data from this study demonstrate that the 

average MAP of the duiker was 147 mmHg, while that of the eland was 185 mmHg, a 36 mmHg 

difference.  

Mathematically, the increase in blood pressure with body mass in the antelope was due to 

the difference in exponents between CO and SVR. Despite being a main determinant of MAP, 

measurements of SVR are impossible to obtain in vivo, and is instead inferred from measurements of 

MAP and CO. The exponent of SVR obtained from the antelope was slightly higher, -0.72±0.24 

(Figure 3.3B), compared to that determined for other mammals, at -0.76±0.06, by  Holt et al. (1968), 

while the exponents of CO were identical, at 0.79 (Figure 3.2A). While MAP as predicted from the data 
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of Holt et al. (1968) would be expected to scale with body mass with an exponent of 0.03, our data 

showed the relationship to scale as 0.07, due entirely to the subtle differences in the scaling of SVR 

with body mass between the studies. Contextually, it is possible that larger antelope have a higher 

SVR than other mammals of their size, contributing to a higher MAP. Because arteries both above and 

below the heart have a common origin and a common MAP at heart level, maintaining a higher MAP 

at heart level in larger, and hence, taller animals necessitates an increase in SVR in the tissues at or 

below the level of the heart. Arteries and arterioles at or below the level of the heart hypertrophy to 

withstand the high pressure of both cardiac and gravitational origin, thus increasing the resistance 

within those vessels. For example, the giraffe, a large, tall mammal with an exceptionally high MAP 

has a higher SVR than other mammals of their size (Mitchell and Skinner 2009). Additional structural 

adaptations, such as impermeable capillary basement membranes, a prominent lymphatic system and 

an antigravity suit-like function of the tight skin in the leg, all help to prevent edema in the giraffe’s 

lower extremities and support a higher MAP at heart level (Hargens et al. 1987; Nilsson et al. 1988; 

Petersen et al. 2013; Williamson et al. 1971). However, due to the uncertainty surrounding the 

exponents of MAP and CO, the contribution of a higher CO cannot be entirely excluded, and the higher 

MAP in larger antelope may be a product of both higher CO and SVR. 

Ensuring adequate oxygen delivery to the tissues depends initially on adequate ventilation, 

and it is possible that the ventilation of the antelope may have been affected by the anaesthetic used 

in this study. Propofol is known to cause respiratory depression, manifesting as both a reduction in 

tidal volume and disruptions in breathing pattern that result in an overall reduction in V�e (Allsop et al. 

1988; Gadawski 1998; Robertson et al. 1992). Nevertheless, in our antelope, the exponents for 

respiratory rate, -0.17±0.10 and tidal volume 0.86±0.13 (Figure 3.4A – B), overlapped with the 

established exponents for other mammals, with exponents that are typically -0.26 and 1.01 

respectively (Frappell et al. 1992; Frappell et al. 2001; Stahl 1967). However, slight differences 

between the exponents suggest that smaller antelope take slower, deeper breaths than other similarly 

sized mammals. It is possible that this might reflect adaptations for aerobic performance similar to 
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those described for the cardiovascular system, providing a greater reserve for respiration during 

exercise. For example, athletic pronghorn antelope are known to possess more structure for oxygen 

diffusion in the lung compared to similarly sized non-athletic goats (Lindstedt et al. 1991). Conversely, 

larger antelope may be taking faster, shallower breaths, similar to large giraffes, where lung size is 

known to decrease relative to increasing body mass because the digestive organs occupy part of the 

thoracic space, limiting lung volume (Mitchell and Skinner 2011). Despite the potential differences in 

respiratory rate and tidal volume, V�e scaled with an exponent of 0.69±0.18 (Figure 3.4C), close to that 

described for other mammals at 0.74 (Frappell et al. 2001; Frappell et al. 1992). 

The systemic V�e/CO ratio reported here was a measure of pulmonary minute ventilation and 

cardiac output, rather than alveolar ventilation and perfusion. While the systemic V�e/CO ratio was 

unaffected by body mass, the coefficient of the regression line, 2.75 (Figure 3.4D),  is slightly higher 

than the predicted V�e/CO ratio for other mammals, which is also unaffected by body mass, but has a 

coefficient of 2 (Stahl 1967). In the case of the antelope, the slightly higher ratio is due to an elevated 

V�e which has a coefficient of 0.53 L min-1 compared to the V�e reported by Stahl (1967), with a 

coefficient of 0.38 L min-1, although the value for our antelope is similar to that from the study by 

Frappell et al. (1992), where the coefficient is 0.52 L min-1. This is opposed to the coefficient for CO, 

which for our antelope was 0.20 L min-1, and is similar to that provided by Stahl (1967) at 0.19 L min-1, 

Holt et al. (1968) at 0.17 L min-1 and Seymour and Blaylock (2000) at 0.22 L min-1. Ordinarily, the ratio 

of V�e to CO could at least be partly attributed to the anatomical dead space, which is close to 40% of 

the tidal volume in mammals (Tenney and Bartlett Jr 1967). Given the similar capacitance for oxygen 

of both air and blood (210 ml O2 and 200 ml O2 in a litre of each respective medium) (Pittman 2011), 

it is not unreasonable to expect V�e would need to be twice as high as CO, because nearly half of the 

ventilated air remains in the anatomical dead space and does not participate in gas exchange. There 

is some evidence that the anatomical dead space is greater in antelope than other mammals. For 

example, the wildebeest has an anatomical dead space 1.4-fold greater than that of a similarly sized 

cattle (Taylor et al. 1969), and a higher V�e would be necessary to adequately ventilate the lungs. 
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The higher relative metabolic demands of the smaller antelope were met with proportionately 

higher V�e, such that the ratio of V�e/V�O2 was unaffected by body mass (-0.06±0.20; Figure 3.4E), and is 

consistent with the findings in other mammals that this ratio is an interspecific constant (Frappell et 

al. 1992; Frappell and Baudinette 1995; Frappell et al. 2001). At the distal end of the supply chain, the 

amount of oxygen extracted from the blood, as shown by a-vO2, was also independent of body mass 

(-0.04±0.09). Consequently, as oxygen extraction from both the air and the blood was unaffected by 

body size in the antelope, the increased oxygen demand in the smaller antelope must have been met 

by an increased CO, and is consistent with the almost parallel scaling of CO, at 0.79±0.22, and 

metabolic rate, at 0.75±0.19 (Figure 3.5D).  

While CO scaled with an exponent close to that of metabolic rate, the cardiac work rate 

required to produce that CO increased at a disproportionately higher rate as the antelope increased 

in size, both in absolute terms as shown by the exponent of 0.86 (Figure 3.5C), and as a fraction of 

total metabolic rate. A significant cost of the circulation is that associated with overcoming the 

viscosity of blood, which factors into the cardiac afterload. A main determinant of viscosity is the 

haematocrit (Grotta et al. 1982), and in our antelope, haematocrit and the total haemoglobin 

concentration scaled with exponents of -0.04±0.06 and -0.03±0.10 respectively, and were 

independent of body size, as is the case in other mammals (Hawkey 2017; Lockwood 1966; Promislow 

1991; Sealander 1965). Therefore, while the higher cardiac work rate in the larger antelope was likely 

due to an increasing MAP, the higher MAP itself was not due to a higher blood viscosity. 

The Eh/Eb ratio was related to body mass with the equation 7.89Mb
0.12±010 (Figure 3.5E). 

Consequently, the Eh of a 10 kg antelope would cost 10% of its total metabolic rate, but would increase 

to 16% in a 400 kg antelope. Mathematically, Eh is calculated from CO (Mb
0.79 in our data) and MAP 

(Mb
0.07 in our data), while Eb is the V�O2 (Mb

0.75). Therefore, the ratio of Eh/Eb (accounting for arithmetic 

rounding) was due primarily to the effect of mean arterial pressure. Because CO scaled almost parallel 

to metabolic rate, the added cost of blood pressure meant that it cost more energy per contraction in 

the larger hearts than the smaller hearts, as previously observed in other mammals (Loiselle and Gibbs 
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1979). Given that the established scaling exponent of heart rate with body mass in other mammals is 

-0.25, larger mammals with higher blood pressures also have significantly slower heart rates than 

smaller mammals, which helps to reduce the overall cost of moving blood. However, the scaling 

exponent of heart rate to body mass in our antelope was -0.11. Therefore, larger antelope like the 

eland or the wildebeest had faster heart rates than other mammals of the same size, and so the 

increased cost per beat was not offset by a commensurately lower beating frequency.  

While there is some agreement that the ratio of Eh/Eb is higher in larger species (Loiselle and 

Gibbs 1979; Wang et al. 2001), there is still uncertainty concerning the exact exponent relating this 

ratio to body mass. The scaling equation for Eh/Eb that was presented by Loiselle and Gibbs (1979) 

(4.00 Mb
0.21, where Mb is in kg), has a slope nearly twice as high, but an elevation approximately half 

of what was obtained for the antelope (7.89Mb
0.12±010). Differences between the two equations must 

be due to differences in Eh, because the equation used by Loiselle and Gibbs (1979) (3.55Mb
0.75) to 

relate Eb to body mass was very similar to the equation that we obtained from our antelope 

(3.84Mb
0.75). The data derived by Loiselle and Gibbs (1979) for Eh in mammals are generally lower, at 

a given Mb, than those we obtained for our antelope. Using independent data of CO and blood 

pressure compiled from the literature by Seymour and Blaylock (2000), we estimated Eh to be higher 

than those obtained by Loiselle and Gibbs (1979) for the smaller species. For example, Loiselle and 

Gibbs (1979) reported that the Eh/Eb of a 0.3 kg rat was 3.6%, while the Eh/Eb calculated from the data 

collected by Seymour and Blaylock (2000) was closer to 6% (Figure 3.6). If the Eh was indeed 

underestimated in the smaller species by Loiselle and Gibbs (1979), then the scaling exponent that 

they obtained for Eh (0.96, the sum of the exponents of Eb, 0.75 and Eh/Eb, 0.21) would be an 

overestimate, with their relationship artificially “pulled down” at the lower end. 

