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Abstract

Mammalian heterotherms, such as hibemators, are known to be more tolerant of low

oxygen tensions than their homeothermic counterparts. It has been suggested that this relative

hypoxia tolerance is related to their ability to deal with dramatic changes in body temperature

during entry to and arousal from torpor. However, hibemators demonstrate dramatic seasonality

in both daily heterothermy and overall torpor expression. It was of interest to test if seasonal

comparisons ofnormothermic individuals within a single species with the capacity to hibernate

produce changes in the response to hypoxia that would reflect a seasonal change in tolerance to

low oxygen. In particular, the species studied, the Eastern chipmunk {Tamias striatus), is known

to enter into torpor exclusively in the winter. To test for seasonal differences in the metabolic

and thermoregulatory responses to hypoxia, flow-through respirometry was used to compare

metabolic rate, minimum thermal conductance, body temperature, and a thermal gradient used to

assess selected ambient temperature in response to hypoxia in both summer and winter

acclimated animals. Although the animals periodically expressed torpor throughout the winter,

no differences between season in resting metabolic rate, body temperature or minimum thermal

conductance were observed in normoxia. The metabolic trials indicated that chipmunks are less

responsive to hypoxia in the winter than they are in the summer. Although body temperature

dropped in response to hypoxia in both seasons, the decrease was less in the winter, and there

was no corresponding decrease in metabolic rate. Providing the animals with a choice of ambient

temperatures in hypoxia resulted in a blunting of the drop in body temperature in both seasons,

suggesting that the reported fall in body temperature set point in hypoxia is not fully manifested

in the behavioural pathways responsible for thermoregulation in chipmunks. Instead, body

temperature in hypoxia appears to be highly dependent on ambient temperature and oxygen

concentration. The results of this study suggest that the season in which the responses to hypoxia

are measured is important, especially in a heterotherm where seasonality can affect the degree to
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which the animal is tolerant of hypoxia. Winter-acclimated chipmunks appear more capable of

defending metabolic heat production in hypoxia, a response consistent with the increased

thermogenic capacity observed in animals that must periodically enter and arouse from torpor

during hibernation.
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CHAPTER 1 -INTRODUCTION

GENERAL MAMMALIAN THERMOREGULATION

In endotherms, such as mammals and birds, body temperature is maintained at a

relatively constant level above ambient temperatures. To maintain constant internal temperatures,

they must continually balance internally generated heat with heat losses to the environment,

guarding against excessive heat loss when ambient temperatures are low and protecting against

overheating when ambient temperatures are high (Bartholomew 1972). A suite of physiological

and behavioural mechanisms are utilized by endotherms to maintain thermoregulatory

homeostasis (Blaxter 1989; Gordon 1993).

Physiological Thermoregulation

How endothermic thermoregulation mediates the interactions between the animal and its

environment can best be understood from an energetic perspective (Bartholomew 1972; McNab

2002). Most thermoregulatory processes attempt to maintain body temperatures while

minimizing costs to the animal. However, even in the most optimal thermal environments, being

an endotherm comes at a high metabolic cost. This is because, relative to ectotherms, who

conform to environmental temperatures, endotherms have high levels of resting metabolism

(Bartholomew 1972; Else and Hulbert 1987). Basal metabolic rate is the minimum amount of

energy production required to keep an organism operational, without the added energetics

associated with movement, reproduction, thermoregulation and digestion. It is the cost of

maintaining basal fiinctions such as respiration, circulation and the operation of vital organs and

systems (Gordon 1993). Whole animal rates of metabolism are elevated in endotherms,

compared to ectotherms, primarily due to higher mass-specific metabolic rates at the cellular

level. Due to an increase in membrane permeability to sodium and potassium, endothermic cells

must expend more energy to maintain the sodium-potassium gradients across cellular membranes
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(Else and Hulbert 1987). An effect of the increased energy expenditure required to maintain this

gradient is a surplus production of heat. Concurrent with an excess in heat production,

endotherms have various specializations that provide them with insulation, reducing the amount

of this heat which is lost to the environment (Scholander et al. 1950b; Grigg et al. 2004). The

net result is an elevation in body temperature, characteristic of endothermy.

Thus, endothermic thermoregulation consists ofbalancing the amount ofheat produced

internally with the amount of heat lost to the environment, in order to maintain a constant

internal temperature. Thermal interactions between an animal and its environment are often

described using the following equation (McNab 2002):

• • • • •

idnet irradiation ^conduction ^convection ^evaporation , (I'U

where Qnet is the net thermal exchange of an animal with its environment and is equal to the heat

exchange via radiation, conduction, convection and evaporation when an animal is at constant

body temperature. However, due to the relatively complex interactions involved in each of these

terms, Equation (1-1) is often simplified to:

a« = c(r,-rJ+£, (1-2)

where Cis thermal conductance, an overall measurement of the ability of heat to be lost to the

environment as a function of the temperature differential between the animal's body temperature

and ambient temperature, E is evaporative heat loss, and 7* and Ta are body and ambient

temperattires, respectively (Bartholomew 1972; McNab 1980). In animals in thermal equilibrium,

rates of heat loss are equal to rates of heat production; therefore Equation 1-2 can be expressed

M =CiT,-Tj+E
, (,.3)

where M is metabolic heat production (McNab 1980).

There is only a narrow range of ambient temperatures over which an animal can control

thermal conductance. This range, referred to as the thermal neutral zone (Fig. 1-1), is also the
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range over which a resting animal will expend only basal rates of metabolism

(Bartholomew 1972). Changes in thermal conductance within the thermal neutral zone are

achieved via changes in vasodilation and vasoconstriction as well as postural changes, which

permit greater or lesser rates ofheat exchange with the environment (Bartholomew 1972;

McNab 2002). As ambient temperatures decrease, the animal will constrict blood flow and

change posture in a way that will minimize heat loss until the minimum rate of thermal

conductance is reached. Below this point, referred to as the lower critical temperature, or lower

limit of the thermal neutral zone, the animal must augment metabolic heat production in order to

maintain an elevated body temperature (Bartholomew 1972). Conversely, as ambient

temperatures increase within the thermal neutral zone, the animal will maximize thermal

conductance by increasing vasodilation, dumping heat via the periphery, and adopting a splayed

posture, which increases the surface available for heat loss with the environment. Once maximal

levels of thermal conductance have been reached using these methods, the animal must invoke

metabolically costly evaporative mechanisms, such as panting and sweating, to keep body

temperatures from further elevating to lethal levels.

Although short-term changes in thermal conductance rely solely on the physiological

mechanisms mentioned above, long-term changes are possible by changing whole-animal

insulation (Scholander et al. 1950a; Hart 1971; Chappell 1980a). As such, this is one of the

major forms of adaptation to cold temperatures observed in mammals (Scholander et al 1950a;

Chappell 1980a). Increasing insulation allows for a greater conservation of energy by preventing

excess heat loss to the environment. This manifests itself in a decrease in the lower critical

temperature of the thermal neutral zone and a leftward shift in the thermal neutral zone, allowing

the animal to reduce the cost of thermogenesis at low temperatures (Blaxter 1989). However, the

small size of many mammals can prevent large seasonal increases in insulation (Gordon 1993),

and therefore other strategies are necessary.
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The most common strategy is to increase the capability to produce heat (Hart 1971

;

Bartholomew 1 972). This can be achieved by an increase in basal metabolic rate, which widens

the thermal neutral zone and reduces the costs of thermoregulation at lower ambient

temperatures (Chappell 1980b). However, because the costs of maintaining elevated rates of

metabolism rate are high, small mammals can increase their capacity for heat production at low

temperatures, generally by increasing their capacity to recruit non-shivering thermogenesis in the

cold (Heroux 1961; Heldmaier et al. 1982). Non-shivering thermogenesis refers to heat produced

by means other than by muscle activity (Himms-Hagen 1 984). The major site for non-shivering

thermogenesis is in the brown adipose tissue. Mitochondria in this tissue have increased levels

of uncoupling proteins (primarily UCP 1), that, under control of the sympathetic nerves, can

increase the flow of protons into the inner mitochondrial matrix, bypassing the ATP synthase,

thereby increasing heat production without producing ATP (Barger et al. 2006). Increased levels

ofbrown adipose tissues are therefore often found in cold adapted animals as well as animals

that routinely hibernate and exhibit torpor (Heroux 1961; Heldmaier et al. 1982).

Measuring Metabolism and Characterising the Thermal Neutral Zone

Many of the interactions between an animal and its environment are dependent on

thermoregulatory costs, therefore characterising the thermoregulatory patterns of an animal over

a wide range of temperatures can be of great importance in understanding its energetic tactics.

Metabolic rate can be measured directly by measuring the rate of heat loss from the animal via

direct calorimetry, or by using a technique called indirect calorimetry, which uses oxygen

consumed by the animal as an estimate of its metabolic rate (Withers 1977). Direct calorimetry

can be difficult to measure; therefore indirect calorimetry is the most common method used

(McNab 2002). These techniques allow for metabolic rate measurements to be made over the

wide range of ambient temperatures required to determine the position of the thermal neutral

zone.
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Measuring metabolic rate can also provide estimates as to the thermal conductance of

animals at different ambient temperatures. When concurrent measurements of core body

temperature are unavailable, thermal conductance can be estimated by taking the slope of the

relationship between metabolic rate and ambient temperature, measured below the lower critical

temperature (McNab 1980). Conductance measured in this manner is often referred to as wet

thermal conductance because it includes the rate of heat loss by evaporative, as well as non-

evaporative means. Whereas conductance estimated in this way provides relatively accurate

results, it is not useful in determining instantaneous values for conductance or values from within

the thermal neutral zone. When body temperature values are available, another way in which to

measure conductance is to re-arrange Equation 1-3 into (McNab 1980):

c -
^

CwEfVCi the equation refers once again to wet thermal conductance, and this is generally the most

accurate method of accessing thermal conductance below the thermal neutral zone. However,

once ambient temperatures reach thermal neutral temperatures, heat loss via evaporation

becomes increasingly important. Therefore, the following equation is used to separate heat lost

through evaporation (£) from that lost by other means, giving dry thermal conductance (McNab

_ M-E
2002): ^DRY - (rp rj. \. (1-5)

fc-rj

Although measurements for thermal conductance measured in these ways are repeatable, they are

still only a gross measure of the complex patterns of heat transfer between an animal and its

environment.

