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ABSTRACT 

This study investigated the concept of thermoregulatory set-point in 

marsupials, by examining behavioural and autonomic thermoregulation in a 

laboratory-bred marsupial, the South American grey short-tailed opossum 

(Monodelphis domestica) with occasional reference to a single captive sugar 

glider (Petaurus breviceps). 

. Adult animals had clear circadian rhythms of core body temperature 
(Tb). Such rhythms were not apparent in juvenile M. domestica and rhythms 

in adult animals were disrupted when ambient temperature (Ta) was 

reduced, bacterial endoto)dn (E. coli LPS) was injected and ambient oxygen 

levels were lowered to approximately 10% (i.e. during hypo)da). 

Circadian changes in preferred Ta were observed in individual 
animals while in a longitudinal thermal gradient but no specific rhythm was 

observed. M. domestica was able to make small, but insignificant, changes to 
Tb using thermoregulatory behaviour. This resulted in less variance in Tb in 
this species while in a thermal gradient. 

A typical mammalian fever to LPS and a typical hypothermic 
response to hypoxia was observed in M. domestica and one P. breviceps. 
Although hypothermic responses to hypoxia have been previously 
documented in marsupials, this is the first published account of LPS-
induced fever in marsupials. Preferred Ta was not significantly affected by 

hypoxia or fever in M. domestica although a significant reduction in 
preferred Ta was observed in the sugar glider while hypwdc. This animal 

also selected a warmer environment while febrile. The hypothermic 
response to hypo)da in M. domes tica was found to be more significant than 

the hyperthermic response to bacterial endotoxin. However, the sugar 

glider utilised thermoregulatory behaviour to maintain a hyperthermic 

response to bacterial endotoxin even when exposed to hypwda. 



These findings show that in marsupials, as in eutherians, 

thermoregulation involves the interaction of autonomic and behavioural 

mechanisms. These experiments also highlighted the limitations of using 

laboratory bred animals to determine the natural thermoregulatory 
capacities of a species. 
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PREFACE 

The following study was designed to investigate aspects of autonomic 
and behavioural thermoregulation in two small, non-macropod marsupial 
species; one, a species widely kept as a laboratory animal, the other, a wild 
species. 

The first series of experiments involved the South American short-tailed 
opossum, Monodelphis domestica. These animals were obtained from a 
laboratory colony; bred and maintained in a constant temperature room (28- 
30°C). A total of eighteen animals were used. Circadian rhythms of body 
temperature were measured in individual animals under normal conditions (i.e. 
constant temperature room) using telemetric techniques. The ability of animals 
from this colony to respond to cold was then investigated and levels of thyroid 
hormones measured. Using a longitudinal thermal gradient, behavioural 
thermoregulation was then studied in these laboratory animals and the effects 
of bacterial endotoxin and hypo)da on rhythms of core body temperature and 
selected ambient temperature determined. 

The second series of experiments involved a marsupial captured from its 
natural habitat, the sugar glider, Petaurus breviceps. This is an Australian 
marsupial of similar size to Monodelphis domestica. Using telemetry, circadian 
rhythms of core body temperature were measured in this species and 
behavioural thermoregulation was analysed using a longitudinal thermal 
gradient. The effects of bacterial endotoxin and hypo)da on rhythms of core 
body temperature and selected ambient temperature in Petaurus breviceps were 
then investigated. 

Traps were set to capture Petaurus breviceps over a total period of four 
months with up to four traps set simultaneously and traps were monitored 
daily (a total of 112 nights of active trapping). In addition, traps were baited 
but not set for a total period of nine months to attract sugar gliders to the traps 

)dy 



and determine whether any animals existed within the trapping area (during 
this period one brushtail possum became caught in a trap but was successfully 
released and traps were knocked out of trees, supposedly by possums, on a 
couple of occasions). A number of trapping sites were used in areas where 
sightings of the species had been made. Unfortunately, despite exhaustive 
efforts, only one female animal was successfully trapped and consequently 
used in the designed experimental protocol. 

It was hoped that this study would determine any differences in 
thermoregulation in a laboratory marsupial species compared to a wild 
marsupial species. Unfortunately, the problems encountered in trying to obtain 
the wild species limited the scope of this study yet still highlighted interesting 
points concerning the legitimacy of thermoregulatory data obtained purely 
from animals which have been bred and maintained in an artificial 
environment. The data have been presented and discussed as a 
thermoregulatory investigation of Monodelphis domestica. Occasional reference 
has been made to data from the single Petaurus breviceps throughout the thesis. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Background 

Body temperature (Tb) regulation is an important tool for animals 

exposed to fluctuating ambient conditions. Claude Bernard was the first to 
formally describe Tb regulation as a homeostatic process that maintains the 
stability of the internal environment (as cited by Jansky, 1995). Since 

Bernard's formal description, the concept of a biological set-point of Tb has 
been proposed, homeostatically controlled by both voluntary and 

involuntary processes (see Hammel, 1970). 

Circadian variations of core Tb have been observed in many animals 
with a daily peak or maximum in Tb detectable in diurnal and nocturnal 
species (eg Fuller and Sulzman, 1982; Refinetti and Menaker, 1992b; 
Refinetti, 1996). This increase has been shown to be associated with 
autonomic (physiological) and behavioural (voluntary) responses which 
facilitate heat production and conservation. Thus, a relatively constant 
internal Tb is continuously maintained. 

Mammals and birds share a common ability to regulate core Tb 
irrespective of environmental temperatures (Herrington, 1940) and are thus 
referred to as endotherms or homeotherms. The evolution of endothermy is 

believed to have involved either an increase in aerobic capacity (eg Bennett, 
1991) or an enhanced thermoregulatory capacity involving the expansion of 
ecological niches (eg Crompton et al., 1978). Ultimately, higher Tbs and 

metabolic rates were then attained by both birds and mammals (see Ruben, 

1996). Generally, birds have higher Tbs than mammals during both active 

and resting phases (Prinzinger et al., 1991). In addition, marsupial 

(pouched) and monotreme (egg-laying) mammals have lower levels of 

energy metabolism than eutherian (placental) mammals (eg Dawson and 
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Hulbert, 1970). Lovegrove (2000) suggests that the differences in metabolic 
rate are based on ecological zone rather than phylogeny. 

Many lower vertebrates (ie reptiles, amphibians and fish) are 

regarded to be ectothermic yet may regulate core Tb by behavioural as well 

as physiological means (eg, Sievert and Hutchison, 1988). When placed in 
an experimental temperature gradient ectotherms will move to an ambient 
temperature (Ta) that enables them to attain a selected Th. Mammals and 

birds also utilise behavioural as well as physiological means to regulate Th. 
This combination of behavioural and physiological regulation of Tb in 
endotherms is precise and within narrow limits. 

Deep Tb is governed by a complex combination of physical (ie Ta, 
photoperiod and altitude) and chemical factors (ie electrolytes, 
neurotransmitters and synthetic drugs). According to Gordon (1983a) Tb 
can change if there is an alteration in the "set-point" temperature and/or an 

excessive endogenous or environmental heat load overwhelms the capacity 
to thermoregulate. This is termed regulated and/or forced shifts in Tb. 
Fever is an example of a regulated change in Tb (Gordon, 1983a). "Set-
point" refers to a regulated or selected Tb level. 

Hammel et al., (1963) first postulated an adjustable thermal set-point 

in the dog. In endotherms, it is proposed that the set-point is determined by 
the hypothalamus which contains the thermal control centres (Bligh, 1966). 

Core Tb is regulated through various mechanisms of heat gain and heat loss 

such as shivering and evaporation (Hammel, 1968). As a result, the set-
point temperature is homeostatically maintained (Hammel, 1970). 

1.2 Set-Point Theory of Thermoregulation 

Circadian variations in endothermic core Tb exist and are proposed to 

be due to cyclic shifts in the "set-point" of the endothermic thermoregulatory 

system (eg Hensel, 1973). The set-point theory of thermoregulation 
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proposes that there is an in-built or reference value for Tb which forms the 
basis of thermal homeostasis (Hammel et al., 1963). This set-point is 

believed to be located in the hypothalamic region of the mammalian brain 

(Hensel, 1973; Osborne and Refinetti, 1995). The pre-optic region of the 

hypothalamus acts as a thermostat in amphibians and reptiles (Berk and 

Heath, 1975) thus on an evolutionary basis it is highly likely that the set-
point theory applies to marsupials and monotremes as well as eutherian 
mammals (Baudinette, 1984). 

A shift in set-point temperature will occur if body core temperature is 
changed and maintained by appropriate thermogenic responses (see Satinoff 

and Henderson, 1977). For example, a shift to a higher set-point 
temperature encourages an organism to produce and retain more heat and 

therefore behaviourally seek a warmer environment. A shift to a lower set-
point has a converse effect physiologically and behaviourally. The set-point 
theory of thermoregulation is a descriptive concept and can be readily 
investigated by comparing changes in core Tb with autonomic and 
behavioural responses (Hensel, 1981). Such investigations have been carried 
out in birds (eg Nichelmann et al., 1999) and eutherian mammals such as 
rats (eg Gordon, 1994), but are yet to be discussed in marsupial or 
monotreme mammals. 

According to the adjustable set-point model, the thermoregulatory 
response is proportional to the difference between the actual hypothalamic 

temperature and the set-point temperature at which internal Tb is regulated 

(Corbit, 1970). Circadian changes in 'Tb have been observed in many 
nocturnal and diurnal endotherms (eg Refinetti and Menaker, 1992b). Often 

these changes are correlated with activity (eg Brown and Refinetti, 1996) 

however there is evidence of other mechanisms involved (Corbit, 1970; 
Refinetti, 1996). 

A daily rise in Tb is proposed to be due to an elevation in 

thermoregulatory set-point rather than simply the result of excess heat 
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production (Cabanac et al., 1976; Stephenson et al., 1984; Terai et al., 1985). 
Set-point temperature is adjustable and influenced by skin temperature and 

several other factors including exercise (Haight and Keatinge, 1973; Conn et 

al., 1990), arousal levels and inputs from extra-hypothalamic core 

temperature receptors (Corbit, 1970). Circadian rhythms in endogenous 

pyrogen (Scales and Kluger, 1987) and normal flora of the gastrointestinal 

tract (Kluger et al., 1990) have also been shown to mediate circadian rises in 
Tb in rodents. Thermoregulatory behaviour is a valuable tool in the 
determination of whether observed changes in Tb are due to a shift in 
thermal set-point (Satinoff and Henderson, 1977) or alternative mechanisms. 

According to Refinetti and Carlisle (1986b), temperature changes in the 
hypothalamus affect both autonomic and behavioural thermoregulation. 

1.3 Behavioural Thermoregulation 

Behaviour is one of the fundamental tools by which organisms 

regulate Tb and it is remarkably sensitive. As a result, behaviour is 
exquisitely attuned to body temperature regulation. This was originally 
established quantitatively in rodents using operant-based task§ -  as 
summarised by Weiss and Laties (1961). 

Behavioural thermoregulation has been observed in a number of 
animals including protozoans (Mendelssohn, 1895; Malvin and Wood, 1992), 
crustaceans (eg Kivivuori, 1994), fish (Rozin and Mayer, 1961; Holland et al., 

1992), reptiles (eg Sievert and Paulissen, 1996), birds (Bludgell, 1971) and 
various mammalian species including mice (Ogilvie and Stinson, 1966; 

Baldwin, 1968), rats (eg Weiss, 1957; Briese, 1985), hamsters (eg Refinetti, 
1995b), ground squirrels (Refinetti, 1995a), cats (Clark and Lipton, 1974), 

dogs (Cabanac et al., 1970), pigs (Ingram et al., 1975), monkeys (eg Adair, 

1976) and humans (eg Cabanac et al., 1976). Forms of behaviour such as 

huddling can also contribute to thermoregulation (particularly in young 

animals) and is known to exist in a number of mammals (eg Canals et al., 

1989) including small marsupials (Morton, 1978; Fleming, 1980). 
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Behavioural thermoregulation can be measured in a number of ways. 

Visual observations can be made of animals in temperature gradients, 

animals can be trained to perform an operant task to control Ta, or the 

position of an animal can be continuously monitored in a temperature 

gradient using an automated system (Gordon et al., 1983). The latter 
method enables an unrestrained animal to selectively choose a Ta in 
accordance with physiological requirements and is the selected 

experimental method used in behavioural studies. The use of telemetry to 
assess qualitative and quantitative data in behavioural studies such as 

selected temperature selection is of great benefit as shown by Ishii et al. 
(1996). 

According to Gordon (1983b), behavioural thermoregulation is more 
effective (or efficient) in minimising a thermal load than autonomic 
thermoregulation and is linked to the metabolic requirements of an animal 

(Gordon, 1985). Consequently, it has been acknowledged that to evaluate 
the full effects of thermoregulation behavioural thermoregulation must be 
analysed (Marques et al., 1984) preferably with simultaneous measurements 
of core Th. Thus, it becomes clear that to fully understand thermoregulatory 
processes in any animal species (particularly endotherms) both autonomic 
and behavioural parameters must be considered simultaneously. 

1.3a Temperature Regulation in Ectotherms 

Behaviour plays an important role in thermoregulatory control in 
ectotherms as they generally lack internal mechanisms for temperature 
homeostasis. Little research exists on temperature regulation in 

invertebrates with most ectothermic studies concentrating on reptilian 

species (eg Hammel et al., 1967). However, temperature selection has been 

observed in protozoans (Malvin and Wood, 1992) and in the crayfish, 

temperature acclimation has been shown to alter temperature selection and 
avoidance behaviour (Kivivuori, 1994). 
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Ectotherms characteristically utilise their environment to achieve 

their selected level of Th. This has been observed in many species, both in 

laboratory and field studies (eg Peterson, 1987). Eurythermality in the 

Northern alligator lizard (Gerrhonotus coerulus) is caused by variations in 

selected body temperature rather than fluctuations in body temperature 
around the particular regime body temperature (Campbell, 1985). This 
observation suggests that a range of temperatures may exist as the 

ectothermic set-point rather than a more precise set-point temperature as 
suggested in the endothermic thermoregulatory system. 

The control of core Tb has been extensively studied in various 
reptilian species. Behavioural selection of Ta has been observed in lizards 

(Bowker, 1984; Sievert and Paulissen, 1996) and is strongly linked to 
photoperiod (Sievert and Hutchison, 1988) which is correlated with activity 
pattens (Cortes et al., 1994). However, according to Cowgell and 
Underwood, (1979), behavioural thermoregulation in lizards is mediated by 
an endogenous circadian clock and is not purely controlled by levels of 
activity. The correlation of activity and temperature selection in ectothermic 
thermoregulation is therefore unclear. It is likely that temperature and 
activity are not totally dependant but are somewhat related. 

In lower vertebrates the pineal complex is sensitive to light and has 
been shown to be involved in the control of thermoregulatory behaviour 

(Tosini and Menaker, 1996). Thus, photoperiod does influence the selection 

of selected Ta. It has also been observed that both heat and light have 
definite but distinctive impacts on behavioural thermoregulation in lizards 

(Sievert and Hutchison, 1988). Consequently lizards and, possibly other 

ectotherms, appear to react to temperature and light in their environment in 

order to regulate core Th. 

Ectotherms may not only behaviourally regulate according to the 

thermal state of the environment. For instance, interactions between 
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pressure and temperature have been shown to affect behavioural preference 

for environmental temperature and pressure in crustaceans (Brauer et al., 

1984). In addition, hypercapnia decreases selected body temperature in the 

toad (Branco and Wood, 1994) and during dry environmental conditions, 
evaporative water loss is reduced through behavioural hypothermia in the 

toad (Malvin and Wood, 1991). Furthermore, hermit crabs spend less time 

investigating potential shells while hypoxic reflecting a greater concern for 

energy minimisation (Cote et al., 1998). Thus, some ectotherms are able to 

internally react to environmental changes and adjust their thermal state 
accordingly facilitating survival. 

Some ectothermic vertebrates utilise physiological mechanisms to 
achieve thermal homeostasis in similar ways to endothermic animals. 
Circadian rhythms of Tb are physiologically controlled in the iguana (Tosini 
and Menaker, 1995) and tuna are able to thermoregulate combining 
behavioural and physiological thermoregulation as a means of survival 
(Holland et al., 1992). Thus, although behaviour may be the primary 
mechanism of thermoregulation in ectotherms other mechanisms do exist to 
further refine thermogenic state. 

1.3b Behavioural Thermoregulation in Endotherms 

The role of behaviour in thermoregulation was originally established 
quantitatively in rodents such as rats as summarised by Weiss and Laties 
(1961). Many of these studies were operant task based and considered 

metabolic variables such as B group vitamins and thyroid hormones. It was 
established by these early studies that behaviour was exquisitely attuned to 
Tb regulation in mammals. 

Behaviours such as huddling have been observed in small mammals 

as an effective behavioural response to cold temperatures (Pearson, 1960). 

Changes in thermoregulatory behaviour during food deprivation have also 

been often observed when animals are exposed to the cold (Weiss, 1957; 
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Hamilton, 1959; Swiergiel, 1987; Ostheim, 1992). These types of behavioural 

responses enable animals to conserve energy. 

Birds have not been extensively studied with respect to behavioural 

thermoregulation and existing studies have involved the use of operant 

techniques resulting in species-specific observations. It has been established 

that there is a complex interaction of responses between behavioural and 
autonomic thermoregulation in birds (Horowitz et al., 1978). Generally, it 

appears that behavioural thermoregulation supplements autonomic 
thermoregulation in birds particularly when environmental temperatures 
are high. 

Behavioural responses may be quickly acquired by birds to minimise 

thermal stress (Laudenslager and Hammel, 1977) and thermoregulatory 
behaviour has been shown to be utilised during heat stress in pigeons 
(Schmidt and Rautenberg, 1975; Schmidt and Simon, 1979), and in the 

domestic fowl (Richards, 1976; Hooper and Richards, 1991). Under cold 
environmental conditions however, autonomic responses appear to be of 
more importance in avian thermoregulation (Hooper and Richards, 1991) 

unless there is a shortage of food. Fasted pigeons perform operant cold-
escape tasks (heat gain) at higher rates than normally fed animals (Ostheim, 
1992) 

Measuring Tb and the selected Ta over a 24 hour period is of 
paramount importance in understanding how the modulation in set-point is 

involved in the circadian control of Th. Humans and rodents have been 
shown to facilitate autonomic and behavioural responses to produce a daily 

rise in core Tb (Cabanac et al., 1976; Stephenson et al., 1984; Szymusiak et al., 

1985; Scales and Kluger, 1987). This indicates that the daily rhythm of Tb is 

an integral part of thermal homeostasis and the daily temperature rise 
corresponds to a regulated elevation in the thermal set-point (Hensel, 1981; 

Kluger, 1991). In the nocturnally active rat it has also been suggested that 
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the elevation in core Tb at night is mediated by an elevation in set-point 

(Kluger, 1991; Scales and Kluger, 1987). 

Shifts in endothermic set-point of thermoregulation have often been 

argued as the basis of changes in regulated Tb observed in mammals when 

exposed to hypoxia (low 02) (see Wood, 1991) or bacterial endotoxin (ie 

fever) (see Kluger, 1986). Briese (1985) was the first to provide evidence 
contrary to this belief when he demonstrated that rats select Ta 195° out of 
phase with hypothalamic temperature circadian variation. Kluger (1991) 
pointed out some methodical flaws in Briese's study yet other studies have 

supported Briese's results. Refinetti (1995b) found Tb and selected Ta to be 
180 0  out of phase in the golden hamster and Gordon (1994) suggested that 

behaviour has little if any role in circadian elevations in Th. 

The proposal that circadian rhythms of Tb are due to a shift in set-
point implies that the phase of elevated Tb is equivalent to a minor febrile 

episode and during this phase, warmer environments would be sought by 
an organism together with an increase in heat production and conservation. 
Periods of the day in which Tb is low would result in an animal seeking 
warmer environments and vice versa for periods of high Th. However, 
Briese (1985) was unable to conclusively demonstrate that rhythmic shifts in 
set-point are reflected by selected temperature of Wistar rats (behavioural 

thermoregulation). Briese (1985) concluded that the set-point for 
behavioural rhythms does not shift with circadian rhythm although 
autonomic responses do have a built-in cyclical nycthemeral shift. Similarly, 

Refinetti (1998) found that the Tb rhythm of gerbils was not caused by a 
rhythmic oscillation of the thermoregulatory set-point. The nycthemeral 

cyclic change in body temperature in humans has been proposed to be due 

to a nycthemeral cyclic change in the set point near to which body 

temperature is kept by both behavioural and autonomic thermoregulatory 

responses (Cabanac et al., 1976). 
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Lower energy requirements for behavioural thermoregulation make it 
the selected effector mechanism for thermal homeostasis in birds (eg 

Schmidt, 1978) and mammals (eg Gordon, 1983b). However, it has been 

shown that rats select cooler Tas during nocturnal hours (Briese, 1985; 1986) 

and Ta selection and Tb rhythms have been observed to be out of phase in 

the golden hamster (Refinetti, 1995a). It has been established in the rat that 
autonomic effectors control the elevation in Tb during the onset of the dark 

phase with behavioural effectors having little if any role (Gordon, 1994). 
However, behavioural thermoregulation plays a vital role in allowing the 
avoidance of excess elevations in nocturnal core Tb and facilitating the 

recovery of diurnal core Tb (Gordon, 1994). Thus, although behavioural 
thermoregulation may not be the key effector in mammalian Tb control its 
effects must be considered. 

Although experimental evidence is presently limited, Refinetti 
(1995b) has suggested that only nocturnal endotherms exhibit a daily 
rhythm of temperature selection. Rhythms of Ta selection have been 
observed in the nocturnal rat (Briese, 1985; 1986; Gordon, 1993b; 1994) and 
in the nocturnal hamster, Mesocricetus aura tus (Gordon, 1993b; Refinetti, 
1995a; 1995b) but not in the diurnal ground squirrel (Refinetti, 1995b). Thus, 
further studies of Ta selection in diurnal and nocturnal endotherms are 
required. In addition, due to the controversy surrounding the impact and 

role of thermoregulatory behaviour on daily Tb rhythms it is obvious that 
further studies are warranted in this area. 

1.3c Behavioural Thermoregulation in Marsupials 

The importance of behavioural thermoregulation is yet to be 
significantly investigated in marsupial species. Thermoregulatory 

behaviour in the form of huddling has been observed in some small 

marsupials such as Sminthopsis crassicaudata (Morton, 1978) but has been 

found to be of little thermoregulatory significance in other small marsupials 

such as the feathertail glider, Acrobates pygmaeus (Frey and Fleming, 1984). 
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Fleming (1980), however demonstrates significant energetic advantages of 
huddling in P. breviceps. Increasing evaporative cooling by licking fur, 

reducing activity and changing posture have all been observed in 

marsupials as behavioural adaptations to high temperatures (Robinson and 
Morrison, 1957). Changes in posture to reduce surface area have also been 

observed in young Didephis virgin iana ( Morrison and Petajan, 1962) and P. 

breviceps (Holloway and Geiser, 2000). 

Reducing core Tb (ie entering torpor) when environmental 
temperatures become unfavourable is known to occur in small marsupials 
(Bartholomew and Hudson, 1962). Torpor has been reported in small 

marsupial species and may occur on a strict daily pattern (eg Geiser and 
Masters, 1994) or be deep and prolonged (Geiser, 1986). Preferred Ta during 
torpor and homothermia has been investigated in Sminthopsis macroura 

indicating a preference for higher Ta near the TNZ with food regimes 
having little effect (Song et al., 1998). This indicates that this marsupial 
species utilises Ta to reduce energy costs. Sleep, estivation and torpor are 
also thought to influence core Tb in P.breviceps (Fleming, 1980; Dawson and 
May, 1984). Torpor is essential to survival in small species as it minimises 
energy loss as reported in P. breviceps by Kortner and Geiser, (2000). 

This study aims to address behavioural thermoregulation in a small 

marsupial species by investigating circadian rhythms of selected Tas with 
simultaneous measurements of core Tb in M. dornestica. 

1.4 Autonomic Thermoregulation in Endotherms 

Birds and mammals are equipped with many physiological processes 

in additional to behavioural means to enable them to maintain a constant 

core Tb (George, 1984). These include the acquisition of an insulative coat, 
involuntary muscle contractions (shivering), voluntary muscle contractions 

(exercise and locomotion), vasomotor control, and non-shivering 
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thermogenic mechanisms. All of these processes involve increasing cellular 

and tissue metabolism to produce heat. Shivering and non-shivering 

thermogenesis (NST) increase oxygen consumption and heat production 
providing partial homeostasis of normal body temperature in neonates and 

complete homeostasis in adults. In this classical scheme, metabolism is 

maintained at a basal level over a range of ambient temperatures called the 
thermoneutral zone (TNZ). In adults, body temperature is maintained at 

ambient temperatures below the TNZ by thermogenic responses. 

Mechanisms such as evaporation through sweating and respiration also 
exist to facilitate heat loss (Robinson and Morrison, 1957) and humoral and 
hormonal influences contribute markedly to the maintenance of a relatively 

constant internal core Tb in mammals and birds. 

Exercise, activity and shivering thermogenesis all involve noticeably 
increased skeletal muscle activity and have been observed in many avian 
and mammalian species (eg, Prinzinger et al., 1991). Birds and eutherian 

mammals can also increase their thermogenic capabilities through an 
increase in NST (Jansky, 1995) which does not involve obvious muscle 
contractions. NST is apparent in hibernating and newborn mammals, can be 
induced in adult mammals by cold adaptation and is regulated via 
hypothalamic controls (Jansky, 1973). In these mammals, NST is based 
primarily on noradrenaline released from sympathetic nerve endings. In 
eutherian mammals, NST is localised mainly in skeletal muscle and brown 
adipose tissue (BAT) with small amounts generated from the liver, 
intestine, heart and brain (Jansky, 1973). 

Thermogenesis is also controlled humorally by diet and endogenous 

compounds such as adrenalin, thyroid hormones, glucocorticoids, glucagon 

and various peptides and steroids (Jansky, 1995). Of these, thyroid 

hormones are widely accepted as a major contributor to mammalian 

thermogenesis. 
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1.4a Circadian Rhythms of Body Temperature in Endotherms 

Core Tb is influenced by light and dark phases leading to the 

establishment of a circadian pattern of core Tb in endotherms. Circadian 

patterns of Tb are evident in nocturnal and diurnal species and in both birds 

and mammals, the range of daily fluctuations in Tb decrease with increasing 
body mass (Prinzinger et al., 1991). As reviewed by Refinetti and Menaker, 

(1992b) the circadian rhythm of Tb is modulated by a number of factors 

including activity, thermogenic mechanisms and disease. 

Circadian rhythms of body temperature and oxygen consumption 
show concurrent changes with activity levels in both diurnal and nocturnal 
animals (Aschoff, 1970) indicating a strong causal relationship between 
body temperature and activity rhythms. This was first established by 
Chossat (1843) in starved doves and later by Jurgensen (1873) in man. 
Kleitman (1923) then demonstrated that sleep deprivation fails to abolish 
body temperature rhythms in humans. 

Birds show a typical rhythm amplitude of 0.8 to 3.7°C in a 24 hour 

cycle of core Tb (Refinetti and Menaker, 1992b). Circannual variations in 
core Tb are also observed in many birds as a result of seasonal gonadal 
activity (Prinzinger et al., 1991). Hormones such as melatonin also influence 
the circadian rhythm of Tb in birds (eg Binkley et al., 1971). 

Circadian control of core Tb has been extensively studied in 

mammalian species. Nychthemeral variations in Tb are species-specific (eg 
Bligh and Harthoorn, 1965) with great variations in peaks of Tb throughout 

a 24 hour cycle. Both diurnal and nocturnal species have been studied and 

in rodents the only difference between the two groups was the acrophase 
(peak temperature) which occurred during the day in diurnal species and at 

night in nocturnal species (Refinetti, 1996). 
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Both monophasic and biphasic circadian rhythms of Tb have been 
observed in mammalian species. For example, Pickard et al., (1984) 

observed a splitting of the circadian Tb pattern in hamsters and a bimodal 
pattern of Tb has been observed in the tree shrew (Refinetti and Menaker, 

1992a). However, the rat displays a single peak in Tb throughout a 24 hour 

cycle (eg Gordon, 1993a) not unlike many other mammalian species. These 
differences in circadian patterns between mammalian species have not yet 

been justified. 

1.4b Autonomic Thermoregulation in Marsupials 

Marsupials have a resting minimum metabolic rate within 

thermoneutrality (basal metabolism) that is 70% of the corresponding 
eutherian level (Kleiber, 1971) at any body mass (eg. Dawson and Hulbert, 
1970). This was noted by Martin (1903) who was the first to compare the 
metabolism of monotremes, marsupials and eutherian mammals. In 
addition, marsupials tend to have lower Tbs than eutherians (eg., MacMillen 
and Nelson, 1969). However, below thermoneutrality, metabolic rates are 
equivalent in both taxa (Hinds and MacMillen, 1984). Despite these lower 
levels of thermoregulation in comparison to eutherians, marsupials do 
possess characteristics which demonstrate that they are excellent 
endotherms (Dawson, 1973; Hudson and Dawson, 1975; Dawson, 1984). 

Many aspects of thermoregulation in marsupials have been 

investigated involving both continuous and non-continuous measures of 

core Tbs (eg Morrison, 1965; Dawson and Hulbert, 1970; Halse and Rose, 

1988; Kortner et al., 1998) and pouch temperatures (eg Morrison and Petajan, 
1962; Shield, 1966; Gemmell et al., 1987).. At birth marsupials are small, 

naked, ectothermic and extremely immature in many physiological systems. 

Thermoregulatory development has been proposed to involve the ability to 
respond to fluctuating temperatures, the onset of thyroid activity and the 

ability to attain a steady adult basal core temperature (Hulbert, 1988). Adult 

marsupials exhibit comparable Tbs to eutherian mammals despite their 
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lower standard metabolic rates. Mechanisms of heat production, however, 

often appear different to that of the classical eutherian pattern (eg Reynolds 

and Hulbert, 1982). 

According to Hayward and Lisson (1992) marsupials lack BAT and 

thus do not appear to have BAT based NST. The proposal that marsupials 
lack BAT has been used to explain the slow arousal rates observed in 
marsupials (Wallis, 1979). Despite their apparent lack of BAT, P. Breviceps 
are able to tolerate extremely low Ta (Holloway and Geiser, 2001a; 2001b). 
Noradrenaline mediated NST in adult marsupials appears to be absent or of 

little importance (Nicol, 1978; Wallis, 1979; Reynolds and Hulbert, 1982; 
Dawson and Olson, 1988; Opazo et al., 1999). NST however may occur in 
marsupials due to the actions of endocrine rather than nervous stimulation 

(Smith and Dawson, 1985) and it has been proposed that noradrenaline-
mediated NST is found only in macropod marsupials (Nicol et al., 1997; 
Rose et al., 1999). Furthermore, skeletal muscle is propsed to be the site of 

NST in B. gaimardi (Ye et al., 1995). The role of NST in marsupial 
thermoregulation therefore remains unclear. 

Many existing studies on thermoregulation in marsupials fail to 
address circadian variations in core Tb (eg Dawson et al., 1969). As 
mammals typically display Tb fluctuations throughout the day the 

ignorance of these circadian variations may have significant manifestations 
in the assessment of some thermoregulatory parameters. Circadian Tb 
rhythms in marsupials were first measured in seven species of dasyurids by 

Morrison (1965). Circadian patterns of Tb have also been recorded in the 
Tasmanian devil, Sarcophilus harrisii (Morrison, 1965; Guiler and Heddle, 
1974), kangaroos (Brown and Dawson, 1977), the common wombat, 

Vombatus ursinus (Peters and Rose, 1979), the American opossum, Didelphis 
virginiana (Treagust et al., 1980), the sugar glider, Petaurus breviceps (Dawson 
and May, 1984), the brush-tailed possum, Trichosurus vulpecula (Halse and 

Rose, 1988; Gemmell and Cepon, 1993), the grey short-tailed opossum, 
Monodelphis domestica (Rivkees and Reppert, 1990), the Tasmanian bettong, 

15 



Bettongia gaimardi (Rose et al., 1990) and the quoll, Dasyurinus viverinus 
(Jones et al., 1997). These rhythms are usually comparable to those observed 

in nocturnal eutherian species, although actual Tbs observed are lower. 

Previous studies haves also investigated core Tb rhythms in the two 

monotremes; the platypus, Ornithorhyncus anatinus (Grigg et al., 1992) and 

the echidna, Tachyglossus aculeatus (eg Grigg et al., 1989). 

As fluctuations in marsupial Tb can be quite high throughout a 24 

hour period, in this study I have measured all Tbs continuously via 
radiotelemetry to prevent sampling errors due to circadian differences. 

1.5 Thyroid Activity and Thermoregulation 

The function of thyroid hormones in thermogenesis is a well studied 
area as reviewed by Freake and Oppenheimer (1995) and Hulbert (2000). 
The thyroid hormones have widespread effects on the body with their 
principal actions being stimulation of metabolic rate and promoting growth. 
The thyroid also functions in other areas including regulation of cardiac 
output, sympathetic nerve activity, reproductive and neural function, and 

early development, including amphibian metamorphosis (Eayrs, 1966; Ford, 
1968; Fisher et al., 1977; Galton, 1983; Schwartz, 1983; Slotkin and Sleptis, 
1984). 

The regulation of thyroid hormone secretion occurs at various levels 

but depends primarily on a feedback system between the anterior pituitary 
which releases thyroid-stimulating hormone (TSH) and the thyroid gland 
which releases thyroxine (T4) and triiodothyronine (T3). The main positive 

regulator is TSH and the thyroid hormones act as negative regulators 

(Shupnik et al., 1989). T4 is the principal hormone and through iodination 

may convert to T3. Both thyroid hormones are usually transported in the 

blood bound to plasma protein (particularly albumin) but may also occur 

free in the plasma. Once reaching target cells, T3 and T4 bind to cell 

membrane receptors altering the internal metabolic state of the cell. 
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Thyroid hormones affect metabolism and thermogenesis stimulating 
heat production and thus metabolic activity. Thyroidectomy in both 

eutherian mammals and marsupials causes a significant reduction in 

metabolic rate (Hulbert and Augee, 1982). 

The hormonal control of cold-induced thermogenesis is modulated 
by thyroid hormones. During acute cold exposure a typical endothermic 

response involves an increase in thyroid activity and thyroid hormone 

metabolism. According to Dauncey (1990), there is no clear evidence linking 
elevations in thyroid hormone metabolism with short-term cold exposure. 

However, . thyroid hormones do play a significant role in the NST 

component of cold adaptation (Guernsey and Edelman, 1983; Silva, 1995) 
and are utilised during hibernation (Hulbert, 1978; Nicol et al., 2000). As a 
hormonal mechanism, T3 and T4 are therefore utilised during extended 

exposures to cold temperatures. The thermogenic effect of the thyroid 
hormones is dependent on animal size, species and the environment (Yousef 
and Johnson, 1975; Guernsey and Edelman, 1983). In addition, utilisation 
rates of T3 and T4 correlate with predictions made on energy balance 

requirements. For example, utilisation rates increase with cold exposure 

and regular physical activity and decrease with heat exposure, age and 
during fasting (Tomasi, 1991). 

1.5a Eutherians 

In mammalian species, the primary function of the thyroid gland is 

the control of basal metabolism and thermogenesis. In response to cold 

exposure, TSH is released. The subsequent release of T4 into the 

bloodstream causes an increased rate of metabolism in many tissues 

throughout the body (Edelman, 1974). This is an essential part of survival 

(Sellers and You, 1950). 

Variations in metabolism are controlled by the thyroid gland to 

achieve thermal homeostasis in mammals (Whitaker et al., 1990; Tomasi, 
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1991) and circadian variations of thyroid hormones exist. Thyroid 

hormones, particularly T4 act on activity rhythms in rodents (eg McEachron 

et al., 1993) and the circadian system has been shown to be modulated by 

thyroid hormones in the hamster (Beasley and Nelson, 1982) and the rat 
(Vessotskie et al., 1993). Thus, circadian patterns of Tb observed in 

mammals occur due to circadian alterations in thyroid hormone levels. 
Such rhythms have been recorded in rats (Cokelaere et al., 1996) and in 
humans (Fisher, 1996) and have also been observed by Shido et al., (1993) 
who found that heat exposure at fixed time periods altered day-night 

variations of plasma thyroid hormones in rats. According to Cokelaere et 
al., (1996), feeding patterns can also influence circadian rhythms of plasma 
thyroid hormone levels in rats. 

1.5b Marsupials 

There is very little literature on the thyroid status of marsupials in 
comparison to other mammals with most existing studies concentrating on 
the development of thyroid activity in pouch young (eg Hulbert, 1988). 
However, thyroid hormone levels have been measured in a few adult 
marsupial species (eg Hulbert, 2000). Albumin is a common thyroxine-

binding plasma protein found in eutherians and marsupials as well as a 
number of other animal species (Richardson et al., 1994). Thus, similar 
techniques can be used to measure thyroid hormones in eutherians and 
marsupials. 

Thyroid activity in adult marsupials is relatively similar to that in 
eutherian mammals (Hulbert and Augee, 1982). Total T4 concentrations in 

serum have been found to be greater in the eutherian rabbit and rat, than in 
the marsupial bandicoot with free T4 levels similar between the three species 

(Hulbert and Augee, 1982). Lower total T4 levels have also been observed in 
P. tridactylus with free levels equivalent to the normal human value (Nicol, 
1977) and low T4 levels have been measured in the koala (Phascolarctus 
cinereus) (Lawson et al., 1996). It is important to remember that total thyroid 
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hormone levels measured in a species reflect the thyroid hormone-binding 

plasma proteins (ie. their concentrations in the plasma and their affinity for 
T4  and T 3 ). 

T3 levels however have not been measured extensively in marsupials 

and existing studies do not indicate any substantial difference between 

eutherian and marsupial species (Hulbert, 2000). Total and free T3 levels 
have been measured in M. eugenii (Janssens et al., 1990) and P. cinereus 
(Lawson et al., 1996) however only total T3 levels have been measured in I. 
macrourus (Hulbert and Augee, 1982) 

As in eutherian mammals, the environment plays a role in thyroid 
hormone levels in marsupials and a seasonal pattern of thyroid activity has 
been observed in M. eugenii (Kaethner and Good, 1975). A large increase in 
thyroid activity has been observed in A. stuartii following cold acclimation 
(Withers and Hulbert, 1988) indicating a relationship between thyroid 
activity and cold-induced increases in metabolic rate in marsupials. 
Obviously, due to the lack of literature available on thyroid activity in 
marsupials, more studies are warranted to understand the role of the 
thyroid gland in the thermal homeostasis of marsupials. 