Differences in the scaling exponent of Eh/Eb could be due to the different methods used 

between our studies. Loiselle and Gibbs (1979) measured heat output from isolated cardiac papillary 

muscles, extrapolated that into Eh, and compared that to a predicted Eb based on the formula of V�O2 

by Kleiber (1947). Our method calculated Eh from the product of cardiac output and mean arterial 



78 
 

pressure, while Eb was directly measured from the animal’s rate of oxygen consumption, and it is 

possible that the different methods might not be directly comparable. The different estimates of Eh 

could also arise from species differences in cardiac efficiency. We assumed 20% cardiac efficiency for 

all of the antelope species, as well as for the other mammals that we sourced from the literature, 

which is considered a reasonable approximation of cardiac efficiency (Ten Velden et al. 1982). 

However, Loiselle and Gibbs (1979) found that the smaller animals in their study had higher cardiac 

efficiencies. If the efficiency does vary with body size, then the Eh relationship in this study will be 

erroneous. Furthermore, Dobson and Headrick (1995) suggested that the efficiency of mitochondrial 

oxidative phosphorylation decreased with increasing body size. If that relationship holds for other 

mammalian species, then a higher cardiac efficiency in smaller mammals would steepen the gradient 

for Eh on body mass for these results, leading to an even steeper gradient for Eh/Eb. Exactly how cardiac 

efficiency varies with body mass is still not fully understood, and it is possible that it may not be linearly 

related to body size. For example, at least one characteristic exhibits a biphasic scaling relationship 

with body mass: capillary density is inversely related with body mass in mammals smaller than 1 kg, 

but is mass-independent in mammals larger than 1 kg (Schmidt-Nielsen and Pennycuik 1961).  

A further consideration is that, while the exponent of V�O2 for our antelope, 0.75 was identical 

to that reported by Kleiber (1947) and used by Loiselle and Gibbs (1979), White et al. (2009) suggest 

that the exponent for mammalian resting V�O2 is 0.71. Nevertheless, based on indicators of V�O2, such 

as mitochondrial volume and vascular density, V�O2 is relatively lower in larger mammals (Snelling et 

al. 2018). Therefore, assuming that the scaling of Eh was accurate, the exponent relating Eh/Eb would 

be higher in all predictions, such that the relative cost of the circulation would be even higher in larger 

mammals. Given the caveats above, it is reasonable to conclude that the relative cost of the circulation 

increases in larger mammals, with a scaling exponent of at least 0.12. 
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Conclusion  

The energetic cost of circulation is not a constant proportion of total body metabolic costs, and this 

relative cost increases with body mass. Specifically, larger antelope, like the eland or the wildebeest 

have a higher rate of cardiac work than smaller antelope like the duiker. The higher cardiac work rate 

of the larger antelope was possibly due to a higher mean arterial pressure. Furthermore, the antelope 

have significantly higher cardiac work rates than other mammals, such that the ratio of Eh/Eb is not an 

interspecific constant. Nevertheless, we postulate that the increasing cost of the circulation may be 

an important influence in the evolution of large body size in mammals, taking into account their 

specific cardiovascular and total metabolic demands. 
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Chapter 4: Scaling of elevated cardiorespiratory variables in wild 

African antelope in response to exogenous infusion of adrenaline 
 

4.1 Abstract 

According to the principles of symmorphosis, the structural capacity of a system has evolved to meet 

its maximum demands, therefore cardiorespiratory measurements under the approximated resting 

conditions in the previous chapter may not be as informative as those same measurements under 

maximal conditions. However, obtaining intrusive physiological measurements such as blood pressure 

and cardiac output from exercising free-living antelope are currently very difficult, and exercising them 

under laboratory conditions presents additional challenges. We attempted to mimic the effects of 

heavy exercise on the heart with an infusion of exogenous adrenaline. The adrenaline infusion 

significantly elevated cardiac work rate in the antelope, as demonstrated by a plateauing in the cardiac 

work rate response to increasing doses of adrenaline, resulting in a 2.1-fold increase under the 

maximum dose of adrenaline, due to a 1.6-fold increase in cardiac output and a 1.4-fold increase in 

mean arterial pressure. However, exogenous adrenergic stimulation did not fully replicate the effects 

of heavy exercise, as there was no change in stroke volume under adrenaline. Therefore the elevated 

cardiac work was lower than it would be during exercise at V�O2max. The adrenaline infusion was 

successful at maximally stimulating heart rate in the antelope, scaling with an exponent of -0.14±0.08, 

which was not different to the scaling of heart rate at rest. Therefore it is possible that smaller 

antelope have a higher aerobic scope than that predicted for mammals of their size, which would 

represent a survival advantage due to the higher predation pressures on smaller antelope. 

 

4.2 Introduction 

Animals display a great variety of behaviour patterns when threatened by predators, including 

auditory signals such as snorting (Kingdon 2015; Hasson 1991), visual signals such as tail flicking (Stuart 

and Stuart 2006; LaGory 1981), or defensive tactics such as remaining immobile or even attacking the 
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predator (Caro and Fitzgibbon 1992; Fitzgibbon 1994; Gese 1999). One of the most common responses 

is evasion of the predator by fleeing (LaGory 1987; Rowe-Rowe 1974; Smythe 1970; Walther 1969).  

The success of a prey species in this regard depends on its aerobic capacity. For example, one of the 

fastest land vertebrates in the world, the pronghorn antelope, has an extremely high V�O2max that 

surpasses the predicted aerobic capacity for an animal of its size (Lindstedt et al. 1991). The extremely 

high sustained aerobic performance of the pronghorn is believed to have evolved as a survival 

response to predation in its natural habitat (O’Gara 1978). 

A high aerobic capacity depends on every step of the oxygen cascade, from getting air into the 

lungs, the diffusion of oxygen into the circulation, convective transport of oxygen in the blood, and 

the diffusion of oxygen to cellular mitochondria where oxidative phosphorylation occurs (Rezende et 

al. 2006; Bassett and Howley 2000; Taylor and Weibel 1981; Wagner 1996). Because of the serial 

nature of each step in the cascade, a limit in any of these steps would limit the overall aerobic capacity. 

Conversely, extreme design in all of those structures would be advantageous in increasing the aerobic 

capacity. For example, pronghorn antelope have much larger hearts than other similarly sized animals, 

being 0.9% of its total body mass, compared to 0.5% of body mass in other mammals (McKean and 

Walker 1974). Differences in heart mass, and therefore stroke volume, between similarly sized 

mammals represents an adaptive variation to differences in metabolic demands.  

Smaller mammals have higher mass specific rates of oxygen consumption than larger 

mammals, both at rest and during exercise (Kleiber 1947). The higher relative oxygen demand of 

smaller mammals is met by a relatively higher cardiac output. However, because heart mass, and 

consequently stroke volume, scales isometrically with body mass (Bishop 1997; Holt et al. 1968; 

Hoppeler et al. 1984; Prothero 1979; Seymour and Blaylock 2000), the relatively higher cardiac output 

in smaller mammals is achieved by a commensurately higher pumping frequency. That logic is 

supported by the finding that the scaling of heart rate with body mass matches well with the scaling 

of mass-specific V�O2, both at rest (Schmidt-Nielsen 1984), and under maximal conditions (Weibel et 

al. 2004).  
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Whole-body metabolic rate in mammals at rest is believed to scale with Mb
0.69-0.75, however at 

V�O2max, metabolic rate scales with Mb
0.87 (Bishop 1999; Weibel et al. 2004). The ratio of metabolic rate 

under maximal and resting conditions, the factorial aerobic scope, is greater in large than in small 

mammals, scaling as Mb
0.18 in athletic species (Weibel et al. 2004). Because stroke volume is 

proportional to heart mass, which scales isometrically with body mass (Prothero 1979), the aerobic 

scope relationship is reflected in the heart rate, which at rest, scales with Mb
-0.25, while maximum heart 

rate scales as Mb
-0.13 (Weibel and Hoppeler 2004). Because small mammals have higher resting heart 

rates than large mammals, they have a lower heart rate reserve by which to increase oxygen supply 

during exercise, thus limiting their aerobic scope compared to larger mammals. 

While the preceding logic holds for many mammals, it is predicated on the isometric scaling 

of stroke volume with body mass (Stahl 1965). However, Woodall (1992) found that heart mass scaled 

allometrically with body mass (Mb
0.88) in 13 species of antelope, while Snelling et al. (2018) reported 

the same allometric relationship for another six species of antelope, meaning that smaller antelope 

have relatively larger hearts than do larger antelope. It is reasonable to expect that smaller antelope 

also have a relatively larger stroke volume (Gleeson et al. 1983; Grubb 1982; Jones et al. 1989; Karas 

et al. 1987; Taylor et al. 1987). A larger stroke volume would help to satisfy the relatively higher 

metabolic demands of smaller antelope, without relying solely on heart rate to achieve their relatively 

high cardiac output, and allowing for a higher aerobic scope. It is possible that a larger heart presents 

an evolutionary advantage as it allows for a higher aerobic capacity in the smaller antelope that 

presumably face greater predation pressures than other mammals of similar body size (Snelling et al. 