Behavioural Thermoregulation

The thermal neutral zone, especially in small mammals, encompasses a very narrow

range of ambient temperatures; as such, many small mammals spend the majority of their lives at
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temperatures below thermal neutrality. However, behaviours that aid in avoiding sub-optimal

temperatures, or that promote either heat gain or heat loss, can help reduce the costs of living at

low temperatvires (McNab 2002). Behavioural thermoregulation covers a wide range of natural

behaviours from actions as simple as individuals avoiding thermal stress by changing

microenvironments (Humphries and Umbanhowar 2007), to more complex social behaviours

such as communal huddling (Hayes et al. 1992). These behaviours are often less energetically

costly than physiological means of thermoregulation. Other common thermoregulatory

behaviours include grooming, as a means to dissipate more heat by increasing evaporation

(McCarron and Dawson 1989; Gordon 1993), basking, to increase heat gain by absorbing more

solar radiation (Neal and Lustick 1 974), as well as other postural changes that allow thermal

conductance with the substrate to vary (Chappell 1980a). Both the avoidance of sub-optimal

temperatures and the use of behavioural means to either increase or decrease thermal

conductance have been shown to conserve energy (Neal and Lustick 1 974; Humphries et al.

2005).

The ability to use behaviour to regulate body temperature distinguishes thermoregulation

from other homeostatic processes that rely primarily on physiological means of regulation.

Furthermore, behaviour is often the first mode of thermoregulation used when confronted with

challenges to thermal stasis (Bartholomew 1972; Gordon 1993). However, behaviour can be

highly variable among individuals and it can often prove difficult to separate behavioural means

of thermoregulation from physiological means when both are occurring simultaneously.

Determining the direct effects of behaviour on body temperature can therefore be difficult. The

most common means of assessing behavioural thermoregulation is by providing an animal with a

choice of different thermal environments and recording its selected ambient temperature (Gordon

1993). In general, animals select higher temperatures if they need to warm, colder temperatures

if they need to cool, and thermally neutral temperatures when body temperatures are stable

(Gordon 1993).
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Given that behavioural thermoregulation is under volitional control, it can be used to

make inferences into the motivation at any point in time (Briese 1985; Romanovsky 2004).

When an animal has a fever, it will choose higher ambient temperatures to help increase body

temperature (Gordon 1993). Similarly, when the hypothalamus is artificially cooled, animals will

select warmer temperatures (Satinoff 1 964; Adair 1971) to keep warm. In those instances,

behavioural thermoregulation acts in the same direction as concurrent physiological effectors.

However, under other circumstances, it appears that the behavioural responses can become

uncoupled from the response of the other thermoeffectors (Briese 1985; Gordon 1994). A good

example of this can be found when observing circadian changes in body temperature in rats.

During the night, when body temperatures rise, rats will select lower ambient temperatures, and

during the day when body temperatures decrease, they select higher ones (Briese 1 985).

Although, interestingly, this response was not found in diurnal ground squirrels who showed no

changes in selected ambient temperature throughout the day (Refinetti 1 995). This uncoupling of

physiological and behavioural responses can most likely be attributed to changes in activity

patterns. At night, when rats are active, cooler temperatures will help prevent them from

overheating, whereas warm temperatures during the day will prevent increased costs of

thermoregulation during sleep (Gordon 1994).

Temperature Set Points and Circadian Rhythms in Body Temperature

Both behavioural and physiological means of thermoregulation are controlled, to a degree,

by the animal in order to regulate body temperature at a high and relatively constant level,

referred to as the body temperature set point. The mechanisms by which the animal maintains

temperature around this set point are often compared to a thermostat (Fig. 1 -2) controlling room

temperature. The central nervous system, more specifically the preoptic hypothalamus, acts as a

central thermostat receiving feedback from peripheral, core, and central temperature sensors and
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providing signals to thermoregulatory effectors if adjustments in temperature are needed

(Gordon 1993; Boulant 2000). Furthermore, similar to a thermostat, body temperature regulation

has a certain degree of load error or gain around it. As such, especially in smaller animals, there

is a certain amount of acceptable variation around the set temperature on a daily basis (Refmetti

and Menaker 1992). Slight changes in body temperature are therefore acceptable, and

thermoregulatory control mechanisms are not invoked as long as the temperature remains within

that range (Mitchell et al. 1 970). However, should body temperatures either rise above or drop

below the limits of the load error, then the animal will activate thermoregulatory effectors to

'defend' its body temperature at a certain level. Under certain circumstances such as during fever

or entry into hibernation or torpor, animals defend new body temperatures (Heller et al. 1 977;

Gordon 1993). These events are often considered to be regulated increases, or decreases in the

body temperature set point.

However, some authors object to the term set point, believing that it implies a degree of

artificial control that is not found in reality (Mitchell et al. 1970; Briese 1998; Romanovsky

2004). They believe that body temperature changes, such as those observed during fever, can, in

fact, be attributed to a decreased sensitivity of the thermoregulatory control system leading to a

lag in reaction to changing body temperatures. Under this theory, fever would not reset the

thermal set-point but would cause a widening of the acceptable margins for variation around the

set temperature. More recent models for thermoregulatory control have suggested that rather than

the body temperature being under control of a single centralized thermostat, it is rather under the

control of a series of individual thermal-control loops (Romanovsky 2007). For example, heat

production pathways would be activated by separate thermosensory afferents from heat loss

pathways, with little, or no central integration and coordination ofbody temperature control.

Similar to the central thermostat model, these thermoeffector loops would be temperature

sensitive and act to maintain local temperature at a relatively constant level. The result of many
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loops regulating body temperature to the same level provides a similar end result to a single

controller: fairly constant internal temperatures.

Regardless of whether it can be attributed to a resetting of temperature set points or

simply a change in the precision to which temperature is regulated, nearly all mammals show

circadian patterns in body temperature. Colder body temperatures are observed during the sleep

or rest phase of the animal, and warmer ones are observed during the active phase (Refinetti and

Menaker 1992). The amplitude of the variation is determined to a certain extent by phylogeny,

but also by activity patterns. 'Primitive' mammals, such as the echidna regulate body

temperatures competently over a wide range of environmental temperatures, but do so at lower

levels and with a much larger load error (Grigg et al. 2004). Nocturnal mammals tend to have

small amplitudes in temperature variation because they are generally active when ambient

temperatures are colder and resting when they are warm (Refinetti and Piccione 2005). This is in

contrast to diurnal mammals who are active at warmer temperatures, which elevates body

temperature fiarther than activity alone, and resting at colder temperatures, leading to a greater

drop in body temperatures overnight (Refinetti 1 999).

Mammalian Heterothermy

During periods of torpor, a more extreme temporal variation in body temperature than

that observed during circadian variations occurs. Torpor in endotherms manifests itself as a

decline in metabolic rate to levels below basal metabolism, and a concurrent decrease in body

temperature (Lyman et al. 1982; Geiser and Ruf 1995; Wang and Lee 2000). Torpor expression

is found in two main forms: daily torpor, which consists of short shallow bouts of torpor of

durations generally less than 24 hours, and hibernation, consisting of profound and extended

bouts that can last from days to weeks (Lyman et al. 1982). Although some regard these states as

distinct physiological phenomena (e. g. Geiser and Ruf 1995), because many of the underlying

mechanisms are the same, they are more likely varying degrees of expression of a single process
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(Grigg and Beard 2000; Wilz and Heldmaier 2000), altering mainly in degree or magnitude. In

fact, most hibemators commence the hibernation period with short shallow bouts of torpor (Fig.

1-3), termed 'test bouts' that prolong as the season continues (Strumwasser 1958). This variation

in torpor expression is often illustrated as a physiological continuum with daily torpor at one end

and deep hibernation at the other (Grigg et al. 2004).

Torpor bouts are characterized by a decline in metabolism, followed by a decline in body

temperature (Geiser and Kenagy 1988; Wilz and Heldmaier 2000; Heldmaier et al. 2004). In

daily torpor, bouts are generally less than 24 hours and body temperature remains above 10°C.

By contrast, torpor bouts in hibernation are longer, sometimes spanning weeks with body

temperatures remaining only a degree or so above ambient temperatures (Wang 1978; Geiser and

Ruf 1995). During hibernation, transcription, translation, mitosis and cell proliferation, digestion,

mitochondrial respiration and renal fianction are all suppressed (Carey et al. 2003). Heart rate and

respiration rate are both severely reduced, and periodic apnoeas are not uncommon (Thomas et

al. 1990; Milsom et al. 2001; Heldmaier et al. 2004). Metabolic rate can fall to as low as 3% of

basal levels and body temperature remains within a few degrees of ambient temperature,

dropping as low as -2.9°C in arctic ground squirrels (Wang 1973, Barnes 1989, Geiser and Ruf

1995). This does not mean, however, that body temperature is unregulated; in many species a

minimum body temperature during torpor has been found (Lyman 1982, Buck and Barnes 2000).