1.6 Thermoregulation and Hypoxia 

Exposure to hypoxic conditions (ie lowered ambient oxygen 
concentrations) initiates a variety of physiological and behavioural 

mechanisms in various species (Brauer et al., 1986; Wood, 1991). General 
thermoregulatory responses to hypo)da have been assessed in many animal 

species with most studies concentrating on reptiles and rodents. 

When exposed to lower ambient 02 concentrations (ie., hypoxia), 

animals typically exhibit a reduction in core Th. This reduction is generally 

hypothesised to be due to a functional shift in the set-point of the 

thermoregulatory system to reduce oxygen requirements during times of 
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limited oxygen supply (Wood, 1991). There is substantial evidence that the 
lowering of the thermoregulatory set-point during hypoxia occurs via a 

direct action on central neural structures (Gautier, 1996). 

Armadillos increase their metabolic rate in response to hypoxia 
(Frappe11 et al., 1992) as do echidnas (Frappe11 et al., 1994) and ponies 
(Korducki et al., 1994). This is contrary to observations in other animal 
species in which hypothermia is a key hypoxic response. In fact, 

hypothermic responses to hypoxia are a taxonomically widespread 
phenomenon occurring in both water- and air-breathing animals (Frappe11 et 

al., 1992). This hypothermic response is a fundamental tool of survival 
when oxygen supply is limited for cellular metabolism. 

1.6a Ectotherms 

The metabolic and physiological responses to hypoxia in ectothermic 
invertebrates have been reviewed (Kluger, 1991; Greishaber et al., 1994). In 
addition, thermal changes in response to hypmda in ectothermic vertebrates 
have been observed, particularly in lizards (eg Kluger et a., 1975; Deen and 
Hutchison, 2001). 

Ectotherms have been shown to induce a shift in thermal set-point 
when exposed to hypoxic conditions (Hicks and Wood, 1985). This indicates 
that metabolism is being altered to accommodate the lack of oxygen 

available in the environment. Hypoxia-induced thermoregulatory changes 

observed in ectotherms are both neural (including behavioural selection of 

Tb) and physiological (Hicks and Wood, 1985). These generalised responses 
provide an effective adaptation to hypo)da and thus promote survival. 

Behavioural temperature regulation during hypo)da appears to be the 
selected mechanism among many ectotherms (Dupre and Wood, 1988). 

When exposed to a hypoxic environment lizards show a preference for 

lower Tas and thus Tb is lowered (Kluger et al., 1975; Hicks and Wood, 
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1985). This behavioural hypothermia in lizards is regarded to be a regulated 

response to hypoxia (Hicks and Wood, 1985). Similarly, protozoans (i.e. 

Paramecia) select lower temperatures in a thermal gradient under hypoxic 

conditions (Malvin and Wood, 1992). Thus, even unicellular animals lacking 
a nervous system exhibit a behavioural hypothermic response to hypo)da. 

1.6b Eutherians 

It has been shown that hypoxia significantly reduces metabolic rate in 
endotherms (Dupre et al., 1988) and that rodents select significantly lower 

Tas during hypoxia while concurrently exhibiting a hypothermic response 
to hypo)da (Gordon and Fogelson, 1991; Dupre and Owen, 1992). These 
studies support the hypothesis that hypoxia shifts the set-point for Tb 

control to a lower level in eutherian mammals. However, not all mammals 
show a typical hypothermic response to hypoxic conditions. For example, 
acute hypoxia does not depress metabolic rate in ponies as it does in small 
mammals (Korducki et al., 1994). 

Typically though, in response to hypoxia, mammals exhibit an 
increase in ventilation and cardiac output (to increase 02 supply) together 

with a reduction in Tb (to reduce 02 demand) and an alteration of 

thermoregulatory behaviour (Wood, 1991). To maintain Tb , ectotherms 

typically utilise behavioural mechanisms while endotherms use not only 
behavioural strategies but also require physiological mechanisms when the 
Ta is either above or below the TNZ. Hypoxic mammals demonstrate heat 

loss from peripheral vasodilation, behavioural hypothermia (ie selection of 
lower Tas to accelerate heat loss), and reduced heat production (blood is 
redistributed away from brown fat regions) (Wood, 1991). Therefore, in 

mammals it is assumed that physiological and behavioural mechanisms act 
in unison to lower Tb in response to hypo)da. 
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Rodents have been shown to us behaviour to regulate a lower Tb 
during hypo)da exposure (Gordon and Fogelson, 1991; Dupre and Owen, 

1992) in a pattern that closely parallels the thermoregulatory behaviour 

observed in ectotherms under similar conditions (Hicks and Wood, 1985). 

However, the behavioural effect of hypo)da on many mammals has not yet 
been determined. 

1.6c Marsupials 

There is limited literature on the effects of hypoxia on thermal 

homeostasis in marsupials. Hypoxia has been shown to reduce metabolic 

rate in some small marsupial species (Frappe11 et al., 1992). Whether this is 
the result of a shift in the set-point for thermoregulatory control or is due to 

some other thermoregulatory mechanism is not apparent. Hypoxic effects 
on Tb rhythms and behavioural selection of selected Ta in marsupials have 
not been determined. This study has therefore endeavoured to determine 
hypoxic effects on Tb rhythms and selected Ta in M. domes tica and one P. 
breviceps. 

1.7 Fever and Thermoregulation 

Fever is defined as an abnormal elevation in Tb or an elevation in the 
level around which Tb is regulated. Febrile responses have been well 
studied in many mammalian species, particularly rodents, and mechanisms 
of fever have been extensively reviewed (eg Hellon, 1978; Kluger, 1991). 

Fever occurs due to bacterial or viral infection and can be induced by 

a number of exogenous and endogenous pyrogens (fever-producing agents). 
Pyrogens usually induce peripheral vasoconstriction and shivering followed 

by a concomitant elevation in core body temperature (eg Rosendorff and 

Mooney, 1971). Various studies have looked at the effects of different 

pyrogens on thermoregulation in a number of different species, however, 
most studies have concentrated on bacteria-induced fever. The febrile 
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response to bacterial endotoxin has been recognised as a means of survival 

in both ectothermic and endothermic animals (Kluger et al., 1975) increasing 

the resistance of the host to the bacterial pathogen. 

In humans, Tb changes during fever reflect a change in set point 

rather than a change in the gain of the thermoregulatory processes (Cabanac 

and Massonet, 1974). This implies that warm sensors become less 
responsive and cold sensors more responsive to temperature changes during 

fever as postulated by Mitchell et al., (1970). 

Induced fever appears to have a reduced effect in aged animals as 

observed in aged humans (Collins et al., 1977), squirrel monkeys (Clark et 
al., 1980), New Zealand white rabbits (Lipton and Ticknor, 1979; Ferguson et 
al., 1981; Naylor et al., 1985) and rats (Maitland et al., 1985; Shemi and 

Kaplanski, 1995). The inability of aged animals to conserve and generate 
heat may contribute to a reduced febrile response (Naylor et al., 1985). This 
indicates that the effector mechanisms of the thermoregulatory system 
become inefficient with age. Alternatively, alterations to central sensitivity 
to pyrogen (Clark et al., 1980) or an inability to respond effectively to the 
cold (Collins et al., 1977) may explain the different reactions to fever in 
young and old animals. 

1.7a Ectotherms 

Generally, ectotherms display behavioural hyperthermia in response 

to prostaglandins (eg Hutchison and Erskine, 1981) and bacterial endotwdn 
(eg Reynolds et al., 1976). This behavioural fever is probably a survival 
mechanism although it is not always observed in response to all pathogens 

and parasites (eg Adamo, 1998). In addition, metabolic rates have been 

shown to increase significantly during fever in ectotherms (Muchlinski, 

1985). 
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Febrile responses are not observed in all ectotherms. For example, 

snails do not develop a fever in response to a variety of pyrogens including 

bacterial endotoxin, killed bacteria, interleuldn or prostaglandin (Cabanac 

and Rossetti, 1987). As a result, Cabanac and Rossetti, (1987) suggest that 

fever appeared after the emergence of molluscs yet before that of the 
arthropods in the course of evolution. 

Frogs (Rana esculenta) behaviourally select warmer water when 
injected with killed pathogenic bacteria accompanied with an increase in 
colonic temperature (Myhre et al., 1977). In lizards, an elevation in Tb 
during fever enhances survival (Kluger et al., 1975) and behavioural fever is 

triggered by pyrogen action on centres other than those affected by the 
pineal gland manifesting an elevation in the central thermostat (Firth et al., 

1980). Thus, the initiation of behavioural fever in ectotherms may not be 
mediated by areas specifically involved in normal behavioural 
thermoregulation. 

1.7b Endotherms 

Bacterial endoto)dn from Eschericia colt (E.coli) is known to produce a 
febrile response in many mammalian species (eg Kozak et al., 1994; 

Severinsen and Oritsland, 1991) and febrile responses have been observed in 

avian species (D'Alecy and Kluger, 1975; Maloney and Gray, 1998). 
However, there is controversy in the literature as to whether or not rats 

produce fever when injected with endoto)dn. For example, normal Sprague-
Dawley rats have been shown to display a hypothermic response to 
intravenous E.coli endotoxin while Brattleboro rats become febrile to the 
same endotoxin (Stitt and Shamada, 1987). Hypothermic responses to 

bacterial LPS in rats have also been observed by Derijk et al., (1994) and 
Romanovsky et al., (1996). Reactions to bacterial pyrogens are therefore not 

only species-specific but differences within a species may also exist although 
these differences may be dose related. 
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Fever-induced (LPS) changes in Tb are dose-dependant in some 
mammalian species such as mice (Kozak et al., 1994). Thus, febrile 

responses are sometimes not reported due to the time involved in the 

induction of the response. It is therefore of importance to continuously 

monitor Tb of an animal under febrile conditions. 

Febrile responses in mammals have been found to be monophasic (eg 

Conrad et al., 1997) or biphasic (eg Soszynski et al., 1991) while a 
monophasic pattern is characteristic of avian fever (Maloney and Gray, 
1998). Romanovsky et al (1996) suggests that at low doses of pyrogen 
mammals typically develop a monophasic rise in Tb, at moderate doses a 
biphasic fever and at high doses hypothermia is observed as septic shock 
occurs. However, in some mammalian species such as mice only biphasic 

rises in Tb are observed in response to various doses of exogenous pyrogen 
(LPS) (eg Kozak et al., 1994). 

Many studies have looked at short-term effects of endotoxin on 
thermoregulation with febrile responses observed as brief rises in core Tb 
with dosage a possible critical factor (Morimoto et al., 1986). Prolonged 

fever has also been observed in rats after a single injection of E.coli 

endoto)dn (Severinsen and Oritsland, 1991). This prolonged effect suggests 
that endotoxin may increase the thermal set-point in the mammalian 
thermoregulatory system. 

Behavioural adaptations to fever have also been observed in 

mammals. While febrile, Mongolian gerbils choose lower environmental 
temperatures and increase Tb (Akins and Thiessen, 1990). Newborn rabbits 

when injected with bacterial endotwdn initially select warmer temperatures 

with cooler temperatures subsequently selected in accordance with changes 

in core Tb (Szekely, 1984). These studies suggest that increases in Tb in 

mammals due to pyrogens are somewhat limited by behavioural selection of 

lower Tas although initial phases of fever are accentuated by preferences for 

warmer Tas. Satinoff and Henderson (1977) reported that the height of a 
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fever is determined to some extent by behavioural selection of Ta. It can 
consequently be assumed that fever may play a role in the mammalian 

febrile responses although more studies are obviously required to validate 

this. 

There is substantial evidence that variations in febrile responses occur 
among different eutherian species. Fever as a hyperthermic response to 

bacterial endotoxin is yet to be investigated in marsupials or monotremes to 

determine further mammalian differences. As a result, this study has 
investigated whether a febrile response to E. coli is present or absent in M. 
domes tica and whether a behavioural fever has any role in this marsupial 

species 

1.8 Outline of the study 

In the present study, aspects of endothermy are investigated in the 
South American grey short-tailed opossum (Monodelphis domestica) and one 
Australian sugar glider (Petaurus breviceps). M. domestica and P. breviceps are 
small members of the marsupial family weighing 90 to 130g and 80 to 150g 
respectively (personal observations). A summary of some of the 
characteristics of these species is listed in Appendix 1. Although only one P. 

breviceps was used in this study (due to difficulties in obtaining animals of 
this species, see Preface and Chapter 2 Material and Methods), some of the 
results from this single animal contrasted so strongly with the laboratory-

bred M. domestica it was of interest to include the results from this animal for 

comparative reasons. 

Previous studies of thermoregulation in marsupials have often failed 

to address circadian variations in core Tb under varying conditions 

although normal circadian patterns have been verified in a number of 

species. In addition, behavioural thermoregulation has not been previously 

investigated in marsupials to determine the role of Ta selection in thermal 

homeostasis. 
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In this study I have determined circadian patterns of Tb in: 

• adult M. domestica 

• juvenile M. domestica 

Comparisons were made between circadian rhythms observed in juvenile 
and adult animals with respect to core body temperature. It was 

hypothesised that Tb rhythms will occur in adult laboratory-bred M. 

domes tica and that daily core Tb would be comparable between adults and 
juveniles with different circadian patterns observed amongst different age 
groups. Thermoregulation in the cold and thyroid hormone levels were 

also investigated in M. domestica. 

In this study I have also determined the circadian variations in Ta 
preference while in a longitudinal thermal gradient and the effects of Ta 
selection on core Tb in adult M. domes tica. It was hypothesised that M. 
domestica would select Tas in phase with their circadian variations of Tbs 
and metabolic rate. 

This study also investigated the following in laboratory-bred M. 
domestica and one P. breviceps obtained from its natural habitat: 

• the effects of bacterial endotoxin (LPS) on thermoregulatory 
responses (ie circadian patterns of core Tb and selected Ta) 
• the effects of hypoxia on thermoregulatory responses 
• the effects of a combination of LPS and hypoxia on 

thermoregulatory responses. 

Under hypoxic conditions it was proposed that thermoregulatory 
responses would be lowered and when injected with LPS, core Tb would be 

significantly increased with simultaneous preferences for warmer Tas. 
During a combination of LPS exposure and hypoxia it was hypothesised 

that the true effects of LPS exposure and hypoxia would each cancel out. As 

a consequence, normal rhythms of Tb and normal patterns of Ta selection 

would be observed rather than a hyperthermic effect (typical of LPS 
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exposure) or a hypothermic effect (typical of hypcoda). This would support 
the set-point theory of thermoregulation. 

The significance of this study is to further our knowledge of 

thermoregulatory strategies in marsupials which will enhance our 

understanding of the ecological niches occupied by various species. There 

are no published data on fever in marsupials and the effects of hypoxia and 

thermoregulatory behaviour on thermoregulation in marsupials have not 
been determined. Such information may assist in the understanding of the 
impact and role of these parameters on daily Tb rhythms in mammals 
generally. The study also aimed to determine whether animals bred and 
maintained in a laboratory environment thermoregulate in a similar or 
different manner to a wild-bred species of a similar size. 

It is hoped that this study may provide some insight into the widely 
accepted set-point theory of thermoregulation. As a comparative study, it 

may also contribute significantly to our knowledge of the evolution of 
thermogenic processes. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Experimental Animals  

A colony of South American grey short-tailed opossums (Monodelphis 
domestica) and a sugar glider (Petaurus breviceps) were used in this study. 

The M. domestica colony was originally established in Southampton, 
England and was maintained at The University of Tasmania Central Animal 

House. The animals used from this colony were mainly older males and 
were sacrificed by cardiac puncture at the completion of the experiments to 

satisfy Australian quarantine regulations. The single P. breviceps was 

captured in forest areas in Northern Tasmania and maintained in indoor 
enclosures and under experimental conditions for a period of eight weeks 
before being released at the original capture site. 

2.1a Monodelphis domes tica 
The opossums were held in plastic cages with metal grid lids 

containing a plastic nesting box filled with shredded paper. The cages were 
kept in a fully enclosed windowless room with a 14L:10D photoperiod at a 

Ta ranging between 28-30°C. The opossums were fed ad libitum on a 
special combination diet of tinned cat food, peanut oil, high protein cereal, 
meat meal, Veanavite, Avi-drops, Whiskettes, bananas and mealworms and 

water was always freely available. Animals were regularly monitored by 

animal house staff on a daily basis. At the completion of the experimental 
period, animals were sacrificed. 

2.1b Petaurus breviceps 
Suitable trapping areas in Northern Tasmania were determined 

through consultation with Ron Mawbey, School of Zoology, University of 

Tasmania who has records of sugar gliders trapped throughout Tasmania. 

Capture sites were located and surveyed for up to eighteen months in 
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sclerophyll forests with high density Acacia, Banlcsia and Eucalyptus species 
which correlated with previous locations of this marsupial species in its 

natural habitat (Rounsevell et al., 1991). Preliminary surveys of chosen sites, 

using local knowledge and traps baited but not set for actual trapping of an 
animal, indicated the presence of sugar gliders in the chosen area. When the 

time came to collect animals for experimental work, despite a total of 112 
trap nights (four to six traps set each night) over a total period of ten 
months, only one animal was trapped. This was attributed to the increasing 

effects of human habituation in the trapping area and the poor weather 
during the majority of the active trapping period. 

The sugar glider was captured using traps reported to be relatively 
unstressful to the animals (Mawbey, 1989). The sugar glider was held in an 
indoor cage (constructed of melamine board and chicken wire with a 
gumleaf-lined floor and containing fresh tree branches and a wooden 
nesting box lined with fresh gum leaves) in a fully enclosed windowless 

room with a 12L:12D photoperiod at a Ta ranging between 18-23°C. The 
animal was fed on a combination omnivorous diet provided by the 
Department of Zoology, University of Tasmania (Ron Mawbey, personal 

communication). This diet included a protein mix (honey, glucodin, 
complan, bonox, Horlicks, digestelact and water) or a weetbix mix (honey, 
water, pentavite, high protein cereal and weetbix) complemented with 

mince, bread, mealworms, peanut paste, sultanas, oats, pine nuts, peanuts, 
sunflower seeds and fresh fruit. Water was available ad libitum. The 
animal was released at the capture site at the completion of the study. 

2.2 Determination of Circadian Rhythms of Core Body Temperature  

Circadian patterns of Tb regulation were determined from 

transmitters implanted into the abdominal region of each animal. Circadian 
rhythms were determined for one adult P. breviceps and eighteen adult and 
juvenile M. domestica. 
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2.2a Surgical Procedure 

M. domestica were anaesthetised with 1.5% fluorothane at 100-300 

ml/min, depending upon the size of the animal, for the surgical procedure 

of implantation. Halothane has previously been shown to be the most 

effective anaesthetic in this species (Keller et al., 1988) although animals 

must be monitored carefully (Robinson and VandeBerg, 1994) as induction 
often occurs suddenly (Fadem et al., 1982). P. breviceps were anaesthetised 
with 4% fluorothane at 400m1/min or 2.5-3% isofluorane at 300m1/ min for 
the surgical implantation of the temperature-sensitive transmitter. The 
latter form of anaesthesia was used for P .breviceps as lower concentrations 
could be used and it is a selected form of anaesthesia for small mammals 

(Eileen Wronski, personal communication). It is also a highly effective form 
of anaesthesia with a reduced induction and recovery time in comparison to 
halothane anaesthesia (personal observations). 

A temperature-sensitive transmitter was implanted into the 
abdominal cavity via a midline incision in the abdomen. Animals were 
carefully monitored throughout the procedure. Immediately after the 
surgical procedure, animals were returned to their respective cages for a 
recovery period of at least 24 hours before experimental recordings began. 

2.2b Recordings of Core Body Temperatures using Implanted 
Transmitters 

The transmitters used in this study were supplied by Telonics 
Electronics, Mesa, Arizona, U.S.A. and Titley Electronics, Ballina, N.S.W., 

Australia. Telonics transmitters (CHP-IMP with S2 temperature sensors) 
weighed approximately 10g and were only used in adult animals. Titley 

transmitters with batteries were coated with a high melting point wax and 

weighed 1-3g; these transmitters were implanted into juvenile animals. The 

transmitters were calibrated with a certified mercury thermometer prior to 

implantation. Calibration involved using a temperature control bath to 

decode beeps from transmitters at temperatures ranging from 20°C to 40°C 

and translating the beeps into temperature recordings. Transmitters 
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recalibrated by the same method where possible after removal from the 

animal. 

Signals were received from implanted transmitters by a Yaesu FRG-

9600 receiver system (Dick Smith Electronics) and decoder (Telonics, USA). 
Each transmitter transmitted at a set frequency in the 150 mHz or 160 mHz 
band, the temperature being translated into a succession of beeps. Beeps 

were recorded from individual M. domes tica (held in the colony room) at 5 
minute intervals for up to 30 minutes every hour depending on the number 
of animals employed by the system at the time. The intervals between these 

beeps were then converted into temperature readings from the determined 
calibration curves. Recordings from individual M.domestica and P. breviceps 
in the temperature gradient were made every 6 seconds (and one-minute 

recordings downloaded) and 15 minute averages calculated. Diurnal 
variation patterns of core Tb were analysed using Fourier analysis and 
significance determined using Students' t-tests. Fourier analysis is regarded 
to be an accurate method for analysing complex waveforms which closely 
resemble actual circadian rhythms (Refinetti, 1993). 

2.2c Monodelphis domestica 
Basal circadian patterns of core Tb were determined from eighteen 

juvenile and adult M. domestica maintained at the colony temperature (ie., 

28-30°C). Juvenile animals were males aged between 59 and 126 days old 
(sexually immature) at the time of implantation. A total of seven juvenile 
animals were analysed. Eleven adult male animals aged between 277 and 
1118 days old at the time of implantation were utilised. Recordings of Tb 

were made 2 days post-implantation and continued for a minimum of 

eighteen days with data analysed only from those days where the recording 

apparatus allowed for continuous measurements to be recorded. 

Tb rhythms in cold conditions were also investigated in adult 

animals. Four adult males were exposed to temperatures of 10°C, 20°C and 

30°C and circadian rhythms of core Tb established. Animals were placed in 
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a temperature controlled cabinet placed in the same room as the colony and 
recordings were made from transmitter signals. Body mass was monitored 

regularly, particularly during exposures at colder temperatures and animals 

were removed from the cold temperature cabinet if consistent weight loss 

was noted. 

Circadian Tb rhythms of five adult males were also analysed whilst 

selecting selected Tas in a longitudinal temperature gradient (refer to 2.3). 
The effects of bacterial endotoxin and hypoxia on selected Ta, core Tb and 
metabolic rates were also investigated (refer to 2.4 and 2.5). 

2.2d Petaurus breviceps 

Tb rhythms of one adult P. breviceps were analysed whilst in an 

aluminium longitudinal thermal gradient ranging from 15.72 to 40.01°C 

(refer to 2.3). The effects of bacterial endotoxin and hypwda on selected Ta 
and core Tb were also assessed in this animal while in the thermal gradient 
(refer to 2.4 and 2.5). 

2.3 Determination of Selected Ambient Temperatures  

The initial body mass of each animal was recorded with an analytical 

balance (Selby Anax) to an accuracy of 1g. Activity and selected Ta were 
determined in unrestrained animals using a longitudinal temperature 

gradient in a room lighted by fluorescent lights. The gradient was borrowed 
from Dr Peter Frappe11 (LaTrobe University) and was constructed from 
10mm thick aluminium and had interior dimensions of 1380mm (length) x 

100mm (width) x 115mm (height). The top of the gradient was covered with 

a blackened out Plexiglas cover with a viewing area 10mm wide running 
along its centre. The Plexiglas was equipped with ports for three drinking 

bottles and incurrent and excurrent air. Water at a temperature of 50-55°C 

was circulated through one end of the gradient while 10°C water was 

circulated through the opposite end. Absorbent pellets covered the floor of 

the gradient and food and fresh drinking water were available ad libitum. 
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This arrangement produced an approximately linear thermal gradient 
with air temperatures ranging from 14.9°C to 40°C for M. domestica (15.7°C 
to 40°C for the P. breviceps). The thermal gradient was calibrated with air 
flowing through the system at approximately 1 L/min using a thermocouple 

and electronic recorder (Digi-Sense). The thermocouple and electronic 

recorder were calibrated against a certified mercury thermometer to a 

maximum error of +0.2°C. Introduction of an animal made no significant 
difference to the gradient measured. Opposing pairs of LEDs and photocells 
were evenly spaced at 36mm intervals along the tube for the detection of 
animal position. Animal position was then used to determine Ta selected. 

A radio antenna detected the Tb signal from the surgically implanted 
abdominal transmitter. Photocell and temperature decoder signals served 
as input to a MacLab system (AD Instruments) and Macintosh computer (SE 
or LC) to record data. 

An open-flow respirometer system was used. Incoming air was dried 
using two tubes of indicating Drierite (anhydrous CaSO4) before entering 
the chamber. Excurrent air also passed through indicating Drierite prior to 
entering the oxygen sensor. Airflow through the chamber was controlled 

with a flowmeter. The flowmeter was calibrated under the same 
temperature and back pressure as in the experimental procedure. Air flow 
through the chamber ranged from 0.88L /min to 1.02L / min. Dry gas 

mixtures (compressed air or approximately 10% 02) were flowed 
continuously through the thermocline at a rate of approximately 1L /min. 

Air flow equilibrated throughout the chamber within 2-3 minutes. Direction 

of flow through the thermal gradient was related to temperature selection 
rather than orientation to the air supply. Oxygen concentration of excurrent 

gas from the gradient apparatus was measured by an Applied 
Electrochemistry S-3A Oxygen Analyser. 

An animal was placed in the gradient and the Plexiglas lid sealed 

while dry air was circulated from the warm end towards the cool end at a 

rate of 1L/min. The position of the opossum or sugar glider was noted at 6 
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second intervals and core Tb measured. Core Tb was then averaged for each 
15 minute period (X±S.D.). Selected Tas were determined using a standard 

curve of position in the gradient versus air temperature. Each animal was 

left undisturbed in the gradient for an initial 24-hour period followed by at 

least three consecutive days of recordings. Continuous measurements were 

made for up to 7 days. 

Selected Tas and activity data were statistically analysed using 

Fourier analysis to determine any circadian patterns and paired t-tests were 
used to determine significance. Differences with probabilities less than 0.05 
were accepted as significant. 

2.4 The Effects of Fever and Hypoxia on Thermoregulation 

Selected Tas and core Tb were analysed during fever, hypoxia and 
fever and hypoxia in six adult male M. domes tica and one adult female P. 

breviceps. These measurements were conducted whilst the animal was in a 
longitudinal temperature gradient. 

All febrile and hypoxic data were statistically compared using 
Students t-tests. 

2.4a Determination of a Febrile Response to Bacterial Endotoxin 

To induce a febrile response, bacterial endotoxin was injected into the 
animal. The endotoxin used was supplied by Sigma (L-2637 
lipopolysaccharide from Eschericia coli serotype 055:B5) with a concentration 

of 1mg/ml. The experimental animals received doses of 1mg/kg. The 
injections were given intramuscularly into the hindleg between 09:30h and 

10:00h. Physiological saline (0.9%NaC1) was used as a control and was 
administered at the same volume as the endotoxin and at the same times of 

the day. 

A self-pairing experimental system was used for five male M. 

domestica and one female P. breviceps. Animals were injected with 
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physiological saline and Tb and selected Ta monitored continuously for 24 

hours. They were then injected with endotoxin and similarly monitored for 

a further 24 hours. Monitoring involved recording core Tb and the position 

of the animal in the gradient at six second intervals. Fifteen minute averages 

for Tb were then determined and the selected Ta every six seconds 

calculated by a standard curve of position versus Ta. An additional control 
experiment was also performed on two animals whereby physiological 

saline was administered instead of endoto)dn in the second injection and Tb 
and activity were monitored for 24 hours. 

2.4b Determination of Hypoxic Effects on Thermoregulation 

While in the temperature gradient each animal was exposed to 
normoxic conditions (21% 02) for 24 hours followed by a 24 hour exposure 

to hypo)dc conditions (10-15% 02). Hypoxic conditions were created using a 

mixture of compressed air and nitrogen to achieve the desired 0 2  level. A 
varied 0 2  level was used for each animal as the gas mixture did not always 
ideally approximate 10% 0 2  despite efforts to maintain a fairly consistent 
level. Oxygen concentration of excurrent gas from the gradient apparatus 
was measured by an Applied Electrochemistry S-3A Oxygen Analyser. 

Selected Tas and core Tbs were simultaneously determined under each 
condition (ie normoxia and hypo)da) at six second intervals. A standard 
curve of position in gradient versus air temperature was used to determine 

selected Ta each six seconds and 15 minute averages of core Tb were 
calculated. 

2.4c Determination of the Effects of a Combination of Bacterial 

Endotoxin and Hypoxia on Thermoregulation 

In addition the effects of hypoxia and fever simultaneously on 

selected Ta and core Tb were investigated. Animals were injected 

intramuscularly with endotoxin and after two hours hypoxic conditions 
were induced for a period of up to six hours while the animal was in a 

longitudinal temperature gradient. During this time selected Ta and core Tb 

were simultaneously measured every six seconds. As for previous 

36 



experiments on the effects of hypoxia and the effects of endotoxin, 15 

minute averages of core Tb were determined and a standard curve was used 

to calculate selected Ta. 

2.5 Determination of Metabolic Rate and the Effects of Hypoxia  

Normal circadian patterns of metabolic rate were recorded for six 

adult M. domestica. Animals were fasted for 3 hours and then placed in a 

metabolic chamber in a constant Ta (30°C) and metabolic rate measured. 
Rates of oxygen consumption (V02) were measured at Tas around 10°C, 

15°C, 20°C, 25°C and 30°C using an open-airflow system with a S-3A oxygen 

analyser (Applied .Electrochemistry, Pa, U.S.A.), a flow controller (Applied 
Electrochemistry Model R-1) and a zirconium oxygen sensor (Applied 
Electrochemistry, Model N-37M). 

Measurements of %02 in the outlet air from the chamber were 

recorded simultaneously over a 24 hour period at a Ta of 30°C. V02 was 

calculated from equation 4a of Withers (1977) and corrected to standard 
conditions (STP:0°C, 760 mmHg, dry air). Estimations of Basal Metabolic 
Rate (BMR) were then determined from 24-hour recordings. 

The effect of hypoxia on basal and resting metabolism was then 
assessed in six M. domestica using a metabolic chamber (volume; 2.2L). Air 
flow through the chamber was controlled by a flowmeter calibrated under 

the same temperatures and back pressure as the experimental procedure. 
Flow rate was 0.3-0.4L/min. Each animal was starved for 3 hours and 

placed in the metabolic chamber at Tas of 10°C, 15°C, 20°C, 25°C, 30°C, 35°C 
and 40°C for 30-60 minutes under normwdc conditions. Twenty four hours 

later the experiment was repeated under hypoxic conditions (12-15% 02 

levels). The hypoxia mixture was produced using a combination of 

compressed air and nitrogen to achieve the desirable 02 level: The TNZ was 

determined for each individual animal from the recordings of V02. In the 

event that this zone was not apparent, metabolic rate was estimated from 

the highest Ta (ie., 30°C) which had previously fallen within the TNZ of the 
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species. As the animals were in a fasted state throughout the recording 
period, the V02 measurement is a relatively reliable indication of basal 

metabolic rate. Data were statistically analysed using Students t-tests and 
ANOVA. 

2.6 Thyroid Hormone Assays 

Plasma levels of thyroxine (T4) and triiodothyronine (T3) were 

determined from M. domestica at normal conditions and during exposure to 
cold temperatures. Blood was obtained via cardiac puncture (under 
fluorothane anaesthesia), centrifuged, and plasma retained and stored at 
-80°C. 

2.6a Determination of Triiodothyronine Levels 

Total plasma T3 levels were determined using an Amerlax-M RIA 

(radioimmunoassay) kit IM.3001 /IM.3004 (Kodak Clinical Diagnostics). 

Plasma from experimental animals (500) and standards (500) ranging from 

0.5 nmo1/1 to 12.0 nmo1/1 were incubated with 5000 [1251]T3 reagent and 

5000 Amerlex-M 13 antibody reagent for 60 minutes at 37°C. Non-specific 

binding was determined in tubes set up with 50u1 standard serum incubated 

with 5000 [1251]T3 reagent and 500111 Amerlex-M NSB reagent. After 

incubation the tubes were attached onto an Amerlex-M Separator base for 15 
minutes. After separation the supernatant liquids were poured and 

discarded and the tubes were drained on a pad of absorbent paper for 5 

minutes. The rims of the inverted tubes were then firmly blotted to remove 

adhering droplets before tubes were returned to the upright position. All 
tubes were counted in a gamma counter (Multigamma). 

2.6b Determination of Thyroxine Levels 

Total plasma 14 levels were determined using an Amerlax-M T4 RIA 

kit IM.3011/1M.3014 (Kodak Clinical Diagnostics). Plasma from 
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experimental animals (541) and standards (50u1) ranging from 0 nmol/L to 

320 nmol/L were incubated with 500111 [ 1251]thyroxine solution and 500v1 

Amerlex-M T4 antibody reagent for 45 minutes at room temperature (18- 

28°C). Non-specific binding was determined in tubes set up with 501AI 

standard serum incubated with 5000 [1251]T3 reagent and 5000 Amerlex-M 

NSB reagent. After incubation the tubes were attached onto an Amerlex-M 

Separator base for 15 minutes. After separation the supernatant liquids 
were poured and discarded and the tubes were drained on a pad of 
absorbent paper for 5 minutes. The rims of the inverted tubes were then 

firmly blotted to remove adhering droplets before tubes were returned to 
the upright position. All tubes were counted in a gamma counter 
(Multigamma). 

2.7 Analytical and Statistical Analysis 

Mean±SD at 15 minute intervals throughout 24 hour cycles were 
determined for all Tbs recorded. Significance of daily Tb between juvenile 
and adult M. domes tica and between adult M. domestica in a constant 
temperature room and adult M. domes tica in a longitudinal temperature 
gradient were determined using Students two-sample t-tests and single 
factor ANOVA. Significant differences between Tb recorded at Tas of 30°C, 
20°C, 15°C and 10°C were determined for four adult M. domestica using 
ANOVA and t-tests. Daily mean±SD was also determined for selected Ta 
under control conditions. Significant differences between thyroid hormone 
levels in adult and juvenile M. domestica were determined using single factor 
ANOVA. 

As Tb (and possibly selected Ta) follows a circadian cycle (see 

Chapter 3), a complete analysis of how experimental or other effects alter Tb 
needs to include not only mean Tb, and variability, but also, where 

appropriate, some measure of periodicity. Accordingly, the following 
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descriptive measures have been used: Mean±.SD, minimum, maximum, 

range, period, and acrophase (timing of peak). 

Fourier analysis (STATISTICA 4.1; Statsoft, Oklahoma) was used to 

determine circadian patterns (ie period) of recorded Tb and selected Ta 
under normal, hypoxic, febrile and febrile+hypoxic conditions. This form of 

analysis has been shown to be a superior for of analysis for complex 
waveforms such as that observed in actual circadian rhythms (Refinetti, 
1993). Significant effects of endotoxin and hypoxia on core Tb and selected 

Ta were also determined from Two-factor ANOVA and two-sample paired 
t-test analysis. Degrees of freedom were determined from (n-1). 95% 
confidence intervals were used (p<0.05). 
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CHAPTER 3 

CIRCADIAN RHYTHMS OF CORE BODY TEMPERATURE 

3.1 Introduction 

The circadian control of core Tb is a complex interaction between the 

thermoregula tory system and a number of other physiological systems in 
the body (Fuller and Sulzman, 1982). Rhythmical variations of core Tb exist 

in many mammals (eg Bligh and Harthoorn, 1965) and may or may not be 
due to a shift in the thermal set-point (believed to exist in the 
hypothalamus). Daily Tb rhythms are endogenously generated and usually 
follow a 24 hour period (Aschoff, 1970). These rhythms may be entrained on 

environmental cues or on levels of activity. Circadian rhythms of 
hypothalamic and colonic temperatures are similar in the squirrel monkey 

yet mean temperatures of these rhythms are controlled differentially (Fuller, 
1984). Mammalian Tb rhythms typically represent a monophasic shape (eg 
Hoban et al., 1985; Honma and Hiroshige, 1978) although a biphasic shape 

with exaggerated amplitude has been observed in the wombat, Vombatus 
ursinus (Peters and Rose, 1979), the domestic cat, Felts catus (Randall et al., 
1987) and the tree shrew, Tupaia belangeri (Refinetti and Menaker, 1992a). 

Many studies on daily Tb fluctuations have focussed primarily on 
adult animals with the presence of rhythmical variations in Tb in young or 

juvenile animals often ignored. Nuesslein-Hildesheim et al., (1995) observed 

juvenile circadian core Tb rhythms in rats yet found no such rhythms to 

exist in juvenile rabbits. At a similar developmental stage, rabbit pups 

maintain high levels of metabolism and core 'Tb throughout the day yet rat 

pups show clear circadian rhythms with significant decreases in Tb and 

metabolic rate during the morning hours (Nuesslein-Hildesheim et al., 

1995). Circadian rhythms of body temperature have also been observed 
during the first week of life in rat pups (Nuesslein and Schmidt, 1990; 
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Mumm et al., 1990) and once independent from their mother (Kittrell and 
Satinoff, 1986). However circadian patterns of other juvenile mammals have 

not been observed. It is highly unlikely that only juvenile rats would be 

capable of maintaining cyclical variations in Tb given the similarities known 
between mammals in Tb regulation and development. Further research on 

juvenile Tb rhythms in a diverse range of mammalian species is therefore 
needed. 

Circadian patterns of Tb have been determined in many marsupial 
species (Morrison, 1965) yet differences between adults, juveniles and 
newborns have not been highlighted. The development of thermoregulation 
in marsupials is unique as it occurs within the pouch environment in most 
species (Hulbert, 1988). The attainment of full thermoregulatory 
mechanisms occurs along different time scales in different species (Morrison 
and Petajan, 1962; Shield, 1966; Setchell, 1974; Gemmell and Johnston, 1985; 
Gemmell et al., 1987; Gemmell and Cepon, 1993; Holloway and Geiser, 2000) 

but usually occurs by the time of weaning (Hulbert, 1988). Mean Tbs of 
juvenile (post-weaned young) and adult marsupials do not differ 
significantly (Douglas, 1990) yet some differences may exist throughout the 
circadian phases and patterns. Such possible differences have not yet been 
investigated in marsupial species. 

An allometric relationship has been shown to exist between body size 
and the maximum amplitude of the circadian increase in Tb between a non-
primate mammal's daily rest phase and daily activity phase (Aschoff, 1982). 

Aschoff (1982) suggests that the maximum Tb during the activity phase is 

fairly independent of body size yet the minimum Tb during the rest phase 

increases with increasing body size. As a result the range of Tbs exhibited 

decreases with increasing body size (Aschoff, 1982). This is apparent when 

comparing different animals or different species (eg Lovegrove and 

Heldmaier, 1994). It would seem feasible to assume therefore that younger 
animals would exhibit a greater range of Tbs within a daily rhythm than 

older animals of the same species. Indeed, according to Refinetti and 
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Menaker, (1992b) interspecies variations and intraspecies modulations in 
daily Tb control appear related to gender, age, stage of development and 

physiological state. Circadian rhythms observed in adult animals of a 

species may not be similarly observed in newborn or even juvenile animals 
of the same species. This is because thermoregulation has not yet fully 

developed in the younger animals. 