2018; Hayward and Kerley 2008; Jarman 1974; Radloff and Du Toit 2004).   

While a larger heart would be advantageous in achieving a higher V�O2max, the actual work done 

by the heart in support of this aerobic capacity, and in particular how that work varies with body mass, 

has rarely been measured. The overall cost of moving blood through the circulatory system can be 

expressed as the external cardiac work rate, and is approximated as the product of mean arterial 

pressure, cardiac output, and the rate at which kinetic energy is imparted to the blood, which is 
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considered negligible at rest, but can increase significantly during exercise (Li 2000; Snelling et al. 

2016). At rest, cardiac output (the product of stroke volume and heart rate) is proportional to Mb
0.81, 

and  mean arterial pressure to scale as Mb
0.05 in 24 species of mammals ranging from a 0.03 kg mouse 

(Mus musculus) to a 4,000 kg African elephant (Loxodonta africana) (Seymour and Blaylock 2000). 

Therefore, under resting conditions, the cardiac work rate of mammals increases with Mb
0.86. It is 

apparent that the cardiac work rate must increase in response to an increase in oxygen demand, 

because each of the factors that contribute to cardiac work rate, viz. cardiac output and mean arterial 

pressure, increase with the metabolic and perfusion requirements of the body (Constantinopol et al. 

1989; Jones et al. 1989; Kane et al. 1993; Sugawara et al. 2003; Taylor et al. 1987). However, exactly 

how this increase varies with body mass is not clear.  

Obtaining measurements of maximum cardiac work rate from free-living wild animals is 

currently unviable, and exercising them under more controlled laboratory conditions can be extremely 

challenging. A possible alternative would be to stimulate the heart pharmacologically using exogenous 

adrenaline, to mimic the effect of heavy exercise on the heart. The heart is especially sensitive to 

adrenaline, due to the wide distribution of adrenergic receptors, and stimulation via exogenous 

adrenaline can elicit similar responses to sympathetic stimulation during exercise (Brodde and Michel 

1999). Adrenergic stimulation of pacemaker cells in the sinoatrial node increases the inflow of Ca2+ 

and Na2+, augmenting their depolarization rate and increasing heart rate (Brown and Noble 1974; 

Reuter and Scholtz 1977; Hieble and Squire 2009). Additionally, adrenergic stimulation reduces the 

outward current that would tend to decelerate pacemaker depolarization (Brown et al. 1979), the 

conduction delay in the atrioventricular node, and the relaxation period of the myocytes, by 

stimulating the sarcoplasmic reticulum cisternal pumps to take up free cytosolic Ca2+ more rapidly 

(Hutter and Trautwein 1956). Adrenergic stimulation also improves inotropy, because it increases Ca2+ 

release from the sarcoplasmic reticulum, which enhances contractile speed and force, thus improving 

stroke power and facilitating greater systolic emptying (Gesser et al. 1982; Kaumann and Molenaar 

1997; Walsh and Van Patten 1994).  
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Given the scarce empirical data that are available to support the scaling relationship between 

body mass and the maximum cost of the circulation, we aimed to add more species over a wide body 

size range to the equation by measuring total external cardiac work rate, herein simplified to cardiac 

work rate, in six species of wild African antelope stimulated by exogenous adrenaline. By investigating 

wild antelope, we aimed to reduce some of the confounding effects that can be caused by mixing 

athletic with non-athletic and domestic mammals. We measured cardiovascular variables (heart rate, 

stroke volume, cardiac output, and systemic and pulmonary arterial pressures) as well as blood 

constituents (haematocrit and total haemoglobin concentration) and respiratory variables 

(respiratory rate, tidal volume, minute ventilation, and expired gas concentrations) of the antelope 

under the infusion of exogenous adrenaline. We hypothesised that the maximum cardiac work rate 

seen during exercise can be replicated pharmacologically by the stimulation with adrenaline.  

 

4.3 Materials and Methods 

The implemented protocols and procedures that were used were approved by the Animal Ethics 

Committees of the University of Western Australia (UWA AEC RA/3/100/1340) and the University of 

the Witwatersrand (AESC 2015/04/11/A). These protocols and procedures are the same as those 

described in Chapter 3, with some additional measurements made after those described in Chapter 3. 

 

Adrenaline ramp 

When the physiological measurements at rest had been collected, we proceeded to take 

measurements at an elevated level of cardiac work. To stimulate an increase in cardiac work, 

adrenaline (1 mg ml-1 Adrenaline-Fresenius; Fresenius Kabi, Bad Homburg, Germany) was infused at 

increasing doses via the central venous port of the Swan-Ganz catheter using an automated syringe 

pump (Alaris Asena Syringe Pump; Alaris Medical Systems, Mt Wellington, New Zealand). Adrenaline 

was infused for 10 min periods at incremental doses that were adjusted ad hoc for each animal 

depending on individual-specific, and species-specific, sensitivities to adrenaline, determined during 
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the course of the experimental runs. For example, a springbok with stable resting values had an initial 

dose of 1 µg kg-1, followed by 2, 4 and 8 µg kg-1 doses. Upon noticing that springbok were very sensitive 

to doses of adrenaline (shown by a large, rapid increase in heart rate or blood pressure at the first or 

second doses), the protocol for subsequent springbok was adjusted to a starting dose of 0.5 µg kg-1 of 

adrenaline, followed by 1, 2 and 4 µg kg-1. The maximum adrenaline data refers to the 

cardiorespiratory data of the animals under the highest dose of adrenaline. After all of the 

physiological measurements were completed, each animal was euthanized with an injection of sodium 

pentobarbitone (200 mg kg-1 Euthapent; Kyron Laboratories, Johannesburg, South Africa) and the 

hearts were harvested as part of another study (Snelling et al. 2018). 

 

Statistical analyses 

The maximum values of cardiorespiratory data correspond to the highest dose of adrenaline. This 

maximum was determined by the plateau of heart rate and cardiac work rate over the course of the 

experimental runs (Figure 4.1). The scaling relationship for each cardiorespiratory variable was 

obtained by calculating ordinary least-squares linear regression of the log10-transformed data with 

body mass as the independent variable. We used an F-test to assess the statistical significance of the 

regression, and the coefficient of determination (R2) to evaluate its strength. Significant differences in 

slope (scaling exponent) and elevation (scaling coefficient) between regressions were tested using 

ANCOVA (Zar 1999). Statistical analyses were performed on log10-transformed data, but scaling 

relationships are reported as the power equation, y=aMb
b±95%CI, where y is the parameter of interest, 

a is the scaling coefficient, b is the scaling exponent, Mb is the body mass in kg, and CI is the confidence 

interval. Statistical significance was set at 0.05 a priori and all analyses were performed using 

GraphPad Prism 7 (Version 7.03; GraphPad Software, La Jolla, CA, USA). 
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4.4 Results 

Heart rate increased significantly across the doses of adrenaline in every individual protocol, 

plateauing to a maximum rate in each individual. There was no significant difference in the heart rate 

at the penultimate dose of adrenaline compared to the final dose of adrenaline 

(P=0.09; paired t-test; Figure 4.1A) indicating that a plateau of the dose response relationship was 

achieved in each individual. For example, heart rate for one of the springbok reached a maximum of 

~290 beats min-1 at 50% of the maximum adrenaline dose, and the heart rate did not change at higher 

doses. Mean arterial and mean pulmonary pressures also increased across the various doses of 

adrenaline. The mean pulmonary pressure reached a plateau, as there was no difference in the mean 

pulmonary pressure at the penultimate dose of adrenaline compared to the maximal dose of 

adrenaline (P=0.24; paired t-test). Mean arterial pressure did not reach a plateau, with the final 

average measurement of mean arterial pressure (203 mmHg), being statistically higher than the 

penultimate measurement (199 mmHg) (P=0.01; paired t-test; Figure 4.1B). Nevertheless, cardiac 

work rate plateaued by the penultimate dose of adrenaline, as there was no significant further 

increase with the final dose (P=0.06; paired t-test; Figure 4.1C). There were no significant differences 

in the slope of any measurement with body mass between resting and maximum adrenaline 

conditions, and so the following results section details the factorial increase in the measurements 

between the two conditions. Full scaling relationships and statistics are presented in Tables 4.1 – 4.4.   

 

Cardiovascular variables 

There was an average 2-fold increase in cardiac output under adrenaline compared to rest 

(P=0.008; Figure 4.2A), due entirely to the same factorial increase in heart rate under adrenaline 

(P<0.0001; Figure 4.2B), because there was no change in stroke volume (P=0.28; Figure 4.2C). There 

was a 1.3-fold and 1.4-fold increase in mean systemic and pulmonary arterial pressures respectively, 

under adrenaline compared to rest (P<0.0001 for both; Figure 4.3A). Systemic and pulmonary vascular 

resistances did not change significantly at the maximum dose of adrenaline compared to rest (P=0.30 
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and 0.57 respectively; Figure 4.3B). The a-vO2 was unchanged under adrenaline (P=0.08; Figure 4.3C).   

Haematocrit and the total haemoglobin concentration both increased 1.3-fold under adrenaline 

compared to rest (P<0.0001 for both).  