When ambient temperature drops below this temperature, metabolism increases to maintain body

temperature at or around the minimum body temperature. This process is similar to

thermoregulation seen at normothermic body temperatures (McNab 2002).

Hibemators do not, however, spend the entire winter in such a state. Characteristic of

nearly all hibemators studied to date are frequent arousals to normothermic temperatures (Willis

1982; Grigg et al. 1989; Lehmer et al. 2006). Due to the difficulty in predicting and anticipating

the timing of arousals, it is difficult to determine when changes occur. However, all of the
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Figure 1-3 Torpor patterns over the hibernation period

Redrawn from (Young 1990), this graph shows the torpor pattern of a Columbian ground squirrel

{Spermophilus columbianus). A change in torpor bout length can be seen throughout the

hibernation period. The season commences in the fall, with short shallow bouts, or test-drops,

which get progressively longer, and deeper as the season continues. Torpor ceases abruptly and

the animal emerges from their burrow in the spring.
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aforementioned characteristics of deep torpor are reversed upon arousal (Carey et al. 2003).

Rewarming and sustaining these euthermic bouts utilises close to 90% of the total amount of

energy used while hibernating; 19% is allocated to arousal costs, 52% utilized to maintain

elevated body temperatures throughout the interbout arousal period, and 13% used to re-enter

into torpor (Wang 1 978). Hibernation reduces the total energy consumption of some species to

near 12% of what they would use without the expression of torpor. Were periodic arousals

unnecessary and hibernation to consist of a single season-long bout of torpor, energy

consumption would be reduced to as little as 3% ofwhat a euthermic animal would expend

throughout the winter (Wassmer and Wollnik 1997). This, however, does not occur, and arousals

appear to be an innate requirement of the hibernation period.

Arousal is a relatively quick process and, in most mammals, relies heavily on non-

shivering thermogenesis produced by brown adipose tissue (Smith and Horwitz 1969; Willis

1982). As such, it is a period of intense oxidative stress to which hibemators have adapted by

augmenting antioxidant pathways to combat reactive oxygen species (Carey et al. 2003; Ohta et

al. 2006; Okamoto et al. 2006). Inter- and intra-specific variation in torpor bout length is highly

variable and depends on many things including ambient temperatures, sex, or condition of the

animal (French 1982; Grigg 2004; Munro et al. 2005; Lehmer et al. 2006). The exact reason for

periodic arousals is still a matter of debate and has been attributed to a myriad of causes ranging

from the need to repair damage to various tissues, to the need to excrete metabolic waste

products, to the need to sleep and replenish proteins (Twente and Twente 1965; Daan et al. 1991;

Thomas and Geiser 1997; Carey et al. 2003). Regardless of their exact function, periodic

arousals to euthermic temperatures are characteristic of all mammalian hibemators and appear to

be essential for survival.
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LOW OXYGEN LEVELS AND THEIR EFFECTS ON THERMOREGULATION

The Hypoxic Metabolic Response

In addition to temporal resource shortages, certain environmental stressors have been

shown to cause changes in thermoregulation in animals. One of the most studied of these is low

ambient oxygen tensions, or hypoxia. In vertebrates, exposure to hypoxia leads to a rapid and

reversible decrease in metabolic rate accompanied by a lowering of core body temperature

(Wood and Gonzales 1996). Other common responses to hypoxia include increased ventilation

rate and cardiac output, and during acute exposure, an initial increase in heat loss to the

environment (Wood 1995; Tattersall and Milsom 2003).

The magnitude of the decrease in body temperature seems to be related to both ambient

temperature and body size. Small animals experience a more intense drop in body temperature,

as do animals exposed to hypoxia at lower ambient temperatures (Frappell et al. 1 992; Wood and

Stabenau 1998; Barros et al. 2001; Tattersall et al. 2002). The increased drop in body

temperature both at lower temperatures and in smaller individuals could be due in part to the fact

that hypoxia suppresses thermogenesis (Barros et al. 2001; Tattersall and Milsom 2003). At

colder ambient temperatures, attenuating metabolic heat production by suppressing

thermogenesis would cause a greater decrease in body temperature than at ambient temperatures

closer to thermal neutrality, where metabolic heat production is of less importance to maintaining

body temperature. Hypoxic animals do, however, appear to defend a body temperature and

thermogenesis is still present as ambient temperatures decrease, although to a much lesser degree

than in normoxic conditions (Wood 1995; Barros et al. 2001).

The reduction in body temperature during hypoxia has been traditionally attributed to a

lowering in central body temperature set point (Wood 1991 ; Gordon 1997; Barros et al. 2001

;

Branco et al. 2006). However, given that it can be difficult to distinguish changes in set-point

from other factors, such as increase in heat loss or decreases in thermosensitivity, that could also
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cause body temperature to decrease, the set-point hypothesis is only partially supported by the

data (Refinetti 2003; Romanovsky 2004). However, regardless of the mechanisms involved, it

appears that hypoxia leads to a decrease in body temperature across a wide range of species

(Frappell et al. 1992; Wood 1995).

Behavioural Responses to Hypoxia

Insights into the interactions between body temperature and hypoxia can be obtained by

observing the behavioural responses. Given that hypoxia suppresses thermogenesis (Barros et al.

2001), providing the animal with access to external sources of heat during exposure to hypoxia

can help provide an indication as to what temperature it would defend when given the capacity to

do so. Behavioural thermoregulation in hypoxia has been extensively studied in ectotherms,

where the response across all phyla studied is to select lower ambient temperatures, presumably

as a means of lowering metabolic rate (Hicks and Wood 1985; Dupre and Wood 1988; Wood

1 995). However, in endotherms, this behavioural response appears to be less consistent. Whereas

some studies have reported a decrease in selected ambient temperature in hypoxia (Gordon and

Fogelson 1991 ; Wood 1995), others have reported that the animals chose higher temperatures

(Dupre et al. 1986 in; Gordon and Fogelson 1991; Dupre and Owen 1992; Gordon 1997) or did

not change selected temperatures at all (Gordon and Fogelson 1991). However, the magnitude of

the observed decrease in body temperatures was much less than in studies in which the animals

were kept at lower ambient temperatures (Gordon 1997; Wood and Stabenau 1998), suggesting

that mammals will utilise behaviour to assist in defending more elevated body temperatures in

hypoxia.

Heterotherms and Hypoxia Tolerance

The relationship between heterotherms and hypoxia tolerance has long been of interest

(Hiestand et al. 1950; Faleschini and Whitten 1975). Hibernating species are known to survive
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periods of anoxia for longer than non-hibernating species (Lutton 1982) and have a more

conservative physiological response when confronted with a hypoxic stress (Faleschini and

Whitten 1975). Higher tolerance to hypoxia does not, however, necessarily dictate the magnitude

of the thermoregulatory response to hypoxia. Some hypoxia tolerant animals show a greater

response to hypoxia when compared to non-hypoxia tolerant species, and achieve this through a

greater drop in body temperature and metabolism. This ultimately allows them to require less

oxygen than if they had remained normothermic (Wood and Stabenau 1998; Barros et al. 2001).

Conversely, hypoxia tolerance can also manifest itself in a blunted response to hypoxia, allowing

the animals to maintain high metabolic rates and to continue to function relatively well (Lutton

1982; Frappell and Mortola 1994; Scott et al. 2008), presumably because other homeostatic

mechanisms, such as greater blood oxygen affinity, are capable of compensating for the low

oxygen levels and obviate the need to conserve oxygen by reducing metabolism and body

temperature.

The response of mammalian heterotherms to hypoxia in has gone in either direction. The

natural tendency to change body temperature, which they do upon entry to, and arousal from,

torpor, is believed to predispose them to be more flexible to changes in body temperature during

exposure to hypoxia (Frerichs and Hallenbeck 1998; Drew et al. 2007). As such, they have been

found to show relatively large decreases in body temperature and metabolism in hypoxia which

can provide large reductions in oxygen requirements (Barros et al. 2001; Drew et al. 2004).

However, they are also more capable than non-hibemators of sustaining high rates of metabolism

during exposure to hypoxia while active (Lutton 1982).

A number of factors are believed to contribute to the relative hypoxia tolerance of

mammalian heterotherms. Foremost among these is that they are habituated to fluctuations in

body temperature and are therefore well equipped to survive low body temperatures as well as

rapid rates of re-warming (Maclean 1981a; Drew et al. 2004). Their blood remains less viscous

at lower temperatures than non-hibemators, reducing the negative effects of cold body
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temperatures (Maclean 1981a). Hibemators will generally cool faster in hypoxia, increasing the

immediate oxygen savings (Faleschini and Whitten 1975). The periodic arousals which

pimctuate the hibernation period are episodes of intense oxidative stress, to which hibemators

have adapted by augmenting their antioxidant pathways to combat reactive oxygen species

(Carey et al. 2003; Ohta et al. 2006; Okamoto et al. 2006). Higher levels of antioxidants in the

blood allow them to prevent damage caused by increased levels of metabolism throughout the

arousal period (Drew et al. 2004; Ma et al. 2005). A large part of the hypoxia tolerance in

heterotherms can be attributed to the fact that they are, for the most part, semi-fossorial species;

they, therefore possess some of the characteristics ofburrowing mammals, such as altered blood

properties allowing for more efficient loading of oxygen (Faleschini and Whitten 1975; Boggs et

al. 1984; Walker^ al. 1985)rThese adaptations are beHeved to be the resuhrof periodic, ifnot

—

prolonged, exposure to hypoxic conditions in their burrows (Withers 1978; Maclean 1981b;

Kuhnen 1986). This relative hypoxia tolerance, coupled with the swift changes in tissue

perfusion that occur during arousal from torpor, have led to the extensive study of hibemators as

model organisms for the study ischemia and reperfiision (Drew et al. 2004; Drew et al. 2007;

Nathaniel 2008), and by inference, hypoxia.