Circadian rhythms of Tb in both adult and juvenile M. domestica were 

investigated and compared in this study. It was hypothesised that Tb 
rhythms would exist over a 24-hour cycle in adult marsupials but not in 

juvenile animals (as thermoregulation may not yet be fully developed in 
these latter animals). If such rhythms occurred it was also proposed that 

they would be uni-modal rather than bi-modal. 

3.2 Results 

Transmitters were successfully implanted into seventeen out of 
eighteen adult and juvenile male M. domestica. One juvenile animal (M0J5) 

was unable to be used for experimental recordings due to the irritation of 
the stitched abdominal region by the animal two days after the operation. 
Another animal, an adult (MOAG14) had a transmitter successfully 

implanted however recordings were not viable and a battery problem 
rendered this animal unsuitable for analysis. Recordings of core Tb were 

therefore collected from a total of sixteen adult and juvenile M. domes tica. 

3.2a Measurements of Core Body Temperatures 

i) Juvenile M. domes tica 
Circadian patterns of Tb were recorded from six juvenile male M. 

domestica. Continuous measurements of Tb obtained from each juvenile 

animal are shown in Appendix 3. Three of the six animals analysed (M0J7, 
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M0J8 and M0J9) were returned to their mother and siblings once the 
radiotransmitter was implanted and recordings were then made. 

Tb was recorded from juvenile M. domestica at 28-30°C (the 

temperature of the colony holding facility) with significant differences 

observed between recordings from individual animals (F=8237: p<0.05). 
Daily means of core Tb were determined from the continuous recordings 

and are presented in Table 3.2.1. Average daily core Tb of individual 

animals ranged from 31.8±0.6°C to 34.8±0.5°C with a mean of 33.2±1.0 °C 

(see Table 3.2.1). Mean daily Tbs recorded from juveniles in the presence of 

their mother and siblings (ie M0J7, M0J8 and M0J9) were less variant than 
juvenile animals placed in individual cages (with variances of 0.3 and 2.3 
respectively), however mean Tbs were not significantly different to juveniles 

in individual cages (t=0.50; p>0.05). 

Table 3.2.1 Summary of daily core body temperatures of juvenile 
Monodelphis domestica as determined from continuous recordings over 

successive 24 hour periods. 

Animal No. of days Daily Tb Minimum Maximum Tb Range 
analysed (°C) Tb (°C) Tb (°C) (°C) 

(X±SD) 
M0J2 10 31.8±0.6 30.9 33.3 2.4 
M0J3 10 34.8±0.5 34.0 35.9 2.0 
M0J4 15 33.7±0.7 32.5 35.3 2.8 
M0J7 3 33.3±0.3 32.8 34.1 1.4 
M0J8 29 32.4±0.3 31.7 33.0 1.3 
M0J9 28 33.2±0.3 32.6 34.0 1.3 

Tbs were recorded every five minutes from juvenile M. domestica and 

continuous measurements of Tb observed in each animal are shown in 

Appendix 3. Figures 3.2.1a and 3.2.1b show a typical recording of 
continuous Tb from a juvenile M. domestica. 15 minute means±SD were 

determined from a number of experimental days for each animal. A mean 

minimum Tb of 32.7°C occurred at 0900 hours and a mean maximum Tb of 
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33.9°C was exhibited at 2115 hours in juvenile animals. Peak Tbs were 
observed during nocturnal hours in all juvenile animals. Day Tbs were 

significantly lower than night Tbs in all individual animals as determined by 

a paired t-test (t=4.4; p <0.05). 

Figure 3.2.1a Typical Continuous Body Temperature (Tb) Recording from 
a Juvenile M. domestica (M0J9) in a cage with its mother and siblings 

[Three days of recording shown] 
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Figure 3.2.1b Typical Continuous Body Temperature (Tb) Recording of a 
Juvenile M. domestica (M0J4) while alone in a cage 

[Three days of recording shown] 
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Fourier analysis (Statsoft STATISTICA) of five minute Tb recordings 
for each animal indicated the lack of a distinct circadian rhythm in three of 
the animals although a 24-hour rhythm was evident in MOP, MOJ4 and 

M0J7 (see Appendix 9 for analysis plots of each animal). Data were 
analysed using a single series Fourier analysis and results plotted by period 

using transformations in which the mean was subtracted and detrended. 
The periods are given for each analysis in Appendix 9. Figures 3.2.2a and 

3.2.2b show a typical Fourier analysis plot of Tb for a juvenile M. domestica. 
Table 3.2.2 shows the amplitude of Tb, acrophase, and period for each 
juvenile animal. 
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Figure 3.2 -.2a Typical Single Series Fourier (Spectral) Analysis of .Body Temperature in a , 
Juvenile 'Opossum (M0J4), alone' in a cage maintained at 20-30°C 

Periodogram Values 
280 	 

100 

. 1320 	1760 
Period 

(period of 440 equals 24 hours 

3080 

, Figure 3.2.2b Typical Single Series Fourier (Spectral) Analysis of Body Temperature in .a 

Juvenile Opossum (M039) while in a:cage with its mother and siblings in a 28-30°C room, , 
, 

Periodogram Values 

80 

2 

„ 
354 	708 	1062 	1416: 	1 770 	2124 

Period 
period of 354 equals 24 hours 

47 



Table 3.2.2 Analysis of Body Temperature in each Juvenile Animal: 
Amplitude, acrophase (timing of peak), and period 

[period was determined from Fourier analysis; amplitude is the difference 
between the maximum and minimum Tb; acrophase is shown as 24-hour clock 

time] 

Animal Amplitude Acrophase Period 

(°C) (hours) 

M0J2 6.2 13:41 40.0 

M0J3 3.4 01:22 24.0 

M0J4 5.5 06:23 24.0; 26.4 

M0J7 2.1 04:01 24.0* 

M0J8 5.7 02:06 21.5 

M0J9 4.9 20:52 20.8 

*M0J7 results were analysed from only two days of recordings 

Adult M.domestica 
Tb rhythms of five adult M. domestica in the colony holding facility 

(colony adults) were measured. In addition, core Tb rhythms were 
determined from five adult M. domes tica in a temperature gradient (gradient 
adults). The colony holding facility was set at a Ta of 28-30°C and the 
temperature gradient ranged from 15-42°C. The latter set-up allowed the 

animals to behaviourally select a preferred Ta. As for juvenile animals, Tbs 
from the initial two days of recording were not included in the analysis to 

allow time to recuperate from surgical procedures. Adult animals were of 

reproductive age (ie, at least six months of age). Adult animals in the colony 

holding facility were aged between 230 and 859 days old at the time of 
implantation and recordings continued for a minimum of eleven days. 

Adult animals used in the temperature gradient were aged between 474 and 

1318 days old at the time of implantation and recordings continued for a 
minimum of five days. 
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Significant differences between Tb recordings from individual adult 
animals do exist (F=3792; p<0.05). Average daily core Tbs for each adult 

animal are presented in Table 3.2.3. The average daily Tb of colony adults 

was between 33.5±0.5°C and 34.9±0.7°C. The average daily Tb of gradient 

adults was between 34.3±0.6°C and 34.8±0.6°C. Gradient adults exhibited 

Tbs with a variance of 0.04 which was much lower than the variance 

between mean Tbs in colony animals (ie. 0.3). Mean daily Tbs were not 
significantly different between gradient and colony animals (t=-0.6; p>0.05). 

Table 3.2.3 Summary of Daily Core Body Temperatures (Tb) of Adult 
Monodelphis domestica as determined from continuous recordings over 

successive 24 hour periods. 

Animal Colony or Tb (°C) Minimum Maximum Tb Range 
Gradient (Mean±SD) Tb (°C) Tb (°C) (°C) 

MOAC1 colony 34.4±0.6 33.4 35.8 2.4 
MOAC6 colony 34.2±0. 5 33.3 35.3 2.0 
MOAC10 colony 33.52±0.5 32.7 34.4 1.7 
MOAC11 colony 34.6±0.7 33.8 35.4 1.6 
MOAC12 colony 34.9±0.7 34.0 36.0 2.0 
MOAG13 gradient 34.5±0.5 33.6 35.6 1.9 
MOAG15 gradient 34.3±0.6 33.4 35.4 1.9 
MOAG16 gradient 34.6±0.4 33.9 35.3 1.4 
MOAG17 gradient 34.3±0. 6 33.6 35.5 1.9 
MOAG18 gradient 34.8±0.6 33.5 36.0 2.5 

Tb was recorded from colony animals (MOAC) at five minute 
intervals and from gradient animals (MOAG) at six second intervals. All 
data were pooled into 15 minute means. As for juvenile animals, means±SD 

at 15 minute intervals were then determined from a number of experimental 

days for each animal. The minimum number of days analysed in colony 
adults was six days. Gradient adults were analysed for a period of at least 

three days. 

A typical recording of continuous Tb measurement from an adult 

male M. domestica in a constant temperature room is shown in Figure 3.2.3a. 
Figure 3.2.3b illustrates a typical recording of an adult male M. domes tica in a 
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longitudinal thermal gradient. Continuous measurements of Tb observed in 
individual adult M. domestica are illustrated in Appendix 2. Acrophase of 

Tb (ie time of maximum Tb) and maximum and minimum Tb during a 

circadian cycle differed between adults at colony Ta and adults at gradient 
Ta. Colony adults exhibited a mean minimum core Tb of 33.7°C at 0830 

hours and a mean maximum core Tb of 35.2°C at 2215-2230 hours. In 
comparison, gradient adults exhibited a mean minimum of 33.8°C at 1415 
hours and a mean maximum of 35.4°C at 0445 hours. When considering the 

adults as a total group, the minimum Tb is 33.82°C at 0830 hours and the 

maximum is 35°C at 2230 hours. Temperatures recorded during nocturnal 
hours were significantly higher than those during daylight hours in all adult 
animals (t=4.4; p<0.05). 

Figure 3.2.3a A Typical Continuous Tb Recording of an adult M. 
domestica (MOAC10) in a constant condition room (28-30°C) 

[Three days of recording shown] 
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Figure 3.2.3b A Typical Continuous Body Temperature (T'b) Recording 
from an adult M. domes tica (MOAG13) in a longitudinal thermal gradient 

[Three days of recording shown] 
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Fourier analysis of five minute (for MOAC) and six second (for 
MOAG) Tb recordings indicated the presence of a circadian rhythm in each 
animal. Data were analysed using a single series Fourier analysis and results 

plotted by period using transformations in which the mean was subtracted 
and detrended (see Appendix 9). Table 3.2.4 shows the amplitude of Tb, 

acrophase, and period for each adult animal. The periods are given for each 

analysis in Appendix 9. A typical Fourier analysis of Tb measurements 
from an adult male M. domes tica in the colony (ie MOAC10) and an adult 
male M. domestica in a thermal gradient (ie MOAG13) are shown in Figures 

3.2.4a and 3.2.4b respectively. Circadian rhythms were observed to be more 

pronounced in animals in a thermal gradient than those maintained at a 
relatively constant room temperature. 
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' Figure 3.2.4b Typical `Single"Series,Fourier (Spectral) Analysis of Body Temperature from an 
'Adult Opossum (1y10AG13)`maintained in a longitudinal thermal gradient 
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Figure 3.2.4a Typical Single Series Fourier (SPectral), Analysis of Body Temperature from an 
Adult Opossum (MOC10) maintained in a room at 28-30°C 
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Table 3.2.4 Analysis of Body Temperature in each Adult M. domestica: 
Amplitude, acrophase (timing of peak), and period 

[period was determined from Fourier Analysis; amplitude is the difference 
between the minimum and maximum Tb; acrophase is shown as 24-hour clock 

time] 

Animal Amplitude 

(°C) 

Acrophase Period 

(hours) 

MOAC1 6.5 22:46 24 

MOAC6 3.2 13:08 24 

MOACIO 4.6 07:11 24 

MOAC11 4.1 19:54 24 
MOAC12 4.0 21:48 24 
MOAG13 4.1 00:33; 00:45; 

0:51; 06:07 
24 

MOAG15 2.5 04:04; 04:47 24 
MOAG16 2.6 02:59 24 
MOAG17 3.0 00:20 24 
MOAG18 3.9 04:41 24 

iii) Adult and Juvenile M. domes tica 
Mean daily Tb in adults and juveniles differed. Table 3.2.5 shows the 

daily Tbs determined for each group of M. domestica. Juvenile animals 
generally exhibited a lower mean daily temperature than adults although 
core Tbs were not significantly different between the two groups (t=1.9; 

p<0.05). Tbs recorded from adults in a temperature gradient were less 

variant than those in the colony holding room. However, mean Tbs of 
colony adults and gradient adults were not significantly different (t=0.48; 
p <0.05). 
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Table 3.2.5 Daily mean core body temperatures (Tb) in adult and juvenile 
Monodelphis domes tica as determined from continuous recordings over 

successive 24 hour periods. 

Group Number 
in group 

Tb (°C) 
(X±SD) 

Minimum Maximum Tb Range 
Tb (°C) 	Tb (°C) 	(°C) 

Variance 
(°C) 

Juveniles 	6 33.2±1.04 32.4 34.8 2.4 1.1 
Adults 10 34.4±0.38 33.5 34.9 1.4 0.3 
Colony 
adults 

5 34.3±0.51 33.5 34.9 1.4 0.3 

Gradient 5 34.5±0.2 34.3 34.8 	. 0.5 0.04 
Adults 
All 16 34.0±0.82 31.8 34.9 3.1 0.7 

Circadian patterns of Tb were evident in all adult but not in all 

juvenile M. domestica with higher temperatures generally observed during 

the evening hours in both adult and juvenile animals. The range of Tb 
observed in a 24 hour period in juveniles is 1.2°C compared with 1.5°C in 
adults (1.5°C in colony adults and 1.6°C in gradient adults). Combining 
adult and juvenile temperatures produces a range of 1.1°C throughout a 24 
hour period with a mean minimum Tb of 33.4°C at 0830 hours and a mean 
maximum Tb of 34.5°C at 2115 hours. Variance of Tb for all animals was 

also increased in comparison to adult groups due to the effects of the 
varying juvenile Tbs as shown in Table 3.2.5. 

3.3 Discussion 

3.3.1 Mean Daily Core Body Temperatures 

Body temperatures recorded in this study were comparable to those 

previously reported in these species yet are somewhat lower than the 

average value of 35.5°C reported for marsupials in general (Dawson and 

Hulbert, 1970). A mean Tb of 32.6±0.4°C for male and female M. domestica 
(Dawson and Olson, 1988) is comparable to the juvenile Tb recorded in the 

current study (ie, 33.2±1.04°C). However, it is a lower finding than the 

average daily temperature of 34.4±0.38°C recorded for adults in this study. 
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These differences are probably attributable to the methodology used to 

measure the core Tb (ie rectal thermocouple versus implanted temperature-

sensitive transmitter) but cannot be conclusive as only one animal was 

analysed in this study. 

Dawson and Olson (1988) measured the rectal temperature of warm-
acclimated and cold-acclimated M. domes tica before and after experimental 
protocols. The recordings represent the Tb at that particular time of day (ie. 
afternoon) at which the measurement was taken. Given the circadian 
changes in Tb observed in mammalian species, this does not represent a 

daily average core Th. Tbs recorded in M. domestica during afternoon hours 
are lower than those measured during evening and early morning times. 

This supports the findings by Dawson and Olson (1988) for M. domestica. 

This study has demonstrated the importance of measuring Tb over a 
24 hour period in thermoregulatory studies. Using implanted temperature-
sensitive radio-transmitters to record core temperature is a more reliable 
indicator of true core body temperature than rectal temperatures measured 
at timely intervals as circadian variations are not taken into consideration by 
the latter method. Comparing individual measurements of Tb over a 24- 

hour period indicates that recordings similar to those previously reported 
from rectal measurements do exist at various circadian time periods in M. 
domestica. However, as shown in this study, within a 24-hour period Tb can 
vary by more than 2°C. 

There are significant differences in core Tb between some individuals 

of the same species due to circadian and other effects such as sleep. This 
was demonstrated in M. domes tica with recordings of average Tbs ranging 

from 31.8°C to 34.9°C. Different animals of the same species have slightly 

different "set-points" for the hypothalamic thermoregulatory system which 

is presumably due to differences in environmental and genetic influences. 

This is supported by observations seen in previous mammalian studies of 

variations in daily Tb control (Refinetti and Menaker, 1992b). It is unlikely 
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that thermal behaviour is a key influence on Tb status as recordings of Tb in 

a thermal gradient tend to be similar to Tb recordings while in a constant 

temperature room although Tb is less variant when a range of Ta are 
available to the animal. The significance of thermoregulatory behaviour in 

M. domes tica is discussed in Chapter 6 of this thesis. 

When comparing juvenile and adult M.domestica, no significant 

differences between mean daily Tb was observed which is consistent with 
previous findings in other marsupial species (Douglas, 1990). The range of 
core body temperatures adopted by animals throughout a 24 hour phase 
also did not differ significantly between adult and juvenile animals. Thus, 

core Tb range does not necessarily decrease with increasing body size as 
proposed by Aschoff (1982) at least when comparing adults and juveniles of 
the same species. This was also shown by Douglas (1990) in both 
macropodid and non-macropodid marsupials. Despite a lack of significant 
difference between juvenile and adult Tb though, there is greater variance 
between measurements from younger animals. This may be due to some 
underdeveloped thermoregulatory mechanisms in juvenile animals, 
particularly with respect to NST and hypothalamic thermoregulatory 
control. As most of the Tb measurements were done at a relatively constant 
(and high) Ta, this may also explain the lack of variability between animals 
of different body size. 

An interesting observation was the similarity between the range of 

Tbs measured from adults held at the colony temperature and those in a 

thermal gradient. Although the latter had the opportunity to selectively 
alter their core temperature through behavioural means, core temperatures 

were not significantly different between the two groups. However, variance 

of mean Tb in gradient animals was quite low in comparison to the colony 

animals indicating a possible role for behavioural thermoregulation. In fact, 

Tb results from animals in the gradient indicated the least variance while 

juvenile animals exhibited higher variance between individual animals. 

These results indicate that marsupials, like most endotherms, control their 
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Tb through physiological means however this control may be refined by 
behavioural selections of Ta. Opportunities to select preferred Ta would 

reduce the level of physiological adjustment required homeostatically to 

maintain thermogenesis. Behavioural thermoregulation will be addressed 
in more detail in Chapter 6 of this thesis. 

3.3.2 Circadian Rhythms of Core Body Temperature 

Circadian rhythms of Tb were found to be quite variable over a 24 
hour period in M. domestica, however a distinct 24-hour rhythm was 

apparent in all adult animals. This is consistent with previous observations 
of continuous Tb recordings in marsupial species. Daily Tb has been found 
to be variable in P. breviceps (Dawson and May, 1984) and in the Tasmanian 
devil, S. harrisii (Guiler and Heddle, 1974) although rhythmical patterns are 
apparent. The Tasmanian bettong, Bettongia gainardi has been shown to 
have a typical nocturnal Tb rhythm with Tbs varying in a periodicity close 
to 24 hours (Rose et al., 1990) and the American opossum, Didelphis 
virginiana exhibits a prominent 24 hour rhythm comparable to that seen in 
eutherian mammals, despite obvious variances between Tb throughout 24 
hours (Treagust et al., 1980). M. domes tica exhibited a typical 24-hour Tb 
rhythm of a nocturnal mammal. 

Juvenile M. domes tica (both lactating and weaned) may or may not 
have a distinct 24 hour rhythm with great variance between Tbs recorded 

over a 24 hour period. Pronounced juvenile circadian core Tb rhythms 

distinctly different to adults have been observed in rats but not rabbits 
(Nuesslein-Hildesheim et al., 1995). This difference may be attributed to 

differences in maternal behaviour relating to thermoregulation in rodents 
and rabbits (Hudson and Distel, 1989; Schmidt et al., 1986, 1987). Rat pups 

isolated from maternal circadian influences at 4 days of age have been 

shown to exhibit circadian core Tb phases in phase with the light cycle 

(Nuesslein and Schmidt, 1990). As marsupials are born at a stage of 

immaturity which includes a poorly developed thermoregulatory system it 
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would be expected that juvenile Tb rhythms atypical of adults would not be 

observed. 

Differences between circadian patterns of Tb in juvenile and adult M. 

domestica strongly indicates that the younger animals lack the finely tuned 

thermoregulatory system which is evident in the adult animals. All juvenile 
animals used in this study were yet to reach sexual maturity with the 

youngest animals still in the nest with their mother and siblings. These 
younger animals displayed less variant Tb recordings compared to older 
juveniles and would have used behavioural means of thermoregulation such 
as huddling to maintain core Th. Interestingly, one animal (M0J7) did show 

a 24-hour rhythm of Tb while in the nest with its mothers and siblings. This 
rhythm may be a reflection of the mother's rhythm of Tb or may indicate 
that this animal has developed its own circadian rhythm of Tb prior to 
leaving its mother at weaning. It would be of interest to determine to what 
degree this animal's rhythm was influenced by huddling as huddling is 

known to be an important contributor to thermoregulation in small 
marsupial species (eg Fleming, 1980). 

The development of an adult Tb rhythm presumably would usually 
occur some time after the animals leaves the confines of the maternal nest 
and reaches sexual maturity. This is seen in the rat where a circadian 

organisation of core Tb is entrained in the young rat once it achieves 

independent status from its mother (Kittrell and Satinoff, 1986). Post-
weaned juvenile M. domestica did not always exhibit a 24 hour rhythm 

leading to the speculation that thermoregulation matures fully well after 

separation from the mother. Two weaned animals did show a 24-hour 
rhythm of Tb atypical of adults indicating that in many cases the 

development of a regular Tb rhythm occurs once independence from the 
mother is achieved in M. domes tica. The development of thermoregulation 

in marsupials is still not fully understood although it is usually established 

by the time weaning occurs (Morrison and Petajan, 1962). 
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Levels of activity are often discussed simultaneously with changes in 
core Th. Tb rhythms have been correlated with activity levels in rodents 

(DeCoursey et al., 1998) and in marsupials such as Antechinus stuartii 
(Kortner and Geiser, 1995) and the hairy-nosed wombat, Lasiorhimus latifrons 
(Wells, 1978). During light phases low Tbs are generally observed in 

Antechinus with higher temperatures maintained during the dark phase. 

Single peaks in Tb approximately halfway through the light phase also 

correspond to bursts in activity in A. stuartii (Kortner and Geiser, 1995). It is 

highly possible therefore that peaks in Tb observed in M. domes tica in the 
nocturnal phase are related to activity. According to Gordon (1993b), the 
amplitude of the circadian temperature rhythm in rats is internally set by 
the central nervous system however motor activity can increase its 
amplitude during evening hours. Unfortunately, activity levels were not 
measured in this study but general observations of animals made during 
daylight and nocturnal hours indicate some relation between activity and 
Tb, similar to that reported in rats. 

Observations from this study indicate that M. domes tica in a thermal 
gradient selected ambient temperatures more freely during nocturnal hours 
(see Chapter 6) indicating a higher level of activity during this time period. 
This is typical of a nocturnal mammalian species and has previously been 
observed in free-living kangaroos such as the red kangaroo (Macro pus rufus) 
(McCarron et al., 2001). 

Rhythms of Tb observed in marsupials have been found to be either 

monophasic or biphasic. A biphasic rhythm of Tb has been observed in the 
wombat, V. ursinus (Peters and Rose, 1979) and biphasic patterns also 
appear evident in previous studies with P. breviceps (Dawson and May, 

1984) and Antechinus stuartii (Kortner and Geiser, 1995). Aschoff (1966) 
suggested that the basic two peak pattern of locomotor activity is a 

persistent property of the mammalian circadian oscillating system. Pickard 

et al., (1984) suggests that the body temperature rhythm in some animals is 
split in association with the splitting of the circadian rhythm of locomotor 
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activity. Rhythms of locomotor activity affect Tb rhythms in the golden 
hamster (Brown and Refinetti, 1996) and activity and Tb rhythms in the tree 

shrew, Tupaia belangeri are synchronised with a bimodal Tb rhythm 

exhibited (Refinetti and Menaker, 1992a). 

However, nycthemeral cycles of Tb in most marsupials appear to be 

unimodal (Morrison, 1965, Guiler and Heddle, 1974; Brown and Dawson, 

1977; Halse and Rose, 1988; Rose et al., 1990). This typical monophasic 

pattern is also evident adult M. domes tica and, although activity rhythms 
were not determined in this study, general observations indicate a 
synchronisation of activity with Tb levels. Activity is related to heat 
production and therefore it is plausible that some correlations between the 
two processes would exist. Metabolic heat production and its regulation are 

the underlying processes that change heat content and therefore drive deep 
body temperature. In humans, circadian changes in Tb can be explained by 
heat regulatory processes as a natural consequence of day-night changes in 
activity levels (Webb, 1995). Similar such changes can therefore be 
explained in marsupial species resulting in either a biphasic or monophasic 
pattern of core Tb regulation. 

The adult male M. domestica utilised in this study were relatively old 
which may have influenced Tb rhythms. Aged rats often exhibit reduced 

amplitudes in the circadian thermoregulatory system (Aschoff, 1966; Sacher 
and Duffy, 1978; Refinetti et al., 1990; Shemi and Kaplanski, 1995). As well 

as a weakening in amplitude, shortening in period and advancement in 
phase with desynchronisation has also been reported with aging (Myers and 

Badia, 1995). Aging is believed to be responsible for disruptions in the 

rhythmic and homeostatic components of the thermoregulatory system 

(Mailloux et al., 1999) however rats of the same age may differ in robustness 

and stability of their circadian rhythms of Tb (Li and Satinoff, 1995). Such 
individual differences were apparent in M. domestica. It is possible though 

that gradient animals exhibited greater amplitudes in Tb as they were able 
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to utilise thermoregulatory behaviour to overcome any natural weakening 
effect as a result of age. 

Circadian rhythms of Tb are not observed in juvenile M. domes tica 

and refinement of the circadian phase of Tb appears likely as they develop 

their full thermogenic capabilities. In comparison to the older M. domes tica 

used in this study, there appears significant differences between circadian 
patterns of Tb in the two age groups as older animals do exhibit a typical 24- 
hour rhythm of Th. There appears to be no reduction in amplitude of Tb 

rhythms in aged M. domestica unlike that observed in aged rats and a 

reduction in phase rather than an advancement is sometimes observed. 
These findings indicate that aging does not adversely affect circadian 

rhythms of Tb in M. domes tica. However, the animals used in this study 

were sourced from a laboratory colony and may not truly represent the 
effects of aging seen on this species in its natural habitat. 

The colony of M. domes tica was maintained at a relatively constant Ta 
(ie. 28-30°C) and exposure to a range of Tas in the thermal gradient did lead 
to some changes in Tb patterns recorded. Although not markedly different, 
the different Tbs observed in adult M. domestica in a thermal gradient does 

indicate some role of Ta in marsupial thermoregulation. This role is 
obviously generically absent in the colony as a whole but can be triggered 
when different Ta options are presented to animals. Ambient conditions can 

be utilised to avoid excess elevations or decreases in core Tb which is 
apparent in this study as the variance in Tb was reduced in gradient 

animals. Although this change in variance did not result in significant 

differences in Tb rhythms it does indicate that marsupials can select Tas to 

adjust their Tb and increase their thermoregulatory efficiency as behavioural 

control is less energy-demanding than autonomic control of thermogenesis. 

Autonomic effectors are established as the primary effectors in mammalian 

thermoregulation (eg Gordon, 1994) however it is becoming more apparent 

that behaviour with respect to Ta selection does influence Tb rhythms. 

Thermoregulatory behaviour was subsequently studied in M. domes tica in 
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this study to ascertain the relative effects of behaviour, if any, in marsupial 

thermogenesis. In addition, as the M. domestica used in this study were 

warm-acclimated laboratory animals, the ability of these animals to adapt to 
the cold is of interest. 

As hypothesised, Tb rhythms are clearly demonstrated over a 24-hour 
period in adult laboratory-bred M. domestica. However, such a rhythm is 

not always apparent in juvenile animals despite similar mean 24-hour Tb to 
adults. Core Tb is more variant in juvenile animals while adult animals 

allowed to select preferred Ta over 24-hour periods show the least variance 
in core Th. This latter observation indicates that the environment has a key 
influence on the maintenance of core Th. 

62 



CHAPTER 4  

THERMOREGULATORY RESPONSES TO COLD AMBIENT 

TEMPERATURES  

4.1 Introduction 

Ambient temperature is known to have significant effects on the 
circadian rhythms of mammalian species (eg Francis and Coleman, 1997). 

Thermoregulatory responses to extreme temperatures have been widely 
investigated in various mammalian species including marsupials (eg 
Scholander et al., 1950; Wallis, 1979). Various studies have compared the 
thermoregulatory efficiencies of warm-acclimated and cold-acclimated 
animals when exposed to a variety of ambient conditions (eg Dawson and 
Olson, 1988). In particular, smaller marsupial species have been studied and 

factors of insulative properties, the ability to enter torpor and non-shivering 
and shivering thermogenesis mechanisms have been investigated 
(Bartholomew and Hudson, 1962; Wallis, 1979, Smith and Dawson, 1984a 
and 1984b; Geiser, 1988). Many studies however have failed to consider the 
effects of extreme Ta on the circadian rhythm of Th. 

Cold ambient temperatures increase the energy demands of 
thermoregulation in mammals (Dauncey, 1990). Small dasyurid marsupials 

have been shown to maintain levels of metabolism similar to eutherians of 
comparative size when exposed to the cold (Dawson and Dawson, 1982). 

Increases in core Tb have been observed in response to the cold in a number 

of marsupials including Tasmanian devils (Nicol and Maskrey, 1980), 

bettongs (Rose et al., 1990) and wombats (Wells, 1978). However, Smith and 

Dawson (1984a; 1984b) observed no significant Tb change in Dasyuroides 
byrnei when exposed to the cold for prolonged periods of time. 
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NST occurs in BAT in small or newborn mammals where uncoupling 

protein (UCP) is used to generate heat rather than adenosine triphosphate 
(ATP) (Trayhurn, 1993). Marsupials appear to lack BAT (eg Wallis, 1979) 

although it has been reported to exist in small amounts in S. crassicaudata; by 

using an antibody to UCP (Hope et al., 1997). However, its relative lack of 
evidence in many marsupial species (Hayward and Lisson, 1992) does 

indicate its likely absence. As a result, many marsupials cannot rely on NST 

to generate heat when environmental conditions are unfavourably cool. 
Noradrenaline is the principal mediator of NST and has been shown to 
mediate NST in macropod marsupials (Nicol et al., 1997; Rose et al., 1999) 

presumably by acting on skeletal muscle as proposed by Ye et al., (1995). 

Heat production is a key mechanism in non-macropod marsupials as 
observed in warm-acclimated D. byrnei when exposed to ambient 
temperatures as low as -5°C (Smith and Dawson, 1985). Similarly, warm-
acclimated M. domes tica maintain Tb at ambient temperatures as low as 5°C 
through increased heat production and reduced conductance (Dawson and 
Olson, 1988). However, warm adapted Antechinus stuartii are unable to 
maintain a steady core Tb in the cold (Reynolds and Hulbert, 1982). 

The colony of M. domestica used in this study were laboratory bred in 
an environment maintained at 28-30°C. Thus, it was of interest to determine 
how well these animals could thermally adapt to exposure to cooler ambient 

temperatures for a period of a few days. It was hypothesised that animals 
would not adapt well to colder ambient conditions due to their heat-

acclimated states from birth and consequently would not be able to 
maintain a steady core Th. However, a subsequent exposure to colder Ta 

would show an adjustment in the thermal state of the animal resulting in Tb 

maintenance and indicate a degree of acclimation to colder temperatures. 
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4.2 Results 

Continuous Tb measurements were recorded from four adult M. 

domestica while exposed to Tas of 30°C, then 20°C and finally 10°C. MOA6 

was the initial subject and was first exposed to 30°C for ten days followed 
by exposure to 15°C for seven days as a pilot experiment. This was because 

none of the animals from the colony (from which the animals were obtained) 
had been exposed to Tas below approximately 28°C (ie warm-acclimated). 
Mean Tb was calculated at 15 minute intervals over 24 hour periods and 
circadian patterns of Tb determined using Fourier analysis. The mean daily 

Tb was also determined for each animal at each Ta as shown in Table 4.2.1. 
Figure 4.2.1 illustrates the mean daily Tb at each Ta and shows some 
differences between Tbs of individual animals at various cold temperature 
exposures. 
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Figure 4.2.1 Mean Body Temperature of four individual M.domestica at 
ambient temperatures of 10°C, 20°C and 30°C 

(means ± SD were calculated over a number of days at each ambient temperature) 

Ambient Temperature ( °C) 

—0--  MOA6 

	 MOA  10 

—0 	 MOAI I 

MOAl2 

Ambient temperature had a profound effect on Tb rhythm as 

illustrated in the typical recordings from MOAl2 in Figures 4.2.2(a-g) and 

the continuous measurements of Tb at each Ta for each animal shown in 

Appendix 4. Tbs were analysed by single series Fourier analysis and results 

plotted by period using transformations in which the mean was subtracted 

and detrended (using StatSoft STATISTICA 4.1). The effect of Ta on Tb is 

even more apparent in these Fourier transformation plots as shown for each 

animal in Appendix 9. Appendix 9 also tables the period values for each 

Fourier analysis of individual animals at each Ta. Due to the obvious 

differences observed between individuals, the results obtained were 

considered separately for each animal with respect to the presence of 

circadian cycles. 
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Figure 4.2.2a Typical Continuous Recording from an adult M. domes tica 
(MOAC12) exposed to a Ta of 30°C for the first time 
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Figure 4.2.2b Typical Continuous Recording from an adult M. domestica 
(MOAC12) exposed to a Ta of 20°C for the first time 
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Figure 4.2.2c Typical Continuous Recording from an adult M. domes tica 
(MOAC12) exposed 10°C for the first time and then exposed to 30°C for 

the second time 
'fa changed from 10°C to 30°C 

20 	11111111111111 111111111111111111111111111111111111111111111/111  

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 

Time (hours) 

Figure 4.2.2d Typical Continuous Recording from an adult M. domestica 
(MOAC12) during a second exposure to 30°C 
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Figure 4.2.2e Typical Continuous Recording from an adult M. domestica 
(MOAC12) exposed to a Ta of 20°C for a second time 
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Figure 4.2.2f Typical Continuous Recording from an adult M. domes tica 
(MOAC12) exposed to a Ta of 20°C (for a 2nd  time) and 30°C (for a 3 time) 

* Ta changed from 20°C to 10°C ' Ta changed from 10°C to 30°C 
[ • no Tb recorded due to technical problems] 
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Figure 4.2.2g Typical Continuous Recording from an adult M. domes tica 
(MOAC12) exposed to a Ta of 30°C for a third time 
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Means (X-±SD) of Tb at 15 minute intervals were determined for all 

four M. domestica and were pooled for statistical analysis using ANOVA. 
No significant differences were found between Tbs recorded at different Tas 
however significant differences were found between Tb of individual 

animals at first exposure to 20°C (F=36.3; p<0.05). In addition, significant 
differences between individual animal Tbs were found when comparing 
first exposures to 20°C and 10°C (F=27.6; p<0.05) and first exposure to 10°C 

and second exposure to 10°C (F=310.5; p<0.05). These statistics are limited 

by the small sample number used in this study. Tb results from individual 
animals and the group as a whole were therefore considered to determine 

the effects of cold ambient temperatures on mean Tbs and Tb rhythms in 

warm-acclimated M. domestica. 
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Table 4.2.1 Daily core body temperatures (Tb) of Monodelphis domestica 
as determined from continuous recordings over successive 24 hour 

periods at different ambient temperatures 

Animal No. of days Ambient Body 
analysed Temperature Temperature 

(°C) (°C) 
(Mean± SD) 

MOAC6 10 30 35.6±0.3 
7 15 35.1±1.2 
9 30 36.2±0.7 
22 20 35.6±1.0 
14 10 35.5±1.0 
54 30 35.8±0.8 
6 10 34.3±0.6 
3 30 36.0±0.6 

MOAC10 13 30 33.6±0.5 
8 20 32.5±0.3 
4 10 31.5±0.6 
27 30 33.8±1.1 
7 20 32.3±3.5 
1 10 30.2±1.1 
14 30 34.4±0.8 

MOAC11 14 30 35.4±1.2 
4 20 31.6±0.4 

MOAC12 14 30 36.3±0.4 
10 20 35.9±0.3 
3 10 34.2±1.4 
18 30 36.4±0.9 
7 20 35.7±0.4 
1 10 35.9±0.7 
18 30 36.3±0.5 
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Appendix 9 illustrates the Fourier analysis of Tb at each Ta for 

MOAC6, MOAC10, MOAC11 and MOAC12. Tables 4.2.2a-4.2.2d show the 
amplitude, acrophase (timing of peak) and period for Tb at each Ta for each 

animal. As shown by Table 4.2.2c recordings from MOAC11 were only 

achieved at 30°C and 20°C. After four days of recording this animal was 
removed from the constant temperature cabinet as it was noticed that the 

animal was not particularly responsive and was losing weight rapidly (129g 

to 120.3g). The animal died (from unknown causes) two days after removal 
from the temperature cabinet. 

Table 4.2.2a Analysis of the effects of Ambient Temperature (Ta) on 
Core Body Temperature in MOAC6: Effects on amplitude, acrophase, and 

period 
[amplitude is the difference between the maximum and minimum 

temperature recorded; acrophase is the timing of the largest peak and is shown 
in 24-hour time; period was determined by Fourier analysis] 

Ta (°C) Min. 

(°C) 

Max. 

(°C) 

Amplitude 

(°C) 

Acrophase Period 

(hours) 

30 32.8 36.0 3.2 13:08 24 

15 31.0 35.3 4.3 00:31 24 

30 32.5 36.2 3.7 20:40 24 

20 31.0 35.7 4.7 23:18 24 

10 31.1 35.3 4.2 05:26 12 

30 31.1 36.1 5.0 22:40 24 

10 30.9 33.7 2.8 21:48 24 

30 32.4 36.0 3.6 01:29 24 
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Table 4.2.2b Analysis of the effects of Ambient Temperature (Ta) on 
Core Body Temperature in MOAC10: Effects on amplitude, acrophase, 

and period 
[amplitude is the difference between the maximum and minimum 

temperature recorded; acrophase is the timing of the largest peak and is shown 
in 24-hour time; period was determined by Fourier analysis] 

*Tb recorded for only 24 hours at second exposure to 10°C therefore Fourier 
analysis irrelevant 

Ta (°C) Min. 