 

 

Figure 4.1 Heart rate (1A), mean systemic arterial pressure (1B) and total cardiac work rate (1C) of all 

antelope over their respective adrenaline infusion ramps, reported as a percentage of each variable 

measured under the maximum dose of adrenaline given to each animal (~20-fold body mass range, 

n=3 for each of the six species). The adrenaline doses are reported as a percentage of the maximum 

dose of adrenaline given to each animal. Panels D, E and F show the average heart rate, mean systemic 

arterial pressure, and total cardiac work rate, for each species of antelope under resting 

(no exogenous adrenaline; blue box) and maximum adrenaline (red box) conditions. 
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Figure 4.2 Scaling of cardiovascular variables under the maximum dose of adrenaline, in six species of 

wild African antelope (~20-fold body mass range, N=18). Solid line is the regression mean, dotted lines 

represent the 95% confidence bands. Dashed line and grey exponent correspond to the resting data. 

See tables for complete scaling equation parameters and statistics. 
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Table 4.1 Scaling equations of cardiovascular variables and blood parameters across six species of wild 

African antelope (~20-fold body mass range, N=18). 

 Adrenaline Resting Adrenaline vs resting      

ANCOVA slope (elevation) 

Heart rate  

(beats min-1) 

348Mb
-0.14±0.08 

R2=0.49, P=0.001 

174Mb
-0.11±0.10 

R2=0.27, P=0.028 

F1,32=0.24, P=0.62  

(F1,33=99, P<0.0001) 

Stroke volume (ml) 

 

1.10 Mb
0.88±0.22 

R2=0.82, P<0.0001 

1.16Mb
0.90±0.22 

R2=0.83, P<0.0001 

F1,32=0.03, P=0.86  

(F1,33=1.20, P=0.28) 

Cardiac output  

(L min-1) 

0.38Mb
0.74±0.23 

R2=0.74, P<0.0001 

0.20Mb
0.79±0.22 

R2=0.78, P<0.0001 

F1,32=0.13, P=0.72  

(F1,33=8.08, P=0.008) 

Systemic vascular 

resistance (mmHg L 

min-1) 

424Mb
-0.69±0.26 

R=0.66, P<0.0001 

582Mb
-0.72±0.24 

R2=0.71, P<0.0001 

F1,32=0.04, P=0.84  

(F1,33=1.12, P=0.30) 

Systemic systolic 

pressure (mmHg) 

229Mb
0.04±0.06 

R2=0.12, P=0.16 

156Mb
0.05±0.08 

R2=0.08, P=0.24 

F1,32=0.01, P=0.91  

(F1,33=61, P<0.0001) 

Systemic diastolic 

pressure (mmHg) 

130Mb
0.06±0.07 

R2=0.15, P=0.11 

99.X Mb
0.09±0.07 

R2=0.32, P=0.15 

F1,32=0.32, P=0.58  

(F1,33=11, P=0.002) 

Mean systemic  

arterial pressure 

(mmHg) 

164Mb
0.05±0.05 

R2=0.20, P=0.07 

118Mb
0.07±0.07 

R2=0.21, P=0.05 

F1,32=0.22, P=0.64  

(F1,33=36, P<0.0001) 

Pulmonary vascular 

resistance (mmHg L 

min-1) 

93Mb
-0.70±0.24 

R=0.73, P<0.0001 

84Mb
-0.70±0.26 

R2=0.66, P<0.0001 

F1,32=0.08, P=0.78  

(F1,33=0.33, P=0.57) 

Pulmonary systolic 

pressure (mmHg) 

51Mb
-0.008±0.07 

R2=0.004, P=0.80 

29Mb
0.05±0.07 

R2=0.11, P=0.18 

F1,32=1.46, P=0.24  

(F1,33=47, P<0.0001) 

Pulmonary diastolic 

pressure (mmHg) 

28Mb
-0.14±0.09 

R2=0.006, P=0.76 

11Mb
0.13±0.14 

R2=0.20, P=0.06 

F1,32=3.30, P=0.08  

(F1,33=17, P=<0.0001) 

Mean pulmonary 

arterial pressure 

(mmHg) 

36Mb
-0.01±0.08 

R2=0.006, P=0.75 

17Mb
0.09±0.10 

R2=0.17, P=0.09 

F1,32=2.72, P=0.11  

(F1,33=27, P<0.0001) 

Scaling of each variable under resting and adrenaline conditions is shown with ANCOVA comparisons of slope 
and elevation (in parentheses) for each variable. Scaling equations are in the form y=aMbb±95%CI, where y is the 
variable, and a is the scaling coefficient (elevation), Mb is body mass in kg, b is the scaling exponent (slope of 
the log-transformed relationship), and ±95%CI is the 95% confidence interval.  
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Figure 4.3 Scaling of mean arterial pressure, systemic vascular resistance, and the a-vO2 in six species 

of wild African antelope (~20-fold body mass range, N=18). Solid line is the regression mean, dotted 

lines represent the 95% confidence bands. Dashed line and grey exponent correspond to the resting 

data. See tables for complete scaling equation parameters and statistics. 
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Table 4.2 Scaling of blood parameters across six species of wild African antelope (~20-fold body mass 

range, N=18). 

 Adrenaline Resting Adrenaline vs resting      

ANCOVA slope (elevation) 

a-vO2  

(ml O2 100ml-1) 

4.44Mb
-0.03±0.14 

R2=0.01, P=0.67 

5.43Mb
-0.04±0.09 

R2=0.06, P=0.33 

F1,32=0.03, P=0.86  

(F1,33=3.21, P=0.08) 

Haematocrit (%) 

 

56Mb
-0.01±0.08 

R2=0.01, P=0.70 

40Mb
0.01±0.08 

R2=0.002, P=0.86 

F1,32=0.01, P=0.91  

(F1,33=49, P<0.0001) 

Haemoglobin (g dL-1) 

 

18Mb
-0.01±0.08 

R2=0.005, P=0.78 

13Mb
0.01±0.08 

R2=0.001, P=0.89 

F1,32=0.06, P=0.80  

(F1,33=26, P<0.0001) 

Refer to Table 4.1 for abbreviation, regression and statistical detail. 

 
Respiratory variables 

Under the maximum dose of adrenaline, there was an average 1.4-fold increase in respiratory rate 

compared to rest (P=0.0003; Figure 4.4A). There was no change in tidal volume under adrenaline 

(P=0.71; Figure 4.4B). Minute ventilation increased 1.4-fold under adrenaline (P=0.02; Figure 4.4C).  

 
Table 4.3 Scaling of respiratory variables across six species of wild African antelope (~20-fold body 

mass range, N=18). 

 Adrenaline Resting Adrenaline versus resting 

ANCOVA slope (elevation) 

Respiratory rate  

(breaths min-1) 

50Mb
-0.14±0.13 

R2=0.22, P=0.04 

42Mb
-0.17±0.10 

R2=0.42, P=0.004 

F1,32=0.16, P=0.70  

(F1,33=16, P=0.0003) 

Tidal volume (ml) 

 

14Mb
0.84±0.11 

R2=0.94, P<0.0001 

13Mb
0.86±0.13 

R2=0.92, P<0.0001 

F1,32=0.05, P=0.82  

(F1,33=0.14, P=0.71) 

Minute ventilation 

(L min-1) 

0.70Mb
0.70±0.17 

R2=0.82, P<0.0001 

0.56Mb
0.69±0.18 

R2=0.81, P<0.0001 

F1,32=0.01, P=0.92  

(F1,33=6.30, P=0.02) 

Oxygen consumption 

rate (V�O2; ml min-1) 

17Mb
0.71±0.18 

R2=0.80, P<0.0001 

11Mb
0.75±0.19 

R2=0.82, P<0.0001 

F1,32=0.10, P=0.75 

(F1,33=5.38, P=0.03) 

Ventilation/perfusion 

ratio (V�e/CO) 

1.83Mb
-0.03±0.18 

R2=0.01, P=0.72 

2.75Mb
0.09±0.24 

R2=0.05, P=0.40 

F1,32=0.21, P=0.65 

(F1,33=0.87, P=0.36) 

Ventilatory equivalent 

(V�e/V�O2)  

41Mb
-0.004±0.13 

R2=0.0002, P=0.95 

51Mb
-0.06±0.20 

R2=0.02, P=0.57 

F1,32=0.21, P=0.65  

(F1,33=0.006, P=0.94) 

Refer to Table 4.1 for abbreviation, regression and statistical detail. 
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Figure 4.4 Scaling of respiratory variables under the maximum dose of adrenaline, in six species of 

wild African antelope (~20-fold body mass range, N=18). Solid line is the regression mean, dotted lines 

represent the 95% confidence bands. Dashed line and grey exponent correspond to the resting data. 

See tables for complete scaling equation parameters and statistics. 
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Work rates 

Both the left and the right ventricular work rates increased under adrenaline (P<0.0001; Figure 

4.5A-B), producing an average 2.1-fold increase in total cardiac work rate (P<0.0001; Figure 4.5C). 

Whole-body metabolic rate increased 1.3-fold under adrenaline (P=0.03; Figure 4.5D), and there was 

a large variability between individuals in the contribution of cardiac work to the total increase in 

metabolic work under adrenaline. For example, in three of the antelope, a duiker, a springbok, and a 

blesbok, more than 90% of the increase in whole-body metabolic rate was due to the increase in 

cardiac work rate, whereas in another duiker, springbok, and a wildebeest, the increase in cardiac 

work accounted for only about 10% of the increase in whole-body metabolic rate. There was an 

average 1.5-fold increase in the Eh/Eb ratio under the maximum dose of adrenaline (P<0.0001; 

Figure 4.5E) 

 

Table 4.4 Scaling of external cardiac work rates and whole-body metabolic rate across six species of 

wild African antelope (~20-fold body mass range, N=18). 