THE EASTERN CHIPMUNK (TAMIAS STRJATUS) AS A STUDY ANIMAL

Chipmunks provide an interesting model from which to study thermoregulation. They are

one of the few species of hibemators that subsist off stored food and not intemal fat stores during

the winter hibemation period (Humphries et al. 2003). Although their hibemation patterns are

relatively similar to those of fat storing hibemators, food storing hibemators show much shorter

torpor bout length and longer inter-bout arousal times (Humphries et al. 2001, 2003b; Munro et

al. 2005). This is in part because they need to eat during arousals to acquire the energy required

to sustain them in hibemation until their next arousal (Willis 1982; Humphries et al. 2003b).

Minimum body temperatures reached during hibemation arc higher than those of fat-storing
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hibemators, with the minimum recorded temperatures observed to be 6-7°C, which is also the

temperature around which isolated chipmunk hearts stopped functioning (Lyman and Blinks

1959). In contrast, fat-storing hibemators generally remain only a degree or two above ambient

temperatures with the absolute minimum temperature (-2.9°C) observed in the Arctic ground

squirrel, Spermophilus parryii (Barnes 1989). When compared to fat-storing hibemators, the

torpor bouts in food-storing hibemators are less frequent and often of shorter duration (Scott and

Fisher 1972; Humphries et al. 2001 ; Munro et al. 2005). Recent studies have also found that the

length and depth of torpor bouts are dependent both on the amount of stored food and the fatty

acid composition of the food hoard (Humphries et al. 2003a; Munro et al. 2005). Generally,

animals with larger food hoards expressed less torpor (French 2000; Humphries et al. 2003a).

Chipmunks, as-food storing hibemators, are generally considered to be a physiological

mid-point between fat-storing hibemators and non-hibemating members of the squirrel family,

Sciuridae (Cade 1963; Faleschini and Whitten 1975; Barker and Boonstra 2005). Not only are

they placed between the food-storing tree squirrels and the hibernating ground squirrels in

sciurid phylogenies, but their over-wintering behaviour falls between the two (Pivomn 1 976;

Herron et al. 2004). Semi-arboreal members of the tribe Tamiasciurini, the tree-squirrels, rely on

stored food to survive the winter but remain euthermic throughout the season (Humphries et al.

2005). In contrast, the ground dwelling members of the Marmotini are the classic hibemators that

experience massive seasonal weight gains in order to store enough energy in the form of fat, to

subsist throughout the winter (Lyman et al. 1 982). The chipmunk's overwintering strategy

combines the two. Although a small amount of fat can be stored, the majority of their energy is

collected as stored food, and moderate to high levels of torpor are expressed (French 2000;

Humphries et al. 2003b).

The ability to store the energy needed for hibemation in the form of food, and not fat,

makes chipmunks nearly unique among hibemators in that they do not increase dramatically in

weight over the winter (Humphries et al. 2003). This makes them ideal for comparisons of
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metabolic traits between seasons because the normal confound of changing body size does not

occur (Singer et al. 1995). They have also been extensively well studied in both the field and in

the lab (Neumann 1967; Pidduck and Falls 1973; French 2000; Humphries et al. 2001

;

Humphries et al. 2002). As such, their thermal neutral zone has been well defined (found

between 28-32 °C), and their overall thermoregulatory patterns have been well characterized

(Neumann 1967; Wang and Hudson 1971). In addifion, they both enter into and arouse fi-om

torpor in a laboratory (Neumann 1967; Wang and Hudson 1971; Pivorun 1976). It is therefore

possible to induce them to hibernate in a laboratory setting. However, regardless of the ambient

temperatures at which they were housed, torpor expression appears to be a purely seasonal

occurrence; no reported cases of torpor outside of the winter season could be found (Wang and

Hudson 1971; Pivorun 1976).

THESIS RATIONALE AND OBJECTIVES

Hypothesis

Naturally occurring seasonal changes in thermoregulatory characteristics such as

metabolic rate, thermal conductance and propensity to exhibit torpor in the Eastern chipmunk

(Tamias striatus) will manifest in seasonally altered hypoxic metabolic and thermoregulatory

responses.

The marked changes in metabolic rate and body temperatures seen during winter

hibernation could create differences in how they respond to hypoxia. Should a seasonal response

occur, it could be manifested in one of two ways: an increased, more dramatic drop in body

temperature and metabolic rate, or a decreased, more conserved, drop in body temperature and

metabolism. The first of these seasonal differences, a greater response to hypoxia in winter, will

be referred to as the Thermal Flexibility Hypothesis. During the hibernation season the animals

should have a greater propensity to lower body temperature and metabolism when faced with

hypoxia because they routinely lower body temperatures while entering torpor. The evidentiary
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support for this hypothesis would be for animals exposed to hypoxia in the winter to select lower

ambient temperatures, to have lower body temperatures, and to show a greater decrease in

metabolic rate in hypoxia than summer acclimated animals.

The opposite response to exposure hypoxia, a smaller decrease in body temperature by

the winter animals, will be referred to as the Hypoxia Tolerance Hypothesis. Hypoxia tolerance

found in hibernating species has been attributed to characteristics related to the seasonal ability

to significantly decrease body temperature (Hiestand et al. 1950; Drew et al. 2004). It is

reasonable to assume that because this extreme heterothermy is seasonal in nature, certain

physiological adaptations are required in order to hibernate. These seasonal adaptations could

provide increased hypoxia tolerance to animals during the hibernating season, because the traits

that make hibemators hypoxia-tolerant would be amplified at this time. Evidence in support of

this hypothesis would be winter acclimated animals selecting higher ambient temperatvires and

decreasing their body temperatures and metabolic rate to a lesser extent during exposure to

hypoxia compared to summer acclimated animals.

Objectives

i) To test for seasonal differences in behavioural and physiological thermoregulation and

responses to hypoxia. Special interest was paid to changes in metabolic rate, thermal

conductance, the boundaries of the thermal neutral zone, preferred ambient temperature and the

precision ofbody temperature regulation.

ii) To describe the interactions between behavioural and physiological modes of

thermoregulation under normal and extreme conditions (hypoxia).

General Rationale

Mammalian heterotherms, such as Eastern chipmunks are well-adapted to changing body

temperatures because they do so under normoxic conditions while hibernating. Coupled with the

potential for natural exposure to low oxygen in their hibernating burrows (Kuhnen 1 986) and a
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natural tendency to exhibit large changes in oxygen utilisation, heterotherms are also well known

for their high tolerance for hypoxic conditions (Drew et al. 2004). Indeed, the hypoxic

thermoregulatory response has been extensively studied in hibemators (Wood and Gonzales

1996; Nathaniel 2008). Hibemators typically only enter torpor during winter, however most

hypoxic studies have been conducted on animals when they are euthermic (i.e., in the summer).

These studies therefore failed to account for seasonal variation in physical and physiological

characteristics that could affect thermoregulation, and thus, the hypoxic metabolic and

thermoregulatory responses. Furthermore, the majority of mammalian hypoxic studies have

focused on fat-storing hibemators such as ground squirrels or non-heterothermic lab rats. Food

storing hibemators, such as chipmunks, have been less studied even though they provide an

interesting physiological mid-point. Although a previous study has shown that chipmunks can

have either an equal or lessened tolerance to hypoxia than their fat-storing counterparts

(Faleschini and Whitten 1975), their hypoxic response has yet to be fully characterized.

Both field and laboratory studies have shown that chipmunks are reluctant to enter torpor

outside of the November to May period (Wang and Hudson 1971; Humphries et al. 2003 a).

Therefore, heterothermy in chipmunks is assumed to be a strictly seasonal occurrence, restricted

to the winter months. Due to the seasonal expression of torpor and the accompanying natural

reduction of metabolic rate and body temperature, it is of interest to see if the response to

hypoxia changes with season, and what clues this will provide into the normal regulation of

metabolism and body temperature. By comparing changes in thermoregulatory characteristics

such as body temperature, basal metabolic rate, thermal conductance, the thermal neutral zone

and preferred ambient temperature, clues will be provided as to what might be driving seasonal

changes detected in the response to hypoxia. This is the first study to integrate both season and

behaviour in studying the effects of hypoxia on a hibemator.
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Structure and Layout ofThesis

The remainder of the thesis has been broken up into chapters in order to present the

findings in a progressive manner. Chapter 2 is a General Materials and Methods section, which

includes all methods pertaining to capture, housing, surgical procedures and general maintenance

of the animals. The remainder of the experiments and data are divided into three chapters (3-5).

Chapter 3 covers all aspects of seasonal changes in circadian rhythms, body temperature and

body mass. It is included to provide evidence for the seasonality expressed by the animals used

in the study. Chapter 4 includes all of the experiments involving the thermoregulatory and

metabolic responses to hypoxia and the seasonality found within them. Chapter 5 pertains to

behavioural thermoregulation, assessed via selected ambient temperatures, both between seasons

and between hypoxia and normoxia. Finally, Chapter 6 strives to connect all of the previous

chapters to provide a synthesis and general interpretation of the data and to present the overall

conclusions of the thesis.
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CHAPTER 2 - GENERAL MATERIALS AND METHODS

PHASES OF THE STUDY

To assess potential seasonal differences in the variables tested, the study was separated

into two main phases; summer and winter. Each phase used different cohorts of nine individuals

as outlined below.