(°C) 

Max. 

(°C) 

Amplitude 

(°C) 

Acrophase Period 

(hours) 

30 31.6 36.2 4.6 07:11 24 

20 30.3 34.7 4.4 21:13 12 

10 28.4 34.0 5.6 02:47 48 

30 30.1 35.3 5.2 21:13 24 

20 30.2 34.0 3.8 22:26 12 

10 21.0 31.7 10.7 10:03 24* 

30 30.0 34.9 4.9 21:42 24 

Table 4.2.2c Analysis of the effects of Ambient Temperature (Ta) on 
Core Body Temperature in MOAC11: Effects on amplitude, acrophase, 

and period 
[amplitude is the difference between the maximum and minimum 

temperature recorded; acrophase is the timing of the largest peak and is shown 
in 24-hour time; period was determined by Fourier analysis] 

Ta (°C) Min. Max. Amplitude Acrophase Period 

(°C) (°C) (°C) (hours) 

30 32.7 36.8 4.1 19:51 24 

20 28.4 33.6 5.1 12:13 72 
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Table 4.2.2d Analysis of the effects of Ambient Temperature (Ta) on 
Core Body Temperature in MOAC12: Effects on amplitude, acrophase, 

and period 
[amplitude is the difference between the maximum and minimum 

temperature recorded; acrophase is the timing of the largest peak and is shown 
in 24-hour time; period was determined by Fourier analysis] 

*Tb recorded for only 24 hours at second exposure to 10°C therefore Fourier 
analysis irrelevant 

Ta (°C) MM. 

(°C) 

Max. 

(°C) 

Amplitude 

(°C) 

Acrophase Period 

(hours) 

30 33.0 37.0 4.0 21:48 24 

20 33.6 37.7 4.1 02:57 12 

10 29.4 35.6 6.2 18:27 24 

30 32.9 37.2 4.3 19:35 24 

20 32.2 36.5 4.3 01:04 24 

10 32.5 35.0 2.5 20:17 3.4* 

30 32.7 37.3 4.6 01:29 24 

Cold ambient conditions had a profound effect on all four animals 
studied. Significant differences were found between circadian Tb at 30°C 
and 20°C (t=20.0; p<0.0005: t-.2.1; p<0.05), 30°C and 10°C (t=44.4; p<0.0005: 
t=-10.7; p<0.0005), 20°C (first exposure) and 20°C (second exposure) (t=-18.1; 

p<0.0005) and 10°C (first exposure) and 10°C (second exposure) (t=-79.6; 
p<0.0005). Circadian rhythms of Tb in all four animals were affected by 
reductions in ambient temperature. At initial exposures to 30°C all four 

individuals exhibited a Tb rhythm which was equal to 24 hours. Some 

changes to this rhythm occurred at 20°C, however the type and extent of 

these changes differed in individual animals. At a Ta of 10°C, a rhythm 

between 12 and 48 hours was observed. A change of Ta back to 30°C then 

resulted in an initial disruption of the Tb rhythm which was eventually 

restored to a 24-hour cycle. In MOAC6 a change in Ta from 30°C to 15°C 

resulted in change in the circadian pattern of Tb from a monophasic pattern 
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to a biphasic pattern (with periods at 12 and 24 hours). This phenomenon 
was not seen at any other Ta or in any other animal in this study. 

Repeated exposures to lower Tas provided compelling results. 

MOAC6 exhibited a 24-hour rhythm of Tb when exposed to 10°C for a 

second time despite a disruption to Tb rhythm at this Ta during the first 
exposure period. In two animals (MOAC10 and MOAC12) in which a 

second exposure to 20°C, and subsequently, 10°C were investigated, 
interesting observations were made. MOAC12 maintained a 24-hour Tb 
rhythm at a second exposure to 20°C despite exhibiting a 12 hour rhythm 

when first exposed to this Ta. This animal then showed no distinct Tb 
rhythm at 10°C despite exhibiting a 24-hour rhythm during its first exposure 
to 10°C. MOAC10 however, showed a 12-hour Tb rhythm at a Ta of 20°C 
(during both the first and second exposures) and a rhythm of 24 hours at its 
second exposure to 10°C (compared to a 48-hour rhythm of Tb during first 
exposure to this low Ta). When the Ta was then set to 30°C, both animals 
exhibited a slight disruption in Tb rhythm but a rhythm of 24-hours was 
restored in both cases and in a shorter time than after the initial exposure 
periods to the lower Tas in the case of MOAC10. 

4.3 Discussion 

The Tb responses to cooler temperatures observed in warm-
acclimated M. domes tica show how critical Ta is to Tb maintenance. Each 
individual animal exhibited significant changes in circadian Tb when 

exposed to a Ta below 30°C (ie below the acclimation temperature). This 
indicates that warm-acclimated M. domestica respond to Ta by adjusting 
their set-point of thermoregulation. This was also suggested by Gwosdow 

and Besch (1985) who proposed that the acclimation temperatures of rats 

affects the TNZ and consequently alters the hypothalamic set-point 
temperature. The M. domestica used in this study were from a laboratory-

bred colony maintained at a constant room temperature of 28-30°C. These 
animals were therefore warm-acclimated and so they may have adjusted 
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their hypothalamic set-point of thermoregulation accordingly. 
Alternatively, the acclimation of M. domes tica may affect their thermal 

performance rather than the set-point. 

When exposed to lower Tas warm-acclimated M. domestica decrease 
their core Tb to accommodate for the change in ambient conditions. This 
has been observed previously in rats (Sugimoto et al., 1999) but is in contrast 

to previous findings in M. domestica by Dawson and Olson (1988). Dawson 
and Olson (1988) found that warm-acclimated M. domestica (acclimated to 
25-27°C) showed considerable thermogenic ability to adapt to temperatures 

as cold as 5°C for approximately 4 hours, although it was noted that some 
opossums did die at this extreme Ta. This indicates a short-term adaptation 
to the cold involving reduced conductance and increased heat production 
which may be insufficient to fulfil the long-term thermal adaptation to cold 
investigated in this study. Heat production appears to be a key mechanism 
in cold adaptation in marsupials and would involve shivering 

thermogenesis, NST and other metabolic activity. It was noted that all 
animals increased appetite as ambient temperature decreased suggesting 
that metabolic heat production was a crucial mechanism in the maintenance 

of Th. However, this investigation offers no conclusive evidence as to what 
mechanisms may have been used in warm-acclimated M. domestica in order 
to regulate Th. Smith and Dawson (1985) observed higher levels of heat 
production in cold-acclimated D. byrnei compared to warm-acclimated 
animals when exposed to very low Tas for 2.5 hours. This also suggests that 
warm-acclimated marsupials have a reduced competence for cold 

adaptation. 

It is well known that eutherian mammals are able to acclimatise to 

cold temperatures by elevating their potential for NST thus resisting the 

limiting factors imposed by chronic cold exposure (Jansky, 1973; Kuroshima, 
1993; Dicker et al., 1995). The inability of M. domestica to cope with long-

term exposures to the chronic cold suggests that NST may be absent in this 

group of warm-acclimated animals. The absence of NST has been reported 
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in the small marsupial A. stuartii (Reynolds and Hulbert, 1982) but has been 
found to occur mediated by noradrenaline in the potoroo, P. tridactylus 
(Nicol, 1978). According to Nicol et al., (1997) noradrenaline-mediated NST 

is restricted to macropod marsupials which is supported by recent evidence 

of noradrenaline-mediated NST in B. gaimardi (Rose et al., 1999). Smith and 
Dawson (1985) have suggested that endocrine factors such as thyroid 
hormones, corticosteroids and adrenalin may play a role in marsupial NST. 

The status of NST in marsupials remains controversial and this study offers 
no strong evidence of NST in M. domes tica. The major site of NST in 
eutherian mammals is BAT (brown adipose tissue) and it has been 

suggested by Hayward and Lisson (1992) that BAT is absent in marsupial 
species (although their study did not include all species including M. 
domestica). This lack of BAT in marsupials remains an area of controversy 
with evidence for BAT reported in S. crassicaudata (Hope et al., 1997). It may 
be possible that other anatomical sites such as skeletal muscle are involved 
in marsupial NST as observed in ducklings (Duchamp and Barre, 1993) and 

small mammals (Dubois-Ferriere and Chinet, 1981). Based on observations 
in B. gaimardi, Ye et al (1995) have suggested that marsupial skeletal muscle 
may contribute to whole body thermogenesis moreso than skeletal muscle in 
eutherian species. The role of NST and indeed BAT in marsupial 

thermogenesis remains one of great debate and this study although 
providing no conclusive evidence for either argument does highlight the 

need for future studies in this area of great controversy. 

Due to the circadian variations of Tb in M. domestica , and marsupials 

generally, a true picture of cold (or warm) adaptation can only be realised 
when an animal is exposed to extreme conditions for a period of at least 24 

hours. Many studies such as Smith and Dawson (1985) and Dawson and 

Olson (1988) have only considered thermogenic responses in marsupials to 

short-term exposures to very cold temperatures. This data becomes very 

limited in addressing overall thermoregulatory mechanisms to the cold 

when considering the typical fluctuations observed in marsupial Tb 

throughout a daily cycle. In addition, exposures to cold temperatures in the 
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natural habitat are more likely to be of longer duration than just a few hours. 
When exposed to 10°C M. domestica initially managed to maintain Tb at a 
relatively normal level, however after a short period (of a few hours) Tb 

decreased significantly in response to the consistently cold Ta. This 

supports the observations of Dawson and Olson (1988) but indicates 
strongly that long-term exposures to cold Ta can not be tolerated by these 
warm-acclimated animals. The Ta of an endotherm's natural habitat enables 

the animal to thermally adjust to varying temperature using physiological 
and behavioural mechanisms. Such attunement of mechanisms are lacking 
in animals acclimatised to a relatively constant Ta resulting in deficiencies in 
thermogenic capabilities. 

It has previously been suggested that mammalian core body 

temperatures in mammals rarely decrease in exposure to relatively low Tas 
as thermoregulatory mechanisms, ie heat production occurs to maintain Tb 
(Banin et al., 1994; Gordon, 1993b). However, different responses (both 

behavioural and physiological) to varying Ta have been observed in 
different rodent species (Oufara et al., 1987; Ishii et al., 1996) which are likely 
attributable to different thermogenic mechanisms being utilised to maintain 

Th. Yet, according to the findings of this study a significant drop in Tb can 
occur in South American opossums when environmental temperatures 
decrease. This can be explained by the acclimation of these animals to a 
relatively warm and constant external environment since birth. This will 
have limited the ability of the animals to develop thermoregulatory 

mechanisms to adapt to changing ambient conditions. It is obvious that a 
larger range of Ta experienced by an endotherm in a natural environment 

enables the animal to thermoregulate more effectively using physiological 

processes when exposures to extreme temperatures are experienced. The 

animals used in this study could utilise physiological processes such as 

increased heat production to maintain Tb for a short time in response to the 
cold. However, due to the conditioning of the thermoregulatory processes 

in these animals to warm environments only, long term tolerance to cold Tas 
could not necessarily be maintained. 
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The inability of warm-acclimated M. domestica to thermoregulate 

effectively in a cold environment was readily observed in the dramatic 

change to the normal circadian pattern of Th. A change in Ta from 30°C to 
15°C resulted in a change from a monophasic Tb pattern to a biphasic Tb 

cycle in one animal. This dramatic change in cyclic variations of Tb is due to 
the profound difference between the two Tas and indicates some adaptive 

abilities in thermoregulation as well as highlighting the importance of the 
environment in thermogenesis. 

Changes in Tas of 10°C and 20°C did produce different Tb results in 
individual animals however some common effects are apparent from the 
limited data collected in this study. M. domestica appear to maintain their Tb 

rhythm as a 24-hour cycle for at least a short time period at low ambient 
temperatures. It is also apparent that an exposure to a lower than normal Ta 
(ie 20°C) followed by an exposure to an even lower Ta (ie 10°C) does 
provide these animals with some opportunity to adjust and prepare their 
thermoregulatory system for cold environments. This adjustment to 

thermogenesis is essential and presumably must also involve an adjustment 
of the control system, ie the thermoregulatory set-point proposed to be 

located in the hypothalamus (eg Osborne and Refinetti, 1995) and various 
heat-gaining processes. This adjustment to the set-point of 
thermoregulation is proposed to occur as all animals showed initial 
disruptions to Tb rhythms when returned to a Ta of 30°C after exposure to 
colder temperature environments. This disruption involved the re-setting of 
the hypothalamic set-point to a normal homeostatic range and indicates that 

while changes to thermogenesis are essential, the control system is also 
affected. 

Repeated exposures to lower ambient temperatures produced 

interesting results in M. domestica. In one animal (MOAC12) an adjustment 

to a Ta of 20°C upon second exposure was apparent as a 24-hour Tb rhythm 

was maintained. A second animal (MOAC10), however, showed a 
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thermoregulatory adjustment to a Ta of 10°C again through the maintenance 

of a 24-hour Tb rhythm. Both animals spent 7 days at 20°C and one day at 

10°C so the time of exposure to the Ta cannot be considered as a major factor 
for these differences between animals. However, the animal best adapted to 

a Ta of 20°C did spend longer exposed to 20°C during the first exposure 

period. Similarly, the animal able to maintain a 24-hour rhythm at 10°C 
spent longer at that Ta during the initial exposure period. This is also 
apparent when considering the results of a third animal (MOAC6) in which 

a 6 day exposure to 10°C had no effect on the regular 24-hour rhythm of Tb 
despite no rhythm of Tb at an initial exposure to a Ta of 10°C for 14 days. 

Time factors therefore may play an important role in allowing an animal to 
adjust to an extreme change in Ta by desensitising the hypothalamic 

thermoregulatory system and allowing heat loss and heat production 
mechanisms to be modulated. Conductance, evaporative heat loss and heat 
production all significantly increase with a concurrent unchanged Tb in D. 
byrnei when exposed to the cold for a prolonged period (Smith and Dawson, 
1984). The limited data collected in this study are certainly supportive of 
such a theory and is applicable as it provides a mammal with the ability to 
cope at lower Tas if subsequent exposures do occur. This may be required 
for the ultimate survival of the species. 

Of further consideration in relation to the results obtained for M. 
domes tica is the age of the animals used. Biological aging has been shown to 
impair thermoregulatory mechanisms in the cold due to an increased heat 
loss and decreased heat production (Florez-Duquet and McDonald, 1998) 

although the precise mechanisms involved are yet to be defined. The 
animals used in this study were all considered to be aged as they were 

beyond typical reproductive age and the oldest animals in the established 

laboratory colony. These animals were chosen as they were no longer 

required for breeding purposes and due to quarantine regulations females 

could not be removed from the colony. Reductions in insulative properties 

of body fat, reactive tone of cutaneous musculature, skeletal muscle mass, 

and metabolic activity may be partially or totally involved in the impaired 
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tolerance to the cold observed. The effects of aging on physiological 
mechanisms such as thermogenesis have not been previously investigated in 

marsupials but it is evident from this study that mechanisms may well 

become less effective with aging. 

As hypothesised, the warm-acclimated M. domes tica investigated in 

this study did show some difficulties in thermogenic adaptation to the cold 
(which may or may not be age-related). However, thermoregulatory 
adjustments were noted in subsequent exposures indicating that 
thermoregulation in marsupials, and mammals generally, relies on thermal 

experiences as well as in-built physiological mechanisms. The 
environmental temperature, although not necessarily a key factor in the 

ability to thermoregulate, may modify adaptive thermogenic capabilities 
despite initial disruption in circadian cycles of Tb. Another modifier of 
thermoregulation and a key regulator of mammalian thermoregulation are 
the thyroid hormones. The thyroid status of marsupials has been 
investigated in some species such as M. eugenii (Kaethner and Good, 1975), 
P. tridachilus (Nicol, 1977), I. macrourus (Hulbert and Augee, 1982), 
Tachyglossus aculeatus (Hulbert and Augee, 1982) and A. stuartii (Withers and 
Hulbert, 1988) but is unknown in M. domes tica. 
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CHAPTER 5  

THYROID ACTIVITY IN Monodelphis domes tica 

5.1 Introduction 

Secretions from the thyroid gland are known to influence energy 

metabolism and consequently body temperature in mammalian species. For 
example, the thyroid controls variations in metabolic rate during normal rat 
thermoregulation (Whitaker et al., 1990). Due to their lower metabolic rates 
it would be expected that marsupials would have much lower blood 
concentrations of thyroid hormones than their eutherian counterparts. 
Indeed, total plasma thyroxine concentrations have been found to be much 

lower in marsupials than in eutherians (eg Setchell, 1974) however, free 
thyroxine levels (which relates to the physiologically active fraction) is 
comparable between eutherian and marsupial species (eg Nicol, 1977). 
Furthermore, according to Hulbert and Augee (1982), thyroid activity is 
relatively similar in eutherians and marsupials despite marsupials having 
somewhat lower levels of metabolism. 

The thyroid gland secretes thyroxine (T 4) and triiodothyronine (T 3) 

which principally act to stimulate metabolic rate and promote growth. 
Acute exposure to cold and regular physical activity have been shown to 
increase thyroid activity dramatically in association with a large increase in 

metabolic rate in eutherians (eg Tomasi, 1991) and marsupials (Withers and 

Hulbert, 1988). Similarly, heat exposure and aging depress thyroid activity 

in eutherians (Tomasi, 1991) however this has not yet been observed in 

marsupials. 

Total T4  and total T3  plasma concentrations in M. domestica were 

investigated in this study and comparisons made to levels previously 

reported in marsupials. It was hypothesised that total T4  and total T3  levels 
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in M. domes tica would be lower than the levels of these hormones in similar-
sized eutherian mammals. In addition, it was hypothesised that the levels of 

total T4  and total T 3  would increase when warm-acclimated M. domes tica 
were exposed to cold Ta (ie less than 30°C) for extended time periods. 

5.2 Results 

A mean plasma concentration of 23.9±1.5nmol/L was recorded for 

total T4  and 1.5nmol/L-±0.3 for total T3  in M. domestica. Plasma levels of T4  

ranged from 21.6nmol/L to 23.0nmol/ L in MOAG (adult males in a 
gradient), 22.2nmol/L to 23.4nmol/L in MOAC (adult males in the colony), 
23.9nmol/L to 25.0nmol/L in MOAF (adult females in the colony) and 
24.1nmol/L to 26.8nmol/L in MOJC (juvenile males in the colony) as 
illustrated in Table 5.2.1. 

Differences observed between T 4  levels in adult males in the gradient 
and adult males in the colony were significant (F=12.0; p<0.05). A 
significant difference between juvenile and adult plasma T 3  concentrations 
(F=24.8; p<0.01) and adult males and adult females in the colony (F=24.9; 

p<0.01) was also established. Both juveniles and adult females show 
similarly high levels of T4  with no significant difference between the 
measurements from each group (F=1.8; p>0.05). Figure 5.2.1 illustrates the 
T4  levels measured in all adat and juvenile M. domestica. 
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Table 5.2.1 Total plasma concentrations of thyroxine (T4 ) and 
triiodothyronine (T3) in male and female M. domestica maintained at 
colony temperatures (28°C-30°C) or in a thermal gradient (10°C-40°C) 
[MOAC =males maintained in the colony; MOAF = females maintained in the 

colony; MOAG = males maintained in a thermal gradient] 

Animal T, level T3  level 
(nmola) (nmol/L) 

MOJC2 25.4 1.7 
MOJC3 24.1 1.8 
MOJC4 25.1 1.6 
MOJC5 25.4 1.8 
MOJC7 26.8 1.6 
MOJC8 26.1 1.8 
MOJC9 24.4 1.6 

Mean±S.D 25.3±1.0 1.7±0.1 

MOAC1 23.4 1.6 
MOAC6 23.0 1.6 
MOAC10 22.9 1.3 
MOAC14 22.2 1.2 
Mean±S.D 22.9±0.5 1.4±0.2 

MOAF1 24.8 1.4 
MOAF2 23.9 1.4 
MOAF5 25.0 1.9 
MOAF6 24.9 1.7 

Mean±S.D 24.6±0.5 1.6±0.2 

MOAG13 21.8 0.9 
MOAG15 22.0 1.1 
MOAG16 21.6 1.0 
MOAG17 22.2 1.2 
MOAG18 23.0 1.3 
Mean±S.D 22.1±0.6 1.1±0.2 

Total plasma concentrations of T3  were also found to be significantly 

lower in gradient males compared to colony (F=7.2; p<0.05). Similarly, 
significant differences were found between T3  measurements in juveniles 

and adult animals (F=12.9; p<0.01) held in the colony. Adult females like 
juveniles have slightly higher levels of T3  than adult males in the colony and 

this difference is significant (F=6.0; p<0.05). Similarly no significant 
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Figure 5.2.1 Total T, levels measured in all adult and juvenile 
M. domestica in a colony and adult M. domestica while in a thermal 

gradient 
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difference is seen between the adult females and juveniles with respect to 
total plasma T 3  concentrations (F=0.9; p>0.05). 

Total T3  levels in MOAG ranged from 0.9nmol/L to 1.3 nmol/L 

compared to 1.2nmol/L to 1.6nmol/L in MOAC. Female M. domestica 
(MOAF) exhibited a range of 1.4nmol/L to 1.9nmol/L and juveniles 

indicated consistently higher levels of plasma T3  with a range of 1.6nmo1/1 

to 1.8nmol/ L. Table 5.2.1 illustrates relative T3  measurements for each 

animal. Figure 5.2.2 illustrates the levels of total T3  recorded for each group 

analysed. 
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Figure 5.2.2 Levels of T 3  in adult and juvenile M. domestica in a 
colony and adult M. domestica in a thermal gradient 
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Plasma concentrations of T4  and T3  were determined from blood 

samples from a single animal, MOAC6 at 10°C and 20°C and are shown in 

Table 5.2.2. Additional blood samples were not obtained from other animals 

subjected to cold temperatures due to an inability to successfully obtain 

blood via cardiac puncture in these animals without  killing  them. Thyroid 

hormone levels were noted to increase as environmental temperature 

decreased in MOAC6. The thyroid hormone concentrations measured at 

10°C were higher than those recorded at 20°C and 30°C as illustrated in 

Figures 5.2.3a and 5.2.3b. 

T3
  L

ev
el

 (a
m

ai
n

)  

86 



0
 

0
 

(inolan)I&
AW

C C
j 

v.? 

O
C 

oz 

Ambient  Temperature  (°C)  

T3  level (nmol/L)  

0  T4  Level (nmol/L)  

(7
/1"

rtc)  

O
T 

: 

:**.::
::•••••••••  • 

• • 

%
v
....V

...  •  •• 
•••••• •.•.••  • • • • • 	

• "
  • 

:*** 

••••••:-::::....%
•:•:..*.::::.:.•••••  • • 



Table 5.2.2 Thyroid hormone levels (T, and T 3 ) in an adult M. domes tica 
exposed to environmental temperatures of 30°C, 20°C and 10°C. 

Environmental temperature 	T4  level 	 T3  level 
(°C) 	 (nmol/L) 	 (nmol/L) 
30 	 23.0 	 1.6 
20 	 32.6 	 1.8 
10 	 41.6 	 1.8 

5.3 Discussion 

In this study, total plasma thyroid hormone levels in M. domes tica 
were determined by radioimmunoassay methods. These levels were found 
to be higher than those found, using comparable methods, in the adult 
tammar wallaby, Macro pus eugenii (Janssens et al., 1990). Such differences 
may be explained by the larger size of M. eugenii resulting in a lower 
metabolic rate and therefore a lower level of thyroid activity. As a small-
sized marsupial M. domestica typically exhibits a relatively high metabolic 
rate and would be expected to have high blood concentrations of thyroid 
hormones in accordance with this increased level of energy metabolism. T4  
secretion rates measured in a smaller marsupial species, Antechinus stuartii 
have been shown to increase with increases in energy metabolism (Withers 
and Hulbert, 1988). The high total T4  and T3  levels found in M. domestica are 
therefore not surprising given the small size of this marsupial. Heat 
exposure has been found to depress plasma thyroid hormone levels in rats 

(Shido et al., 1993). This does not appear to be the case for warm-acclimated 
M. domestica. 

Unfortunately, thyroid hormone levels have not been measured in a 
similar-sized marsupial species to M. domestica although secretion rates have 
been reported for A. stuartii (Withers and Hulbert, 1988). Hulbert and 

Augee (1982) reported total T4  levels of 22.0 ±1.6nmola and total 13  levels of 

1.5±0.2nmola, in .the bandicoot, Isoodon macrourus and Nicol (1977) reported 
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total T4  levels equivalent to 24nmol/L in P. tridactylus. Total T4  levels of 
3.2nmol/L and 12.2nmo1/1 have been measured in P. cinereus (Lawson et al., 
1996) and M. eugenii (Janssens et al., 1990) respectively. Total plasma 
thyroid hormone levels measured in M. domestica therefore correlate fairly 
well with thyroid hormone concentrations previously measured in other 
small marsupial species. 

Interestingly in this study, there were some differences observed 
between thyroid hormone levels (particularly thyroxine) measured in 
animals maintained at a constant temperature in the colony and animals 
exposed to a gradient of temperatures which enabled them to behaviourally 

seek environmental temperatures according to their thermoregulatory 
requirements. This is despite no statistical difference between daily body 
temperatures of these animals (see Table 3.2.3). It is possible that the 
gradient animals chose to use temperature seeking behaviour to modulate 
their body temperature thus reducing the necessity to rely on thyroid 
hormones to modulate metabolic activity. As thyroid levels and 
thermoregulatory behaviour have not previously been measured 
simultaneously in any mammalian species it is difficult to ascertain any real 

results from this observation however it does suggest the importance of 
behaviour in thermoregulation in marsupials. The use of autonomic 
effectors to regulate thermogenesis may be the basis of marsupial 
thermoregulation but the use of temperature-seeking behaviour is a major 
contributing factor to the homeostasis of marsupial body temperature. This 
will be further discussed in Chapter 6. 

Another explanation for the differences observed in total thyroid 

hormone concentrations in colony and gradient animals may be related to 

the age of the animals used. This is supported by the observation that 
juvenile animals had consistently higher levels of plasma thyroid hormone 

concentrations than older animals of the same gender. The mean age of the 

adult male animals in the colony at the time of cardiac puncture was 714 

days compared with 1006 days for the gradient animals although there was 
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much variance between individual ages between each group. According to 

Tomasi (1991) aging depresses thyroid activity and results in generally 

lower levels of metabolism typically seen in older animals. Thyroid 

hormone production is lowered with age in humans (Barzel, 1989) and aged 

rats show a reduced level of cerebral tissue responsiveness to thyroid 
hormones (Mooradian et al., 1998). The animals utilised in the thermal 
gradient in this study were older animals (generally past reproductive age) 

and thus it is highly likely that this had some influence on their general 
thyroid status. As a consequence, lower thyroid levels were noted in the 
gradient animals as thyroid hormone production is decreased as a 

consequence of the aging process. However, juvenile and adult M.domestica 
did not differ significantly with respect to levels of Tb regulation despite a 
lack of circadian control of Tb in juveniles (see Chapter 3). Therefore any 
loss of thyroid control was not influential in altering the Tb rhythm of the 
aged animals in the gradient. It is likely that these animals were able to seek 
certain Ta to modulate their Tb rhythms and account for any loss in 
autonomic thermoregulation due to depressed thyroid activity. It is also of 
interest to note that significant differences were observed between T3  levels

in juveniles and adults but not between adult and juvenile T4  levels. 

Gender has been identified as another influencing factor affecting 
thyroid hormone levels in other mammals and is seen to have some 
influence on total 14  and total T 3  levels in this study of M.domestica. Females 
had significantly higher levels of total T4  and total T 3  than males held in 
similar environmental conditions. This reflects a higher level of metabolism 

in females which is known to increase during reproduction (Thompson and 
Nicoll, 1986; Harder et al., 1996). Alternatively, the different levels of 

thyroid hormones in individual animals may reflect differences in binding 
protein levels. 

According to Fukuhara et al., (1996), exposure to the cold activates 

the hypothalamo-pituitary-thyroid system in rats leading to increases in 

thyroid secretions. However there is no clear evidence which links 
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increased thyroid hormone metabolism on short-term cold exposure to 
changes in resting metabolism (Dauncey, 1990) and according to Mory et al., 

(1981) there is a limited role for thyroid hormones during cold exposure in 

rats. However, an increase in plasma TSH concentration followed by an 
increase in plasma T3  and T4  levels is a commonly observed reaction to cold 
exposure (Arancibia et al., 1996). The limited data obtained in this study 
from one male M.domestica at three different environmental temperatures 
illustrates that at lower ambient temperatures, T3  and T 4  levels increase 
greatly. Similar observations have been observed in the marsupial, 
Antechinus stuartii (Withers and Hulbert, 1988) in which large increases in 
thyroid activity and metabolic rate were found following cold acclimation at 
a Ta of 5°C compared to a warm acclimation at a Ta of 25°C. This supports 
the theory that acute exposure to cold results in thyroid stimulation and an 

increase in the secretion of thyroid hormones in marsupials which can then 
be maintained at prolonged exposures to cold due to the absence of BAT 
(Hayward and Lisson, 1992) and noradrenaline-mediated NST in small 
marsupials (eg Dawson and Olson, 1988). According to Guernsey and 
Edelman, (1983) thyroid hormones play a significant role in the NST 
component of cold adaptation in mammals and Li et al., (2001) have recently 
shown that thyroid hormones contribute to cold adaptive thermogenesis in 
small mammals. Obviously, the limitations of the data in this study prevent 
this evidence from being conclusive but nevertheless highlight the 
importance of thyroid activity in thermoregulation in marsupials. 

Thyroid hormones have been implied to have a significant role in the 
NST component of the adaptation to the cold (Guernsey and Edelman, 

1983) although Triandafillou et al (1982) found that it is unlikely that thyroid 

hormones are mediators in BAT changes during cold acclimation in rats. A 

limited role of thyroid hormones as a mediator for BAT responses during 

cold adaptation has been proposed by Mory et al., (1981). The immediate 

response to cold exposure involves the secretion of TSH from the anterior 

portion of the pituitary gland (Reichlin et al., 1972) possibly involving the 
hypothalamus releasing TRH (eg Evans and Ingram, 1974). However, upon 
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initial exposure to the cold, Tb does not decrease and may even increase. 

Hypothermia only occurs in very severe cold exposure when the normal 

homeostatic thermoregulatory mechanisms fail (Dauncey, 1990). 
Laboratory-bred M. domestica does not thermoregulate well in the cold 
according to the evidence of this study yet thyroid hormones appear to 

increase to facilitate thermoregulation in the cold. Whether this is related to 
NST or some other physiological mechanism is unknown. 

It is apparent that the thyroid gland has a role in marsupials 

thermoregulation, and increases its secretions in order to increase 
metabolism (and heat production) and consequently Th. This is seen in both 
adult and juvenile M. domestica highlighting the importance of this 
endocrine gland in marsupial thermoregulation and mammalian 

thermoregulation generally. However, it is important to remember that the 
levels measured in this study were total plasma concentrations and 
therefore were affected by the concentrations of plasma thyroid-binding 
proteins and their affinity for T4  and T3 . Obviously, other physiological 
adjustments also form the basis of a marsupial's ability to thermoregulate 
and behaviour may also play a role in thermogenesis in these unique 
mammals. 
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CHAPTER 6 

BEHAVIOURAL SELECTION OF AMBIENT TEMPERATURES 

6.1 Introduction 

Behaviour is one of the fundamental mechanisms by which animals 
can regulate Tb irrespective of their autonomic mechanisms of 
thermoregulation. Behavioural thermoregulation has been shown to be a 

remarkably sensitive mechanism in many animals which functions to 
respond immediately to changes in Ta before major changes in internal Tb 
occur (Adair, 1976; Schmidt, 1978; Gordon, 1983b). This results in 
efficiencies in energy balance by reducing the occurrence of autonomic 
responses and compensates for insufficiencies of thermoregulatory 
mechanisms (such as panting) in the maintenance of thermal homeostasis 
(Schmidt, 1984). 

Daily temperature rises observed in endotherms correspond to a 

regulated elevation in thermal set-point (Hensel, 1981) with daily 
fluctuations in Tb assumed to be the consequence of a daily fluctuation of 
the thermoregulatory set-point (Aschoff, 1970). Thermoregulatory 

behaviour is a valuable tool in the determination of whether observed 
changes in body temperature are due to a shift in this thermal set-point 
(Satinoff and Henderson, 1977). Such shifts are often used to explain 

regulated changes in Tb during hypoxia (Wood, 1991) or fever (eg Florez-

Duquet et al., 2001). Indeed, one would expect that animals would tend to 
select higher Tas when their Tb is elevated and lower Tas when their Tb is 

decreased if the thermal set-point is shifted. 

The use of behaviour to control core Tb is well documented for 

ectotherms as this is the main means of thermoregulatory control in these 

animals (eg. Sievert and Paulissen, 1996). In endotherms, the selection of 
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preferred ambient conditions has also been investigated, particularly in 

rodents. Some rodents appear to select ambient temperatures over a 

circadian cycle that follow a similar pattern to the circadian phases of core 

Tb (eg Scales and Kluger, 1987) while others select temperatures which are 
180 0  out of phase with core Tb cycles (eg Refinetti, 1995b; Refinetti, 1996). In 

many cases, rodents select Tas that closely reflect their metabolic TNZ 
(Gordon, 1993b). Similarly, birds tend to select Tas that are within or just 
below the TNZ (Budge11, 1971; Laudenslager and Hammel, 1977). 

The ability to behaviourally select preferred Tas is present at birth in 

small mammals such as rats and mice (Ogilvie and Stinson, 1966; Eedy and 
Ogilvie, 1970; ICEeitman and Satinoff, 1982) although the importance of this 

behaviour in thermoregulation somewhat diminishes as physiological 
mechanisms mature (Leonard, 1974). This reduced need for behaviour may 
be a characteristic of laboratory-bred animals rather than animals in their 
natural habitats. As shown by Hofmeyr and Louw (1987) free-ranging 
springbok (Antidorcas marsupialis) rely less on autonomic thermoregulation 
when they have access to behavioural thermoregulation. The environment 
has been shown to play an important role in adaptive thermogenesis, in 
many free-living species including humans (eg Shido et al., 2001). 
Restrained animals and animals kept in artificial environments are deprived 
of normal thermoregulatory behaviour including interactions with other 
animals and the use of varying environmental conditions. 

In adult mammals, thermoregulatory behaviour is utilised 

particularly during heat and cold stress (Stinson and Fisher, 1953; Gordon, 

1983a; Schmidt, 1984; Morimoto et al., 1986) although this utilisation during 
exposure to these stressors becomes impaired with age (eg Owen et al., 

1991). The selected Ta of mammals has also been shown to be unaffected by 

age; this has been shown in humans (Collins et al., 1981) and rats 

(Jakubczak, 1966; Owen et al., 1991). According to Sugimoto et al., (1999) 

behavioural thermoregulatory function in rats can also be altered by heat 

acclimation although this does depend on the method of heat exposure. 
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Behaviour, therefore, appears to be utilised to some degree by endotherms 
of all ages especially while physiological mechanisms are unable to maintain 
normal Tb effectively. 

The role of behaviour in thermoregulation in marsupials has seldom 

been determined with respect to Selected Ta. Song et al., (1998) reported 
that S. macroura select high Ta near the TNZ during both torpor and 
normothermia to reduce energy costs. In this study, Selected Ta was 
determined in laboratory-bred M. domestica using a thermal gradient while 
simultaneously measuring core Th. It was hypothesised that M.domestica 
would select Tas in a circadian pattern which closely reflected their 
circadian patterns of Th. This would support the theory that behaviour is a 
component of the proposed set-point theory of mammalian 
thermoregulation. 

6.2 Results 

Recordings of continuous measurements of selected Ta for each M. 
domestica are given in Appendix 5. Recordings of selected Ta were 
significantly different between different animals (F=1750.1; p<0.05). A 
typical three day recording from a M. domestica after 24 hours to allow the 
animal to acclimatise to the thermal gradient is shown in Figure 6.2.1. 

The mean daily selected Ta and core Tb was determined for each M. 
domestica as shown in Table 6.2.1. Interestingly, MOAG18 which had the 

highest mean core Tb selected a lower mean Ta and MOAG15 and MOAG17 
with the lowest core Tbs had the higher mean selected Tas. 
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Figure 6.2.1 Typical Continuous Recording of Preferred Ambient 
Temperature (Ta) of an adult M. domestica (MOAG13) while in a 

longitudinal thermal gradient 
[one day of recording is shown; recordings made every 6 seconds] 
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Table 6.2.1 Mean Core Body Temperature (Tb) and Selected Ambient 
Temperature (Ta) of M. domestica while in a Thermal Gradient for three 

days 

Animal Core Tb (°C) Selected Ta (°C) 
(X± SD) (X±SD) 

MOAG13 34.5±0.5 29.7±3.8 
MOAG15 34.3±0.6 30.4±2.3 
MOAG16 34.6±0.4 29.2±2.6 
MOAG17 34.3±0.6 31.4±3.1 
MOAG18 34.8±0.6 28.7±3.7 
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A histogram of selected Ta versus number of observations for all five 

M. domes tica shows a distribution with a slightly positive skew and a mean 

preference of 29.9±1.1°C (Figure 6.2.2). The number of observations at each 

Ta for each M. domes tica are shown in Figures 6.2.3 (a-e). 

Figure 6.2.2 Mean frequency of responses to preferred ambient 
temperature in M. domestica (n=5) 
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Figure 6.2.3a Frequency of responses to selected ambient temperature in 
MOAG13 
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Figure 6.2.3b Frequency of responses to selected ambient temperature in 
MOAG15 
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Figure 6.2.3c Frequency of responses to selected ambient temperature in 
MOAG16 
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Figure 6.2.3d Frequency of responses to selected ambient temperature in 
MOAG17 
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Figure 6.2.3e Frequency of responses to selected ambient temperature in 
MOAG18 
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Fourier analysis of all recordings for each animal indicated the lack of 

a distinct circadian rhythm of selected Ta (see Appendix  10  for examples of 

analysis plots). Data were analysed using a single series Fourier analysis 

and results plotted by period using transformations in which the mean was 

subtracted and detrended. Table 6.2.2 shows the amplitude of selected Ta, 

acrophase (timing of peak), and period for selected Ta in each M. domestica. 