 Adrenaline Resting Resting versus adrenaline 

ANCOVA slope (elevation) 

Left ventricular work 

rate (J s-1) 

0.70Mb
0.79±0.21 

R2=0.79, P<0.0001 

0.26Mb
0.86±0.22 

R2=0.81, P<0.0001 

F1,32=0.26, P=0.61  

(F1,33=22, P<0.0001) 

Right ventricular work 

rate (J s-1) 

0.15Mb
0.72±0.25 

R2=0.70, P<0.0001 

0.04Mb
0.88±0.22 

R2=0.82, P<0.0001 

F1,32=0.97, P=0.33  

(F1,33=23, P<0.0001) 

Total cardiac work 

rate (Eh; J s-1) 

0.85Mb
0.78±0.22 

R=0.78, P<0.0001 

0.30Mb
0.86±0.22 

R2=0.81, P<0.0001 

F1,32=0.35, P=0.56  

(F1,33=22, P<0.0001) 

Whole-body  

metabolic rate  

(Eb; J s-1) 

6.00Mb
0.71±0.18 

R2=0.80, P<0.0001 

3.84Mb
0.75±0.19 

R2=0.82, P<0.0001 

F1,32=0.10, P=0.75 

(F1,33=5.38, P=0.03) 

Eh/Eb % 

 

14.2Mb
0.07±0.14 

R2=0.06, P=0.31 

7.89Mb
0.12±0.10 

R2=0.29, P=0.02 

F1,32=0.33, P=0.57 

(F1,33=24.83, P<0.0001) 

Refer to Table 4.1 for abbreviation, regression and statistical detail. 
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Figure 4.5 Scaling of external cardiac work rates and whole-body metabolic rate under the maximum 

dose of adrenaline, in six species of wild African antelope (~20-fold body mass range, N=18). Solid line 

is the regression mean, dotted lines represent the 95% confidence bands. Dashed line and grey 

exponent correspond to the resting data. See tables for complete scaling equation parameters and 

statistics. 

 

4.5 Discussion 

The structure of the cardiovascular system has evolved to supply enough oxygen to meet a maximum 

level of aerobic metabolic demand. Adrenaline was successful at significantly elevating cardiac work 

rate in all the antelope, due to significant increases in both mean arterial pressures and cardiac output. 

The higher mean arterial pressures were due to changes in cardiac output and blood viscosity, as there 

was no change in systemic vascular resistance. The elevated cardiac output occurred despite no 
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change in stroke volume, and was due entirely to the maximally stimulated heart rate. Therefore, 

while adrenaline significantly elevated cardiac work rate, it likely did not fully mimic the result of heavy 

exercise, which generally involves an augmented stroke volume (Vella and Robergs 2005). Because 

the exponent of maximum heart rate in the antelope (-0.14±0.08), is not different to the exponent of 

resting heart rate in the antelope (-0.11±0.10), it appears that smaller antelope have the same heart 

rate reserve by which their cardiac output can increase under maximal conditions, as larger antelope. 

Under adrenaline, whole-body metabolic rate increased 1.4-fold, which was much lower than the 

roughly 10-fold increase observed in exercising animals (Weibel et al. 2004).  

Cardiac work rate was elevated by the pharmacological stimulation of adrenaline, as seen in 

a plateau of cardiac work rate over the doses of adrenaline, and the fact that maximum cardiac work 

rate was often already achieved with the penultimate dose of adrenaline (Figure 4.1C). However, the 

maximum cardiac work rate achieved pharmacologically is likely not equivalent to maximum exercise-

induced cardiac work rate. The total external cardiac work rate of the heart is the product of cardiac 

output and systemic and pulmonary mean arterial pressures. Thus, the 2.1-fold increase in cardiac 

work rate under adrenaline was due to a slightly higher factorial increase in cardiac output (1.6-fold) 

than to either the systemic (1.3-fold) or the pulmonary (1.4-fold) mean arterial pressures. However, 

is the increase in cardiac work rate was lower than the roughly 3.5-fold increase found for goat and 

sheep during heavy exercise (Kane et al. 1993; Snelling et al. 2016), and may be due to a combination 

of factors. For instance, stroke volume was unchanged under the maximum dose of adrenaline 

(Figure 4.2C), which usually increases by as much as 50% during heavy exercise (Vella and Robergs 

2005). Additionally, the measured cardiac work rate in this study did not take into account the rate at 

which kinetic energy was imparted to the blood. During heavy exercise, the addition of kinetic energy 

to the blood can account for as much as 15% of the left ventricular work, and as much as 50% of the 

right ventricular work (Burton 1965; Folkow and Neil 1971). If the additional components of an 

increase in stroke volume and kinetic energy transfer are included, then the total cardiac work rate 

would have increased 4.2-fold, which is reasonable for athletic species like the antelope (Taylor et al. 
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1987). Nevertheless, cardiac work rate under adrenaline scaled as Mb
0.78±0.22 (Figure 4.5C). Assuming 

that the heart’s conversion efficiency for metabolic energy to mechanical energy was independent of 

body mass, the exponent of 0.78 matches very closely to the scaling of the structures that support 

cardiac work in the form of total capillary length (Mb
0.74), and total mitochondrial surface area (Mb

0.78), 

that were reported recently for the hearts of these antelope (Snelling et al. 2018).  

Sympathetic stimulation during exercise should improve inotropy, by increasing Ca2+ release 

from the sarcoplasmic reticulum, which enhances cardiac contractility (Christensen and Galbo 1983; 

Seals and Victor 1991). Additionally, the increased inotropy during exercise would be accompanied by 

peripheral vasoconstriction and muscular contractions in the limbs during movement, that shifts blood 

into the central veins and enhances diastolic filling (Folkow et al. 1970; Lichtenstein et al. 1987). Thus, 

venous return is increased, which augments stroke volume according to the Frank-Starling law 

(Konhilas et al. 2002). While exogenous adrenergic stimulation is similarly capable of increasing 

cardiac contractility (Kaumann and Molenaar 1997), there was no change in systemic vascular 

resistance (Figure 4.3B), and because the antelope were anaesthetized, no muscular pump 

contribution to venous return. Thus, the preload enhancing effects associated with exercise cannot 

be replicated by exogenous adrenergic stimulation. However, one aspect of exercise-induced 

sympathetic stimulation that can be replicated by exogenous adrenergic stimulation, is an increase in 

the blood’s oxygen carrying capacity. Antelope have a spleen that serves as a mobilizable erythrocyte 

reservoir (Mebius and Kraal 2005), that is capable of autotransfusing a large quantity of red blood cells 

into the active circulation under either exogenous or sympathetically-induced adrenergic stimulation 

(McKeever et al. 1993; Ojiri et al. 1993; Turner and Hodgetts 1959). A higher red cell content within 

the blood would increase its viscosity (Elsner 1995; Qvist et al. 1986), and together with a higher 

cardiac output, the increased viscosity could have contributed to the increase in systemic and 

pulmonary pressures (Figure 4.3A), despite no change in peripheral resistance. 

While stroke volume was unchanged, heart rate was significantly elevated under adrenaline, 

plateauing in the same manner as did the cardiac work rate (Figure 4.1A). The allometric equation 
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describing maximum heart rate of the antelope under adrenaline, 348Mb
-0.14±0.08, was very similar to 

the exercise-induced maximum heart rate described for ten species of mammals, ranging from 0.03 kg 

to 70 kg by Baudinette (1978) at 375Mb
-0.19. While heart rate was significantly elevated under 

adrenaline, the roughly 2-fold increase from the resting condition to the maximum dose of adrenaline 

is lower than the roughly 3-fold increase in heart rate from rest to heavy exercise in the dog and goat 

(Taylor et al. 1987) and the roughly 6-fold increase in heart rate for Standardbred horses (Marsland 

1968). It is possible that the heart rates of the antelope were already elevated pre-adrenaline, as there 

is some evidence to suggest that propofol is associated with increased heart rate (Mather et al. 2004; 

Runciman et al. 1990), thus reducing the factorial increase between the pre- and post-adrenaline 

measurements. For example, the average heart rate for the 25 kg springbok was 130 beats min-1 and 

higher than that of 28 kg goats at 90 beats min-1 (Izwan et al. 2018). Likewise, the average heart rate 

for the 149 kg blue wildebeest at 100 beats min-1, was higher than the recorded 80 beats min-1 for 

blue wildebeest in another study, at (Laubscher et al. 2015).  

While our antelope probably had a slightly higher than expected heart rate prior to the 

adrenaline infusion, eliciting a maximum heart rate response post-infusion demonstrated how the 

aerobic capacity of the different sized antelope compared with other similarly sized mammals. In other 

mammals, the scaling of resting heart rate (Mb
-0.26) is thought to match with the rate of mass specific 

V�O2 (Mb
-0.25) (Schmidt-Nielsen 1984), and the same is also believed for V�O2max because the scaling of 

maximum heart rate (Mb
-0.15) matches with the scaling of maximum mass specific V�O2 (Mb

-0.13) (Weibel 

et al. 2004). The difference in exponents between V�O2 under resting and maximum conditions shows 

that larger mammals have a higher aerobic scope than smaller mammals. The body size effect on the 

aerobic scope is often attributed to the fact that the heart rate can increase more during exercise in 

larger mammals than it can in smaller mammals, and represents a greater ability to supply oxygen at 

V�O2max (Bishop 1999). Conversely, smaller mammals have a lower aerobic scope because they have 

relatively high resting heart rates that are already closer to their maximum heart rate. Unlike the wide 

difference in the slope of resting and maximum heart rate that is reported for other mammals, the 
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slope of resting heart rate and maximum heart rate relationships of the antelope barely changed, 

scaling with body mass as -0.11 and -0.14 respectively (Figure 4.2B). Although smaller antelope still 

had faster heart rates (both before and after adrenaline) than larger antelope, the difference was not 

as pronounced as that predicted for other mammals of their size because of the way that stroke 

volume changed in the different sized antelope. 