COLLECTION AND HOUSING OF ANIMALS

Animals were collected from Tea Lake Campsite and the Swan Lake Forest Reserve in

Algonquin Provincial Park, Ontario (45°35'N, 78°30'W). They were trapped using Sherman (H.

B. Sherman Inc., Tallahassee, Florida) and Longworth (Penlon Ltd., Oxford, U.K.) small

mammal traps baited with a combination of sunflower seeds and peanut butter. Traps were set

and left open between 0800-2000h and were checked every two hours during the day. Trapping

was undertaken on two occasions; June 2007 for the summer phase of research and October 2007

for the winter phase.

During the summer phase of the experiments (June to August 2007), ten chipmunks (5

males, 5 females) were captured and housed indoors at the Wildlife Research Station in

Algonquin Park. To ensure that none of the animals caught were reproductively active, trapping

was not initiated until the end of June when the mating and reproductive seasons had passed and

most females in the population had already weaned their young (Pidduck and Falls 1973). Care

was taken to ensure that all females caught had weaned and that all individuals were of adult

weight, >80g (Svendsen and White 1997). Each individual was provided with two standard rat

cages (26cm width, 47.6cm depth, 20.3 cm height) with metal mesh lids connected via custom

built ABS tubing passageways (Brock University Machine Shop). Both cages with lined with

Aspen shavings (Nepco, Warrensburg, NY), cotton balls and paper towels were provided as

nesting material. In one cage, the animal was provided with red-tinted transparent plastic tubes

(Bio-Serv, Frenchtown, NJ) set up to encourage nesting. In the other cage a small activity wheel,
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food hopper and water bottle were placed. Despite reports that allowing the animal access to an

activity wheel reduces torpor expression (Pengelley and Fisher 1 966), the wheel was found to

greatly reduce the level of stereotypy shown by the animals, based on a pilot study the previous

fall in which stereotypy was more prevalent. The chipmunks were fed a diet of standard rat chow

and sunflower seeds which were hidden throughout the cage as a form of enrichment.

Cages were cleaned once a week. However, because chipmunks are fastidious animals,

who take great care in the maintenance of their burrows, cleaning consisted of removing the

wastes, usually clumped in a single comer of the cage used as a latrine, and providing fresh

bedding to these areas. This allowed the animals to maintain an undisturbed nest and food store

throughout the study period. Temperature in the room was allowed to fluctuate according to

outside temperatures, but care was taken to ensure that temperatures never dropped below 1 5°C

or rose above 30°C. Lighting was provided via overhead fluorescent tubes and maintained on a

light cycle coinciding with natural light periods (approx 0530h-2100h, 16h light: 8h dark)

changing throughout the study period to match daily natural light-dark rhythms.

For the winter phase of experiments (October-March 2007-2008), trapping was

undertaken in mid-October to ensure that all the animals were caught before autumn immergence,

when they retreat to their burrows for the winter, generally between mid-October to early

November (Pidduck and Falls 1973; Humphries et al. 2002). Nine animals (4 males, 5 females)

were collected, transported to, and subsequently housed in, a walk-in environmental control

room at Brock University. With the exception of the week from the 26'^ to the 30"" ofNovember,

when the telemeter implant surgeries were performed, the room was kept at temperatures

mimicking the known seasonal changes in burrow temperatures (ranging from 4°C-20°C

throughout the winter) of chipmunks from Southern Quebec (D. Munro pers. comms.). On the

days when surgeries were performed and for a few days after the last surgery, the room was kept

at 24 °C; subsequently temperatures were slowly lowered back to burrow temperatures over the

course of a few days (Fig. 2-1). A step-wise decrease in temperature was necessary to allow the
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Figure 2-1 Temperature patterns of the controlled temperature room during the winter

phase

Data points were recorded visually from a thermometer placed in the controlled temperature (CT)

room (points from Oct-Dec07) and later by an unused telemeter recorded on the same scan as the

individuals (see Telemeter Implant section below). Room temperatures were steadily lowered

from warmer temperatures beginning mid-October, though returned to higher levels for the

telemeter implant surgeries. The increase in temperature at the beginning of February was caused

by a malfunction in the CT room controls. The rise in temperature in April was done

purposefiilly to continue mimicking natural soil temperature patterns and encourage the animals

to cease hibernating.
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animals to re-acclimate to the cold; sudden extreme drops in temperature are known to be lethal

(Panuska 1959). Temperature was recorded one of two ways: the first readings came fi-om visual

observations of a thermometer placed in the cold room, whereas later in the year, to ensure

temperatures remained constant while minimally disturbing the animals, an unused telemeter was

placed in the room to continuously record temperatures. Data fi-om the telemeter were collected

in a similar fashion as data on individual body temperatures (see section on Telemeter Implants

and Body Temperature Recording below).

Light cycles were maintained according to sunrise and sunset times in Algonquin Park to

mimic natural light:dark cycles. Housing and cleaning regimens were similar to summer;

however, extra care was taken to avoid arousing torpid animals (torpidity was assessed using

body temperature readings provided by the implanted telemeters). Rat chow was provided in the

fall, a period in which chipmunks experience a more mixed diet in the wild (Humphries et al

2001), up to mid-November, after which they were exclusively fed sunflower seeds until the end

of the hibernation period in April when their feed was once again supplemented with rat chow.

A total of nine animals (5 male, 4 females) were used during the summer phase. Summer

masses ranged fi-om 86g to 108g throughout the period of study, with individual weights varying

up to lOg over the period of study. Nine animals (5 females, 4 males) were utilized for the winter

phase, with masses ranging fi-om 83g to 141 g over the study period. Greater details on weight

patterns are included in Chapter 3. All procedures involving the use of these animals were

approved by the Brock University Animal Care and Use Committee (AUPP # 06-09-01).

Collection of the animals was authorized by the Ontario Ministry of Natural Resources and the

Algonquin Park Superintendent.

TELEMETER IMPLANT AND BODY TEMPERATURE RECORDINGS

All animals were implanted with temperature-sensitive telemeters (single-stage radio

transmitters, Sirtrack™, Havelock North, NZ) that were coated with biologically inert enamel
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and weighed no more than 3g. The telemeters were implanted into the peritoneal cavity to

provide accurate readings of core body temperature throughout the study. The telemeters were

built to emit a radio frequency pulse at a rate determined by temperature; therefore, the period

between pulses could be used to determine temperature, with longer pulse to pulse intervals

occurring at lower temperatures (see Figure 2-2). Before implantation, each telemeter was

individually calibrated against a range of temperatures (5°C-42°C) to determine the correct

formula (a 5^^ order polynomial) to convert the pulse interval into temperature. Calibrations were

accurate to the nearest 0.1 °C. All telemeters were implanted when the animals weighed more

than 85g, ensuring that telemeters comprised only 3-3.5% ofbody mass.

In the summer phase, animals were given a week to adjust to captivity before undergoing

surgery for telemeter implantation. Due to the early-winter immergence, it was necessary to

capture the animals for the winter phase a few months before the commencement of the

hibernation period, and thus these animals were kept for longer before implant surgeries were

performed. The limited battery life of the telemeters (4 months) prevented them from being

implanted throughout the entire October-March captivity period, and therefore, surgery was

undertaken in late-November to ensure that the telemeters would last throughout the

experimental period (January-March).

Surgical protocols followed the Brock University Standard Operating Procedures Health

1 1 and 1 3 pertaining to surgical preparation and sterile survival surgery in rodents. Animals were

provided with an analgesic (children's Tylenol at 80mg/mL of drinking water or in jelly at

300mg/kg) both pre- and post-surgery to ensure minimal pain throughout the recovery period.

All equipment, including the telemeters, had been sterilized overnight using a gluteraldahyde

cold-sterilization solution (Germex, Vetoquinol, Lavaltrie, QC). Disposables, such as gauze and

drapes, had been placed into autoclave-safe bags and sterilized prior to the date of the surgery.

Prior to surgery the animal was placed in a small airtight container attached to a hose

allowing oxygen to be pumped in. Anaesthesia was induced using 5% Isofluorane and
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maintained with 1 .5-2% of the same gas. Once the animal was in an appropriate surgical plane of

anaesthesia, as indicated by no reaction to the toes being pinched, the animal was removed from

the container, and a mask was used to maintain anaesthesia. The surgical area, was prepared first

by shaving a small section of the stomach area and then preparing the area with a betadine scrub,

70% isopropyl alcohol and finally a betadine solution before being transported to the surgical

area. The area where the surgeries were performed consisted of a stainless steel heated plate

maintained at 37°C to help maintain the animal's body temperature. The surgical area was re-

sterilized, and the animal was covered with a surgical drape. A small, 1-1.5cm incision was then

made into the skin, exposing the abdominal muscle. Retractors were used to allow for a clearer

view of the muscle and a small incision (again 1-1.5 cm) was made along the linea alba (the

abdominal midline). The telemeter was than rinsed with sterile saline and inserted into the

abdominal cavity. The muscle and skin were sutured using dissolvable poliglecaprone sutures

(Ethicon-Brand Monocryl, Novartis). Afl;er the sutures were completed, Elizabethan collars were

placed on the animal during the first day of recovery, to prevent them from chewing the sutures.