A period of 24 hours was determined for selected Ta  in  MOAG16 and 

MOAG18 although this was not as well defined as the 24-hour rhythm of Tb 

seen in these animals. In addition, MOAG18 also exhibited strong periods 

at 7, 14, 18 and 36 hours. The periods for each Fourier analysis of selected 

Ta can be found in Appendix 10. 
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Table 6.2.2 Analysis of Selected Ta: Amplitude, acrophase (timing of 

peak), and period of selected Ta in M. domestica 
[period was calculated by Fourier analysis; amplitude is the difference 

between the maximum and minimum Ta selected; acrophase is given in 24-hour 
time] 

Animal Amplitude Acrophase Period 

(°C) (hours) 

MOAG13 21.5 04:58 48 

MOAG15 19.0 05:35 36 

MOAG16 20.5 02:09 24 

MOAG17 21.4 21:56 36 

MOAG18 20.3 16:53 24 

6.3 Discussion 

Thermoregulation in mammals is a complex control process 
involving many effector mechanisms. Each effector involved in the control 
of core Tb is influenced by the Ta. However, many studies of 
thermoregulatory control in mammals have failed to address the influence 
of Ta on thermogenic mechanisms instead concentrating mainly on 

physiological effectors and their roles. Selected Tas have been investigated 
in a number of endotherms and ectotherms but often the experimental 
evidence has been limiting due to the short duration of the observations of 
animals in thermal gradients. As Tb alters over a circadian cycle of about 24 

hours in most animals, selected Ta may also be subject to such variations 

and cycles. Rhythms of temperature selection have been observed in 

various mammals particularly rodents (eg Gordon, 1994), but the 

physiological significance of these rhythms is yet to be determined. 

According to this study, M. domes tica do select various Tas 

throughout a 24 hour period as previously observed in the rat (Refinetti and 

Horvath, 1989). However, no distinct rhythm of Ta preference is clearly 

101 



recognised in M. domestica. There was a tendency for all M. domestica to 
spend the majority of their time in the centre of the gradient rather than at 

the extreme ends of heat or cold. Food was placed in this central area of the 

gradient which may attribute to this finding however animals were 

randomly observed in the gradient during the daylight hours and were 

often found to be sleeping in the central regions of the gradient and 
occasionally favouring one particular end. This form of behaviour has also 

been observed in deer mice (Stinson and Fisher, 1953). Unlike deer mice, 
however, M. domestica do spend some time at the extreme ends of the 
thermal gradient particularly when they are most active during the evening 
hours. This was also observed in the P. breviceps. A pilot experiment of the 
study involved placing food at either end or in the middle of the gradient 
and no changes in behaviour were evident. It was found that animals had 
the best access to all regions of the gradient by placing the food in the centre 
and so this was the position chosen for all experiments. 

The lack of rhythmicity in temperature selection generally observed 
in M. domestica is not totally unusual as not all eutherians have been shown 
to display rhythms of temperature preference. Evidence of daily rhythms of 

temperature selection have previously been found in rodents such as rats 
(Briese, 1985; Gordon, 1994), hamsters (Gordon et al., 1986; Refinetti, 1995a; 
Refinetti, 1995b) and the Chilean degus (Refinetti. 1996) but not in ground 
squirrels (Refinetti, 1995a). It was suggested by Refinetti (1995a) that this 
lack of Ta rhythm in the ground squirrel was related to its diurnal activity 
and that in contrast, nocturnal endotherms do exhibit a robust daily rhythm 
of Selected Ta which is 180 0  out of phase with their rhythms of core Th. This 
does not explain observations from this study. 

M. domes tica is a nocturnal marsupial and was expected to show a 
distinct rhythm of selected Ta as seen in nocturnal eutherians. The absence 
of such a pronounced rhythm in M. domes tica may be attributed to the fact 
that the animals were bred and maintained in a colony at a relatively 

constant Ta. This will have altered the ability of the animal to utilise 
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environmental conditions for thermal homeostasis as part of 
thermoregulatory development from a young age. Huddling contributes 

significantly to thermoregulation in small marsupial species such as P. 

breviceps (Fleming, 1980). Whether such a behavioural strategy is utilised by 

M. domes tica is not reported in the literature, although likely due to the small 

size of the species and the fact that the young develop in a nest where 
huddling while they are newborn ectotherms would be of great benefit to Tb 

control. 

The use of Ta in marsupial thermoregulation cannot be disregarded 
as a mechanism in overall thermoregulation despite the less than convincing 
results of this study. Many rhythms of Ta selection previously reported in 
rodents are out of phase with the simultaneous rhythms of Tb indicating 

that Ta may oppose rather than modulate core Tb (eg Refinetti, 1995b). This 
has also been observed in male human subjects (Shoemaker and Refinetti, 
1996). This out of phase pattern was not observed in M. domestica but as the 

animals did not just select the Ta that they were accustomed to in the 
colony, the study does suggest that the availability of a range of Ta did have 
some impact on the animal and possibly its thermogenesis. 

According to Smith and Fisher, (1956), a thermal gradient of a 
constant temperature can result in restlessness with varying degrees of 

activity observed. Confinement within the thermal gradient may have 
caused restlessness in the animals studied although they were sourced from 

a colony where they were maintained in confined enclosures at a relatively 
constant room temperature. It would have been of interest to study the 

animals in the thermal gradient when it was set at a constant temperature 

throughout. Observations from a single P. breviceps in our laboratory have 

suggested that restlessness is a common occurrence when an animal is 

placed in a constant temperature gradient. This may be an indication of a 

reduction of thermal comfort in this animal especially as huddling is a 

common thermoregulatory strategy used by P. breviceps. 
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The range of Ta selected by endotherms is quite variable. The 
selected Ta range of birds is within or just below the TNZ (Budge11, 1971; 

Laudenslager and Hammel, 1977). Rats select Tas as low as 19°C (Gordon, 

1988; Refinetti and Horvath, 1989) and as high as 32°C (Refinetti and 

Carlisle, 1986a), guinea pigs have been found to select 30.6°C (Gordon, 1986) 

and mice 30.9°C (Gordon, 1985). Differences in selected Ta exist between 
different strains and species, which are either real or attributable to 
acclimation. Refinetti and Horvath (1989) indicated that intrasubject 
variability of selected Ta in rats was significantly lower than intersubject 
variability. Thus, animals of the same species may show marked differences 

in selected Ta while remaining relatively consistent with respect to their 
own individual preferences. This is seen in marsupials with some 
consistencies in data from days of individual animals but obvious 
differences observed intraspecifically between individual M.domestica where 
mean selected Ta ranges from 29.2°C to 31.4°C. Unlike autonomic functions 
behaviour is therefore a highly individual-specific parameter of 
thermoregulation. 

Results from rats conflict with those of other endotherms with respect 

to thermoregulatory behaviour. According to Gordon (1993b), guinea pigs 
select Tas near the upper end of the TNZ, hamsters, mice and gerbils select 
Ta values near the lower or middle end of the TNZ, but rats select Ta 
outside of their TNZ. The preference for a Ta range below the TNZ has been 
observed in rats (Poole and Stephenson, 1977; Gordon, 1987) and rats have 
also been shown to select a Ta within their TNZ (Hart, 1971). It has been 

suggested by Gordon et al., (1991) that a rat's initial preference for a cooler 
Ta is stress-related as after a few hours in a thermal gradient, it begins to 

select warmer temperatures. Such stress-related results was not apparent in 

this study as animals were allowed to acclimatise to the gradient for at least 

24 hours before recordings were analysed. The TNZ of M. domes tica is 28- 
35°C (Dawson and Olson, 1988; Harder et al., 1996). M. domestica tend to 
select Ta just below or at the lower end of the TNZ and there is no indication 

that they select warmer temperatures as they spend longer in the gradient. 
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M. domestica did not exhibit circadian patterns of Ta selection in phase 
with Tb as observed in humans (Cabanac et al., 1976) or 180 0  out of phase 
with Tb as observed in many rodents (eg Briese, 1985) and humans 

(Shoemaker and Refinetti, 1996). This is despite the observation that a 

variety of Ta are selected by these marsupials throughout a 24-hour period. 
According to Refinetti and Carlisle (1986b) temperature changes in the 

anterior hypothalamus affect both behavioural and autonomic 

thermoregulation whereas temperature changes in the posterior 
hypothalamus affect only behavioural thermoregulation. This has also been 
suggested by Satinoff and Rutstein (1970) who observed an incapacity for 
autonomic thermoregulation in rats with anterior hypothalamic lesions 
however the animals were still able to maintain core Tb through behavioural 
means. If core Tb is controlled by a hypothalamic set-point in M. domes tica 
then behaviour does not act as a major influencing factor however it may be 
utilised when autonomic effectors are unable to effectively maintain Th. 
Furthermore, the lack of distinct circadian patterns of Ta selection in relation 
to circadian patterns of Tb in this species demonstrates a possible minor role 
of Ta in normal marsupial thermogenesis. Future studies looking at Ta 

selection in marsupials with anterior and/or posterior hypothalamic lesions 
may provide some insight into the role of the thermoregulatory centres in 
behavioural selection of Ta. 

It is apparent that unlike many other homeostatic systems the 
endothermic thermoregulatory system does rely on behaviour to some 

degree to modulate its regulation. Thermoregulatory control centres are 
highly sensitive and receive continual input from changes in skin and core 

temperatures resulting in the production of effective responses by both 

autonomic and behavioural effectors (Hensel, 1973). Grooming, huddling 
and postural changes, as well as actively seeking preferred ambient 

temperatures, are all behaviours related to thermoregulation and have been 

observed in many animals including marsupials (eg Fleming, 1980). 
According to Gordon (1983a), actively selecting a preferred Ta is favourable 
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as it is less energy-demanding and more efficient in minimising a thermal 
load than autonomic thermoregulation. In fact, many researchers agree that 

due to its lower energy requirements behavioural thermoregulation is the 

preferred effector mechanism for homeostatic temperature regulation in 
birds and mammals (see Gordon, 1994). 

This study has shown that M. domestica can utilise the environment to 
behaviourally select a Ta although a regular pattern of selection may not 
always be apparent. Whether this use of behaviour in thermoregulation 

helps minimise thermal loading in these animals is not apparent from this 

study. Simultaneous measurements of various thermoregulatory effectors 
including piloerection, sweating, and vasomotor control of vasculature need 
to also be considered to determine this. 

The laboratory-bred M. domestica used in this study are not a true 
representative of native M. domes tica as they have been bred and maintained 
under relatively constant laboratory conditions. This makes them a less 
than ideal animal to use to investigate behavioural thermoregulation. 
Exposing these animals to a variable Ta environment was a novel experience 
to them. Exposure of the colony of M. domes tica to a cycle of variable Tas 
and then checking their Selected Ta would have been of interest. 

Unfortunately this was not possible due to quarantine restrictions on 
experimental rooms. According to Geiser and Ferguson (2001) captive-bred 
feathertail gliders (Acrobates pygmaeus) exhibit poor expression of torpor and 
thermal performance compared to their field counterparts. This highlights 

the importance of using wild rather than laboratory animals in 
thermoregulatory studies. 

As stated by Smith and Fisher, (1956), behavioural selection of Ta can 

be regarded as a very simple and generalised characteristic of animals. 

Temperature selection as a means of regulating core Tb is of paramount 

importance to ectotherms which usually lack physiological means of fine 

tuning their Th. From an evolutionary point of view it would seem unwise 
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to assume that endotherms have totally eliminated this thermoregulatory 
behaviour to rely totally on internal homeostatic mechanisms. Many 

physiological effectors of thermoregulation can be energy demanding. On 

the other hand, behavioural responses tend to be quicker and less costly in 

energetics. This suggests that it would be more beneficial for endotherms to 
use a combination of behaviour and physiology to efficiently 

thermoregulate. This is apparent from studies reporting alterations in both 
autonomic and behavioural thermoregulation in starved animals (eg Yoda et 
al., 2000). Although this may not always be seen in normal 
thermoregulation this combination may be of importance when faced with 

conditions which result in moderate or pronounced degrees of hypothermia 
or hyperthermia. Assessing the ability of an animal to utilise its 
environment when faced with such a temperature altering stressor may 

contribute to our understanding as to the importance of behaviour in overall 
endothermic thermoregulation. 

Overall, the biological significance of thermoreg-ulatory behaviour in 
endotherms such as marsupials is still far from clearly understood. Any 
future behavioural studies on thermoregulation in marsupials should 

involve animals obtained and maintained under natural habitat conditions 
and should incorporate field studies where possible. The importance of this 
is also highlighted in recent studies (eg Geiser and Fergusin, 2001). Such 

field studies will determine the role of behaviour in the natural Tb control in 
marsupials. 
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CHAPTER 7 

THERMOREGULATORY RESPONSES TO BACTERIAL ENDOTOXIN 

(LIPOPOLYSACCHARIDE)  

7.1 Introduction 

It is well established that pathogenic material (bacterial or viral) will 
generally induce a hyperthermic response in mammalian species when 

administered intravenously (eg Hellon, 1975). Thermoregulatory responses 
to bacterial endotoxin or lipopolysaccharide (LPS) however, are varied 

among eutherian mammals with monophasic and biphasic rises in Tb 
observed (eg Stitt et al., 1985; Kozak et al., 1994). The general consensus that 
a febrile response (ie increased Tb) will be observed in response to bacterial 
LPS has been challenged by investigations indicating a drop in Tb in 

response to LPS in small mammals (eg Connor and Krass, 1961; Feldberg 
and Saxena, 1975). This non-febrile response has been proposed to be 
related to a larger surface area-to-volume ratio resulting in an increase in 
overall heat loss (Feldberg and Saxena, 1975). It is possible, however, that 
the failure to observe febrile responses to endotoxin or lipopolysaccharide 
may be due to the lengthy time course required of these fevers (Kozak et al., 
1994) or may be related to dosage as lethal dosages of pyrogens lead to 
hypothermia as a consequence of shock (Romanovsky et al., 1996). 

Many studies have involved measuring Tb during fever at short 

intervals (eg Stitt et al., 1985) but to achieve a true observation of the effects 
of bacterial endotwdn or any pyrogen on core Tb, continual measurements 

are necessary due to the cyclical variations of mammalian Th. This has been 

demonstrated by Severinsen and Oritsland, (1991) who observed a 

prolonged febrile response in rats using temperature sensitive transmitters. 

In addition, normal circadian variations in thermoregulation may moderate 

or augment hyperthermic febrile responses particularly if both are 
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controlled by mechanisms involving the hypothalamic set-point. This 
further highlights the need for continuous measurements of Tb in studies of 
fever and thermoregulation. 

Behavioural responses to bacterial endotoxin and other pyrogens 

have been well documented in ectothermic thermoregulation (eg Hutchison 

and Erskine, 1981; Boorstein and Ewald, 1987; Hallman et al., 1990). 

Typically, when exposed to pyrogens, ectotherms select warmer 
temperatures in their environment resulting in an increase in core Tb. 

However, not all ectotherms can develop behavioural fevers (eg Laburn et 
al., 1981; Marx et al., 1984). Thermoregulatory behaviour during fever is not 
as well documented in mammalian species although existing studies do 
indicate that behaviour may play a role (eg Crawshaw and Stitt, 1975). 
While febrile, endotherms are observed to seek warmer environments (eg 
Florez-Duquet et al., 2001) indicating that an adjustment in the 
thermoregulatory set-point occurs in response to pyrogens. As behaviour 

may play a role in fever, it is possible that ectothermic and endothermic 
fever share a common phylogenetic origin as suggested by Myhre et al., 
(1977). However, further studies of more diverse animal species 

(ectothermic and endothermic) need to be made to determine the 
importance of thermoregulatory behaviour in the endothermic fever 
response. 

Thermoregulatory responses to bacterial LPS (from E. colt) in M. 
domes tica were investigated in this study. Results from a single P. breviceps 

exposed to E. colt are also included for comparison. Changes in core Tb (via 
temperature-sensitive transmitters) and selected Ta (via a thermal gradient) 
in response to injections (i.m.) of LPS were determined for both marsupial 

species. Sensitivity to repeated i.m. injections of LPS (over a five week 
period, on a weekly basis) was also determined for one animal. It was 

hypothesised that these marsupials would exhibit a significant monophasic 

rise in Tb in response to LPS and that warm-seeking behaviour would be 
observed while febrile. 
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7.2 Results 

Appendix 6 illustrates the continuous measurements of core Tb and 
selected Ta in each animal during saline and LPS conditions. Different 

patterns of Tb were observed in each animal although all animals 
experienced an increase in core Tb in response to the bacterial endotcodn (ie. 

LPS). Selected Ta was also affected by LPS although effects varied greatly 

among individuals and the impact of LPS on changes in Ta selection was 
minimal in M. domestica. LPS had a greater effect on Ta selection in the one 
P. breviceps with warmer Tas selected by this animal while febrile. 

One animal (MOAG13) received weekly injections of LPS paired with 
saline control injections for a period of five weeks. Increases in Tb were 

noted with each weekly injection of LPS however the magnitude and pattern 
of the increase did differ between subsequent treatment weeks. 

7.2a Effects of Saline on Core Body Temperature and Selected 
Ambient Temperature 

The daily mean core Tb and mean selected Ta of M.domestica (taken 

from continuous measurements for 24 hours post-injection) were 34.4±0.2°C 

and 30.91± 1.5°C respectively (see Table 7.2.1a and Table 7.2.1b). Tables 

7.2.1a and 7.2.1b also show the mean core Tb and mean selected Ta for each 
M. domestica over a 24 hour period under control and saline conditions. 

In M. domestica, saline did not have a significant effect on Tb when 
compared to normal control values (Two factor ANOVA: p>0.05; F=4.0). 
Similarly, no significant difference was observed between mean values 
calculated for individual M. domestica (ANOVA: p>0.05; F=1.9). However, 
when comparing 15 minute means of Tb a significant difference between 
saline injection and control Tb was noted in three M. domes tica (t-test: 
MOAG13; p<0.001; t=5.6; MOAG17; p<0.001; t=-5.8; MOAG18; p<0.001; 

t=4.3). Mean differences in Tb (ATb) ranged from 0.1°C to 0.2°C in 

individual animals as shown in Table 7.2.1a. 

110 



With respect to the selection of Ta, no significant difference was noted 

between control and saline injection in M. domestica (ANOVA: p>0.05; 

F=3.0), however, significant differences existed between individuals 

(ANOVA: p<0.01; F=38.6). Similarly to Tb, saline did have a significant 
effect on selected Ta when comparing individual measurements of Ta 

selection in two M. domestica (t-test: MOAG15; p<0.001; t=5.2; MOAG16; 
p<0.001; t=6.6). Interestingly, individuals which showed significant 
differences in Ta selection were not the same individuals that showed 

significant differences in core Th. Mean differences in Ta selected (ATa) 

ranged from 0.2°C to 1.1°C in individual animals as illustrated in Table 

7.2.1b. 
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Table 7.2.1a Mean Core Body Temperature (Tb) of Monodelphis 
domestica in response to intramuscular injections of Isotonic Saline 

Individual animals were injected with saline (1mg/kg). 
ATb represents mean difference in Th. 

[mean-1-SD was calculated from measurements taken over a 24 hour period for 
saline and over a period of three days under control conditions for control] 

Animal Control Tb (°C) Saline Tb ATb 
(°C) (°C) 

MOAG13 34.5-10.5 34.2-±0.7 0.2 
MOAG15 34.3±0.6 34.2±0.7 0.1 
MOAG16 34.6-±0.4 34.43-.0.6 0.1 
MOAG17 34.31-0.6 0.2 
MOAG18 34.8±0.6 34.6±0.6 0.2 

ALL 34.5±0.2 34.4±0.2 0.2 

Table 7.2.1b Mean Selected Ambient Temperature of Monodelphis 
domestica in response to intramuscular injections of Isotonic Saline 

Individual animals were injected with saline (1mg/kg). 
ATa represents mean difference in Ta. 

[mean-!-SD was calculated from measurements taken over a 24 hour period for 
saline and over a period of up to three days under control conditions for control] 

Animal Control Ta Saline Ta ATa 
(°C) (°C) (°C) 

MOAG13 30.3±2.7 30.2±2.3 0.2 
MOAG15 33.8±1.8 33.0±1.6 0.8 
MOAG16 32.4±1.9 31.3±2.1 1.1 
MOAG17 30.8±3.2 31.1±2.8 0.3 
MOAG18 29.2±2.3 28.9±2.4 0.3 

ALL 31.3±1.8 30.9±1.5 0.5 
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7.2b Effects of Bacterial Endotoxin on Core Body Temperature 

Core Tb and selected Ta values for two Monodelphis domes tica exposed 
to paired saline injections (ie saline [A] followed by saline [B] 24 hours later) 

are illustrated in Table 7.2.2. In.MOAG13, mean core Tb decreased by 0.5°C 
with the second saline injection and mean selected Ta increased by 4.5°C. 
Similarly, in MOAG16 the second saline injection reduced mean core Tb by 

0.1°C but mean selected Ta was also decreased by 0.3°C. Overall there was 

no significant difference in mean Tb resulting from the two consecutive 
saline injections (ANOVA: p>0.05; F=0.8). However, MOAG13 did show 

significant differences between core Tb during the two saline conditions (t-

test; p<0.001; t=7.7). Similarly significant differences between selected Ta 
during the two saline conditions were also observed in MOAG13 (t-test; 

p<0.001; t=3.1). This animal was noted to be quite agitated on the first saline 
treatment day which may account for this significance. The frequency of 
responses to Ta are illustrated in Figures 7.2.1 (a-b) for each saline treatment 
for MOAG13 and MOAG15 respectively. 

Table 7.2.2 Core Body Temperature (Tb) and Selected Ambient 
Temperature (Ta) of two Monodelphis domestica in response to two 

consecutive intramuscular injections of Isotonic Saline 
Saline A represents initial injection of saline (1mg/kg), saline B represents a second 

injection of saline (1mg/kg) 24 hours later 
[mean±SD was calculated from measurements taken over a 24 hour period from 

the time of injection] 

Animal Saline [A] Tb Saline [B]Tb Saline [A] Ta Saline [B] Ta 
(°C) (°C) (°C) (°C) 

MOAG13 34.7±0.4 34.2±0.5 29.4±4.2 33.9±2.3 
MOAG16 34.2±0.8 34.1±0.6 33.3±1.8 33.1±1.4 

ALL 34.5±0.4 34.2±-0.1 31.4±2.8 33.51:0.6 
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Similarly, Selected Ta in the P. breviceps was significantly different 

between the two saline treatments (t-test; p<0.001;  t=-13.1).  The frequency 

of responses to Ta are shown in Figure 7.2.1c for this  animal. 

Figure 7.2.1c The effect of two successive saline injections on the 
frequency of responses to ambient temperature in PETAG1 
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Selected Ambient Temperature (°C) 

An increase in core Tb was noted in each of the  five  M.  domestica after 

the injection of E. coli LPS in comparison to the control (saline). The lag 

period between injection time and a noted increase in  core  Tb ranged from 

1.5 hours to 4.5 hours with an average latent period  of  3 hours observed. 

The increase in core Tb was observed for at least 3.5 hours  to  a maximum of 

9.75 hours with an average of 5.8 hours. Mean core Tb  was  calculated for 

each animal during this affected time and increases  ranging  from 0.4-1.3°C 

were noted. Mean Tbs observed during control and  "febrile"  conditions 

(calculated from the time period affected by endotoxin)  are  illustrated in 

Table 7.2.3. A similar result was observed in PETAG1  with  a latent period 

of 108mins and an increase in mean core Tb of 0.9°C  for a  period of 5.75 

hours. 
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Table 7.2.3 Mean Core Body Temperature (Tb) of M. domes tica in 
response to intramuscular injections of Isotonic Saline or Bacterial 

Endotoxin (E.coli LPS). 
Latent period refers to elapsed time before endotoxin affected and time affected 
refers to the length of time the endotoxin increased the core Tb; ATb represents 
difference between Tb measured during saline period and Tb measured during 

period affected by LPS; all increases in core Tb due to LPS were significant 

Animal Condition Latent Time Core Tb ATb 
period affected (°C) (°C) 
(mins) (hours) (X±SD) 

MOAG13 saline - 33.6±0.4 
MOAG13 E.coli LPS 85 6.5 34.9-10.4 1.2 
MOAG15 saline - 33.4±-0.3 
MOAG15 E.coli LPS 191 3.5 34.6±0.4 1.3 
MOAG16 saline 34.2±0.2 
MOAG16 E.coli LPS 273 4.75 35.0±0.2 0.8 
MOAG17 saline 34.1±0.3 
MOAG17 E.coli LPS 75 3.0 34.8±0.2 0.7 
MOAG18 saline 34.3-1-0.2 
MOAG18 E.coli LPS 185 9.75 34.7±0.3 0.4 

ALL saline 33.9±0.4 
ALL E.coli LPS 161.8 5.8 34.8±0.2 0.9 

As the endotoxin increased core Tb for less than 24 hours, circadian 
effects of bacterial endotoxin on Tb are not clear from the results obtained. 
Circadian patterns of core Tb recorded from individual M. domes tica while 

subjected to "febrile" conditions are presented in Appendix 6 with a typical 
recording shown in Figure 7.2.2a. Time periods where Tb was increased as 

a result from LPS injection were statistically analysed to determine 

significant changes in Tb as a reflection of circadian phase. A significant 
increase in mean Tb due to LPS injection was noted (ANOVA: p<0.01; 

F=26.8) with no significant difference between responses observed in 

individuals (ANOVA: p>0.05; F=1.8). Results obtained from individual M. 
domestica also indicate significant differences (p<0.01) between saline and 

endotoxin Tbs over the time phase in which an endotoxin-induced increase 

in Tb is noted. Similarly, the P. breviceps showed a significant increase in 

core Tb during the time at which endotoxin elevated Tb above that observed 
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during the saline control (t-test: p<0.001; t=35.3). This is illustrated in Figure 
7.2.2b. 

Figure 7.2.2a Continuous Body Temperature (Tb) Recordings from a M. 
domestica (MOAG13) during a four day period - the effects of saline and 

E. coli LPS injections 
[saline was injected at 0930 hours on day 2; 
LPS was injected at 0935 hours on day 3] 
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Figure 7.2.2b Continuous Body Temperature (Tb) Recordings from one P. 
breviceps - the effects of saline and E. coli LPS injections 

[saline was injected at 1340 hours on day 2; 
LPS was injected at 1315 hours on day 3] 
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Direct comparisons were also made between Tb measurements from 
three M.domestica which experienced an endotoxin-induced increase in Tb 
in a common time phase (ie 14:03 to 17:29). A highly significant increase in 

endotoxin-induced Tb was noted during this time phase (ANOVA: p<0.01; 

F=181.3). 

The effect of LPS on normal circadian rhythms of Tb was determined 
in each animal using Fourier analysis. As the LPS caused an increase in Tb 

for a period for (on average) six hours in M. domestica it was not possible to 

determine if there was a circadian rhythm of LPS-induced hyperthermic Th. 

However it was of interest to see if the short fever response did have any 

effect on the normal circadian rhythm of Th. The Fourier analysis (results 

for each animal shown in Appendix 11) indicated that the rhythm was 

disrupted in M. domestica when analysing a two day period which involved 

the LPS-induced hyperthermia. 
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Table 7.2.4 shows the effect of LPS on the amplitude, acrophase 

(timing of peak), and period of Tb in each animal. In each animal except 

MOAG13 a period of 24 hours was determined however the rhythm was not 

as defined as during control conditions. In addition, other strong periods 
were also apparent in individual animals as shown in Appendix 11. For 

example, although the strongest periodogram value was shown at a period 

of 48 hours in MOAG13, this animal also had strong periods at 24 and 16 

hours. 

• Table 7.2.4 The effects of LPS on Core Body Temperature: Amplitude, 
acrophase (timing of peak), and period 

[period was determined by Fourier analysis; amplitude is the difference between 
the maximum and minimum Tb during fever; acrophase is given in 24-hour 

time] 

Animal Condition Min. 

(°C) 

Max. 

(°C) 

Amplitude 

(°C) 

Acrophase Period 

(hours) 

MOAG13 Saline 33.1 34.3 1.2 16:05 
LPS 33.7 35.1 1.4 16:06 48 

MOAG15 Saline 33.6 34.3 0.7 9:42 

LPS 33.5 34.8 1.3 9:55; 9:59 24 

MOAG16 Saline 33.2 34.8 1.6 9:45; 13:09 
LPS 33.5 34.8 1.3 14:10 24 

MOAG17 Saline 33.7 34.3 0.6 10:08 
LPS 33.8 34.8 1.0 12:21 * 

MOAG18 Saline 34.0 35.2 1.2 9:53 
LPS 33.1 35.4 2.2 9:49; 18:35 24 

PETAG1 Saline 33.7 34.8 1.0 16:27 

LPS 34.1 35.7 1.6 18:05 24 

*insufficient data from MOAG17 to determine period 
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7.2c Effects of Repeated injections of Bacterial Endotoxin on Core 
Body Temperature 

One M. domestica (MOAG13) was subjected to repeated 
saline / endotoxin paired injections over a five week period. An endoto)dn-

induced increase in Tb was observed in each treatment. Table 7.2.5 
illustrates the latent periods, time affected and mean Tbs obtained from each 

weekly treatment. It is interesting to note that with repeated injections the 
time affected increased although latent periods were variable. 

The mean endoto)dn Tb responses were significantly different from 
the mean saline values (ANOVA: p<0.05; F=10.7). In addition, significant 
differences were observed between saline Tb and endotoxin Tb in each of 

the five treatments (treatment 1:p<0.01; t=-11.8; treatment 2: p<0.01; t=-19.9; 
treatment 3: p<0.01; t=-23.6; treatment 4: p<0.01; t=5.0; treatment 5: p<0.05; 
t=-2.5). The fourth treatment of saline followed by endotoxin resulted in 
quite erratic measurements of Tb with a consistently increased Tb not 
apparent after endoto)dn treatment in this case. Similarly the fifth treatment 
also showed some inconsistencies compared to the first three treatments. 
These inconsistencies can be seen in Figures 7.2.3 (a-d). 
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Figure 7.2.3a Continuous Body Temperature (Tb) Recordings from a 
M. domestica (MOAG13) during a four day period - the effects of a second 

injection of saline and E. coli LPS 
[saline was injected at 33.6 hours;LPS was injected at 57.9 hours] 
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Figure 7.2.3b Continuous Body Temperature (Tb) Recordings from a 
M. domestica (MOAG13) during a four day period - the effects of a third 

injection of saline and E. coli LPS 
. [saline was injected at 33.7 hours; LPS was injected at 57.5 hours] 
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M. domestica (MOAG13) during a four day period - the effects of a fourth 

injection of saline and E. coli LPS 
[saline was injected at 33.5 hours; LPS was injected at 58.5 hours] 
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Figure 7.2.3d Continuous Body Temperature (Tb) Recordings from a 
M. domestica (MOAG13) during a four day period - the effects of a fifth 

injection of saline and E. coli LPS 
[saline was injected at 33.6 hours; LPS was injected at 57.6 hours] 
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Table 7.2.5 Mean Core Body Temperatures (Tb) of MOAG13 when 
subjected to repetitive intramuscular injections of Isotonic Saline and 

Bacterial Endotoxin (E.coli LPS) on a weekly basis 
Latent period refers to elapsed time before endotoxin affected and time affected 

refers to the length of time the endotoxin increased the core Tb 
ATb represents difference between saline Tb and endotoxin Tb 

* denotes significance 

Condition Latent Period Time affected Mean 'Tb 6,Tb 
(mins) (hours) (°C) (°C) 

Saline 1 33.6±0.4 
Endotoxin 1 85 6.5 34.9±0.4 1.2 

Saline 2 34.2±0.4 
Endotoxin 2 135 14.5 34.6±0.4 0.4 

Saline 3 34.0±0.8 
Endotoxin 3 0 19 34.6±0.5 0.6 

Saline 4 34.6±0.4 
Endotoxin 4 210 17 34.7±0.4 0.1 

Saline 5 - 34.4±0.4 
Endotoxin 5 85 18 34.5±0.5 0.1 

The effect of repetitive injections of LPS on normal circadian rhythms 
of Tb was determined in MOAG13 using Fourier analysis. Although the 
repetitive fevers were longer in duration than the initial fever produced in 

MOAG13 and other M. domestica, the hyperthermic response to LPS 
disrupted normal Tb rhythms similarly to that seen in initial LPS responses 

(see Appendix 11). Table 7.2.6 shows the effect of repetitive LPS injections 
on the amplitude, acrophase (timing of peak), and period of Tb in MOAG13. 
As seen during initial fever experiments, the rhythm of Tb was maintained 

at 24 hours with repetitive LPS injections although the pattern of Tb differed 

to that seen under control conditions. 

123 



Table 7.2.6 The effects of Repetitive LPS Injections on Core Body 
Temperature in a M. domestica (MOAG13): Amplitude, acrophase (timing 

of peak), and period 
[period was determined by Fourier analysis; amplitude is the difference between 

the maximum and minimum Tb during fever; acrophase is given in 24-hour 
time] 

Condition Min. Max. Amplitude Acrophase Period 

(°C) (°C) (°C) (hours) 

Saline 1 33.1 34.3 1.2 16:05 

LPS 1 33.7 35.1 1.4 16:06 24 

Saline 2 32.8 35.4 2.6 23:19 

LPS 2 33.0 35.5 2.5 21:03 24 

Saline 3 32.8 35.8 3.0 00:30 
LPS 3 33.2 36.0 2.8 22:15 24 

Saline 4 33.6 35.5 1.9 1:07 

LPS 4 33.4 35.5 2.1 16:07; 17:23 24 

Saline 5 33.7 35.3 1.6 03:40 
LPS 5 33.1 35.5 2.4 00:14 24 

7.2d Effects of Bacterial Endotoxin on Selected Ambient Temperature 

Continuous measurements of selected Tas while undergoing saline 
and endotoxin treatments are presented in Appendix 6 with a typical 
response illustrated in Figures 7.2.4a and 7.2.4b. The range Tas selected by 
M. domestica ranged from 15.5 to 38.5°C while 'febrile' compared to 15.2 to 

39.1°C under control conditions. Most animals experienced an increase in 
the mean selected Ta during the 'febrile' phase of increased Tb although one 

animal selected a lower environmental temperature. Mean selected Tas are 

presented in Table 7.2.7 for M. domestica. PETAG1 selected Tas ranging from 

20.2 to 34.7°C while "febrile" compared to 17.46 to 34.0°C under saline 

control conditions. Continuous measurements of selected Ta while injected 

with saline and LPS are illustrated in Figures 7.2.4c and 7.2.4d for PETAG1. 
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Figure 7.2.4a Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a M. domestica (MOAG13) - the effects of an injection of 

isotonic saline 
[*saline was injected at 9.5 hours] 
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Figure 7.2.4b Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a M. domestica (MOAG13) - the effects of an injection of E. coli 

LPS 
[*LPS was injected at 9.5 hours] 
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Figure 7.2.4c Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a P. breviceps - the effects of an injection of isotonic saline 

[*saline  was injected at 13.6 hours] 
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Figure 7.2.4a Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a P. breviceps - the effects of an injection of E. coli LPS 

[*LPS was injected at 13.2 hours] 
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Table 7.2.7 Mean Selected Ambient Temperature (Ta) of M. domestica and 
one P. breviceps (PETAG1) in response to intramuscular injections of 

Isotonic Saline or Bacterial Endotoxin (E. coli LPS). 
Latent period refers to elapsed time before endotoxin affected and time affected 

refers to the length of time the endotoxin increased the core Tb 
[ATa represents difference between selected Ta in saline and LPS conditions] 

* denotes significance 

Animal Condition Selected ATa 
Ta (°C) (°C) 
(X-± SD) 

MOAG13 saline 29.7± 1.4 
MOAG13 E.coli LPS 29.8±1.1 0.1 
MOAG15 saline 32.1±1.2 
MOAG15 E.coli LPS 32.7±1.4 0.6 
MOAG16 saline 31.4±1.6 
MOAG16 E.coli LPS 32.0±1.4 0.6 
MOAG17 saline 32.7±1.4 
MOAG17 E.coli LPS 33.2±0.7 0.5 
MOAG18 saline 30.0±0.7 
MOAG18 E.coli LPS 28.6±2.0 -1.4 

ALL saline 31.2±1.3 
ALL E.coli LPS 31.3±2.0 0.3 

PETAG1 saline 22.6±4.5 
PETAG1 E.coli LPS 23.8±5.5 1.2* 

The frequency of responses to each Ta available in the thermal 

gradient was also determined during control (saline) and LPS conditions for 
each animal as shown in Figures 7.2.5 (a-f). The frequencies presented have 
been determined for the time period in which the core Tb was increased due 

to the LPS. Figure 7.2.6 shows the mean frequency of responses to Ta under 
control and 'febrile' conditions for M. domestica and the P. breviceps. There 
was a tendency for M. domestica to select warmer Tas while "febrile" and 
both species demonstrated a greater variation in Tas selected while 'febrile' 
compared to control conditions. 
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Figure 7.2.5a The effect of lipopolysaccharide (LPS) on the frequency of 
responses to ambient temperature in MOAG13 

s.0C-. 00 CP, C> 
	 r•lts4 CV CNN C•4 CsIKNI ("4 01c,1 m ffltn m ent,1 mm 

selected ambient temperature (°C) 

Figure 7.2.5b The effect of lipopolysaccharide (LPS) on the frequency of 
responses to ambient temperature in MOAG15 
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Figure 7.2.5c The effect of lipopolysaccharide (LPS) on the frequency of 
responses to ambient temperature in MOAG16 
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Figure 7.2.5d The effect of lipopolysacchairide (LPS) on the frequency of 
responses to ambient temperature in MOAG17 
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Figure  7.2.5f The effect of lipopolysaccharide (LPS)  on the  frequency of 
responses  to ambient temperature in  PETAG1 
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Comparing the mean selected Tas during the time period in which 
core Tb is elevated, significant differences are noted between individuals 

(ANOVA: p<0.05; F=14.0) however no significant difference exists between 

mean saline Ta and mean endotoxin Ta observed. When considering 
individual measurements from M. domestica, selected Ta was shown to be 
significantly different after injection of LPS in three out of five animals 
during the time period that core Tb was elevated (t-test: MOAG16; p<0.001; 

t=6.5; MOAG17; p<0.05; t=-0.2; MOAG18; p<0.001; t=1.4). Similarly, 
selected Ta was significantly higher in PETAG1 when core Tb was elevated 
by endotoxin (t-test: p<0.001; t=22.1). 

As for Tb, the significance of Ta selection was determined from the 
common time phase in which Tb was elevated by endotoxin in three M. 
domestica. Overall, selected Ta was not significantly affected by endotoxin 
during this time period (ANOVA: p>0.05; F=1.0). 

Circadian patterns of selected Ta while "febrile" were difficult to 
ascertain due to the limited time effect of the endotoxin on Tb (i.e, less than 
24 hours). Saline and endotoxin treatment days were analysed using 
Fourier analysis to determine if there was any effect on the overall circadian 
phases by the endotoxin. Results of this analysis are shown in Appendix 11 

for each animal. No distinct circadian effects of endotcodn on Ta selection 
were apparent in M. domestica however there was evidence of a 20 hour 
rhythm in the P. breviceps. 