For the antelope, heart mass and stroke volume both scaled allometrically as Mb
0.88±0.07 

(Chapter 3), compared to the isometric scaling of heart mass and stroke volume in other mammals, 

and is unaffected by the activity level (Prothero 1979). At rest, the higher stroke volume in the smaller 

antelope meant that their higher mass-specific oxygen consumption rate was satisfied with a lower 

heart rate. That lower resting heart rate provided the smaller antelope with a higher heart rate reserve 

that could be implemented during exercise or an adrenaline ramp, which is not the case in other 

mammals of comparable body mass. Consequently, the smaller antelope had the same aerobic scope 

as the larger antelope. Furthermore, while the cardiac output of other mammals scales as Mb
0.75 at 

rest and as Mb
0.85 during exercise, the cardiac output of the antelope scaled as Mb

0.79±0.22 at rest and 

Mb
0.74±0.23 under adrenaline (Figure 4.2A). Because smaller antelope had relatively larger stroke 

volumes, and the same heart rate reserve as larger antelope, the smaller antelope had relatively larger 

maximum cardiac output under adrenaline compared to other similarly sized mammals, and so the 

relationship between maximum cardiac output and body mass in the antelope was essentially 

“pulled up” at the lower end. For the smaller antelope, having a relatively larger maximum cardiac 

output would help to achieve a higher aerobic capacity. Having a higher aerobic capacity could 

represent a possible evolutionary advantage for survival, as smaller antelope face greater predation 

pressures than other mammals of similar body size (Hayward and Kerley 2008; Jarman 1974; Radloff 

and Du Toit 2004; Snelling et al. 2018). 

In service of a higher aerobic capacity, having a higher ventilation capacity would also be 

beneficial, by improving oxygen supply to the circulation. Under adrenaline, minute ventilation in the 

antelope scaled as Mb
0.70+0.17 (Figure 4.4C), compared to the scaling of maximum minute ventilation in 
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other mammals, at Mb
0.89 (Frappell and Baudinette 1995; Prothero 2015). The difference between 

those two exponents is because the slope of tidal volume in the antelope 0.84±0.11 (Figure 4.4B), is 

lower than that of other mammals, 1.01, while the  respiratory rate scaled similarly to other mammals, 

Mb
-0.14±0.13 in the antelope (Figure 4.4A) compared to Mb

-0.12 in other mammals (Prothero 2015). The 

allometric scaling of tidal volume in the antelope might reflect relatively larger lungs and a relatively 

greater diffusing capacity in the smaller antelope than the larger antelope, which could be partly 

exploited to achieve higher oxygen uptake rates (Weibel et al. 1991). For example, other athletic 

mammals, such as the pronghorn antelope, are known to possess more structure for oxygen diffusion 

in the lung compared to similarly sized, non-athletic goats (Lindstedt et al. 1991), and thus a higher 

pulmonary ventilation would better supply the aerobic capacity of an athletic animal. While there is 

some evidence that adrenaline can directly stimulate carotid body chemoreceptors, or the respiratory 

centres of the central nervous system, and so augment breathing (Heistad et al. 1972; Joels and White 

1968), the stimulatory effects of adrenaline on ventilation are not fully understood (Flandrois et al. 

1977; Lundholm and Svedmyr 1966). It is likely that, similar to the cardiovascular responses, 

pharmacologically stimulating the respiratory system via adrenaline cannot exactly replicate the 

effects seen during exercise, because the latter is affected by physiological feedback mechanisms as 

well as anticipatory responses (Watson 1974). Those factors were not present in our anaesthetized 

antelope. Therefore, while it would be beneficial for athletic animals, in particular the smaller 

antelope, to have a respiratory system that complements its cardiovascular system for a greater 

aerobic capacity, this area requires further investigation. 

Although the primary purpose of the adrenaline infusion was to increase the cardiac work 

rate, there was also a significant increase in whole-body metabolic rate. The power equation for the 

Eh/Eb ratio under adrenaline was 14.2Mb
0.07±0.14, compared to what was obtained at rest 

(7.89Mb
0.12±0.10; Figure 4.5E). It is important to note that the Eh/Eb ratios for the antelope before and 

after adrenaline infusion were calculated assuming the same 20% cardiac efficiency (Ten Velden et al. 

1982). However, it is possible that cardiac efficiency changes during augmented levels of cardiac work, 
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which would change the elevation of the power equation for Eh/Eb under adrenaline. For example, 

cardiac efficiency is higher during exercise, because stroke volume increases relatively more than 

arterial pressure, as a result of an augmented preload, thus producing more external work without 

expending as much energy during the isovolumetric phase (Hawkins et al. 2009). Conversely, the 

absence of an augmented stroke volume, coupled together with a higher MAP, suggests cardiac 

efficiency may have decreased our antelope under exogenous adrenergic stimulation. There is some 

evidence that smaller animals may have a higher cardiac efficiency than larger animals, which would 

significantly alter slope of the Eh/Eb ratio to body mass relationship (Dobson 2003; Loiselle and Gibbs 

1979). However, exactly how cardiac efficiency varies with body mass is still not fully understood, and 

may not necessarily be linearly related to body mass, as is the case with capillary density and body 

mass, which exhibits a biphasic scaling relationship (Schmidt-Nielsen and Pennycuik 1961). 

While on average, there was a 1.5-fold increase in the Eh/Eb ratio under adrenaline, there was 

a higher variability in these measurements compared to those obtained at rest (R2 of 0.06 and 0.29 

respectively). In some antelope, the increase in whole-body metabolic rate could be attributed almost 

entirely to the increase in cardiac work. In others, the increase in cardiac work accounted for only a 

fraction of the increase in whole-body metabolic rate (Figure 4.5C – D). Regardless, the increase in 

total metabolic rate under adrenaline alone was much lower than the 10-fold increase observed in 

exercising animals (Weibel et al. 2004). While lower, the elevated metabolism under adrenaline might 

have been due to adrenergic stimulation of non-shivering thermogenesis in brown adipose tissue, 

which is found in almost all eutherian mammals (Cannon and Nedergaard 2004; Nedergaard et al. 

1986). Additionally, while plasma glucose levels were not measured in this study, adrenergic activation 

of glycolytic pathways has been shown to increase glucose release, ATP generation, and energy 

consumption in ruminants such as sheep (Barth et al. 2007; Bassett 1970). Therefore the adrenergic 

stimulation of these metabolic pathways can increase metabolic rate, but not to the same extent as 

that seen during heavy exercise. 
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Ordinarily, when the oxygen demands of the body increase (such as during exercise), the 

increased demand at the tissue level is satisfied by a combination of increased blood flow to those 

tissues and a higher oxygen extraction from a given volume of blood. However, artificially stimulating 

the heart with adrenaline uncouples the cardiac work rate from total metabolic rate because the 

cardiac output is now being driven in excess of the body’s demand for oxygen. Therefore, if blood flow 

increases beyond what is necessary, then oxygen extraction from a given volume of blood should 

decrease. Under adrenaline, the average a-vO2 in the antelope was approximately 20% lower than it 

was at rest, reflected in the coefficients for the power equations relating the a-vO2 to body mass (4.44 

and 5.43 ml O2 100 ml blood, respectively; Figure 4.3C). However, the a-vO2 was not statistically 

different pre-and post-adrenaline (P=0.08), though it is likely that the high variability (as evidenced by 

the low R2 values in the a-vO2) prevented statistical significance of a phenomenon that is, in fact, 

biologically important.  

 

Conclusion 

In summary, the infusion of adrenaline significantly elevated the total cardiac work rate in all of our 

antelope, but did not fully mimic the effect of exercise. The increased cardiac work rate was due both 

to augmented mean arterial pressures and an elevated cardiac output. Cardiac output was 

significantly elevated despite no change in stroke volume because of a maximally stimulated heart 

rate. By observing maximum heart rate in the antelope, it appears that smaller antelope have the 

same aerobic scope as larger antelope. The aerobic scope of the smaller antelope would provide those 

antelope with a higher aerobic capacity that would be an advantage for survival.  
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Chapter 5: General Discussion 
 

The convective transport of oxygen by the circulatory system represents an integral component of the 

oxygen delivery cascade. If the trend presented in this thesis, that a greater proportion of total energy 

expenditure is spent on the circulation of blood, continues in mammals larger than our eland, then 

the cost of the circulation would be extremely high in larger mammals. Because energetic efficiency 

should be a selective pressure that affects a species’ evolution, having a high circulatory cost, relative 

to total metabolic costs, could represent an important influence in the evolution of large body mass. 