The animals were placed in a clean cage lined in paper towel and allowed to recover overnight

under a heat lamp, before being returned to the regular housing area. During the summer phase,

one week was provided for recovery before the experiments commenced. The recovery phase

was longer in the winter phase because testing did not start until January once the animals had

started cycling in and out of torpor during their hibernation phase. A week is known to be

sufficient time to allow animals to return to their usual body temperature and activity patterns

(Leon et al. 2004).

Telemeter implants allowed for the recording of daily body temperature fluctuations.

Whenever other experiments were not being conducted, body temperature was recorded for all of

the individuals (Fig. 2-2). A radio receiver (RIOOO Receiver, Communications Specialists Inc.,

Orange, California) was programmed to scan between channels, pre-programmed to each

telemeter's frequency at 60 second intervals, allowing for 1 minute recordings from each
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Figure 2-2 Example of the analysis of body temperature recordings

A trace ofbody temperature recording over a 20 minute period- The temperature-sensitive

telemeters emitted a pulse (a.), whose rate increased as the animal's core body temperature

increased. The pulse rate was recorded and the inter-pulse interval was outputted as period (s)

(c). All telemeters were scanned for 60 second intervals. The pulse rate was transformed into

body temperature (d.) using an equation specific to each telemeter (example given in b.). Filters

were used to remove noise, often caused by difficulties in detecting the signal fi-om the telemeter

(n). Plots c. and d. show recordings for seven individuals, identified by numbers 1-7. Animal 1

was entering torpor when the recording was made, as indicated by its low body temperature.
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individual chipmunk. The pulse to pulse interval was converted into a period (s) using the Tach3

Intelligent Tachometer (Sable Systems, Las Vegas, Nevada) and recorded using Sable System's

Expedata software (vl.0.18). The interval values were converted into temperature using 5**^ order

polynomials determined for each telemeter (Fig. 2-2b). These values allowed for a comparison

to be made between the amplitude of daily body temperature recordings of the summer and of

the winter period and provided a point of reference for what constituted natural oscillations in

body temperature (see Chapter 3 for more details).

EXPERIMENTAL PROTOCOL AND ORDER OF EXPERIMENTS

In addition to the daily body temperature recordings taken throughout the time the

chipmunks were housed in the laboratory, the experimental protocol consisted oftwo sets of

experiments to determine the effects ofboth season and hypoxia on thermoregulation.

Thermoregulatory and metabolic responses were measured using flow-through respirometry.

Behavioural responses were assessed using a thermal gradient apparatus, which allowed for the

determination of preferred ambient temperature. During the summer phase, each animal was

utilised in an experiment once every 4-5 days. The experimental procedure they were subjected

to was determined by assigning each experiment-animal combination a random number and then

using the numbers to rank the order in which they would be run. Extra care was taken to ensure

that no similar experiments were clumped together, the exception to this being the hypoxic

respirometry runs at 15°C, which were all performed near the end of August 2007. Slight

changes were made to the schedule during the winter phase to allow for the animals to hibernate

naturally with as few interruptions as possible. Animals were used in experiments on days when

they were observed to be euthermic (i.e., during their inter-bout arousal period). The methods

relating to the experiments themselves are reported in greater detail below.
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CHAPTER 3 - SEASONAL CHANGES IN BODY TEMPERATURE, MASS AND
TORPOR EXPRESSION; CHIPMUNKS AS SEASONAL HETEROTHERMS

INTRODUCTION

Many biological processes are governed by rhythms, both circadian and circannual. As

seasonal hibemators, chipmunks show clear circannual patterns in reproduction, feeding and

food storage behaviour, and hibernation (Panuska 1959; Scott and Fisher 1972; Richter 1978;

Kortner and Geiser 2000; Larkin et al. 2002). The latter is expressed via seasonal cycles in body

mass and in both depth and duration of torpor expression (Panuska 1959; Pivorun 1976;

Zivadinovic et al. 2005). Chipmunks typically enter hibernation only during the winter months

(November-April), with little or no torpor expression observed during other times of the year

(Wang and Hudson 1971 ; Pivorun 1976). However, the pattern of winter torpor expression in

chipmunks differs from that in many other rodent species because they are food, and not fat

storing hibemators (French 2000; Humphries et al. 2001). As such, their supply of energy for the

hibernation period consists of stored food, primarily in the form of seeds and dried bulbs, which

they ingest during the euthermic interbout arousal periods and digest while torpid (Elliot 1978;

Humphries et al. 2001 ; Humphries et al. 2002). The need to consume food during the hibernation

season leads to longer euthermic periods, and the ready access to large energy stores removes the

necessity for deep, prolonged bouts of torpor (French 2000; Humphries et al. 2003b).

The ability to accumulate sufficient energy in the form of stored food also removes the

necessity for chipmunks to gain weight, as fat storing hibemators must (DeCoursey and Krulas

1998; Humphries et al. 2003b; Dark 2005). As such, the winter accumulation ofmass is often

slight, sometimes undetected by field studies that weigh them shortly before fall immergence

(Engels 1951; Panuska 1959; Forbes 1966a; Wrazen and Wrazen 1982). However, most studies

performed on chipmunk hibernation in laboratory settings have found an increase in weight

before the onset of hibernation (Forbes 1966a; Pivomn 1976). This is believed to mimic a

possible increase in weight after the fall immergence in the wild. Though this has been difficult
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to prove, given that the animals rarely leave their burrows after immergence, a weight increase of

up to 10% in the winter was observed in non-hibernating animals in Tennessee (Randolph 1980).

Therefore, the evidence for yearly rhythms in body mass remains scarce.

More concrete evidence is available for a circannual rhythm in body temperature, as

evidenced by seasonal hibernation. Torpor expression in chipmunks generally occurs from

November to March (Wang and Hudson 1971; Yahner and Svendsen 1978), when low

environmental temperature and snow cover prevents the animals from feeding and remaining

outside of their burrow for extended periods of time. Changing environmental light patterns

appears to provide the appropriate cues to encourage hibemators to retreat to their burrows in the

fall and commence preparations for hibernation (Heldmaier et al. 1989); however, the ultimate

cues for fall immergence may instead be related to temperature (Yahner and Svendsen 1978;

Humphries et al. 2002). As food-storing hibemators, chipmunks have less consistent hibernation

patterns than fat-storing hibemators (c.f Humphries et al. 2003). However, despite a large

degree of individual variation in torpor patterns, chipmunk hibernation follows the general

pattern of mammalian hibernation, with shorter torpor bouts at the beginning of the season,

subsequently leading to deeper and longer bouts of torpor as the season progresses (Pivorun 1976;

Munro et al. 2005; Zivadinovic et al. 2005). Although somewhat flexible as to the depth and

length of torpor bouts, the expression of hibernation in chipmunks appears to follow a consistent

circannual pattern and is only expressed during the winter months (Scott and Fisher 1972;

Richter 1978).

Circannual patterns in body temperature are not the only patterns observed in chipmunks.

Like all mammals, chipmunks' body temperature follows a circadian rhythm (Refmetti and

Menaker 1992; Decoursey et al. 1998). Chipmunks are diurnal, therefore their circadian rhythm

manifests as an increase in body temperature during the day, followed by a decrease overnight

(Decoursey et al. 1998). Circadian patterns are fairly constant and operate independently of

external cues for limited periods of time, although occasional cues are needed to maintain them
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on a 24-hour cycle (Aschoff 1963; Refinetti and Menaker 1992); the most common of these

signals is light (Heldmaier et al. 1989). These circadian variations often coincide with activity

patterns, with the highest body temperatures occurring during the animal's usual active periods;

the change in body temperature is, however, independent of activity (Refinetti and Menaker

1992; Brown and Refinetti 1996; Decoursey et al. 1998). The causes of circadian patterns in

body temperature are currently unresolved but have been attributed to cycles in heat loss or

changes in thermal set points (see Refinetti and Menaker 1992 for a thorough review).

Regardless ofhow these cycles are generated, there is a great degree of inter-specific variafion in

the amplitude of daily body temperature changes (Refinetti 1999). The time of day at which the

animal is active, nocturnal or diurnal, phylogenetic history, and to a certain extent, ambient

temperature, appear to be the primary determinants of the size of the amplitude (Aschoff 1963;

Refinetti and Menaker 1992). In general, hibemators have higher amplitudes of daily body

temperature fluctuations than non-hibernating species (Refinetti 1999). However once

hibernation commences, the circadian rhythm can become dampened or disappear completely

(Larkin et al. 2002; Ruby 2003). This is not the case with all hibemators; some maintain

circadian rhythms even in deep torpor, with entry to and arousal from torpor following circadian

patterns, even in the absence of external cues (Kortner and Geiser 2000). The amplitudes of daily

temperature variations in chipmunks in the summer have been mentioned elsewhere (Wang and

Hudson 1971 ; Decoursey et al. 1998), and it is well known that chipmunks have activity patterns

that are both diurnal and somewhat crepuscular (Richter 1 978). However, no study has provided

an analysis of the times of the active and resfing phases of the temperature cycle, especially

during the winter.

This chapter addresses seasonal changes in body mass as well as both daily and seasonal

variations in body temperature. The data did not meet the criteria for a true analysis of circadian

patterns (Refinetti and Menaker 1992; Refinetti 1999) in that animals were neither housed in

thermal neutral conditions nor were they undisturbed throughout the recording period. However,
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a rudimentary analysis on circadian patterns is included this chapter. The purpose of this was to

ensure that daily maximum and minimum values, corresponding with the animal's active and

resting phases respectively, remained at similar times throughout the season. Similar problems

arise in characterising the hibernation patterns. Although torpor expression was of great interest,

the observed patterns cannot be considered entirely natural, due to the frequent interruptions

posed by the experimental protocol. However, uninterrupted torpor profiles have been presented

in detail elsewhere (see Neumann 1967; Scott and Fisher 1972; Pivorun 1976; Kawamichi 1996;

French 2000; Humphries et al. 2001; Munro et al. 2005); therefore, the focus of this study was

not on the shape and frequency of torpor bouts, but whether or not the individuals expressed

torpor.