7.2e Effects of Repeated injections of Bacterial Endotoxin on Selected 
Ambient Temperature 

Repetitive endotcodn injections had varying effects on Ta selection in 
MOAG13 as shown in Figures 7.2.7 (a-h). Table 7.2.8 shows the mean 

selected Ta for each weekly treatment during the time periods in which Tb is 

increased due to endotoxin effects. There were no significant differences 

between these mean selected Tas. Analysis of continuous measurements of 

selected Ta indicate that selected Ta was not significantly affected by 
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endotoxin in the first and fifth treatment however significant differences in 
selected Ta did occur in treatment 2 (t-test; p<0.001: t=66.5), treatment 3 (t-

test; p<0.001: t=-64.1) and treatment 4 (t-test; p<0.001: t=-28.1). The 

frequency of responses to Ta for each repeated saline/ endotoxin treatment 
are illustrated in Figures 7.2.8 (a-d). 

Table 7.2.8 Mean Selected Ambient Temperatures (Ta) of MOAG13 when 
subjected to repetitive intramuscular injections of Isotonic Saline and 

Bacterial Endotoxin (E. coil LPS) on a weekly basis 
ATa represents difference between saline Ta and endotoxin Ta 

* denotes significance 

Condition Mean Ta ATa 
(°C) (°C) 

Saline 1 29.7±1.4 
Endotoxin 1 29.8±1.1 0.1 

Saline 2 31.71-1.1 
Endotoxin 2 30.5±1.4 1.2* 

Saline 3 29.0±1.7 
Endotoxin 3 30.4±1.5 1.4* 

Saline 4 29.9±1.9 
Endotcodn 4 30.9±2.0 1.0* 

Saline 5 30.8±1.9 
Endotwcin 5 30.8±1.4 0.0 
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Figure 7.2.7b Continuous Recordings of Preferred Ambient Temperature 
(Ta) from in MOAG13 when injected with E. coli LPS for a second time 

(fever 2) 
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Figure 7.2.7f Continuous Recordings of Preferred Ambient Temperature 
(Ta) from in MOAG13 when injected with E. coli LPS for a fourth time 

(fever 4) 
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Figure 7.2.7g Continuous Recordings of Preferred Ambient Temperature 
(Ta) from in MOAG13 when injected with isotonic saline for a fifth time 

(saline 5) 
[*saline was injected at 9.6 hours] 
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Figure 7.2.7h Continuous Recordings of Preferred Ambient Temperature 
(Ta) from in MOAG13 when injected with isotonic saline for a fifth time 

(fever 5) 
[*LPS was injected at 9.6 hours] 
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Figure 7.2.8a Frequency of responses to ambient temperature during a 
second exposure to lipopolysaccharide (LPS) in MOAG13 

Fr
eq

ue
nc

y  
of

 R
es

po
ns

es
  (%

)  

72 
69 
66 
63 
60 
57 
54 
51 
48 
45 
42 
39 - 
36 - 
33 - 
30 - 
27 - 
24 - 
21 - 
18 - 
15 - 
12 - 
9 - 
6 - 

03  2-r-n-r-f-r-r-f-r-r-f-r-f-41  r-  P  1111 
■Or-- 00 <TO r-lcn ■"") ,C 00 <TO Cltn •rt ..ns.0 00(7, 
	 C-1(,1C-1 r-IcNr-1r (NM tn cncn tn Mtn rn Mtn et 

selected ambient temperature (°C) 

saline (control) 

LPS 

Figure 7.2.8b Frequency of responses to ambient temperature during a 
third exposure to lipopolysaccharide (LPS) in MOAG13 
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Figure 7.2.8c Frequency of responses to ambient temperature during a 
fourth exposure to lipopolysaccharide (LPS) in MOAG13 
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Figure 7.2.8d Frequency of responses to ambient temperature during a 
fifth exposure to lipopolysaccharide (LPS) in MOAG13 
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7.3 Discussion 

7.3.1 Body Temperature Responses to LPS 

Fever is interpreted experimentally as a rise in Th. The marsupial 

species, M. domestica, like many eutherian mammals, increase core Tb in 
response to bacterial LPS thus exhibiting a typical febrile response. This 
increase is of comparable magnitude to that observed in other mammalian 

species in response to LPS (eg Toien and Mercer, 1998) and is also observed 
in a P. breviceps. However, the increase in Tb observed in M. domestica is not 

sustained for extensive time periods as reported in the rat (Severinsen and 
Oritsland, 1991) and observed in the brush-tailed possum, Trichosurus 

vulpecula (Nicol, unpublished observations). Instead, a short-term 

hyperthermic response is observed in M. domes tica as reported in eutherian 
mammals such as the rabbit (Moromoto et al., 1988). The magnitude of 
mammalian fevers often differs between different species (eg Stitt et al., 

1985) and so the results indicate that marsupials exhibit typical mammalian 
febrile responses to LPS. 

Febrile responses have been observed in various birds (D'Alecy and 
Kluger, 1975; Maloney and Gray, 1998) and ectothermic animals (eg 
Bronstein and Connor, 1984) and so from an evolutionary point of view the 

present observations are not unexpected. An increased Tb in the host 
confers an advantage with respect to impaired bacterial growth and 

improved immune function. Such an advantageous response appears to be 

the basis of the common origin of fever in invertebrates and therefore 
vertebrates. 

It is often proposed that the hyperthermic response seen in animals 

following the injection of a pyrogenic substance may be stress related. 

Cabanac and Laberge (1998) demonstrated that such a response is not 

evident in goldfish although emotional fever has been observed in lizards 

(Cabanac and Gosselin, 1993). Similarly, handling has been observed to 
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increase core Tb in rats (Briese and de Quijada, 1970) and mice (Cabanac and 
Briese, 1991) indicating that higher animals do exhibit hyperthermic 

responses when stressed. Saline injections used as a control in this study 
did not significantly increase Tb in M. domestica indicating that such stress 
from handling is not evident in this species. The hyperthermic response to 

LPS can therefore be interpreted as evidence of a fever response in this 
marsupial species. 

A varied latent period was observed in M. domes tica (ie 85-273 mins) 
which can be interpreted as lengthy in comparison to observations in 

mammals and birds (eg Maloney and Gray, 1998). However, Pekin ducks 
exhibit a short latency of fever onset in response to LPS and require a dose 

of 100 [igkg-1  to elicit a fever 24 hours in duration (Maloney and Gray, 1998). 

Lengthy induction periods for fever have been observed previously in birds 
and mammals. Pittman et al., (1976) found a lengthy latency of 45-90 mins 

in response to 0.05-10.0n of pyrogen injected into the hypothalamus of the 

chicken. Moreso, LPS administered at doses of 100[1g and 1000[Ltg to rabbits 

increased Tb at 4 hours (240 mins) post-injection with the febrile response 
lasting 4 hours (Johnson et al., 1996). Long latent periods have been 
suggested to be due to the formation of an intermediate pyrogen such as a 
prostaglandin (Pittman et al., 1976) which has been shown to be involved in 

febrile responses of many species (eg Cooper, 1987). As both M. domestica 

and the P. breviceps exhibited long latent periods after LPS injection it is 

probable that PG may be an integral part of the marsupial fever response. 

It is believed that several mediators underly the pathogenesis of fever 

(Morimoto et al., 1988), although prostaglandins have been proposed as key 

mediators of pyrogen action within the hypothalamus (Milton and 

Wendhandt, 1970; Feldberg and Gupta, 1973; Feldberg and Saxena, 1975; 
Kluger, 1991). The physiological basis of fever is yet to be fully determined 

but is hypothesised that exogenous pyrogens such as LPS stimulate the 

production of endogenous pyrogens (such as interleukins) from the host's 
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immune cells with prostaglandins acting on specific brain sites such as the 

hypothalamus (Kluger, 1991). However, changes in the rectal Tb of LPS-

treated mice in the initial febrile response are not PGE 2-dependant 

(Abramovich et al., 1994). The widely accepted model of the concept of 
fever remains that PGE 2  plays a critical role in resetting the hypothalamic 

set-point for thermoregulation to a higher level. However, additional brain 

eicosanoids (PGE 2-independent) may also play a critical role in LPS fever 

with the contribution determined by the specificity of the central 
mechanisms of fever (Fraifeld and Kaplanski, 1998). The activation of 

complement is proposed to induce the production of PGE 2  and hence fever 

(Sehic et al., 1998). Neural control through the vagus nerve is also proposed 

to be involved in monophasic fevers produced in response to low doses of 
pyrogen (Romanovsky et al., 1996). Mediators of fever were not analysed in 

M. domestica but it is proposed that the Tb response observed after an 
injection of LPS in this species support the model of fever involving PG. 

The short febrile response observed in M. domestica may be 
attributable to the dosage administered to the animals. Johnson et al., (1996) 
found that fever was produced for similar durations in rabbits in response to 

different dosages of endotoxin and that in fact the lower dosage produced a 
higher Th. Similarly, small doses of LPS administered to rats cause fever 
whereas large doses induce hypothermia and shock (Romanovsky et al., 

1996). This is also seen in hamsters (Blatteis, 1983), mice (Rips 1989) and 
ferrets (Romanovsky et al., 1992). Fever-induced changes in Tb has been 
found to be dose-dependant in many species such as cockroaches (Bronstein 

and Connor, 1984), ducks (Maloney and Gray, 1998) and mice (Kozak et al., 
1994). It is highly likely that sustained febrile responses may be observed in 

M. domestica at higher dosages of LPS, or possibly in response to LPS from 

an alternative bacterium, or another type of pyrogen. Unfortunately, dose-

related experiments could not be performed in this study due to sparse 

availability of animals and ethical reasons. The use of an alternative 

pyrogen was not considered necessary as E.coli endotoxin has been shown 
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to be an effective inducer of fever in mammalian species (eg Iriki et al., 1987; 
Kozak et al., 1994). 

Alternatively, the hyperthermic effects of LPS observed in M. 
domestica may be a reflection of the febrile response of aged animals of this 

species. Four out of five of the M. domestica used in the current study were 
past reproductive age and therefore may exhibit a reduced febrile response 
typical of aged mammals (eg Tocco-Bradley et al., 1985). Reduced febrile 

responses have been observed in many mammalian species and have been 

proposed to be due to alterations in central sensitivity to pyrogen (Clark et 
al., 1980) or an inability to effectively respond to the cold (Coffins et al., 1977; 

Naylor et al., 1985). Fever is reduced in aged humans and squirrel monkeys 
(Clark et al., 1980), rabbits (Lipton and Ticknor, 1979; Ferguson et al., 1981; 
Naylor et al., 1985) and rats (Maitland et al., 1985). Significant differences 
between young and old rats in response to exogenous E. co/i are a reflection 
of the changes in the immune response observed in aged animals according 
to Maitland et al., (1985). This is supported by the delayed febrile responses 
observed in aged rats (Fraifeld et al., 1995) and the more dramatic effects of 
influenza on Tb seen in aged mice (Bender 1996). A recent study by Florez-
Duquet et al., (2001) demonstrated LPS fever in both young and aged rats 
and found that thermoregulatory behaviour (ie. the selection of warmer Tas) 
while febrile was significant in aged rats but not younger animals. This 

indicates that LPS may increase the thermoregulatory set-point in aged rats. 

Obviously there is an underlying mechanism affecting the ability of 

aged mammals to respond to fever-inducing agents as a consequence of 

breakdowns in the aging of the immune system. Prostaglandins are 
produced at similar levels in young and old mammals (Kaplanski et al., 

1994; Fraifeld and Kaplanski, 1998) but the reduced febrile response may be 

related to decreased sensitivity of thermosensitive neurons to 
prostaglandins. Strijbos et al., (1993) speculates that impaired febrile 

responses in aged mice may be mediated by endogenous lipocortin-1 which 

exerts pyrogenic features. A deficit in the effector mechanisms of the 
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thermoregulatory system due to aging may be another explanation for the 
reduced febrile response observed in this study as aged animals are unable 

to conserve and generate heat (Naylor et al., 1985). However, the deficit in 

febrile responses in aged rabbits is not attributable to catecholamine-
induced thermogenesis (Ferguson et al., 1983) even though catecholamine-

induced thermogenesis is reduced in older animals. The specific effects of 
age on thermoregulation and fever were not a core focus of this study but it 
is important to remember that aging effects may be apparent particularly in 

M. domes tica as most of the animals used were past reproductive age. 

Macari et al., (1987) suggest that BAT could be a main site for 
endotoxin-induced heat production as . a significant increase in interscapular 
BAT temperature in rabbits is observed during pyrogenesis. Similarly, 

Jepson et al (1988) have shown that endotoxin-induced fever in rats involves 

sympathetic activation of BAT. Reduced thermogenesis in BAT has been 
shown by Scarpace et al., (1992) to impair febrile responses in rats. The 

presence of BAT and the role of NST thermogenesis in marsupials is one of 
continuing debate. BAT has been shown to be present in a small marsupial 
species, S. crassicaudata with an indication that it may not be necessary for 
thermoregulation particularly in the short term (Hope et al., 1997). In 
addition, Rose et al., (1999) have demonstrated noradrenaline-mediated NST 
in B. gaimardi, however this is independent of BAT. The febrile response to 
bacterial LPS has been shown to involve noradrenaline in rabbits (Bencsics 

et al., 1995). However, thermogenic responses to noradrenaline have been 
found to be absent in non-macropod species including M. domestica (Nicol et 

al., 1997) and the marsupial febrile response observed in this study was 
much smaller (particularly in duration) than mammalian fevers in which 

BAT has been shown to have a key role in thermoregulation (eg Severinsen 

and Oritsland, 1991). This indicates that BAT thermogenesis and 

noradrenaline-mediated NST are not involved in the pathogenesis of fever 
in non-macropod marsupials such as M. domes tica. 
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The fever response exhibited by marsupials appears to be short in 

duration although there are intraspecies differences. Fever duration in rats 

is conflicting as lengthy fevers have been observed (Refinetti et al., 1990; 

Severinsen and Oritsland, 1991) as well as fevers of relatively short duration 

(eg Sugimoto et al., 1996; Conrad et al., 1997). Generally, prolonged fevers 
have not been observed in a significant number of studies as most have not 
utilised radiotelemetric equipment to measure continuous lb. It is apparent 

that the use of telemetry to measure Tb in any study of thermoregulation is 

of paramount importance. 

Thyroid hormones have been suggested to be hormone mediators 
capable of modulating thermoregulatory circuits and altering the thermal 
set-point in endotherms. In response to LPS, T4  levels increase in rabbits 
indicating that an increased input of hypothalamic TRH may contribute to 
an elevation in the thermoregulatory set-point and thus characteristic 
hyperthermic response of fever (Riedel, 1983; Riedel, 1990; Keil et al., 1996). 

Similarly, in rats plasma thyroid hormones modulate febrile responses to 
endotoxin (Coelho et al., 1992). T4  and T 3  levels were not measured from M. 
domestica or the P. breviceps during fever in this study however it can be 

assumed that they may play some role in the observed hyperthermic 
response given the role of thyroid hormones in marsupial thermoregulation. 

7.3.2 Sensitivity to LPS 
Tolerance to LPS was injected i.m. at 1mg/kg every seven days for 

five weeks and analysed in one M. domestica. Interestingly, the LPS 
produced a longer febrile response with repetitive treatments rather than 

reducing the degree of LPS-induced hyperthermia. This observation is 

distinctly different to previous studies in guinea pigs, rats and rabbits where 

tolerance to endotoxin is noted. Roth et al., (1994) showed that i.m. 

injections of 20[1g/kg LPS every 3 days results in a gradual disappearance of 

the febrile response in guinea pigs. The same dose and route of 

administration in rats results in a sudden disappearance in the febrile 

response (Rosenthal et al., 1996). An abrupt and complete development of 
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tolerance to endoto)dn has also been observed in rabbits when injected (i.v.) 

on two consecutive days with 10 tig/kg LPS (Wakabayashi et al., 1994). The 

higher dose used in this study may explain why tolerance was not observed 

as higher doses of LPS (ie 50 vg/kg, 100 pg/kg and 1000 tg/kg; all i.m.) 

have been found to have no effect on the first phase of fever in rats 

(Wilkinson and Kasting, 1990; Wilkinson and Pittman, 1994; Rosenthal et al., 

1996). However all three of these studies observed a reduced fever response 
in the second phase of fever. A weakened febrile response has also been 

observed in rabbits in response to repeated injections (i.v.) of a low dose 

(0.1 mg/kg) of LPS on five consecutive days with the magnitude of the fevers 

from the second and all subsequent injections quantitatively 
indistinguishable from one another (Goelst and Laburn, 1991). 

Interestingly, behavioural selection of Ta while febrile did alter with 
repetitive treatments of endoto)dn. This thermoregulatory behaviour was 
particularly prominent in the second, third and fourth treatments and may 
account for the increase in fever observed with subsequent treatments. By 
selecting a higher Ta the set-point of thermoregulation may be increased to a 
higher level and maintained with the concurrent hyperthermic behaviour. 
The homeostatic set-point had been increased by the final treatment thus 

behaviour was no longer as prominent but a hyperthermic response to LPS 
could still be maintained for a lengthy period. 

Rosenthal et al., (1996) suggest that there is a markedly reduced 

sensitivity to LPS after the initial injection with effects of further injections 

dependant upon the administration route and dosage of LPS. This is 
supported by the evidence of reduced or completely suppressed cytokine 

release in response to repeated injections of LPS (Wakabayashi et al., 1994). 

The metabolic effects of LPS are mediated by cytokines (such as interleukin-
1) released endogenously. The attenuation or suppression of these 

mediators when LPS is repeatedly injected may be the basis of similar effects 

(ie attenuation or suppression) on fever observed in response to repeated 
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injections. According to Wakabayashi et al., (1994), changes in febrile 

responsiveness to successive LPS injections is closely associated with similar 

changes in circulating levels and cellular production of these cytokines. 

A recent study by Kamerman et al., (2001) has shown that heat-

stressed rats develop tolerance to LPS despite a normal febrile response to 
their initial LPS injection. These authors speculated that this tolerance may 

have been due to the large doses of LPS used (ie. 100p,g/kg injected 

intraperitoneally) or a decrease in cytokine production due to the heat 

exposure. The M. domes tica used in this study were from a heat-acclimated 
colony where the Ta was 28-30°C whereas the rats in the study by 
Kamerman et al., (2001) were exposed to a regulated Ta of 40°C. Therefore 
the differences in Ta and dosage of LPS would explain the differences 

observed in LPS tolerance. Interestingly, a study by Kluger et al., (1997) 
found that heat stress amplified the febrile response of rats. These authors 

also exposed the animals to a Ta of 40°C but used LPS dosages that were 
much lower than those used by Kamerman et al., (2001). Both of these 
studies do indicate that exposure to higher Tas does affect febrile response 
to LPS although the underlying mechanisms remain unknown. Presumably 

the acclimation of M. domestica to a warm environment would also have 
some effect on the febrile response to LPS and may also affect the 
development of LPS tolerance in this animal. 

In the M. domestica, the magnitude of the fever to repeated injections 
of LPS does not weaken although the final two fevers observed increased Tb 

less than after the previous treatments. This lack of sensitivity to LPS 

indicates that either cytokine release is not affected or another underlying 

factor is involved or behaviour is compensating for underlying metabolic 

and physiological effects of LPS in marsupials. Unfortunately, only one 

animal was subject to this treatment due to ethical and time constraints and 

so the evidence is inconclusive. However, it does highlight the possibility 

that although higher vertebrates probably share a common origin of fever 
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there may be differences in some of the specific underlying physiological 
and metabolic factors in different species. 

The relatively high dose of LPS used in this study results in no 

apparent attenuating effects of the febrile response. The development of a 
more prolonged response to repeated LPS injections may be due to the 
initial injection sensitising central receptors near the hypothalamus which 

stimulate prostaglandin production as prostaglandins are believed to be key 
mediators in the second phase of fever (Kluger, 1991). An initial injection of 
LPS most likely produces a monophasic fever which stimulates the release 

of endogenous pyrogens or prostaglandins which act centrally within the 
brain. Unfortunately, circulating prostaglandin levels were not measured 
following LPS administration and the role of prostaglandins in marsupial 
fever is unknown. 

7.3.3 Behavioural Thermoregulation when Febrile 

The selection of a higher mean environmental temperature while 
febrile did occur in most of the animals studied. However, this increase was 
not significant for M. domestica. In addition, patterns of temperature 
selection during hyperthermic LPS-induced Tb demonstrate a tendency for 
animals to seek a variety of Tas. These observations do not fully support the 
set-point theory of thermoregulation. While febrile, due to a consistently 
raised core Tb, M. domes tica would be expected to thermogenically adjust by 
increasing the hypothalamic set-point and thus seek warmer environmental 
temperatures. This was observed to some degree however the lack of 

significance and consistent evidence suggests that either behaviour is not an 
integral part of the fever response or the hypothalamic set-point is not 

elevated during fever in this animal. On the other hand, the observation 
that the P. breviceps did utilise thermoregulatory behaviour while febrile 

does support the set-point of thermoregulation as this animal tended to 

select higher temperatures when in LPS-induced hyperthermia. As only one 

P. breviceps was studied results are inconclusive and can only be used as a 
comparison to those obtained from M. domestica. 
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Many ectotherms (and some endotherms) have previously been 

shown to produce behavioural fevers in response to pyrogens but this study 

is the first observation of such a response in marsupials. Behavioural fever 

has been established in a variety of ectotherms (Cabanac, 1990) although not 

all ectotherrns produce fever in response to pyrogens (Laburn et al., 1981; 
Marx et al., 1984; Adamo, 1998). In response to bacterial endotoxin, 

newborn rabbits select a warmer Ta until one hour post-injection when a 
cooler area is selected corresponding to changes in core body temperature 

(Szekely, 1984). Blatteis and Smith (1980) found that febrile guinea pigs 
select warmer environments while Tb is elevated. Similarly, mice in 

temperature gradients select warmer Tas and exhibit higher Tbs within 90 
minutes after LPS administration (Akins et al., 1991). However, gerbils 
choose lower Tas while febrile (Akins and Thiessen, 1990). Cold-seeking 
behaviour has also been observed in rats when hypothermic through 
endotoxin exposure (Romanovsky et al., 1996). It is possible that like the 
gerbil and to some degree the newborn rabbit, laboratory-bred marsupials 

limit increases in Tb by behavioural selection of lower environmental 
temperatures. Mammals in their natural habitat however may seek warmer 
temperatures while febrile (as seen in the P. breviceps) however such field 
studies are yet to be undertaken. 

Period of day is likely to be an influencing factor in behavioural 

thermoregulation during fever as rats have been shown to gradually 
increase their selected Ta as fever develops during the dark phases of the 
day with no change in selected Ta seen while animals are febrile during the 

light phases (Sugimoto et al., 1996). Similarly, a more intense febrile 

response has been observed in pigeons during nocturnal hours compared to 
diurnal hours (Nomoto, 1996). As LPS injections were always administered 

in the light phases of the day in this study it is likely that this may be 

directly involved in the lack of evidence for heat-seeking behaviour while 

febrile. From the experimental evidence it appears that the elevation of the 

hypothalamic set-point does not occur in M. domestica which may reflect the 

absence of NST in this species or be a reflection of its status as a laboratory- 
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bred animal maintained in constant conditions. However, fever should be 

induced in the dark phases of a day to ascertain this view. 

Obviously the importance of behavioural thermoregulation in the 
normal maintenance of body temperature in marsupials will have some 

decisive effect in how fever affects temperature seeking behaviour. As seen 

in Chapter 3, environmental temperature appears to have no circadian basis 
with respect to Tb regulation however selected Ta tends to be out of phase 

with Tb under normal conditions. The importance of the environment is 
very much dependent on the type of animals used. Laboratory-bred 

animals maintained at constant conditions (such as M. domestica in this 
study) do not utilise Ta to thermoregulate like a species bred in the wild (see 
Chapter 3). The ability of a laboratory-bred animal to utilise Ta to enhance 

or reduce a typical hyperthermic febrile response is therefore limited. 

As noted by Gordon (1993b), most studies on febrile rodents have 
been investigated at relatively cool room temperatures (often 10°C lower 
than the selected temperature range of the animal). This may have dramatic 
consequences on febrile responses observed as at lower Ta an alteration in 
the thermoregulatory set-point may occur affecting the magnitude of any 
induced fever response. According to Satinoff and Henderson (1977) the 

height of fever is lowered in the cold. However, Conrad et al., (1997) 

observed a monophasic response to bacterial LPS in rats independent of Ta 
with monophasic responses exhibited at low and normal Ta but not at high 
Ta (although at high Ta, Tb was increased). Conversely, fever-induced cats 

exposed to warm temperatures (ie 30°C and 37°C) show a monophasic fever 
whereas a biphasic fever is usually observed at room temperature (Amini-

Sereshki-Kormi, 1996). This reflects the need for the relative Ta of 

experimental conditions to be considered in any fever studies in both 

endotherms and ectotherms. 

The evidence of a typical monophasic mammalian febrile response in 

at least two marsupial species contributes to the consensus of a common 
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phyletic origin of fever in the higher vertebrates. Although the response 

seen indicates some differences to that observed in some mammals and 

birds there are variations in duration and peak febrile temperatures among 

higher vertebrates generally. With repeated injections of LPS, M. domestica 

exhibited a heightened febrile response assisted by thermoregulatory 

behaviour and tolerance to endoto)dn was not noted. 

The results from this study indicate that marsupials generally fit into 

the ranges of fever so far reported in the literature for mammals and birds. 
The inability of some marsupials to behaviourally use the environment as a 
significant contributor to their hyperthermic response to LPS indicates that 
their increase in Tb is probably determined through autonomic regulators 
with some small contribution from the ambient conditions. However when 
exposed to LPS on a repetitive basis behaviour may be utilised. The P. 

breviceps studied did utilise behavioural thermoregulation while febrile 
which supports the set-point theory of thermoregulation. M. domestica 

however, does not demonstrate such a reliance on temperature-seeking 
behaviour while febrile although the animals of this species were 
laboratory-bred which may explain this difference. As few investigations 

have been concerned with temperature-seeking behaviour of endotherms 
during fever, information about behavioural thermoregulation, particularly 
during fever, is limited. The conflicting results of this study with some of 
the available evidence in rodents suggests that more research is warranted 
in this area. 

151 



CHAPTER 8 

THERMOREGULATORY RESPONSES TO HYPDXIA 

8.1 Introduction 

Animals exposed to hypo)da, either through a reduction of oxygen 
carrying capacity or by lowering ambient oxygen concentrations, generally 
exhibit a variety of physiological responses including increased ventilation 

and cardiac output, reduced core Tb and altered thermoregulatory 
behaviour (Wood, 1991). This typical hypothermic response is beneficial 
physiologically (as it reduces oxygen demand at rest) however whether this 
response involves a functional shift in the set-point of thermoregulation 
remains unclear. 

The magnitude of hypoxic hypometabolism is dependant upon a 
number of parameters including Ta, gender and/or size of the animal and 
the degree of hypo)da (Gautier, 1996). Small mammals (both newborn and 
adult) exhibit a depression of metabolic rate in response to acute hypo)da (eg 
Saiki and Mortola, 1996) however such a response is not always observed in 
larger mammals (eg Korducki et al., 1994). Typically, during hypoxia, a 

reduced Tb is observed in mammals at Ta values below therrnoneutrality (eg 
Dupre et al., 1988) whereas at Tas above thermoneutrality no change M Tb is 
observed (Hill, 1959). This highlights the importance of ambient 

temperature with respect to endothermic thermoregulation particularly 

during limited oxygen availability. The magnitude of a hypoxic 

hypometabolism response has also been shown to be inversely related to the 

resting oxygen consumption of a species (Frappe11 et al., 1992) which 

explains the differences observed between hypoxic responses in large and 
small animals. 
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The decrease in Tb observed during hypoxia is proposed to be • 

regulated as a number of hypoxic animals have been shown to use 

behaviour to thermoregulate at a lower Tb. A variety of ectotherms and 

endotherms including the crayfish and salamander (Dupre and Wood, 1988), 

lizard (Hicks and Wood, 1985; Wood et al., 1987), and mouse, rat and 

hamster (Gordon and Fogelson, 1991) select cooler Tas while hypoxic 
indicating a decrease in the thermal set-point as the behavioural 

hypothermia appears to be regulated (Wood, 1991). This reduction in the 

set-point of thermoregulation during hypoxia is mediated through 

autonomic and/or behavioural parameters including an inhibition of the 
central nervous system which results in a loss of shivering and non-
shivering thermogenesis (eg Gautier et al., 1991). However, the rat has also 
been shown to select warmer Tas despite a cooler Tb while hypoxic (Dupre 

and Owen, 1992). Further studies to identify the importance of behavioural 
thermoregulation during hypoxia in mammals is therefore warranted both 
in eutherian and non-eutherian species. According to Gautier (1996) the 
hypothalamus is the key control centre of thermoregulatory responses to 
hypoxia and there is significant evidence that the thermal set-point is 
lowered during hypoxia through direct input to neural structures. 

Changes in core Tb (via temperature-sensitive transmitters) and 
selected Ta (via a thermal gradient) in response to hypoxia in M. domestica 

and was investigated in this study. It was hypothesised that both of these 
species would exhibit a drop in core Tb and select cooler Tas while exposed 
to low ambient oxygen concentrations. Basal metabolic rates were also 
investigated in M. domestica and the effects of Ta on BMR assessed at various 
Tas under normoxic and hypoxic conditions. It was hypothesised that M. 
domestica would have a BMR similar to that previously reported for other • 

marsupials and that hypoxia would reduce BMR in this species. Tb and 

Selected Ta in a P. breviceps under hypoxic conditions were also analysed for 
comparison. 
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8.2 Results 

8.2.1 Effects of hypoxia on circadian patterns of core body temperature 
and selected ambient temperature 

Mean core Tb over 24 hours was significantly reduced by hypoxic 

conditions (F=32.7; p<0.01) in M. domestica as illustrated in Table 8.2.1. 

Simultaneous selections of Ta were not dramatically affected by hypoxia in 

M. domestica (see Table 8.2.2). Mean selected Ta over a 24 hour period for M. 

domestica was 29.3±-1.4°C during hypoxia compared to 29.9±0.9°C under 

control (normoxic) conditions of 21%0 2 . 

Table 8.2.1. Effects of Hypoxia on twenty-four hour means of Core Body 
Temperature (Tb) in Monodelphis domestica 

Tb was measured under normoxia (21% 0 2) and hypoxia (12-15% 0 2) and mean-±SD 
was calculated from 24 hours of recording 

Animal Normoxia Variance Hypoxia Variance 
Core Tb Core Tb 

(°C) (°C) 
MOAG13 34.5±0.5 0.2 33.8-1..0.5 0.2 
MOAG15 34.3±0.6 0.8 33.5±0.7 0.4 
MOAG16 34.6±0.4 0.3 34.1-10.3 0.2 
MOAG17 34.3±0.6 0.5 33.9-10.6 0.3 
MOAG18 34.8±0.6 0.3 33.7-10.4 0.2 
Average 34.5,-0.2 0.4 33.81-0.2 0.3 

Core Tb was reduced in the single P. breviceps during hypoxia (from 

34.8±0.5°C to 33.9±0.5°C). The P. breviceps selected a mean 24-hour Ta of 

26.5±7.1°C while hypoxic compared to a normal mean selected Ta of 

33.58±-1.7°C. The selection of a lower Ta during hypoxia was insignificant in 

M. domestica (F=1.5; p>0.5) however it was shown that there was more 

variance in selected Ta under control conditions than during hypoxia over a 

24-hour period (Table 8.2.2). The mean Selected Ta was also significantly 

lower during hypoxia in the P. breviceps (t=103; p<0.005). 
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Table 8.2.2. Effects of Hypoxia on twenty-four hour means of Selected 
Ambient Temperature in Monodelphis domes tica 

Selected Ta was measured from each animal while in a longitudinal thermal 
gradient under normoxia (21% 02) and hypoxia (12-15% 0 2) and mean-±SD was 

calculated from 24 hours of recording 

Animal Control Variance Hypoxia Variance 
Selected Ta Selected Ta 

(°C) (°C) 
MOAG13 30.8±1.3 1.8 29.9± 1.8 3.2 
MOAG15 29.3±2.2 4.7 29.3± 1.7 2.9 
MOAG16 28.4±1.4 1.9 28.1±1.4 2.0 
MOAG17 31.1±3.6 12.7 31.6±2.0 3.8 
MOAG18 28.6±2.9 8.2 27.5±2.5 6.6 
Average 29.7±1.3 5.8 29.3±1.4 3.7 

Appendix 7 shows continuous recordings of Tb during normoxia and 

hypoxia for each animal. Figures 8.2.1a and 8.2.1b illustrates a typical Tb 
recording of one M. domes tica and PETAG1 during normal and hypoxic 
conditions. 'Tb recordings were analysed using Fourier analysis and the 

effects of reduced oxygen levels on circadian rhythms of Tb determined. 
Data were analysed using a single series Fourier analysis and results plotted 
by period using transformations in which the mean was subtracted and 
detrended and period values determined. Analyses of individual animals 
are given in Appendix 12. Table 8.2.3 shows the effects of hypwda on the 
amplitude, acrophase (timing of peak), and period of Tb in each M. 
domestica. The normal circadian rhythm was not apparent during exposure 
to hypwda in this species with circadian rhythms of Tb severely disrupted in 
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Figure 8.2.1a Continuous Recordings of Body Temperature (Tb) from a 
M. domestica (MOAG18) over a three day period - the effect of hypoxia 

[exposure to hypoxia was between 12.6 hours and 36.6 hours] 
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Figure 8.2.1b Continuous Recordings of Body Temperature (Tb) from a 
P. breviceps over a three day period - the effect of hypoxia 

[exposure to hypoxia was between 36.2 hours and 60.2 hours] 
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M. domestica with periods ranging from 12 to 48 hours. A rhythm of 12 

hours was noted in the P. breviceps during hypo)da. Animals showing 24 

hour periods did not show a distinct rhythm as seen under control 

conditions (see Appendix 12). In addition, other rhythms were also 
apparent in individual animals. For example, MOAG17 also had strong 

rhythms at 48 hours and 8 hours as shown in Appendix 12. 

Table 8.2.3 The effects of Hypoxia on Core Body Temperature: 
Amplitude, acrophase (timing of peak), and period 

[Period was determined by Fourier analysis; amplitude is the difference between 
the maximum and minimum Tb during hypoxia; acrophase is given in 24-hour 

time] 

Animal Condition Min. Max. Amplitude Acrophase Period 

(°C) (°C) (°C) (hours) 

MOAG13 Normoxia 31.6 35.7 4.1 00:33; 24 
00:45; 06:07 

Hypoxia 32.7 34.8 2.1 15:54 24 

MOAG15 Normoxia 33.0 35.5 2.5 04:04; 04:47 24 

Hypoxia 32.1 34.7 2.6 23:54; 24 

23:58; 00:00 

MOAG16 Normoxia 33.3 35.9 2.6 2:59 24 

Hypo)da 33.5 34.7 1.2 15:19 12 

MOAG17 Normoxia 32.7 35.7 3.0 00:20 24 

Hypoxia 32.3 34.5 2.2 23:06 24 

MOAG18 Normoxia 32.5 36.4 3.9 04:41 24 

Hypo)da 32.9 35.0 2.1 11:42 48 
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Initial reactions to hypoxia differed in M. domes tica between different 

individuals. During the first 30 minutes of hypoxia exposure Tb changed 

from 33.7±0.6°C to 33.6±0.8°C in M. domestica. Upon initial exposure to 12- 

15%02  no apparent changes in Ta selection were observed in M. domestica 

(30.1±2.6°C to 28.8±2.6°C). However, the P. breviceps immediately selected 

higher Tas followed by lower Tas (ie 29.1°C to 34.7°C after 1 minute of 
hypoxia to 31.6°C after 30 minutes of hypoxia). 

Qualitative observations on the effects of hypoxia on Tb indicated 
varying effects at different times throughout a 24-hour period. As a result, 

data from two time periods; 0200-0800 hours and 1200-1800 hours were 
analysed and compared. Significant reductions in Tb under low oxygen 

levels were noted from 0200-0800 hours in comparison to 1200-1800 hours 
for M. domestica. The mean core Tb of all M. domestica was decreased by 
1.2°C during the hours 0200-0800 compared with only 0.19°C during the 
hours of 1200-1800 hours. For M. domestica, control Tb (normoxia) was 
significantly higher during 0200-0800 hours (F=17.1; p<0.05) however there 
was no significant difference between hypoxic Tb in the two time frames 
(F=0.4; p>0.5). Lowered oxygen levels significantly decreased Tb (F=22.2; 

p<0.01) during 0200-0800 time period but not during 1200-1800 hours (F=0.7; 
p<0.5) in M. domestica. This is partly due to the higher control Tb during the 
time period, 0200-0800 hours. Results of core Tb from individual animals 

during these time frames are presented in Table 8.2.4. During hypoxia, the 
P. breviceps significantly increased Tb by 0.5°C during 0200-0800 hours (t=-
16.1; p<0.05) and significantly decreased Tb by 0.2°C during 1200-1800 hours 

(t=6.8; p<0.05). A significant difference in hypoxic Tb between the two time 

frames was also noted in this animal (t=-17.5; p<0.05). 

Recordings of selected ambient temperatures during control and 

hypoxic conditions while in the thermal gradient are illustrated in Appendix 
7 with a typical response for a M. domestica and PETAG1 illustrated in 

Figures 8.2.2 (a-d). The selected ambient temperatures recorded every six 
seconds were analysed using Fourier analysis to determine the presence or 
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absence of any circadian pattern of temperature selection for each animal 
under normal and reduced ambient oxygen levels. Data were analysed 

using a single series Fourier analysis as for Tb analysis. The results of this 

analysis are given for each animal in Appendix 12. Fourier analysis of 

selected Ta did not indicate the presence of a circadian rhythm in each 
animal in either normal or hypoxic conditions. 