The relatively higher circulatory costs associated with being bigger must represent an evolutionary 

trade-off, as the energy utilized by the circulatory system is not available to meet any other aspect of 

the animal’s physiological demands. Despite its importance, the cost of circulation, and the 

implications associated with it, have rarely been directly measured. Thus, one aspect of this thesis was 

an attempt to address the dearth of data regarding the cost of the circulation in mammals. The 

antelope are particularly interesting, because their survival as prey animals depends on competent 

cardiovascular performance. Structurally, their hearts are different to other mammalian species in 

that heart mass scales allometrically with body mass, in contrast to the isometric scaling in other 

mammals. However, obtaining useful measurements to explain the unique hearts of antelope 

necessitated the development of an anaesthetic protocol that would balance the need to safely and 

humanely immobilize wild antelope, with the ability to collect reliable cardiorespiratory 

measurements. In addition to the development and implementation of a protocol to collect reliable 

data from wild antelope at rest, cardiorespiratory measurements were collected from the animals 

under exogenous adrenaline, in an attempt to mimic the maximum cardiac state during exercise. The 

following general discussion summarises the major findings from this thesis and discusses the most 

salient results, with a more speculative scope. 
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5.1 Developing a suitable anaesthetic protocol 

Normal physiological data from large wild animals can be challenging to obtain because 

measurements cannot be made without some kind of restraint, either physical or chemical. While 

chemical restraint is commonplace, all of the chemical agents that are used for that purpose can 

compromise normal physiological function. The protocol used in this study was developed in an 

attempt to allow for adequate chemical restraint while preserving the integrity of acute physiological 

measurements of the cardiorespiratory system. Because of its potency, efficacy and utility (Bentley 

and Hardy 1963), etorphine was used as the initial immobilising agent. It is widely accepted that 

etorphine has adverse impacts on an animal’s normal physiology, and so it is typically given in 

combination with other chemical agents, such as azaperone, xylazine, or acepromazine, in an attempt 

to both reduce the dose of etorphine that is required by pairing it with synergistic agents, as well as 

reducing some of the side effects (Buss et al. 2016; Evans et al. 2012; Hillidge and Lees 1976; Perrin et 

al. 2015). In this study, we attempted to approach the situation from another avenue, where, instead 

of simply minimizing the adverse effects of etorphine, the etorphine was removed entirely with an 

antagonist. By using such an approach, the benefits of the initial rapid immobilisation were gained 

before reversing the etorphine after immobilisation and anaesthesia had been provided with propofol. 

Propofol proved to be a better alternative in terms of collecting reliable physiological data. While 

under propofol, the cardiorespiratory measurements collected from the sheep and goats were more 

representative of a normal rest-like state. However, one notable exception to the amelioration of the 

etorphine-induced side effects was possible pulmonary congestion and oedema that may have 

affected gas exchange. To account for this possibility, the subsequent experiments conducted on the 

antelope included a longer recovery period under propofol before resting measurements were 

collected.  
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5.2 The relative cost of the circulation increases with body mass 

By applying the protocol that was developed in chapter 2, we were able to collect cardiorespiratory 

measurements from wild African antelope. The results of chapter 3 show clearly that the cost of the 

circulation is not a constant proportion of an antelope’s total metabolic rate, and instead increases as 

body mass increases, as evidenced by the slope of Eh/Eb being 0.12±0.10. The positive scaling of Eh/Eb 

with body mass supports the findings of Loiselle and Gibbs (1979), confirming that the relative cost of 

the circulation increases with body mass. For the antelope at least, the relatively higher circulatory 

costs in the larger species can be attributed almost entirely to a higher MAP, presenting a higher 

afterload that the heart must overcome to eject blood into the aorta, and thereby perfuse the body. 

While a recent review by Poulsen et al. (2018) concluded that the existing literature did not support a 

positive scaling of MAP with body mass, they also did not fully dismiss the possibility.  

It seems evident that the hydrostatic effects of gravity will influence MAP. For example, 

animals that are not routinely exposed to the hydrostatic effects of gravity, as in the case of aquatic 

snakes, generally have lower MAP and smaller, more centrally located hearts, compared to their 

terrestrial and arboreal counterparts, that have higher MAP, and bigger, more anteriorly located 

hearts (Lillywhite and Pough 1983; Seymour 1987). A logical explanation for those phenomena is that 

a more anteriorly positioned heart in land snakes helps to stabilize cephalic blood pressure when the 

head is raised, minimising the hydrostatic pressure that must be overcome between the heart and the 

head, to perfuse cranial tissues, including the brain (Lillywhite 1988). Conversely, while an anteriorly 

located heart is beneficial for facilitating arterial blood supply to the head, the pressure on the venous 

side of the circulation is also subject to the effect of gravity. In arboreal snakes, it may be more difficult 

for blood in the venous system to return to an anteriorly placed heart, leading to venous pooling in 

the body below the heart, and reduced venous return (Lillywhite 1987). However, arboreal snakes 

compensate for an increased likelihood of venous pooling, by having have less compliant caudal 

vessels compared to terrestrial and aquatic species. In such cases, tight coupling of the integument to 
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the underlying vessels helps to prevent venous pooling, improve venous return and represents an 

adaptation to the hydrostatic effects of gravity (Gartner et al. 2009).  

Similar adaptations to prevent venous pooling are also observed in large mammals, like the 

giraffe, that have their cardiovascular systems subjected to considerable hydrostatic pressure effects. 

Impermeable capillary membranes, precapillary vasoconstriction, a prominent lymphatic system and 

the tight skin and fascial layers in the giraffe’ limbs all help to prevent oedema (Hargens et al. 1987). 

In addition to preventing venous pooling, some of those structural adaptations in the giraffe, such as 

precapillary vasoconstriction, contributes to a high SVR which helps to support the high MAP 

necessary to perfuse the giraffe’s brain (Smerup et al. 2016). It is possible that the higher MAP seen 

in the larger antelope of this study was also supported by higher SVR. Because the exponent of SVR 

obtained from the antelope was slightly higher (-0.72±0.24) compared to that of other mammals 

(-0.76±0.06) (Holt et al. 1968), it is possible that larger antelope have a higher SVR than other 

mammals of their size, contributing to their higher MAP, as in the case of the giraffe. However, due to 

the uncertainty surrounding the exponents of MAP, CO and SVR in this study, the contribution of a 

higher CO as an explanation of higher MAP cannot be entirely excluded.  

Nonetheless, the implications of larger mammals requiring higher MAP factors directly into 

the considerations regarding the cost of heart work. For example, if the CO and MAP data from other 

mammals that can be found in the literature are included with the mean data of the antelope from 

this study, then Eh/Eb increases with body mass, with an exponent of 0.15±0.04 (Chapter 3; Figure 3.6). 

From this relationship, it can be predicted that the relative cost of the circulation in a 700 kg giraffe 

would be around 20%. The cost of the circulation for an even larger mammal, like the 4 tonne African 

elephant would be 22%, while extrapolating the relative cost of the circulation for a 173 tonne blue 

whale, based on its body mass alone, is 37%. The increase in the relative cost of the circulation 

becomes even more profound when considered in the context of some extinct species, like sauropod 

dinosaurs, animals that combine the body mass of a sperm whale with a similar body shape to the 

giraffe, at least in terms of neck length. If calculated from the allometric equation for Eh/Eb of 
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6.11Mb
0.15, then based on body mass alone, a 50 tonne sauropod (Benson et al. 2018) would have a 

relative heart cost of 31%. However, the extreme shape of the sauropod dinosaur warrants further 

consideration. For example, the head of a particular species of sauropod dinosaur, Brachiosaurus, is 

believed to have been located roughly 9 m away from the assumed position of its heart (Gunga et al. 

1999). Because each meter of blood equates to 78 mmHg blood pressure, a fully upright neck in a 

Brachiosaurus would constitute an additional 700 mmHg hydrostatic pressure at the level of the heart 

that must be overcome by the left ventricle to eject blood into the aorta. Assuming the pressure at 

head level were a reasonable 50 mmHg (Patterson Jr et al. 1965), then  mean systemic arterial 

pressure would be 750 mmHg. With a MAP of 750 mmHg, a predicted CO based on the formula by 

Holt et al. (1968), where CO=166Mb
0.79, and a metabolic rate from the formula of Kleiber (1947), where 

BMR=0.057Mb
0.75, then Eh/Eb would be 60% in a Brachiosaurus with a fully upright neck. Thus, it would 

have been prohibitively expensive for sauropod dinosaurs, like Brachiosaurus, to fully raise their 

heads, based our current knowledge of their anatomy and physiology (Seymour 2016).  

If the cost of being larger and having a longer neck is so great, what selection pressures might 

have favoured this morphology? For a large animal with a long neck, like the giraffe, a number of 

different theories have been put forth to explain the evolution of the giraffe’s long neck. For example, 

a longer neck may allow the giraffe to reach sources of food otherwise unavailable to them, or confer 

a greater ability to detect predators, due to their elevated vantage (Brownlee 1963). Another 

possibility is that the longer necks associated with increasing body mass may be beneficial for 

thermoregulatory purposes, representing a trade off with the potential hydrostatic challenges. For 

example, the giraffe’s longer, narrower neck enhances the rate of convective and evaporative heat 

loss when the temperature of the surrounding air is lower than that of the skin. Additionally, the 

dolicomorphic shape of the giraffe reduces the body surface area that intercepts incident solar 

radiation, if the animal orients parallel to the incident sunlight (Mitchell et al. 2017). In a more squat 

shaped animal, a change in orientations makes less difference. In fact, several species of antelope, 

such as the eland, blue and black wildebeest, and impala, have all been observed to orientate parallel 
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to incident solar radiation during summer, reducing the proportion of body surface area that 

intercepts solar radiation (Hetem et al. 2011; Maloney et al. 2005). In contrast, those same species 

orientate perpendicular to sunlight during winter, and thereby intercept more solar radiation. 

Therefore, having a longer neck, despite being associated with higher circulatory costs, might be 

relatively more beneficial for the animal’s thermoregulatory demands. 