To address the overall hypothesis of this thesis, it was necessary to study the seasonal

changes in thermoregulation of acclimated chipmunks. The objectives of the following analysis

were to provide a clear picture of the daily patterns in body temperature and to determine

ix)ssible seasonal differences in body temperature regulation. A direct comparison ofbody mass

between seasons was also required to ensure that the animals were of comparable masses, which

would allow for a more direct comparison between seasons in the metabolic studies, by

controlling for potential changes in thermal inertia, insulation and/or metabolic capacity. Given

that the metabolic and thermal choice experiments were both undertaken on euthermic

chipmunks, a seasonal comparison between euthermic values of daily maximum and minimum

temperatures was of interest. Any changes in body temperatures between the two seasons during

the other experiments could then be compared to naturally occurring differences in euthermic

temperatures.
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METHODS

Data Collection

A description of the housing conditions is found in Chapter 2. Body mass was recorded at

the start of each of the experiments reported in Chapters 4 and 5, or once a week during cage

cleaning if the animal was not scheduled for an experiment that week. Certain individuals in the

winter were weighed less frequently due to deep periods of torpor when they were left

vmdisturbed.

The body temperature of all individuals was recorded throughout the day, as outlined in

Chapter 2 (Telemeter Implant and Daily Body Temperature Recordings). Recordings were

continuous except when the recording equipment was being used in the other sets of experiments.

This provided a one minute body temperature reading from each animal every 9 minutes.

Recordings of the inter pulse intervals (Fig. 2-2) of each telemeter were transferred to an analysis

template in Microsoft Excel that separated the values by individual and had sufficient filters to

remove noise in the signal, particularly those caused by skipped peak detection, or from the

transition period between individuals (Fig. 2-2a). Values for each individual were collated into a

spreadsheet and used to determine individual pattems in daily temperature variation and torpor.

Summer body temperature values were recorded from the date of implantation, 18*-21^' June

2007 until the end of the experimental period in early September 2007. Data from winter animals

were recorded after implantation at the end ofNovember until the batteries died, the telemeters

malfunctioned (March-April 2008), or the animals were released (April 2008).

Data Analysis

Trends in Body Mass

Individual trends in body mass were observed to monitor the health of the animal, and to

ensure that no individual showed drastic changes in weight when compared to the others. To

determine if there were any trends in body mass both within and between seasons, values from
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each individual for a five day period were averaged to provide a picture of trends in the overall

captive population. Recorded values consisted of the observed weight minus the weight of the

telemeter. This was done to be consistent with the weights used for analysing the metabolic rate

data, where mass-specific values were of interest (see Chapter 4).

Torpor Expression and Trends in Body Temperature

The data fi-om the week following the telemeter implantation surgeries were excluded

fi-om all body temperature analyses to ensure that all values were representative of general

seasonal patterns and not of post-operative recovery patterns. To determine if there were

circadian patterns in body temperature in the summer and the winter, temperature values

recorded for each individual were binned into half-hour segments according to time of day. This

allowed for observations to be made as to when the highest and lowest values, which generally

correspond with periods of activity and sleep, respectively, occurred throughout the day. The

seasonal comparison ofbody temperatures was divided into two parts. The first compared all

temperatures from the summer to those fi-om the winter, including torpid values. A direct

comparison of euthermic values was also of interest; therefore a second comparison was

performed with the torpor bouts excluded fi-om the winter data. A spreadsheet was designed to

separate the torpid body temperatures from the euthermic values. All body temperature values

below 35.5°C were considered torpid. This temperature was chosen, similar to methods outlined

in Willis (2007), based on the body temperature value at which resting metabolic rate was

observed to drop below basal metabolic rate for three individuals that entered torpor during the

respirometry experiments (data not shown). It is comparable to the value of 34''C chosen by

Pivorun (1976). There were also very few occasions when body temperature dropped below

35.5*^ and the animal did not subsequently go torpid. Isolating the torpid values thus served a

dual purpose, first in separating the euthermic values for analysis and, second in delineafing the
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time at which torpor bouts occurred, which were used to characterise the hibernation patterns for

each individual.

A seasonal comparison was made between various temperature parameters. The first was

between the absolute maximum and minimum values recorded from each animal, which provides

a good picture of the overall temperature distributions of each individual. However, because

these extremes were only experienced sporadically and did not represent the values most often

experienced by the individual, some form of average was necessary. To be able to compare

values that were more representative of overall trends, the daily maximum and minimum values

from the half-hour segments (i.e. the time of day at which the individual had the highest and

lowest average temperature, respectively) were used. To compare the spread of the recorded

body temperature values, 95% confidence limits were calculated for each animal. Summer values

for body temperature were compared to both overall winter temperatures (including torpor) and

euthermic winter temperatures using multiple t-tests or, if the data were non-normal, Mann-

Whitney U tests. Statistical tests were performed using SigmaStat (3.0.1 Systat Software, Inc),

and the resultant />-values were compared to an alpha value of 0.05. To compensate for the use

of multiple t-tests on data derived fi"om similar values, the alpha value was Bonferroni-corrected

to 0.01 {alpha divided by the number of tests performed: 0.05/6) for the summer / winter

comparison and 0.01 (0.05/4) for the comparison of euthermic values between season.

To evaluate whether circadian patterns remained fairly constant throughout the

experimental period, actograms were constructed using the range of euthermic temperatures

recorded from each animal over the course of the day. An actogram consists of a series of plots,

one on top of the other, representing consecutive days of recording (Refinetti et al. 2007).

Plotting trends in body temperature in this manner allows for a comparison between the time of

day at which the animal became active, or rested, over the season. All days during the

experimental period were included even though many have missing values due to the recording

equipment being utilized for other experiments.
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For some individuals, torpor affected the circadian pattern, thus the data were plotted in a

different manner. Body temperature throughout the season was plotted against hour within each

day in a single 24 hour plot. This allowed an examination of the different body temperatures

experienced by individual animals at each time of day, via multiple, overlapping plots. The hour

of entry into torpor was also plotted against the date to see if circadian patterns changed

throughout the season. Although most studies of circadian rhythms and hibernation focus on time

of arousal (Kortner and Geiser 2000), time of entry was used in this study. Due to the frequent

disturbances experienced by the animal, arousals were more likely to occur at artificial times,

especially as chipmunks are prone to arouse from toqwr at slight disturbances (Wang and

Hudson 1971; French 1985). Time of entry into torpor can be a good indication of the animal's

rest phase, as torpor is normally exhibited as an extension of the drop in body temperature

experienced during sleep (Heldmaier et al. 2004). Therefore, shifts in entry times can reflect

corresponding shifts in circadian pattems.

Torpor pattems were analysed by isolating each individual torpor bout and recording, if

all values were available: the time at which the animals entered and aroused from torpor, the

length of the bout, and the length of the preceding euthermic (interbout) interval. Only bouts for

which exact entry and exit times were known were included in the average values. All animals

occasionally showed short drops in body temperature, generally less than an hour and with

tempyeratures dropping to no less then 32°C. These bouts were considered short bouts, since the

animal had little or no opportunity for energy savings, and the lengths of these bouts were

excluded from the calculation of average bout length.

RESULTS

Trends in Body Mass

Animals in both seasons had variable masses at date of capture (83g to 1 1 1 g) and tended

to gain approximately lOg during the first few weeks in captivity. A slight increase in weight
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was observed in all individuals over the summer season, with some of the inter-individual

variability becoming dampened as the season progressed (Fig. 3-1). Body mass in the summer

typically ranged between 90 and 1 lOg. The minimvim average value for mass for the summer

animals was recorded at the date of capture (91.4g ± 11.3g), and the maximum was recorded in

mid-August (106.7g± 7.4g).

Mass was much more variable in the winter, both at date of capture (83 g to 122g) and

throughout the season (Fig. 3-1). A general trend, however, was still apparent with all animals

initially increasing in body mass, and reaching a peak average of 123.7±14.9g near the end of

October. Mass then declined steadily until the end of March when most individuals ceased

hibernation and commenced re-gaining weight. At the time of release, start to mid-April 2008,

weight reached levels similar to individuals caught in the summer

(>90g). Though all individuals followed the same general trend, the variation in mass was more

extreme in some individuals than in others. The most dramatic was an individual (Individual 7)

that weighed 108g at capture, gained up to 10 grams more by the beginning ofNovember,

dropped to 82g by the end of April and regained 10 grams once the room temperature increased.

The telemeter implant surgeries had no observable effects on animals in either season. Though

some individuals lost a few grams initially, the weight was quickly regained in the summer. Any

downward trend in mass in the winter was initiated long before the implant surgeries and,

therefore, was more likely to be the result of the onset of hibernation and not of the surgeries.

Torpor Expression and Trends in Body Temperature

Although there were significant gaps in the periods ofbody temperature data collection,

due to the restriction of collection to times when other experiments were not underway, it was

still possible to observe general circadian trends in body temperature. Most of the data available

are from between 03hOO and 19h00 in the summer and Oh30 and 19h00 in the winter.
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Though there were at least 20 values for each individual in each of the half-hour segment bins.

Data from certain individuals are also missing due to the limited battery life of the telemeters.