Table 8.2.4. Measurements of Mean Core Body Temperature (Tb) in 
response to Hypoxia in Monodelphis domestica 

Tb was calculated as a mean of all Tb recordings during the six hour period 
Normoxia represents 21% 0 2  and Hypoxia represents 12-15% 02 

am = 0200-0800 hours pm = 1200-1800 hours 
ATb is difference between normoxia core Tb and hypoxia core Tb 

[Recordings of hypoxic core Tb are significantly different to recordings of normoxic 
Tb during both time periods for all animals] 

Animal Time of Normoxia Hypoxia Am 
Day Core Tb Core Tb (°C) 

(°C) (°C) 
MOAG13 am 35.2±0.4 33.5±0.3 -1.8 
MOAG13 pm 34.2±0.4 34.2±0.4 0.0 
MOAG15 am 34.8±0.7 33.8±0.5 -0.9 
MOAG15 pm 33.5±0.4 33.1±0.6 -0.4 
MOAG16 am 34.6±0.5 34.0±0.2 -0.6 
MOAG16 pm 34.3±0.2 34.2±0.2 -0.1 
MOAG17 am 34.1±1.0 33.3±0.6 -0.8 
MOAG17 pm 33.7±0.4 34.2±0.2 +0.5 
MOAG18 am 35.6±0.4 33.7±0.4 -1.9 
MOAG18 pm 34.5±0.1 33.5±0.4 -1.0 
Average am 34.9±0.6 33.7-1.-0.3 -1.2 
Average pm 34.0±0.4 33.8.±0.5 -0.2 
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Figure 8.2.2a Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a M. domes tica (MOAG18) - the effects of hypoxia 
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- _ 
II 	I 	lllllll 	1 	IIIlll 	i 	i  

1 234  5 678 9 10111213 1415161718192021 222324 

Time (hours) 

Figure 8.2.2b Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a M. domes tica (MOAG18) - the effects of hypoxia 

[*hypo)da ends at 12.6 hours] 
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Figure 8.2.2c Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a P. breviceps - the effects of hypoxia 

[*hypo)da begins at 12.2 hours] 
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Figure 8.2.2d Continuous Recordings of Preferred Ambient Temperature 
(Ta) from a P. breviceps - the effects of hypoxia 

[*hypoxia ends at 12.2 hours] 
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The hypoxic P. breviceps selected ambient temperatures around 18°C 

(with a high preference for 33°C also) compared to normoxic preferences of 

around 34°C. During hypoxia, M. domestica select ambient temperatures 

around 33°C compared to 30°C while normoxic. This is illustrated in 

Figures 8.2.3 (a-f) for each animal. The mean frequency of responses for 

selected Ta for M. domes tica are shown in Figure 8.2.4. 

Figure 8.2.3a The effect of hypoxia on the frequency of responses to 
ambient temperature in MOAG13 
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Figure 8.2.3b The effect of hypoxia on the frequency  of  responses to 
ambient temperature in MOAG15 
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Figure 8.2.3c The effect of hypoxia on the frequency of responses to 
ambient temperature in MOAG16 
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Figure 8.2.3d The effect of hypoxia on the frequency of responses to 
ambient temperature in MOAG17 
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Figure 8.2.3e The effect of hypoxia on the frequency of responses to 
ambient temperature in MOAG18 
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Figure 8.2.3f The effect of hypoxia on the frequency of responses to 

ambient temperature in PETAG1 
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The data presented in Table 8.2.5 indicates hypoxia did not appear to 

significantly affect selected Ta in M. domestica. Some M. domestica chose 

higher Tas in response to hypoxia while others selected lower Tas. Overall, 

the selected Ta under hypoxic conditions was decreased by 0.3°C during the 

hours of 0200-0800 and by 0.99°C during the hours of 1200-1800. Neither of 

these decreases were significant (F=0.4; p>0.5; F=1.1; p<0.5) and there was 

no significant difference between mean hypoxic Ta at each time frame 

(F=0.6; p<0.5) or the mean normoxic Ta at each time frame (F=0.3; p>0.5). 

Mean selected Tas for each M. domestica are presented in Table 8.2.5. 
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Figure 8.2.4 The effect of hypoxia on the frequency of responses to 
ambient temperature in M. domestica (n=5) 

Selected Ambient Temperature (°C) 

An increase in selected Ta was observed in PETAG1 during hypoxia 
in the 0200-0800 time period (ATa of 5.0°C) but this increase was not 

significantly different from the normoxic Ta (t=-42.8: p>0.5). There was 
however a significant decrease in selected Ta from 1200-1800 hours in 
PETAG1 (t=133.3; p<0.05) with a ATa of 13.1°C and mean Ta during hypoxia 

was significantly different between the two time periods (t=110.5; p<0.05). 
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Table 8.2.5. Measurements of Mean Selected Ambient Temperature (Ta) 

in response to Hypoxia in Monodelphis domes tica 
Selected Ta was calculated as a mean of all Ta recordings during a six hour period 

while the animal was in a longitudinal thermal gradient 
Normoxia represents 21% 02  and Hypoxia represents 12-15% 02 

am = 0200-0800 hours pm = 1200-1800 hours 
ATa is difference between normoxia selected Ta and hypoxia selected Ta 

[* denotes significant differences between normoxic and hypmdc selected Ta during 
these time periods] 

Animal Time of Normoxia Hypoxia ATa 
Day Selected Ta (°C) Selected Ta (°C) 

(°C) 
MOAG13 am* 30.7±2.4 30.4 -11.0 0.3 
MOAG13 pm* 30.4±1.1 29.4±1.3 1.0 
MOAG15 am* 34.0±1.0 33.1-11.4 0.9 
MOAG15 pm* 33.9 -11.2 32.2±1.7 1.7 
MOAG16 am* 32.6±- 1.6 31.0±4.0 2.7 
MOAG16 pm* 32.2±1.1 31.3±1.1 1.0 
MOAG17 am 30.1±3.0 30.9±-1.3 0.8 
MOAG17 pm* 29.5±4.2 31.8±-1.3 2.3 
MOAG18 am* 27.2-11.5 27.8±1.9 0.7 
MOAG18 pm* 30.6±0.4 27.0±1.3 3.6 
Average am 30.9±1.7 30.6±1.9 0.3 
Average Pm 31.3±-1.7 30.3±2.2 1.0 

The frequency of selected Ta at each time of the day (ie 0200-0800 and 
1200-1800) was also analysed to determine the most frequented Ta within 

each 24 hour period. Such responses are shown in Figures 8.2.5 (a-e) and 
Figures 8.2.6 (a-e) for each M. domestica. Typically, selected Tas were 
distributed over a wider Ta range during 1200-1800 hours compared with 
0200-0800 hours in M. domes tica with the selected Ta being 28°C at 1200-1800 
and 29°C at 0200-0800 hours during hypoxia as shown in Figures 8.2.7a and 
8.2.7b. During normoxia, M. domestica selected a Ta that was favourably 

comparable to that observed during hypoxia in both time periods. During 
hypoxia, the P. breviceps selected a much lower Ta of 18°C (compared with 

34°C during normoxia) between 1200-1800 hours (Figure 8.2.5f) than during 

0200-0800 hours when 33°C was the selected Ta (Figure 8.2.6f). This is 

similar to the selected Ta of 34°C while normwcic during this time period. 
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Figure 8.2.5a The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 1200-1800 hours in MOAG13 
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Figure 8.2.5b The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 1200-1800 hours in MOAG15 
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Figure 8.2.5c The effect of hypoxia on the frequency  of  responses to 
ambient temperature during the time period 1200-1800 hours in MOAG16 
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Figure 8.2.5d The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 1200-1800 hours in MOAG17 
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Figure 8.2.5e The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 1200-1800 hours in MOAG18 
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Figure 8.2.5f The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 1200-1800 hours in PETAG1 
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Figure 8.2.6a The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 0200-0800 hours in MOAG13 

selected ambient temperature (°C) 

Figure 8.2.6b The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 0200-0800 hours in MOAG15 
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Figure 8.2.6c The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 0200-0800 hours in MOAG16 
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Figure 8.2.6d The effect of hypoxia on the frequency of responses to 
ambient temperature during the time period 0200-0800 hours in MOAG17 
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Figure 8.2.6e The effect of hypoxia on the frequency  of  responses to 
ambient temperature during the time period 0200-0800 hours in MOAG18 
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Figure 8.2.6f The effect of hypoxia on the frequency  of  responses to 
ambient temperature during the time period 0200-0800 hours in PETAG1 
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8.2.2 Effects of Hypoxia on Metabolic Rates in M. domes tica 
Basal metabolic rates were measured in five M. domestica over a 24- 

hour period as shown in Table 8.2.6. Similar rates were noted for each 
animal with an average of 0.6m1/ g/hr. 

Table 8.2.6 Basal Metabolic Rates (BMR) in Mono delphis domestica 

Animal Mass (g) BMR (ml/g/hr) 
MOAG13 118 0.6-10.2 
MOAG14 100 0.5-10.2 
MOAG15 126 0.5±0.1 
MOAG16 114 0.61-0.2 
MOAG17 132 0.6-10.2 
Average 118 -1-12.2 0.55±-0 

Metabolic rates were also measured in each animal at Tas of 5°C, 
10°C, 15°C, 20°C, 25°C, 30°C, 35°C and 40°C during control conditions (21% 
02) and hypoxic conditions (12-15% 0 2)• Metabolism was significantly 
decreased in hypoxic conditions compared to normoxic conditions (F=205.8; 
p<0.001) at all Tas. Metabolic rates are shown in Table 8.2.7 and illustrated 
in Figure 8.2.8 and Figure 8.2.9. Metabolic rates of individual animals were 
more variant at 35°C during normoxia yet this high level of variance is also 
apparent at 40°C during hypoxia. Figure 8.2.10 shows the reduced levels of 
metabolic rate for M. domes tica during hypoxia compared to normoxia at 
each of the exposed Tas. The TNZ is observed to be somewhere between 
30°C and 40°C during both normoxia and hypoxia in M. domes tica. 
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Table 8.2.7 Metabolic Rates (MR) in Monodelphis domestica at different 
Ambient Temperatures (Ta) during Normoxia and Hypoxia 

Normoxia represents 21% 0 2  and Hypoxia represents 12-15% 02 
Metabolic rates at hypoxia were significantly different from metabolic rates at 

normoxia for all animals. 

Animal Ta (°C) MR at normoxia MR at hypoxia 
(ml/g/hr) 	(ml/g/hr) 

MOAG13 	5 	 1.3 	 1.1 
10 	 1.2 	 1.0 
15 	 1.1 	 0.9 
20 	 0.9 	 0.6 
25 	 0.7 	 0.3 
30 	 0.6 	 0.3 
35 	 0.6 	 0.2 
40 	 0.7 	 0.4 

MOAG14 	5 	 1.3 	 1.1 
10 	 1.2 	 0.9 
15 	 1.0 	 0.8 
20 	 0.8 	 0.5 
25 	 0.7 	 0.3 
30 	 0.5 	 0.2 
35 	 0.5 	 0.2 
40 	 0.6 	 0.3 

MOAG15 	5 	 1.4 	 1.1 
10 	 1.1 	 0.9 
15 	 1.0 	 0.8 
20 	 0.9 	 0.5 
25 	 0.7 	 0.5 
30 	 0.5 	 0.4 
35 	 0.2 	 0.3 
40 	 0.5 	 0.3 

MOAG16 	5 	 1.4 	 1.10 
10 	 1.2 	 0.8 
15 	 1.0 	 0.7 
20 	 0.8 	 0.5 
25 	 0.8 	 0.4 
30 	 0.6 	 0.3 
35 	 0.5 	 0.2 
40 	 0.5 	 0.2 

MOAG17 	5 	 1.4 	 1.0 
10 	 1.3 	 0.9 
15 	 1.2 	 0.7 
20 	 0.8 	 0.7 
25 	 0.7 	 0.5 
30 	 0.6 	 0.3 
35 	 0.4 	 0.2 
40 	 0.5 	 0.5 

Average 	5 	1.4±0.1 	 1.1±0.0 
10 	1.2±0.1 	 0.9±0.1 
15 	1.0-1-0.1 	 0.8±0.1 
20 	0.8±0.0 	 0.6±0.1 
25 	0.7.1-0.0 	 0.4-±0.1 
30 	0.6-1-0.0 	 0.3±0.1 
35 	0.4±0.2 	 0.2±0.0 
40 	0.6±-0.1 	 0.3±0.1 
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Figure 8.2.10 Metabolic Rates at 5*C, 10°C, 15°C, 20°C, 25°C, 30°C, 
35°C and 40°c during normoxia and hypoxia in M. domestica (n=5) 
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8.3 Discussion 

As hypothesised, during hypoxia, a reduction in core Tb is apparent 
in M. domestica while held in a temperature gradient ranging from 

approximately 12°C to 40°C. This is supported by previous studies in which 
body temperatures have been found to be significantly reduced by low 
levels of ambient oxygen in reptilian and eutherian species (eg Wood and 

Gonzales, 1996). In this study, a drop in Tb occurs in association with a 
significant change in the normal selected Ta particularly over a circadian 

cycle. The responses to Ta vary however among individual animals with a 
dramatic reduction in selected Ta observed in the P. breviceps during the 
hours of exposure to hypoxia. Such a response was not apparent in any M. 

domestica. Reduced levels of metabolism were also observed in M. domestica 
at various Ta during hypoxia as previously seen in marsupials and other 
mammals (eg Frappe11 et al., 1992). This hypometabolic state during 
hypoxia indicates a decrease in oxygen use by hypoxic tissues as the animal 
adjusts tissue metabolism to the reduced oxygen availability. 

8.3.1 Effects of Hypoxia on Core Body Temperature 

Exposure to hypoxia for 24 hours resulted in a reduced core Tb in M. 
domestica which was maintained until ambient 0 2  levels returned to 21%. 
Unlike previous observations, an acute decrease in Tb was not always 
immediately observed in M. domestica upon exposure to hypoxia. Two 
explanations may account for this. Firstly, the level of hypoxia was not 
particularly low at 12-15% 0 2  therefore thermogenic adjustments would not 
be as pronounced as this level of hypoxia would not be extremely limiting 
with respect to energy requirements. Secondly, the animals were in a 

thermal gradient unlike most other studies of hypoxic effects on Tb which 

have been performed at room temperature. This enabled them to choose a 

preferred Ta while hypoxic and even though no obvious patterns of Ta 

selection are observed in this species during hypoxia over a 24-hour period, 

it may be that the Ta at which they were located when hypoxia exposure 
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began was within their preferred range for hypothermia. This is highly 

likely given that M. domestica tended to choose Tas only slightly lower than 

normal while in a hypoxic environment. 

Frappe11 et al (1992) found that exposure to hypoxia at 10% for 10-20 

minutes in P. breviceps results in a reduction in core Tb of 1.6°. However, 

this study observed a decrease of only 0.5°C within the first 20 minutes of 

hypoxia despite an average decrease of 0.9°C over a 24-hour period for this 
species. This may be accounted for by the different methods of Tb recording 
(ie rectal probe vs implanted radiotransmitter) or the higher level of ambient 

%0 2  used in the current study. According to Frappe11 et al., (1992), 
marsupials decrease thermogenesis and metabolic rate in response to 
hypoxia with decreases in Tb as great as 2.4°C in Sminthopsis crassicaudata 
and as little as 0.3°C in rat kangaroos such as P. tridactylus and B.penicillata. 
The results of this study fit within this range with 24-hour exposures to 
hypoxia resulting in a mean decrease of 0.47°C and 0.89°C in M. domes tica 
and the P. breviceps respectively. 

Hypothermia is a useful response to hypoxia as hypoxia results in the 
absence of a normal thermogenic response except in hypoxia-tolerant tissues 
such as skeletal muscle and brown fat (Wood and Gonzales, 1996). Hypoxia 

induces hypothermia by decreasing heat production and increasing heat loss 
in a variety of eutherians (eg Gellhorn and Janus, 1936; Horstamn and 
Banderet, 1977; Gautier et al., 1987; Dupre et al., 1988; Gautier et al., 1991; 
Gautier, 1996). Decreased heat production is partly due to the redistribution 

of blood flow away from brown fat in rats (Szenelyi and Donhoffer, 1968) 
and selecting a lower Ta will increase the rate of heat loss. This is 

advantageous as it lowers metabolic rate and thus oxygen requirements 

thereby enhancing survival. The potential benefits of hypothermia in 

hypoxic animals include survival (particularly in neonates), brain cooling 

thus preventing potential cell damage, a reduction in resting tissue 

metabolism, reduced ventilation and alterations in 02  transport resulting in 

improved 02  loading in the lungs (Wood and Malvin, 1992). Conversely, too 
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low a Tb could be disadvantageous affecting normal brain development and 
immune responses, metabolic rate during sympathetic responses and 

causing ventricular fibrillation (Wood and Malvin, 1992) and in severe cases 

progress to hypothermic death. Therefore, there must be a delicate balance 

between energy savings and the level of Tb reduction. This may be 

modulated by thermoregulatory behaviour as shown in the P.breviceps in 
this study. 

8.3.2 Effects of Hypoxia on Selected Ambient Temperature over a 24- 

hour period 

During hypothermia one might expect animals to preferentially 
choose warmer environments. A preference for a cooler environment 

suggests that as a result of some physiological readjustment (ie a change in 
hypothalamic set-point, vasomotor activity or metabolism) the "set" thermal 
comfort zone has also been temporarily altered. It has been previously 
shown that rodents select lower Tas when hypoxic supporting the 
hypothesis that hypoxia lowers the thermoregulatory set-point in these 
mammals (Gordon and Fogelson, 1991). This was also readily observed in a 
study by Gumma and South (1970) who found that after mild hypothermia 
hamsters select cooler temperatures before returning to their normal 
preference for a warmer Ta. Similarly, Clark and Fewell (1996) reported a 
decrease in selected Ta in newborn guinea pigs exposed to hypoxia with 

relatively no change in selected Ta in adults under the same conditions. 
Dupre and Owen (1992) however found that the rat selects a significantly 
higher Ta when exhibiting a hypothermic response under hypoxia. This 

latter observation may be related to the animal preventing a dramatic fall in 
Tb by selecting a Ta above the TNZ. Cold exposure could exaggerate the 
hypothermic response to hypoxia by eliciting a thermogenic response (ie 
shivering and NST) and increasing 02  demand. 

In this study, mean selected Ta over a 24-hour period was either 

decreased or increased in M. domestica although all changes were 

insignificant. By contrast, the hypoxic P. breviceps showed a marked 
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decrease in selected Ta (after initial selection of a warmer Ta) with great 
variance in temperature selection particularly during the light phase. This 

indicates that marsupials are not immediately seeking cooler environments 

during hypo)da but instead are utilising their environment to minimise the 

extent of hypothermia. This would be due to the absence of thermogenesis 

during hypo)da as observed in rats while in cold Ta (Dupre et al., 1988). 

Although, over a 24-hour period of hypoxia, the P. breviceps selected 
significant lower Tas than while normoxic the same did not hold true when 
considering the initial behavioural response to the lower ambient 02  level. 

During the first 30 minutes of hypoxia a dramatic increase in selected Ta 
occurred in this animal while Tb simultaneously decreased. This indicates 
that initially the animal limited the reduction in Tb by selecting a warmer Ta 

and may be viewed as an energetically efficient mechanism of Tb regulation 
when hypothermic. This has similarly been seen in toads at 12% 02  (Wood 
and Malvin, 1991) rats at 10.2% 02  (Dupre and Owen, 1992), mice at 11.5% 
02  (Gordon and Fogelson, 1991), hamsters at 14.7% 02  (Gordon and 
Fogelson, 1991). This hypothermia-limiting effect through behaviour may 
explain why the hypoxic hypothermia in the P. breviceps in this study was 
not as dramatic as that observed by Frappell et al., (1992). After an initial 
selection of warmer Tas, the P. breviceps then selected significantly colder Tas 
while still hypoxic particularly during the 1200-1800 time period. 

The effects of short-term hypoxia on M. domes tica were inconclusive 

although one animal did show an immediate and dramatic decrease in Tb 

upon exposure to hypoxia. The effects of hypoxia on Ta selection during 
this initial period however, were minimal in this species. As these animals 
were laboratory bred their constant (elevated) Ta environment from birth 

may have affected their hypoxic drive. Hypoxia affected Tb in M. domestica 

similarly throughout the 24-hour period and although Tas selected during 
hypoxia were lower they were not significant. 

184 



Reductions in selected Ta with simultaneous decreases in core Tb 

have often been observed in rodents over short time periods. Acute levels of 

hypoxia administered to mice, hamsters and rats for 60 minutes lowers Tb 

dramatically with selected Ta decreasing when 0 2  levels were particularly 

low at 6-7% (Gordon and Fogelson, 1991). At ambient 0 2 1evels of 10-13% 

Gordon and Fogelson (1991) found that rodents selected Tas similar to that 
selected during normoxia. This is comparable to the present study in which 

hypoxia levels were equivalent to 12-15% 0 2 . It seems apparent from these 
studies that acute hypoxia at low ambient 02  levels (ie below 10% 0 2) may 
result in a change in the thermal set-point while hypoxia above this critical 

level results in an increase or no change in Ta preference indicating no 
change in the set-point of thermoregulation. 

The level of sensitivity to ambient 0 2  levels may differ between 
different species and different individuals resulting in relative higher or 
lower critical values. In this study, the P. breviceps indicated a higher 
sensitivity to 0 2  levels than M. domes tica. This sensitivity was also seen by 
Frappe11 et al., (1992) who found that P. breviceps had a significant decrease 
in Tb when exposed to 10% 0 2  for 20 minutes. The threshold 02  level for 
behavioural hypothermia during hypcoda has previously been found to be 
different in various species (both ectothermic and endothermic) due to their 
varying degrees of hypcodc tolerance (Wood and Gonzales, 1996). However 

a common threshold for a behavioural response to hypoxia is 10% 02  in 
various taxa (Wood and Malvin, 1992). This threshold value presumably 
relates to the oxyhaemoglobin dissociation curve as 10% 0 2  will produce 
marked desaturation of haemoglobin in arterial blood. This common 
threshold may exist for M. domes tica but on the current evidence it appears 
that P. breviceps has a higher threshold for hypoxia. This may be related to 
the altitudes of the natural habitats of these species. Thermoregulatory 

behaviour was affected by hypoxia in the P. breviceps but not in M. domestica. 

In the absence of thermoregulatory behaviour, Tb can still be 

regulated by insulative, evaporative and metabolic adjustments. It has been 
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shown by Dupre and Owen (1989) that the effects of hypcoda on Tb in rats is 

the same in the presence and absence of a thermal gradient. This suggests 

the relative unimportance of the environment with respect to the 

maintenance of hypothermia during hypo)da. However, as pointed out by 
Dupre and Owen (1989), it is possible that the constant Ta used during the 

experiments lacking the thermal gradient may be within the range which 
would be selected by the animal while hypo)dc. This may also apply to the 

observations from this study in that the animals selection of Ta during 

normoxia suited thermogenic requirements during hypoxia at most time 
periods within 24 hours. Differences in temperature selection at different 
time periods by individual animals also supports this observation. 

Brauer et al., (1986), found that Selected Ta is controlled centrally in a 
variety of ectotherms and endotherms with 0 2  transport to the CNS the 
limiting factor. According to Brauer et al., (1986) hypoxia induces a decrease 
in selected Ta in both endotherms and ectotherms but the effect is not 
exerted upon thermogenesis as a common behaviour across a range of taxa. 
This lack of common effect was also evident in M. domes tica. The 
physiological pathways involved in behavioural thermoregulation are 
unknown but are believed to potentially involve arginine vasopressin, 
histamine, lactate and adenosine (Wood and Malvin, 1992; Wood and 

Gonzales, 1996). Schurmann et al (1991) has also suggested that 
catecholamines may play a central role in the control of the selection of Ta 
during hypoxia. These mediators have not been studied in marsupials and 

so their role in behavioural thermoregulation can not be estimated. It would 
be of interest to measure such mediators in M. domes tica to determine their 
role, if any, in behavioural thermoregulation. 

8.3.3 Hypoxic Effects on Circadian Rhythms of Core Body 
Temperature and Selected Ambient Temperature 

Normal circadian rhythms of core Tb are greatly affected by exposure 
to hypoxia in M. domestica with normal circadian patterns abolished by 
hypcodc ambient conditions. Circadian patterns of selected Ta are not 

apparent in normoxic conditions and the same holds true during hypoxia 
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with no circadian cycles evident in both species. However, patterns of Ta 

selection were different during hypoxia compared to normal conditions. 

Hypoxia has been reported to affect thermoregulatory circadian 

patterns in humans (Vargas et al., 2001). In synchronised conditions of a 

12:12-hour light-dark cycle, Mortola and Selfert (2000) also observed the 
elimination of circadian rhythms of Tb in adult rats, as hypoxia (10.5% 0 2) 
blunted the Tb rise in the dark phase. Upon return to normoxia, Tb rapidly 
increased towards maximum normoxic levels and a normal circadian cycle 
of Tb regulation was then established. This pattern of returning to normal 

circadian cycles once re-exposed to normoxia was also evident in M. 
domestica. This indicates that both these marsupial species are able to return 
to a Tb within their normal circadian phase immediately after hypoxia 

exposure. Similarly, in free-running conditions (ie constant light) the Tb 
rhythm of adult rats was re-established at the expected phase of the cycle 
upon return to normoxia (Mortola and Selfert, 2000). This indicates that the 
action of hypoxia is at the hypothalamic centres of thermoregulation and not 
on the circadian clock. According to Gautier (1996), the hypothalamus is the 
key control centre of thermoregulatory responses to hypoxia. The results of 
this study certainly support this theory of hypothalamic control. 

Following arousal from hibernation, hamsters tend to return to a 

normal preference for a warm environment however pre-hibernative 
hamsters show a marked preference of cool environments (Gumma and 

South, 1967). A similar response is also seen in rats which return to normal 

thermoregulatory behaviour patterns to Ta once hypoxia has been removed 
(Dupre and Owen, 1989). Immediately after hypoxia, M. domestica were 
returned to a normal 21% 0 2  environment at which time they immediately 

returned to normal circadian rhythms of Tb and normal patterns of Ta 

selection. These observations of thermoregulatory behaviour indicate that 
recovery from hypoxia is immediate from a behavioural stance in mammals 

generally. This immediate change in behaviour may also greatly assist the 

prompt return of Tb to normal levels which is observed. 
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The effects of hypoxia on Tb and selected Ta in M. domes tica were also 
analysed during two time periods within 24 hours. One period existed 

within the light phase (ie 1200-1800 hours)and the other within the dark 

phase (ie 0200-0800 hours) of the day. All animals displayed greater 

hypoxia-induced hypothermia during the light phase. This observation 

implies that during their most active periods (ie the dark phase) M. domes tica 
does not actively utilise its environment to regulate Tb and, similarly, during 
the light phase (when relatively inactive) Ta selection by M. domestica is 
relatively unaffected by low ambient 0 2  levels. This suggests that during 
hypoxia M. domestica use autonomic regulators to maintain hypothermic Th. 

The M. domes tica utilised in this study were laboratory-bred. 
Consequently, these animals have had no experience of varying ambient 
conditions and so did not utilise the environment to benefit 
thermoregulatory strategies. Thus, little difference is observed between 

Selected Tas while normoxic and hypoxic in this species. This suggests that 
the use of the environment to modulate thermogenesis is a learned 
behaviour and does not indicate that hypoxia alters the set-point of 

thermoregulation. According to Brauer et al., (1986) there is evidence that 
temperature preference behaviour can be learned in the mouse and the 
lizard but not in fish, crustaceans and planaria. It is highly possible that 

thermoregulatory behaviour is a useful tool which marsupials can utilise as 
a strategy to maintain Tb when environmental conditions change. Such 
behaviour is probably learnt from previous experiences. 

8.3.4 Effects of Hypoxia on Metabolic Rate in M. domestica 
Hypoxia reduces metabolic rate reflecting the reduced activity of 

aerobic respiration. This reduction is marked in M. dornestica as the Ta falls 
below the TNZ as seen in previous studies (eg Dupre et al., 1988; Gordon, 

1993b; Gautier, 1996). Decreased thermogenesis during hypoxia results in 

hypometabolism with more profound effects seen in smaller animals due to 

their higher thermogenic requirements (Frappe11 et al., 1992; Saiki and 
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Mortola, 1996). Even invertebrates like molluscs exhibit metabolic 
suppression during hypoxia combined with a massive down-regulation of 

systemic 02  delivery to match metabolic supply to demand (Boutilier et al., 

2000). Hypoxia-induced metabolic rate is decreased in M. domestica to as 

low as 47% of the normoxic levels of metabolism; this is evident at a Ta of 

35°C. At 5°C however metabolic rate is reduced by only 20% during 

hypoxic conditions. According to Gautier (1996) the magnitude of hypoxia-

induced hypometabolism depends on Ta, the degree of hypoxia and the age 
and/or size of the animal. Ponies do not show a depressed metabolic rate in 
response to acute hypoxia (Korducki et al., 1994) and variable levels of 

metabolism have been observed in a number of mammalian species during 
hypoxia at room temperature (Frappell et al., 1992). As shown in Table 8.3.1 
one of the smallest living marsupials (S. crassicaudata) depresses MR by 74% 

compared to a depression of 20% by a wallaby (M. eugenii) or 5% by a rat-
kangaroo (P. tridactylus) (Frappe11 et al., 1992). M. domestica reduced 
metabolic rate by 31% at a Ta of 20°C (ie 0.83m1/g/hr to 0..57m1/ g/hr) 

during hypoxia which compares favourably with the aforementioned 

results. 

Table 8.3.1 Metabolic rates of eight marsupial species in normoxia and 
hypoxia at room temperature (data adapted from Frappe11 et al., 1992) 

Species 
(common name) 

n Mass 
(g) 

Ambient 02  
levels (%) 

MR 
(ml/g /hr) 

Sminthopsis crassicaudata 2 15 0.21 4.8 
(fat-tailed dunnart) 0.10 1.2 
Dasyuroides byrnei 1 107 0.21 2.5 

(kowari) 0.10 1.1 
Petaurus breviceps 2 147 0.21 1.8 

(sugar glider) 0.10 0.9 
Isoodon macrourus 2 945 0.21 0.9 
(brown bandicoot) 0.10 0.5 
Bettongia penicillata 2 1142 0.21 1.0 

(brush-tailed bettong) 0.10 0.8 
Potorous tridactylus 2 1262 0.21 0.7 

(potoroo) 0.10 0.7 
Macro pus eugenii 2 3917 0.21 0.5 
(tammar wallaby) 0.10 0.4 
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Advantages of inducing hypothermia and hypometabolism during 
hypwda include improving 0 2-loading in the lungs (due to a left shift of the 
oxyhaemoglobin dissociation curve), reducing energy-costing responses 
such as ventilation and resting tissue metabolism and brain cooling, thus 
preventing potential cell damage. M. domestica decrease both metabolism 
and Tb during hypoxia presumably to confer such advantages. Potential 
disadvantages of hypometabolism include ventricular fibrillation, 

interference with the normal immune response, the possible deceleration of 
brain development and the effects on metabolic rate during sympathetic 
activity (Wood and Malvin, 1992). However, the magnitude of 

hypometabolism will reflect the degree to which these disadvantages may 
affect a species. M. domestica reduced metabolism significantly but not 
dramatically during hypoxia therefore limiting any disadvantages induced 
by hypometabolism. 

It can be concluded that M. domes tica exhibit physiological 
hypothermia when exposed to hypoxia and that there is a threshold level of 
hypoxia (approximately 10% 0 2  or above) below which selected Ta is 
significantly affected during short-term exposures. As reported in the 
literature, there are substantial intraspecies and interspecies variations in 
selected Ta during normo)da and hypo)da in laboratory experiments and this 
is also seen in marsupials. The results of this study suggest that generally, 
M. domes tica regulates core Tb (and metabolism) at a lower level during 
long-term hypoxia by utilising a minimal amount of behavioural 
thermoregulation to prevent Tb decreasing too significantly. The M. 
domestica were laboratory-bred animals which may explain their minimal 
use of thermoregulatory behabiour. It is apparent that although all 
marsupials exhibit hypothermia in a hypoxic environment the mechanisms 

involved in this hypothermia may vary from species to species. 
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CHAPTER 9 

THERMOREGULATORY RESPONSES TO SIMULTANEOUS  

EXPOSURE OF HYPDXIA AND BACTERIAL ENDOTOXIN  

9.1 Introduction 

It is well established that bacterial endotoxin generally increases core 
Tb (see Kluger, 1991) and hypo)da reduces core Tb (see Gautier, 1996) in 

many endotherms (including marsupials as shown in earlier chapters of this 
thesis). Furthermore, the effects of fever (ie a combination of increased heat 
production and decreased heat loss) involve the same underlying 

mechanisms as the effects of cold exposure while hypoxia reduces metabolic 
activity and therefore heat production. However the effects of hypoxia and 
fever in combination has not been addressed in many species. Such 
experiments may give some insight into the regulation of the 
thermoregulatory system and the significance of the hyperthermic and 
hypothermic responses seen during fever and hypoxia respectively. Thus, it 
was of interest to examine the effects of hypoxia on the observed fever 
response in M. domestica. 

The underlying control of thermogenesis involves the hypothalamic 
set-point (Hammel et al., 1963). This set-point may be increased during a 
state of hyperthermia (Satinoff and Henderson, 1977) and decreased during 

a state of hypothermia (Gordon and Fogelson, 1991). If the general 
consensus is true and endotoxin increases the thermal set-point while 
chronic hypo)da decreases the thermal set-point then the induction of both 

simultaneously would provide some insight into the set-point theory. 

From the previous experiments it appears that both LPS and hypoxia 

do not shift the set-point of thermoregulation in laboratory-bred M. 

domestica. If both bacterial endotoxin and hypoxia shift the set-point of 
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thermoregulation then their opposing effects will lead to a negligible change 
in thermoregulation dependant on the magnitude of the typical individual 

febrile and hypoxic responses. This is supported by Ricciuti and Fewell 

(1992) who found that the febrile response of young lambs to bacterial 

pyrogen was altered by hypoxemia with no change in core Tb observed. 
However, acute moderate hypoxia was found to depress the febrile response 

to endotoxin of guinea-pigs by reducing thermogenesis (Doherty and 
Blatteis, 1980). Similarly, the combined effect of LPS and hypoxia in rats 
resulted in a significant decrease in 'Tb (Almeida 1999). The mechanism of 
this ability of hypoxia to abolish febrile hyperthermic response remains 
unclear and clearly illustrates the need for further investigations. In 

addition, in mice, hypoxia has been shown to have an adverse effect on 
acquired endotoxin tolerance (Arya and Garcia, 1995). These authors 

further postulated that hypoxia may be a more potent stimulus than fever. 

This Study investigated the combined effects of hypwda and LPS 

exposure on behavioural and autonomic thermoregulation in M. domes tica 

and one P. breviceps. It was proposed that administering both hypo)da and 
endotoxin together would abolish the typically observed rhythm of body 

temperature and patterns of selected ambient temperatures usually 
produced by these conditions individually. A pronounced decrease in 
febrile hyperthermia was expected under hypo)dc ambient conditions as it 

was proposed that hypoxia would suppress aspects of the febrigenic 
mechanism. Furthermore, since hypoxia and LPS each altered the 
thermoregulatory set-point in one P. breviceps, it was hypothesised that Ta 

preference in this animal (while febrile and hypoxic) would be similar to or 
slightly less than the range of Ta selected during control conditions. 

9.2 Results 

Appendix 8 illustrates continuous measurements of core Tb and 

selected Ta in each animal when injected with LPS and subsequently 
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exposed to hypoxia. Core Tb was affected by simultaneous LPS and 

hypoxia exposure with decreases in mean Tb observed in M. domestica and 

an increase in mean Tb observed in the P. breviceps. However, selected Ta 

was not affected by a combination of LPS and hypoxia in M. domestica 

despite a decrease in selected Ta observed in the P. breviceps. Tb and 

selected Ta recordings were compared to control (no LPS, normoxia), fever 
(LPS, normoxia) and hypoxia (no LPS, hypoxia) conditions during the same 

time period. 

The Tb recordings for MOAG13 during LPS and hypoxia were 

affected by the transmitting signal from the implanted radiotransmitter in 
this animal which produced intermittent signals approximately 1.5 hours 
prior to the end of the experiment. At the end of the experiment the 
radiotransmitter in MOAG13 ceased transmitting any signal. Problems 
associated with Tb recordings during earlier fever experiments with 
MOAG17 meant that only a small time period (1.5 hours) could be used to 

compare Tb during LPS only and LPS+hypoxia in this animal. 

9.2a Effects of LPS and Hypoxia on Core Body Temperature 

A typical continuous recording of core Tb while exposed to LPS and 
hypoxia is illustrated in Figure 9.2.1 for M. domestica and Figure 9.2.2 for the 
P. breviceps. The mean core Tb of each animal was calculated while exposed 

to LPS and fever, and for the same time interval and time period of the day 
under control, fever and hypoxia conditions. These Tb recordings are 
shown in Table 9.2.1. All animals were exposed to a combination of LPS 

and hypoxia from 1215 hours to 1630 hours. During this time period, the 
core Tb of M. domes tica was significantly lower than during control 

conditions (t=22.1; p<0.05) with a mean core Tb of 33.7=0.1°C (LPS and 

hypoxia) compared to a mean core Tb of 34.0=0.1°C during control 

conditions. 
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Figure 9.2.1 Typical Continuous Recordings of Body Temperature (Tb) 
from a M. domestica (MOAG18) - the effects of simultaneous exposure to 

LPS and hypoxia 
[LPS was injected at 34.5 hours; hypoxia period was 36.5 hours to 42.6 hours] 
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Figure 9.2.2 Continuous Recordings of Body Temperature (Tb) from a 
P. breviceps - the effects of simultaneous exposure to LPS and hypoxia 
[LPS was injected at 33.5 hours; hypoxia period was 35.7 hours to 41.5 hours] 
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Table 9.2.1 Mean Core Body Temperature (Tb) and Mean Selected 
Ambient Temperature (Ta) of M. domes tica and P. breviceps in response to 
control conditions, fever conditions, hypoxia conditions and simultaneous 

exposure to E.coli Lipopolysaccharide (LPS) and hypoxia (10-13% 0) 
Time period refers to the number of hours at which hypoxia exposure occurred 

which commenced 2 hours after the initial intramuscular injection of LPS. 
* denotes significance difference from all other conditions. 

Animal Condition Time Period 
(hours) 

Core Tb 
(°C) 

(X±SD) 

Selected Ta 
(°C) 

(X±SD) 
MOAG13 control 5 35.2-10.2 28.2±5.6 

LPS only 5 35.0-10.3 34.7±1.3 
hypoxia only 5 34.2±0.4 29.5±1.9 
LPS+hypoxia 5 33.9±0.6* 27.7±4.2* 

MOAG15 control 5 33.8±0.4 28.5±1.6 
LPS only 5 34.6±0.4 29.0±1.5 

hypoxia only 5 32.7±0.4 27.9±1.2 
LPS+hypoxia 5 33.4±0.2* 28.6±1.5* 

MOAG16 control 6 34.3±0.3 29.3±2.1 
LPS only 6 34.8±0.4 28.4±1.7 

hypoxia only 6 34.2±0.2 27.8±1.6 
LPS+hypoxia 6 34.1±0.3* 31.7±1.7* 

MOAG17 control 6 34.3±0.2 32.3±2.5 
LPS only 2 34.6±0.2 33.2±1.3 

hypoxia only 6 34.2±0.2 31.9±2.0 
LPS+hypoxia 2 34.0±0.1 29.5±5.2 
LPS+hypoxia 6 34.2±0.2 32.3±2.0* 

MOAG18 control 6 34.2±0.5 30.3±3.7 
LPS only 6 34.5±0.3 27.8±2.4 

hypcoda only 6 33.5±0.3 26.6±1.6 
LPS+hypoxia 6 33.2±0.3* 28.9±2.0* 

PETAG1 control 5.75 34.4±0.5 33.8±1.3 
LPS only 5.75 34.7±0.4 20.4±1.9 

hypcoda only 5.75 33.6±0.7 21.8±6.0 
LPS+hypoxia 5.75 35.3±0.4* 31.4-11.7* 

195 



In comparison to hypoxia conditions during the same time period, core 
Tb was also significantly lower for M. domestica (t=6.5; p<0.05) although the 

decrease was not as significant and in one animal (MOAG17), no significant 

difference was noted (t=1.8; p>0.05). During fever conditions, a significantly 

higher Tb was recorded (t=40.2; p<0.05 for time period 1215-1345; n=5 and 

t=-41.9; p<0.05 for time period 1215-1630; n=4) compared to that recorded 

during a combination of LPS and hypoxia in M. domestica. 