 

5.3 The aerobic scope is the same across different sized antelope 

While antelope may be similar to other mammals with respect to how the relative cost of the 

circulation increases with body mass, antelope may differ to other mammals when it comes to aerobic 

capacity. It is commonly accepted that smaller mammals have a smaller aerobic scope than larger 

mammals because smaller mammals do not have as much heart rate reserve by which they can 

increase CO, and so satisfy an increased aerobic demand. It is possible that antelope are an exception 

to this interspecific comparison. In contrast to other mammals where heart size scales isometrically 

with body mass, antelope hearts scale allometrically with body mass, with smaller antelope, like a 

duiker, having relatively larger hearts than larger antelope, like an eland. Because heart mass is the 

ultimate determinant of stroke volume (Holt et al. 1968), it is no surprise to find that heart mass and 

stroke volume scale in parallel (exponents 0.88±0.07, and 0.90±0.22, respectively), regardless of 

activity level. While the scaling of oxygen demand, in the form of whole-body metabolic rate, and 

convective oxygen supply, in the form of cardiac output, are similarly matched in the antelope as they 

are in other mammals, the relatively larger stroke volumes in the smaller antelope means that their 

hearts do not beat as frequently when the animals are at rest, as evidenced by the slope of heart rate 

in the antelope being significantly shallower than the slope for other mammals (exponents -0.11±0.10, 

and -0.25 respectively). The lower resting heart rate in the smaller antelope provides them with a 

larger heart rate reserve that can potentially be exploited during heavy exercise. The exponent of 

maximum heart rate in the antelope was -0.14±0.08, which is similar to that derived for mammals in 
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general, at -0.13, indicating that the smaller antelope have a lower resting heart rate, but the same 

maximum heart rate, and thus a bigger heart rate reserve, than other similarly sized mammals. 

It would seem that the smaller and the larger antelope are athletic, as they all have a 

haematocrit of around 56%, putting them close to athletic species like dogs and horses (where 

haematocrit ranges from 50 – 55%) (Weibel and Hoppeler 2004). However, it is possible that the 

smaller antelope are relatively more athletic than the larger antelope. The variation in heart mass that 

is seen within the antelope is similar to the variation seen in animals that are adapted to different 

levels of endurance performance. For example, the hearts of human athletes are known to 

hypertrophy with training, resulting in larger resting stroke volumes and lower resting heart rates that 

facilitate a higher overall CO during maximal exercise (Åstrand et al. 1970). Such adaptive responses 

are also present when different animals of similar sizes, such as an athletic dog and a non-athletic 

goat, are compared. Athletic dogs have significantly larger hearts relative to their body mass than the 

non-athletic goats, providing for a higher maximum CO In the dog, despite the same maximum heart 

rate (Taylor et al. 1987). Adaptive variation in heart size has also been observed in birds, depending 

on their mode of flight. Flight modes, such as continuous hovering flight, have a higher oxygen demand 

than other modes that utilize flapping and gliding (Butler 2016). Consequently, species that rely on 

continuous hovering flight have significantly larger hearts than do other species that utilize flapping 

flight, or gliding (Nespolo et al. 2018). Furthermore, having a smaller heart can directly limit aerobic 

performance, which reduces the physical endurance of the animal (Altimiras et al. 2017).  

Similar to avian species, the relatively larger heart of the smaller antelope could reflect an 

adaptation to its particular running characteristics. Because smaller antelope, like the duiker or 

springbok, likely face greater predation pressures as they are preyed upon by a larger range of 

predators (Hayward and Kerley 2008; Jarman 1974; Radloff and Du Toit 2004), the cardiac adaptations 

that are associated with this increased selective pressure may have predisposed the smaller antelope 

to a particular form of running. For example, while athletic training in general can result in cardiac 

hypertrophy (especially in terms of the left ventricle), it has been demonstrated that endurance 
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training typically results in the greatest degree of left ventricular hypertrophy (Pavlik et al. 2013; Prior 

and La Gerche 2012; Utomi et al. 2014). One of the smaller antelopes’ most common predators is the 

cheetah, the fastest sprinter in the world. However, the cheetah can only maintain a sprint over short 

distances (~200 metres) (Taylor and Rowntree 1973). Thus, being able to outdistance predators, like 

the cheetah, may be an advantage for the smaller antelope, manifesting in a heart reminiscent of 

endurance trained human athletes. There is some evidence for physiological adaptations to different 

running modes in different antelope. For example, an antelope like the Fallow deer (Dama dama) that 

has an approximate body mass of 60 kg, possesses skeletal muscle comprised predominantly of type-

I muscle fibres that are characterised high oxidative capacities, suggesting that they are more adapted 

for endurance, as their top speed is approximately 45 km h-1 (Garland 1983; Curry et al. 2012). Similarly 

sized blesbok (60 kg) also appear more adapted for endurance, with skeletal muscle containing a 

higher proportion of fatigue resistant type-I muscle fibres (Kohn 2014). Other antelope like the 50 kg 

Impala (Aepyceros melampus) also have the same muscle fibre characteristics that places them as 

endurance type animals (Kohn et al. 2005). However, springbok (30 kg) are different, in that their 

skeletal muscles consist of powerful, fast-twitch, type-IIX muscle fibres that are also highly oxidative, 

and thus more resistant to fatigue (Curry et al. 2012). Those type-IIX muscle fibres provide the 

springbok with the ability to maintain high running speeds (>80 km h-1) for extended periods, making 

them adept at both sprinting and distance running (Curry et al. 2012). Therefore, the skeletal muscle 

fibre profiles of the antelope like the springbok, impala, Fallow deer, and blesbok, might suggest that 

these smaller antelope rely on endurance running to escape predation. Consequently, a larger heart 

would be beneficial in facilitating the oxygen supply for extended running periods.  

 Conversely, the skeletal muscle fibre characteristics of the larger antelope, like the 300 kg 

kudu, suggest their skeletal muscles are less fatigue resistant compared to smaller antelope, 

containing a higher proportion of powerful, fast-twitch, type-II muscle fibres (Kohn 2014). However, 

kudu are not especially fast runners (barely reaching 50 km h-1), and it is believed that the skeletal 

muscle profile of the kudu, which emphasizes power, allows it to leap and jump (sometimes over 2 m 
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high), rather than sprint (Larsson and Moss 1993). Because the kudu inhabit more hilly areas, their 

locomotion involves more jumping and climbing compared to the smaller species that inhabit flatter 

terrain (Smithers Reay 1983). However, other larger antelope, like black and blue wildebeest, exhibit 

skeletal muscle characteristics similar to the springbok, possessing powerful, but also fatigue resistant, 

type-IIX muscle fibres that are capable of sustaining very high speeds (>80 km h-1) over extended 

distances (Kohn et al. 2011; Kohn et al. 2007).  

While there is some evidence for a positive linear relationship between body mass and the 

muscle fibre types that are better suited to power (type-II fibres), it is far from conclusive (Kohn et al. 

2007). Furthermore, having a high proportion of fast-twitch, type-II muscle fibres does not necessarily 

guarantee fast running speeds, as it may instead contribute to other forms of behaviour, such as 

jumping or climbing. Muscle fibres also display a high level of plasticity, and the fibre type can change 

as a result of external stimuli such as physical activity. Therefore, the skeletal muscles of individuals 

within a particular species may vary, and not necessarily represent an intraspecific constant (Jackson 

et al. 1987; Lefaucheur et al. 1991; Trappe et al. 2004; Windisch et al. 1998). Additionally, the skeletal 

muscle fibre profile of a specific muscle does not necessarily indicate the type of running that an 

animal engages in, as different muscles have different functions, such as maintaining balance and 

stability of the body during movement, not just locomotion (Ritter et al. 2001; Robert et al. 2001). 

Consequently, different muscles within the same animal might have a different profile of muscle fibre 

types. While it would be interesting to ascribe particular running modes to different antelope species 

in relation to their cardiovascular adaptations to aerobic capacity, further investigation that directly 

examines compares an animal’s running characteristics to structural adaptations such as skeletal 

muscle fibre profiles and heart size would be necessary before a reliable conclusion can be drawn. 

 

5.4 Challenges and limitations 

One of the biggest challenges in comparative studies is ensuring that physiological data that are 

collected from animals is reliable and representative of a normal physiological state. The influence of 
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anaesthesia or other chemical agents in particular remains an important problem in comparative 

studies, and is particularly the case for more “exotic” animals. To that end, although significant steps 

were taken to develop an anaesthetic protocol that would allow for the collection of relatively normal 

physiological measurements, there is always the possibility that the cardiorespiratory data do not 

adequately reflect the true resting characteristics in these antelope. However, validation in this 

respect can be difficult, because true resting data from antelope is scarce, due to the challenge of 

studying them in the first place. Improvements in remote monitoring technologies, and refinements 

in chemical capture techniques, can only benefit the physiological study of wild animals. Nevertheless, 

we have developed a successful anaesthetic protocol that could be used to study other species of wild 

animals, by allowing for the collection of physiological measurements that are more representative of 

an animal’s resting state. Future studies on other species of wild animals would then add to the data 

collected from this study regarding the relative cost of the circulation, which is an area that has yet to 

be fully investigated. Additionally, maximum cardiac work rate can likely only be measured during 

physical exercise at the animal’s V�O2max, and cannot be mimicked pharmacologically with adrenaline.  

 

5.5 Concluding remarks  

Overall, the findings of this thesis add to our current understanding of comparative physiology. 

Specifically, this thesis addresses one of the main issues associated with comparative study, by 

proposing a novel anaesthetic protocol that better preserves the integrity of cardiorespiratory system, 

and could be applied to the collection of data from exotic species of animals. By utilizing this protocol 

to study six species of antelope, it has been demonstrated that the relative cost of the circulation is 

not constant, but scales positively with body mass. That finding has implications in the evolution of 

large body mass. Additionally, possible differences in the relative aerobic capacity of the antelope 

compared, to other mammals, highlights the benefit of analyses within phylogenetic groups, as it can 

reveal scaling patterns that are otherwise buried in larger interspecific comparisons.  
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