A significant increase in core Tb was noted in PETAG1 during LPS and 

hypoxia with a change from 34.4±0.5°C (control conditions) to 35.3±0.4°C 

(t=-25.7; p<0.05). Core Tb during LPS and hypoxia was also significantly 
higher than Tb recordings during fever conditions (t=-17.6; p<0.05) and 
hypoxia conditions (t=-39.8; p<0.05) in PETAG1. 

The effect of combined LPS and hypoxia on the circadian rhythms of 
core Tb in each animal was analysed using Fourier analysis. Tb recordings 
at one minute intervals for each animal were analysed using a single series 
Fourier analysis and results plotted by period using transformations in 
which the mean was subtracted and detrended and period values 

corresponding to the largest peaks were determined. Results of this analysis 
for each animal are presented in Appendix 13. As the animals were not 
exposed to a combination of LPS and hypoxia for 24 hours, the circadian 

rhythm was only affected at a certain time period of the day (ie during the 
exposure to LPS and hypoxia). The normal pattern of Tb seen in control 

conditions was disrupted by a combination of LPS and hypoxia in all 
animals although most animals were able to maintain a 24 hour period. This 

is illustrated in Table 9.2.2 which shows the effect of a combination of LPS 
and hypoxia on the amplitude, acrophase, and period of Tb in each M. 

domestica and PETAG1. The 24-hour rhythms maintained by MOAG15, 

MOAG17, MOAG18 and PETAG1 were not as defined as those seen under 

control conditions (see Appendix 13). Individual animals also exhibited 

additional rhythms, for example, MOAG18 showed an additional rhythm of 

Tb at 6, 8 and 16 hours as illustrated in Appendix 13. 
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Table 9.2.2 The effects of a Combination of LPS (Lipopolysaccharide) and 
Hypoxia on Core Body Temperature: Amplitude, acrophase (timing of 

peak), and period 
[Period was determined by Fourier analysis; amplitude is the difference between 
the maximum and minimum Tb during the exposure; acrophase is given in 24- 

hour time] 

Animal Condition Min. Max. Amplitude Acrophase Period 

(°C) (°C) (°C) (hours) 

MOAG13 Control 33.0 35.0 2.0 13:52 

LPS+Hypo)da 32.6 35.1 2.5 17:22 9.6 

MOAG15 Control 33.1 34.2 1.1 14:57 

LPS+Hypoxia 32.9 33.9 1.0 11:41 24 

MOAG16 Control 33.3 34.4 1.1 12:14 
LPS+Hypo)da 33.7 34.6 0.9 11:20; 48 

11:23; 
14:17; 
14:20; 
14:23; 

14:26; 14:35 

MOAG17 Control 33.2 34.6 1.4 17:34 
LPS+Hypo)da 33.8 34.6 0.8 15:31 24 

MOAG18 Control 34.3 34.7 0.4 11:35 

LPS+Hypo)da 32.6 34.4 1.8 11:43 24 

PETAG1 Control 33.8 34.9 1.1 13:55 

LPS+Hypo)da 34.4 35.8 1.4 14:06 24 

9.2b Effects of LPS and Hypoxia on Selected Ambient Temperature 

A typical continuous recording of selected Ta while exposed to LPS 

and hypo)da is illustrated in Figure 9.2.3 for M. domestica and Figure 9.2.4 for 

PETAG1. The mean selected Ta of each animal was determined during the 

time period of simultaneous LPS and hypo)da exposure and similarly under 

control conditions, hypoxia conditions and fever conditions as shown in 
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Table 9.2.2. Selected Ta was also analysed during a common time period 
(1215 to 1630 hours) to determine differences between different animals. 

There was significant difference between selected Ta during control 

conditions and LPS+hypoxia in M. domestica (t=-10.0; p<0.05). An even 
more significant decrease in selected Ta was observed for the P. breviceps 

during simultaneous exposure to LPS and hypoxia (t=65.8; p<0.05). M. 

domestica selected a mean selected Ta of 29.9±0.9°C during LPS+hypoxia 

(compared to a mean selected Ta of 29.6±1.3°C in control conditions). This 

was lower but comparable to a selection of 31.4±1.7°C while exposed to 

concurrent LPS and hypoxia for PETAG1. 

Compared to hypcocia during the same time period, different patterns 
of Ta selection were observed with M. domes tica selecting significantly lower 
Tas (t=-41.9; p<0.05) and the P. breviceps selecting significantly higher Tas 
(t=-91.0; p<0.05) during LPS+hypoxia. Similarly, M. domestica selected 
significantly higher Tas during fever conditions (t=40.2; p<0.05 for time 

period 1215-1345 hours; n=5 and t=20.6; p<0.05 for time period 1215-1630 
hours; n=4) and the P. breviceps selected significantly lower Tas during fever 
conditions (t=-261.0; p<0.05) compared to LPS+hypoxia. 
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Figure 9.2.3 Typical Continuous Recordings of Selected Ambient 
Temperature (Ta) from a M. domes tica (MOAG18) - the effects of 

simultaneous exposure to LPS and hypoxia 
[*LPS was injected at 10.6 hours; hypoxia period was 12.5 hours to 18.6 hours] 
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Figure 9.2. 4 Continuous Recordings of Selected Ambient Temperature 
(Ta) from a P. breviceps - the effects of simultaneous exposure to LPS and 

hypoxia 
[*LPS was injected at 9.5 hours; hypoxia period was 11.8 hours to 17.5 hours] 
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The effect of combined LPS and hypoxia on the circadian rhythm of 

selected Ta in each animal was analysed using Fourier analysis (StatSoft 

STATISTICA 4.1). Selected Tas recorded every 6 seconds were analysed 
using a single series Fourier analysis as for Tb analysis to determine the 

effects of fever and hypoxia on patterns of selected Ta. Results of this 

analysis for each animal are presented in Appendix 13. Similarly to fever 
conditions and hypoxia conditions, a combination of LPS and hypoxia 

disrupted patterns of temperature selection. Tas selected at periods of the 
day when the animals were exposed to LPS and hypoxia were different to 

those selected under control conditions as already mentioned. 

The frequency of responses to each Ta available in the thermal gradient 
was also determined during control conditions and during LPS+hypoxia 
exposure for each M. domestica as shown in Figures 9.2.5 (a-e). Typically, the 
selection of Ta by individual animals was variable, with M. domestica 
tending to select a similar range of Ta during control (normcodc) conditions 
and LPS+hypoxia. Typically, during LPS+hypoxia, M. domestica favoured 
Tas around 28°C, 29°C and 33°C and the P. breviceps favoured Tas around 
29-35°C. Figure 9.2.6 shows the mean frequency of responses to Ta under 
control and LPS+hypcoda for M. domestica. 

PETAG1 however spent considerably more time at higher Tas during 
fever+hypoxia as illustrated in Figure 9.2.7. The frequency of responses to 

Ta during LPS and hypoda compared to during fever and during hypoxia 
are shown in Figures 9.2.8a for M. domestica and 9.2.8b for the P. breviceps. 
The combination of LPS and hypoxia caused individual animals to select 

warmer Tas with cooler Tas selected during hypoxia only (ie with no 
combination of LPS). 
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Figure 9.2.5c The effect of fever and hypoxia on the frequency of 
responses to ambient temperature in MOAG16 
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Figure 9.2.5d The effect of fever and hypoxia on the frequency of 
responses to ambient temperature in MOAG17 
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exposure to lipopolysaccharide (LPS) and while exposed to hypoxia in 

M. domestica 
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Figure 9.2.8a Comparative effects of fever (LPS), hypoxia and a 
combination of fever and hypoxia on the frequency of responses to 

ambient temperature in M. domestica (n=5) 
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Figure 9.2.8b Comparative effects of fever (LPS), hypoxia and a 
combination of fever and hypoxia on the frequency of responses to 

ambient temperature in one P. breviceps 
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9.3 Discussion 

To my knowledge, only six investigations have previously been 

published on the combined effects of fever and hypoxia in mammals. In the 

majority of these investigations, hypoxia markedly reduced the febrile 
response particularly with respect to the regulated increase in Tb 

characteristic of mammalian fever (Farkas et al., 1966; Doherty and Blatteis, 
1980; Riciutti and Fewell, 1992; Almeida et al., 1999). According to Wood 
and Malvin (1992) if there is a limited supply of oxygen or a limitation in 

oxygen-carrying capacity then the fever of hyperthermia will aggravate 
hypoxemia. According to the results obtained in this study, core Tb and 
selected Ta are altered under the influence of an endotoxin fever in 

combination with hypoxia. The expected increase in core Tb induced by 
bacterial endoto)dn is reduced by hypoxic exposure in M. domestica which is 
in agreement with previous observations in rabbits (Cheymol and Levassort, 
1955), rats (Farkas et al., 1966; Almeida et al., 1999), guinea pigs (Doherty 
and Blatteis, 1980) and lambs (Ricciuti and Fewell, 1992). In addition, Arya 
and Garcia (1995) have suggested that hypo)da /reoxygenation diminishes 
LPS-induced tolerance of macrophages in mice. 

The benefits of preventing the hyperthermic response of fever while 

subject to a hypoxic environment may be interpreted as a survival 
mechanism. It is well documented that the typical hypothermic response 
seen during hypoxia results in reductions in ventilation, resting tissue 

metabolism, and improvements in oxygen loading in the lungs. A 
simultaneous hyperthermic response during fever obviously eliminates 

these advantages. LPS-induced fever involves an increase in heat 

production through the possible stimulation of endogenous pyrogens such 

as PG. These endogenous pyrogens stimulate heat production by a variety 

of mechanisms including the activation of sympathetic activity to BAT thus 

promoting NST. As hypoxia depresses the febrile response in many 
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endotherms it is apparent that a low ambient oxygen level serves to 
decrease heat production by inhibiting endogenous pyrogen activity. 

Suppression of fever by low ambient 02  levels was first demonstrated 

in rabbits at 15-25°C by Cheymol and Levassort (1955). Similarly, Farkas et 

al., (1966) demonstrated that a 12% 0 2  environment prevented a rise in Tb 

and V02  in rats at 20°C and at 30°C the rise in Tb was prevented but V0 2  
increased. Doherty and Blatteis (1980) observed significant increases in core 
Tb in adult guinea pigs at 25°C following administration of bacterial 

pyrogen (S. enteritidis) during hypoxemia (although to a lesser extent to that 

observed in room air) and found that exposure to hypoxia significantly 
decreased typical increases in V0 2 . Furthermore, the reduction in V0 2  
during hypoxia accounted for the reduced fever as changes in V0 2  
preceded corresponding changes in Tb in both room air and hypoxia 
(Doherty and Blatteis, 1980). M. domestica similarly had a reduced febrile 
response during hypoxia. However, hypoxia failed to blunt the 
hyperthermic response to LPS in the P. breviceps but rather exaggerated it. 
These observations indicate that V0 2  would also be reduced in M. domestica 
during simultaneous exposure to LPS and hypoxia as previously observed 
in guinea pigs by Doherty and Blatteis (1980). 

Ricciuti and Fewell (1992) did not find significant increases in core Tb 

in response to bacterial pyrogen in young lambs when exposed to hypcoda. 
The explanation for this latter finding was suggested to be related to the 

dependance of lambs on NST to develop a fever as NST is selectively 
inhibited during hypoxic exposure (eg Blatteis and Lutherer, 1973). 
According to Doherty and Blatteis (1980), guinea pig fever also involves a 

small but significant NST component and the intensity of shivering during 

hypoxia is more vigorous than in room air. In lambs, shivering and 

vasoconstriction are sustained during fever and hypoxia (Ricciuti and 

Fewell, 1992). This is despite a lack of hyperthermia in these animals typical 

of fever and a lack of increase in total body V0 2  during hypoxia. It is thus 

apparent that shivering and vasocontriction alone are insufficient to raise 
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core Tb in lambs following pyrogen administration. NST must therefore 
play a key role in the elevation of core Th. This elevation is limited by 

hypoxia as it limits 02  delivery to BAT and prevents NST required for fever 

production. 

The presence of BAT in marsupials is still controversial although it 

seems likely that noradrenaline-mediated NST through skeletal muscle in 
non-macropod marsupials does exist (eg Nicol et al., 1997; Rose et al., 1999). 
Shivering was not visually observed during the current experiments and 

other mechanisms of heat production were not assessed. As the P. breviceps 

increased Tb significantly during a combination of LPS and hypoxia 
exposure in comparison to previous fever responses it can be deduced that 
hypoxia probably had no inhibitory effect in this animal (or alternatively 

any inhibitory effect is counteracted by thermal behaviour). This result was 
unusual as inhibition of fever by hypoxia was observed in all M. domestica. 

This latter observation indicates that NST may be an underlying mechanism 

of marsupial fever which may be inhibited during hypoxia. This NST 
would occur in skeletal muscle in M. domestica as BAT has not been 
identified in thie species (Hayward and Lisson, 1992). 

The action of hypoxia on pyrogenesis in both M. domestica and the P. 

breviceps was direct when considering the immediate change in Tb patterns 

once the air in the gradient was switched from normoxia to hypoxia. This 
was similarly observed by Doherty and Blatteis (1980). The immediate 
change in Tb was also accompanied in many animals by an immediate 

change in Ta preference. This may be due to agitation of the animals by the 
reduction in ambient oxygen levels or a thermoregulatory adaptation. 
Doherty and Blatteis (1980) recorded V02  as well as rectal temperatures and 
deduced that the reduced V0 2  observed during hypoxia accounted for the 

lowered fever. The reduced hyperthermic response in M. domes tica may also 
be due to a decrease in V02 . 
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Hyperventilation may be, in part, responsible for the attenuated fever 

seen during hypoxia in lambs (Ricciuti and Fewell, 1992). During hypoxia, 

minute ventilation is usually increased although hypometabolism is more 

prominent in mammals (Frappe11 et al., 1992). This would increase heat 

dissipation via the respiratory tract which may overwhelm any attempt to 

increase Tb in response to bacterial endotoxin. It is possible that an 

increased ventilation rate was responsible, at least in part, for the blunted 

febrile response seen in M. domestica. 

Nitric oxide pathways in the central nervous system of mammals 
have also been shown to be involved in responses to LPS and hypoxia. 
Nitric oxide is required for the production of fever (Scammell et al., 1996; 
Soszynski, 2001; Steiner and Branco, 2001) and central nitric oxide causes a 
reduction in Tb during hypoxia (Branco et al., 1997). In addition, in rats, the 

inhibition of fever by hypoxia has been proposed to be related to nitric oxide 
(Almeida et al., 1999; Nakano et al., 2001). Nitric oxide pathways have not 
been investigated in marsupials however it is reasonable to postulate that 
such a pathway may also be an underlying mechanism of thermogenic 
adjustments to LPS and hypoxia. As marsupials exhibit comparable 
changes in thermogenesis to mammals when exposed to LPS and/or 
hypoxia, it is proposed that the underlying mechanisms will also be similar. 
An investigation of the role of nitric oxide pathways in marsupial 

thermoregulation would confirm these assumptions. 

Febrile responses in mammals have been reported to be altered not 
only by changes in ambient 02  levels but also by helox environments and 
high CO2  environments. Vaughn et al., (1980) demonstrated a dose-
dependant alteration in the febrile response of rabbits when exposed to 

helox. The dose-dependant differences were proposed by these authors to 

be due to an interaction between the helox-induced increase in heat loss and 

an increase in "fever drive". The hyperthermic response of fever has been 

found to be delayed by hypercapnia (as a result of lower heat production) in 

the cat (Sachdeva and Jennings, 1994). This hypercapnic effect is quite 
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different to the typical hypoxic effect observed in mammals (including 

marsupials) where the typical hyperthermic response of fever is abolished 

rather than simply delayed. Such studies indicate that environmental 

conditions (such as variations in p0 2  and pCO2) affect the magnitude of 

fever in mammals. 

Patterns of Ta selection were recorded for both M. domes tica and the 

P. breviceps during a combination of LPS and hypoxia. There are no 
previous investigations of the effects of fever and hypoxia simultaneously 
on behavioural thermoregulation in any other mammal and it was proposed 

that a negligible effect would be seen, particularly in the P. breviceps. 

However, the combination of LPS and hypoxia exposure resulted in a 

significant increase in the selected Ta of the P. breviceps compared to selected 
Ta during fever or hypoxia only and a significant decrease in selected Ta 
compared to control conditions. The combination of hypoxia and LPS had a 
less apparent effect on Ta preference in M. domestica with a slight but 
significant decrease in mean selected Ta during these conditions compared 
to the mean selected Ta in control conditions, fever conditions or hypoxia 
conditions. However, M. domestica did spend a considerable amount of time 
at higher Tas during LPS and hypoxia as shown in Figure 9.2.12. A 
preference for higher Ta in the P. breviceps was noticeable approximately 25 
minutes after LPS was injected into the animal and was maintained when 

ambient 0 2  levels were reduced from 21% to 10-12%. It is possible that this 
selection of higher Ta in the P. breviceps contributed considerably to the 
increase in core Tb also observed in this animal. Utilising behaviour rather 

than relying solely on physiological adjustments to alter Tb can be 
interpreted as an energy-saving mechanism in this animal. 

Behavioural thermoregulation has traditionally been shown to vary 

among different mammalian species although temperature-seeking 

behaviour is primarily utilised by ectotherms to maintain Th. In addition to 

autonomic regulators, however, behaviour is a useful tool to adjust core Tb 

when environmental conditions (other than temperature) change. Selection 
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of cooler temperatures indicates a reduction in the set-point of 

thermore ation. Similarly, the selection of warmer temperatures indicates 

an increase in the thermoregulatory set-point. If hypoxia inhibits fever (as 

seen in Tb responses in rats and in M. domestica) then the selection of cooler 

Tas with simultaneous decreases in core Tb would suggest a resetting of the 

set-point of thermoregulation in the hypothalamus. 

Generally M. domestica selected higher Tas during fever and hypoxia 
than during control, hypo)da or fever conditions. This indicates that there is 
no resetting of the hypothalamic set-point under these conditions. This may 

particularly be due to the fever component of the thermoregulatory 
response. During hypo)da alone Tb is decreased and therefore a resetting of 
the hypothalamic set-point would result in a preference for lower Ta as seen 
in M. domestica. LPS increases Tb and so an increase in selected Ta would be 
expected. The febrile response induced by LPS in M. domestica (ie increased 
core Tb) is attenuated by hypoxia yet the behavioural selection of Ta in this 
species is not similarly affected. The preference to remain in higher 
temperatures while febrile and in a hypoxic environment suggests that this 
species is utilising the environment to retain a higher Tb typical of fever 
while exposed to hypoxia which will induce hypothermia. 

The P. breviceps used in this study was an animal captured in its 
natural environment and therefore capable of utilising the environment to 
maintain its Tb moreso than the laboratory-bred M. domes tica. The use of 
thermal behaviour enabled the P. breviceps to increase Tb (due to LPS) and 

overcome any hypo)da-induced hypothermia yet M. domestica were not able 
to utilise the environment as effectively to similarly overcome these 
hypothermic effects. This may be because M. domestica had been bred and 

maintained in a constant condition environment (ie 28-30°C) and were 
therefore unable to utilise Ta to alter Th. 

Alternatively, behaviour has little effect on thermoregulation in M. . 

domestica and the different core Tb responses observed in M. domestica and 
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the P. breviceps are purely due to differences in autonomic regulation of Th. 
This may also be possible as behavioural selection of Ta, although higher 
than that selected during LPS or hypoxia only, was actually lower than that 

observed under control conditions. The true role of thermoregulatory 

behaviour is still far from understood in marsupial thermoregulation and 

needs to be addressed in mammalian studies of thermoregulatory effects 
during LPS and hypo)da . In these studies, where possible, behavioural 

thermoregulation should be investigated using animals that have not been 
laboratory-bred. 

In summary, M. domestica significantly suppresses hyperthermic 
responses to LPS when exposed to hypoxia. This was not seen in the 
P.breviceps. In addition, environmental temperature may play a role in Tb 
maintenance in response to a combination of LPS and hypoxia in 
marsupials. The ability of hypwda to attenuate the febrile response to LPS is 
apparent in M. domes tica and indicates the strength of hypoxia as a stimulus 

to thermogenic mechanisms in this species. As a typical hyperthermic 
febrile response was not observed it can be suggested that this species may 
contain a NST component of thermoregulation which is selectively inhibited 
during hypwda. Like lambs, and to a lesser degree, guinea pigs, marsupials 
may depend on NST to develop fever (although this was not apparent in the 
P. breviceps). It is also possible that marsupials, and indeed other mammals, 
may utilise environmental temperature to adjust changes in core Th. 

These experiments have provided an insight into the thermogenic 
effects of hypoxia during LPS fever in M. domestica (although somewhat 
inconclusively). It is proposed that this species copes with 02  supply and 
demand during fever by tending to utilise autonomic mechanisms to 

respond to the hypoxic conditions and behaviour to adapt to the LPS. This 

enables them to effectively maintain aerobic metabolism and normal 

thermoregulation despite the presence of a mediator of hyperthermia (ie 

LPS) and the hypothermic effect of the environment (ie hypoxia). The 

underlying mechanisms of these effects however remain to be determined. 
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CHAPTER 10  

GENERAL DISCUSSION 

This study has investigated the concept of a thermoregulatory set-
point in marsupials by determining circadian rhythms of core Tb in adult 

and juvenile animals and the effect of Ta, endotoxin and hypo)da on these 

rhythms. The study has mainly focussed on a laboratory-bred species, 

Monodelphis domestica. Some data from one Petaurus breviceps (obtained from 
its natural habitat) has also been included for comparative purposes. 

An ability to maintain a constant Tb despite fluctuations in 
environmental conditions is a feature common to endotherms including 
mammals such as marsupials. Numerous studies have indicated that 
insulation, shivering and non-shivering mechanisms, heat production 
through locomotor activity, physiological controls (ie vasomotor) and 

behaviour all play an integrative role in endothermic thermoregulation. 
Marsupials are endothermic and although they may lack certain 
thermoregulatory mechanisms such as BAT-induced NST (small amounts of 
BAT may occur in some small species), they are efficient thermoregulators 
utilising both behavioural and autonomic mechanisms. 

This study has aimed to assess the thermoregulation of a small non-
macropod marsupial (M. domestica) including normal circadian Tb rhythms, 
the role of thermoregulatory behaviour and ability of the species to 
thermogenically adapt to injections of bacterial LPS, reduced ambient 02  

levels (hypo)da) and exposure to both LPS and hypo)da simultaneously. In 
addition, the effects of cold Tas on warm-acclimated, laboratory-bred M. 

domestica were investigated and thyroid hormone levels measured. A 

circadian rhythm of Tb typical of a nocturnal mammal is exhibited in M. 

domestica as previously reported in other marsupials such as T. vulpecula 
(Gemmell and Cepon, 1993). The investigation has also successfully 

demonstrated a typical mammalian febrile response in M. domes tica and 
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highlighted some thermoregulatory mechanisms used by this marsupial 
species when exposed to various ambient conditions. 

M. domes tica is a nocturnal marsupial and has a circadian rhythm of 

Tb typical of most mammals (both eutherian and marsupial). This rhythm is 

highlighted by peaks of core Tb during the nocturnal phase and decreases in 
core Tb during the diurnal phase. The basis of this circadian pattern is 
assumed to be hypothalamic although, according to Refinetti (1998), the 

homeostatic control of Tb is exerted independently from the circadian 
control. When initially exposed to colder than normal Tas this rhythm of Tb 

in M. domes tica is affected indicating a disruption to hypothalamic control 
and the thermoregulatory set-point by the cold. Previous studies have 
suggested that the autonomic response of cold-induced thermogenesis 

opposes rather than defends the normal circadian rhythms of Tb (eg 
Refinetti, 1998). This may also be true in marsupials although M. domestica 

does demonstrate an ability to acclimatise to colder Tas as this species does 
maintain rhythms of Tb during subsequent exposures to cold Tas. This 
indicates that the initial exposure to cold conditions sensitises the 
hypothalamic control of Th. This may involve mediators of the central 
nervous system such as PG as such mediators are known to play a role in 
the production of fever in the mammalian brain (eg Satinoff et al., 1999) and 
may also be involved in normal Tb control (Fraifeld et al., 2001). 

Behavioural thermoregulation (ie the selection of selected Tas) is 

utilised by M. domes tica however it has no set circadian pattern despite its 

apparent influence on Th. This indicates that although marsupials are not 

fully reliant on Ta as a form of thermoregulation, as seen in ectothermic 
species (eg Peterson, 1987), they do nevertheless display an evolutionary 

remnant of this form of thermoregulation and seek selected Tas during 

intermittent phases of core Tb control. The lack of a common Ta rhythm in 

M. domestica could be interpreted to suggest that the rhythm of Ta selection 

has no physiological function however evidence from this study suggests 

otherwise. In addition, when allowed to preferentially seek Ta M. domes tica 
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varies Tb over a lower range than when exposed to a constant Ta. Despite 

this, mean Tb is maintained irrespective of temperatures available in the 

immediate environment. This indicates that thermoregulatory control is 

based primarily on autonomic mechanisms in marsupials however 

behaviour may be utilised to reduce the energy costs of thermogenesis. 

The full use of thermoregulatory behaviour in marsupials needs 
further investigation with particular focus on free-living species. In 
addition, it is known that food deprivation modulates thermoregulation in 
mammals and birds (eg Yoda et al., 2000) yet this has not been investigated 

in marsupials. Significant phase shifts in the endogenous Tb rhythm of 

starved Japanese quails have been observed (Underwood et al., 1999) yet 
how food deprivation affects the daily cycle of mammalian 

thermoregulation is largely unknown (Yoda et al., 2000). Investigations 
incorporating Selected Ta in a thermal gradient and food deprivation have 
not been investigated but would be of great interest in understanding 

thermoregulatory behaviour in mammalian species including marsupials. 

This study has successfully demonstrated that M. domes tica exhibit a 
fever response to bacterial LPS which is commonly observed in many higher 
vertebrates. Tb is significantly increased by intramuscular injections of E. 
coli LPS and Tb rhythms are consequently disrupted in M. domes tica during 

the time period that LPS-induced hyperthermia occurs. In M. domestica, the 
duration of fever was quite short therefore making it difficult to determine 
the full impact of the fever on the normal rhythm of Th. The short fevers 

seen in this study did not eliminate the 24-hour rhythm of Tb, however 

disruptions to the daily patterns of Tb while febrile resulted in a less 
pronounced 24-hour rhythm. Inducing fever at different times of the day in 

different individuals of the same species may provide further evidence that 

LPS does in fact disrupt the normal circadian variations in Th. In addition, 

LPS-induced fever needs to be investigated in other marsupials species as it 

is highly likely that some species may have more lengthy fevers than M. 
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domestica. This intraspecies difference has previously been observed in 
rodents (eg Conrad et al., 1997). 

It has previously been proposed that the hyperthermic response seen 
in LPS-induced fever is due to the shifting of the thermoregulatory set-point. 

As the P. breviceps selected warmer environmental temperatures during LPS 
fever, it is apparent that such a process may occur. However, such 
thermoregulatory behaviour was not observed in M. domestica. This is most 
likely due to M. domes tica being a laboratory-bred animal maintained in a 
constant environment unlike the captive P. breviceps. Muchlinski et al., 
(2000) found differences between laboratory-maintained and free-living 
ground squirrels with respect to fever as the free-living animals failed to 
produce a fever in response to E. co/i LPS. According to these authors this 
was due to a pre-existing elevation in thermoregulatory set-point in the free-
living animals which resulted in the maintenance of a higher mean Tb in 
these animals. It would be interesting to conduct behavioural 
thermoregulation and fever experiments on free-living M. domestica and see 
if they behaviourally thermoregulate when febrile. 

In eutherian mammals, the magnitude of fever is believed to be 
determined by endogenous pyrogens and antipyretics acting at the central 
nervous system (eg Kluger, 1991). PG, in particular, is known to influence 

the hypothalamic response to LPS (eg Fraifeld et al., 2000). Such 
compounds have not been investigated in marsupial species and so their 
particular role in marsupial fever is unknown. However, as marsupials 
exhibit a LPS fever comparable to eutherians it is proposed that the 

mechanisms of fever (ie role of eicosanoids such as PG) are common in all 
mammals. A recent study by Fraifeld et al., (2001) has also provided 

evidence that such eicosanoids are involved in the regulation of normal 

daily variations of Tb in rats and mice. This further highlights the need to 

investigate the role of PG and similar compounds in marsupial 

thermoregulation and fever. As the fever response in M. domestica is 
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comparable to eutherian species it is highly likely that the endogenous 
mediators of fever are also similar. 

Hypothermic responses to hypoxia are commonly observed in small 
mammalian species (eg Frappe11 et al., 1992) and hypo)da depresses core Tb 

throughout a full 24-hour circadian cycle in small non-macropod marsupials 
such as M. domestica. Upon return to normoxia, normal Tb rhythms are 
resumed after an initial hyperthermic increase in core Th. Hypothermia 

induced by hypoxia results from a decreased heat production while 
simultaneously increasing heat loss. This is advantageous as it lowers 

metabolic rate and thus oxygen requirements thereby enhancing survival. 
Little is known however about the underlying mechanisms by which 
hypo)da suppresses thermogenesis. 

The mechanisms of hypothermia in lower vertebrates are primarily 
behavioural (ie animals seek cooler environments) with a physiological 
component of peripheral blood flow. In mammals, the mechanisms of 
hypothermia are not completely understood but are likely to involve both 
autonomic and behavioural effectors. The difficulties in understanding 
mammalian hypothermia are partly due to the close relationship between 
metabolic rate and Tb regulation and the difficulty in determining whether a 
decreased Tb is a cause or effect of a reduced metabolic rate. In mammals, 

interactions between hypo)da and hypothermia are further complicated by 

thermogenic responses to reduced Tb. The effects of hypoxia on 
thermoregulation and metabolism are more evident in small animals as they 

have lower thermogenic requirements to maintain endothermy. Hypoxia 
disrupted normal circadian rhythms of 'Tb in M. domestica with rhythms of 
Tb ranging from 12 to 48 hours observed. In the one P. breviceps studied the 
circadian rhythm of Tb was reduced from 24 hours to less than 12 hours 

when the animal was exposed to hypwda. This may reflect a change in the 

hypothalamic set-point of thermoregulation by hypo)da in this animal. Such 

a change in hypothermic set-point is not evident in the laboratory-bred M. 
domestica as three animals of this species maintained a 24-hour rhythm of Tb 
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during hypoxia although the rhythm was not as pronounced as that seen 

during normo)da. 

The use of behavioural thermoregulation during hypoxia has rarely 

been considered in endotherms although it is relatively well documented in 

ectothermic species (eg Greishaber et al., 1994). Behavioural 
thermoregulation was not readily utilised by M. domestica during exposure 

to hypo)da indicating that this laboratory-bred marsupial species used only 
autonomic mechanisms to reduce Th. However, the one P. breviceps did take 
advantage of the range of Tas available in the thermal gradient when 

exposed to hypoxic conditions which likely contributed to this animal's 
altered circadian rhythm of Th. This latter, captive animal, selected cooler 
Tas while inactive and exposed to hypoxia but exhibited no circadian 

rhythm of Ta selection during hypoxia. This is not unusual for an 
endotherm as observed by Gordon (1994) in rats, although opposing 
rhythms of behavioural thermoregulation have been observed in hamsters 
(Refinetti, 1995b) and humans (Shoemaker and Refinetti, 1996). As 
behaviour was not similarly observed in any of the laboratory-bred M. 
domestica studied it is evident that behaviour is a thermoregulatory tool that 
can be learnt by marsupials when they are bred and maintained in a variable 
(natural) environment. Using laboratory-bred animals for thermoregulatory 
studies involving behaviour therefore may be limiting with respect to the 
overall thermoregulatory strategies utilised by the species in its natural 
environment. 

Although few studies have previously investigated the interactions 
between hypoxia and fever and their simultaneous effects on 

thermoregulation it is apparent that an interaction does occur through the 

modulation of the thermoregulatory system. As shown in this study, 

hypoxia can blunt the typical hyperthermic response of LPS-induced fever 

in mammals including marsupials as seen in M. domestica. The ability of 

hypoxia to do this however can be modulated or inhibited through 

220 



behavioural selection of higher Tas as seen in the P. breviceps. This may also 

be the case in other marsupial species. 

Circadian rhythms of Tb were affected by a combination of LPS and 

hypo)da in two M. domestica in this study while the other three M. domes tica 

and the P. breviceps maintained a 24-hour rhythm of Tb. This general lack of 

disruption to circadian patterns of Tb could be related to the short exposure 
to LPS and hypoxia and the timing of this exposure which was always in the 
afternoon hours. Interestingly, the two animals that did not maintain a 24- 
hour rhythm during LPS and hypo)da both exhibited a minimal change in 

Tb during the afternoon when exposed to only hypoxia. In addition, one 
animal exhibited a 12-hour Tb cycle during hypoxia while the other 
exhibited a 48-hour rhythm of Tb during fever. Whether these differences 

are typical of individual animals or whether they are a reflection of their 
captivity bred status is unknown and requires further investigation of both 
laboratory-bred and free-living or captive species. The maintenance of a 24- 
hour rhythm of Tb in the majority of animals does indicate though that the 
hypothalamic set-point is shifted during LPS and hypo)da in M. domes tica. 

Like other endotherms such as rats and guinea pigs, M. domes tica 

suppresses hyperthermic responses to LPS when exposed to hypoxia. 
Presumably like M. domestica in this study, these previous experiments (eg 
Almeida et al., 1999) used laboratory bred animals and therefore may not be 
a true representation of thermoregulatory responses to LPS and hypoxia in 
these species. This is particularly apparent as the captive P. breviceps used in 

this study responded very differently. This animal increased Tb in response 

to a combination of LPS and hypo)da with concurrent selection of higher Tas 
during exposure (to LPS and hypo)da). This behavioural thermoregulation 

made a major contribution to the degree of hyperthermia observed in this 

animal. Again this highlights the possible importance of the environment in 

thermoregulation in free-living animals and the unforeseen inadequacies of 

the traditional use of laboratory animals, particularly in investigations of 

behavioural thermoregulation. 
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This study has been restricted by the availability of animals; M. 

domestica availability was restricted due to quarantine reasons (as it is a 

South American species and the study was conducted in Australia) and only 
one P. breviceps was used in the study despite numerous attempts to capture 

more animals of this species (as outlined in the preface of this thesis). 
Consequently data obtained from the P. breviceps could only be used as a 
comparison to the general results observed in M. domestica. Such a 
comparison did highlight some interesting observations from the P. breviceps 

which remain inconclusive at this stage. 

The general thermoregulatory responses to LPS and hypoxia and 
normal circadian rhythms of core Tb were similar in M. domestica and the P. 

breviceps despite the small numbers used. However, responses to a 
combination of LPS and hypoxia and the use of behavioural 
thermoregulation did differ. It is most probable that these differences can be 
attributed to the knowledge that the M. domestica used were laboratory-bred 
(and maintained at a strictly regulated Ta and day-night cycle) while the 
single P. breviceps was obtained from its natural environment. Such 
profound differences between the thermal performances of captive-bred and 
free-living feathertail gliders have also been reported by Geiser and 
Ferguson (2001). Regardless of the reasoning behind these differences this 

study has highlighted a number of important aspects of marsupial 
thermoregulation. 

Firstly, laboratory-bred M. domes tica exhibit circadian patterns of Tb 
within a 24-hour cycle typical of most mammals. These patterns of Tb are 

affected by ambient temperature with cold ambient conditions disrupting 

normal circadian rhythms. Secondly, behavioural thermoregulation has 
little circadian basis in M. domestica but is seen to modulate 

thermoregulation as a means of saving energy. Thirdly, this study indicates 
that a non-macropod marsupial, M. domestica does display a typical 

hyperthermic mammalian fever to bacterial LPS and a typical hypothermic 

222 



and hypometabolic response to hypoxia. Fourthly, fever responses in M. 
domestica may be suppressed by hypoxia although thermoregulatory 

behaviour may overcome this effect on core Th. Finally, a laboratory-bred 

non-macropod marsupial species (M. domestica) does not respond to fever 

and hypoxia in a way that supports the theory of the set-point of 

thermoregulation. 

The study certainly highlights the need to consider the natural habitat 
conditions of a species when investigating thermoregulation, particularly 
behavioural thermoregulation. Many studies on thermoregulation are based 
on laboratory animals which do not necessarily reflect the natural 

thermoregulatory capacities of a species. Traditional laboratory 
experiments indicate the mechanisms (particularly the autonomic 
mechanisms) of thermogenesis, but field studies would provide a more 
sound indication of the thermoregulatory strategies (particularly 
behavioural) utilised by the animal. This has also been suggested by 
Mitchell et al., (unpublished review) who suggest that observations in 
circadian rhythms of Tb in large arid-zone mammals result primarily from 
experimental constraints which prevent animals from utilising 
thermoregulatory effectors, particularly thermoregulatory behaviour. In 
addition, as mentioned previously, Geiser and Ferguson (2001) have 
reported differences between patterns of torpor in captive and free-living 
feathertail gliders (A. pygmaeus) and free-living P. breviceps exhibit longer, 
deeper and more frequent bouts of torpor than that observed in the 
laboratory (Kortner and Geiser, 2000). These authors show that breeding 

animals in captivity or using animals acclimated to a captive environment 

strongly affects both behaviour and physiology. 

It would be of particular interest to repeat experiments on 

thermoregulatory behaviour, fever and hypoxia on free-living M. domestica 
and compare the data to that obtained in this study. Furthermore, similar 

experiments need to be performed on other marsupial species, where 

possible, using animals bred and maintained in their natural surroundings. 
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This study therefore clearly supports the need and importance for field 
studies to be conducted in thermoregulation of marsupials to validate a 

number of theories proposed by observations in laboratory animals. 

In order to understand the full mechanisms of thermogenesis, 

including the concept of the set-point theory of thermoregulation, 
experiments need to move away from the laboratory environment and into 

the natural habitats. This is the case for both ectothermic and endothermic 
animals. Only then will we fully understand thermoregulation in all 
animals especially mammals such as marsupials. This will allow us to make 

more reliable comparisofis between individual species and to fully 
understand the thermoregulatory capabilities of species throughout the 
animal kingdom. 
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