Two of the telemeters stopped functioning in the summer (one almost directly after implantation,

the other within a month of the surgery) and the majority of the telemeters in the winter had

stopped working by the end of March, the first failing a week after it was implanted (Table 3-1).

Therefore, only eight individuals from the summer and eight from the winter were included in

the analysis.

Significant differences were observed between the summer and the winter values for

absolute maximum and minimum body temperature, as well as averaged daily maximum and

minimum values and 95% confidence limits (p<0.00l, t-tests and Mann Whitney tests). Body

temp)eratures were consistently lower in the winter (Tables 3-3 and 3-4). The time ofday at

which the maximum daily temperature was observed was also significantly different; 6:37h±38

minutes in the summer compared to 14:48h ±202 minutes in the winter (7g,g=99, p<0.00\).

However, no differences were observed between the times at which the minimum body

temperature occurred; 0:27±49 minutes in the summer 1 :33±1 89 minutes in the winter (78,8=61,

p=0.5). All of the values recorded during the winter phase showed both higher inter- and intra-

individual variation than the summer values (Table 3-3, Fig. 3-3). The winter values were also

consistently lower than the summer ones (p<0.0\, t-tests and Mann Whitney tests).

When the data from all individuals, binned in half hour intervals, were compiled, clear

circadian patterns in body temperature were apparent in animals from the summer phase (Fig. 3-

4a). A clear distinction is visible between nocturnal body temperature (20:00h to 03:00h),and

diurnal body temperature (05:00h-20:00h). In the summer, body temperature reached a peak

around 07:00h coinciding with observed bouts of activity. Body temperature was more variable

in the afternoon, with a second peak in temperature occurring just before nightfall. Similar

patterns were not observed in the winter, though there is a period of increased body temperature

was apparent during the light hours (Fig. 3-4a, b). After examining the actograms, it was
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Table 3-1 Dates of the initiation and termination of torpor expression by Eastern

chipmunks in the winter

Individual
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Figure 3-2 Representative traces of body temperature patterns of chipmunks in summer
and winter

The daily body temperature patterns from representative individuals from the summer (a.) and

the winter (b.) phases of the study. Each point represents the average of one minute of body

temperature recordings taken approximately once every ten minutes. The black arrow indicates

the date of the telemeter implantation surgery, the black bar the period used in the data analysis.

A slight decrease in body temperature can be seen in the first few days in the summer following

surgery before a more stable pattern is maintained. A similar pattern can be observed in the

winter, though it is less obvious because of the extreme temperatures encountered during torpor.
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Table 3-2 Characterization of torpor in chipmunks from the winter phase

Individual





Table 3-3 Absolute maximum and minimum body temperature values by individual

chipmunks in both the summer and winter phase of the study

Individual





a.

c.
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apparent that circadian patterns did not appear to change throughout the experimental period in

the summer (Fig. 3-5a), and no consistent circadian patterns were discemable in the winter.

Actograms were constructed for each individual but only a representative trace from each season

is included in Figure 3-5.

Torpor patterns did not follow any set circadian rhythms as evidenced from the plots of

body temperature against time of day (Figs. 3-6 and 3-7). It is apparent that entry into, and

arousal from, torpor did not follow any overall pattern over the season with regard to time of day

(Figs. 3-6 and 3-7). Time of entry into torpor was highly variable both between individuals and

over the course of the hibernation season. Some individuals (i.e. individuals 3, 5 and 6) were

only torpid overnight, entering during the rest phase and arousing sometime during the next

morning. The individuals that hibernated more profoundly showed a different pattern. Time of

entry into torpor generally became later in the day as the season progressed (individuals 2 and 8)

or showed no pattern (individuals 1 and 7).

DISCUSSION

Although previous studies have described either the seasonal changes in chipmunk body

temperature (see Neumann 1967; Scott and Fisher 1972; Pivorun 1976; Kawamichi 1996; French

2000; Humphries et al. 2001 ; Munro et al. 2005), or the amplitude of daily temperature variation

(Wang and Hudson 1971 ; Decoursey et al. 1998), this is the first study to provide an in-depth

analysis ofboth of these cycles. This analysis was necessary, first to provide evidence that the

animals in this study showed seasonality in body temperature and second to gain a thorough

understanding ofbody temperature patterns in the animals studied. It was especially important to

get a clear picture of the differences in euthermic temperatures in order to interpret any potential

differences in body temperature observed between seasons in the other experiments undertaken

for this thesis.
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Figure 3-5 Representative actograms comparing the times of euthermic body temperatures

of chipmunks and changes in circadian patterns between seasons

a. Body temperature patterns from a representative individual from the summer phase. Each hne

is a plot ofbody temperature, reported on a scale from 37-4 TC. The blank period in the summer

graph are times when body temperature values were not recorded. There appears to be a slight

progression in the time of day at which the animal first warms up as the season progresses, b. A

similar plot from an animal during a portion of the winter phase of the study (December-

February). To account for slightly lower temperature in the winter in scale of temperature on the

individual plots is 36-39°C. Blank areas represent periods missing data or periods in which the

animal was torpid. The solid vertical black lines denote the period of experimentation.
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As predicted, the chipmunks in this study showed circannual rhythms in both mass and

body temperature. Mass increased over the fall and decreased as hibernation progressed (Fig. 3-

1 ). Concurrent with the decrease in mass, body temperatures fluctuated to a greater extent in the

winter, with the majority of the animals expressing torpor throughout the season. Torpor

expression also resulted in slight changes to the circadian pattern of body temperature regulation;

daily peaks and troughs in body temperature were less apparent in the winter animals. Even

while euthermic, winter animals had lower body temperatures than the summer animals.

Changes in body mass over the period of study were similar to those observed in other

laboratory based studies. Individuals from the summer phase were slightly heavier than the

average wild-caught animal in Algonquin Park during the summer, which generally weighs less

than lOOg (L. Patterson pers. comm.; Pidduck and Falls 1973). This weight gain is consistent

with a general increase in the body mass observed in some captive species (Kenagy 1981;

Larcombe and Withers 2007; etc.) as well as in captive chipmunks (Panuska 1 959; Forbes

1966a). More extreme weight gains were observed in the winter, consistent with the available

literature on pre-hibemation weight gain in chipmunks (Forbes 1966a; Scott and Fisher 1972;

Pivorun 1977). Although some studies have found more conservative gains of around 12%

(Graves 1971), Panuska (1959) observed mass increases of up to 25% over the winter. This is

more extreme than the 10-15% increase observed in the present study. However, some of the

chipmunks may have already been close to winter weight when they were caught in the fall, and

most were already at greater masses than the summer weights of wild chipmunks; thus a smaller

increase in mass was not entirely unexpected.

It was of no surprise that the 10-15% weight gain before the onset ofhibernation differed

from the extreme weight gain, an increase of close to 50%, observed in fat-storing hibemators

(Dark 2005). In the absence of stored fat, chipmunks must rely on their food hoard to provide

enough energy to sustain them for the winter (Humphries et al. 2003). However, despite the fact

that the animals were feed ad libitum throughout the winter phase, a steady decrease in weight
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was recorded as the season progressed. Similar patterns were observed by Panuska (1959) who

found that a decrease in mass commenced before hibernation was initiated. Although body

temperature was not recorded until after the weight loss had begun, no animals were noted to

enter torpor until after the implant surgeries.

There was some degree of individual variation in body mass throughout the study.

Summer mass values were more or less consistent between individuals; the highest differences

were observed at capture, with body mass having a standard deviation of 1 1 g. Standard

deviations for the remainder of the study were consistently less than lOg, which is well within

the usual inter-individual variation in body mass fi-om chipmunks in the area (Pidduck and Falls

1973). Winter masses were generally more variable, with standard deviations consistently above

lOg. All animals gained weight at the start of the season, but the animals that were torpid for

longer periods of time experienced more extreme drops in weight. This is a familiar occurrence

in fat storing hibemators, although it comes as somewhat of a surprise in a food-storing

hibemator that had constant access to a food store with which to replenish its body fat. Once the

animals had ceased hibernating for the season, body mass returned to levels similar to those at

capture, as observed by Panuska (1959) and Scott and Fisher (1972). Sometime around mid-

March, the males began to show signs of secondary sexual characteristics, indicating that the

hibernation period was drawing to a close and the reproductive season would soon begin (Barnes

et al. 1986). Most individuals had ceased hibernation by the end of March, coinciding with

spring and the usual time of reproduction observed in animals fi^om Algonquin Park (Pidduck

and Falls 1973; Elliot 1978; Yahner and Svendsen 1978).

Body temperature patterns were significantly more complex than changes in body mass.

As expected, torpor, with the exception of one shallow bout in the summer, was only observed

during the winter months. It is not known whether or not torpor was expressed before the

telemeters were implanted, however, no animals were found torpid. Since body temperature

recordings from winter acclimated chipmunks were not available at the time, it is impossible be
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certain that torpor was not expressed when the animals were not being observed. However, had

torpor been initiated before the implant surgery, it is likely that either the surgery or the

temporary increase in room temperature caused the torpor patterns to reset, because torpor was

not observed until a few days following the subsequent decrease in room temperature. A study

on chipmunks later in the hibernation season found that torpor can be expressed within a few

hours after introduction to the cold (Pivorun 1976).

Similar to observations made in other studies, the first bouts of torpor were short,

resembling the 'test-drops' that characterise the start of all hibernation periods (Strumwasser

1958; Pivorun 1977; Lyman et al. 1982). However, some individuals (3, 5 and 6) never

progressed past this stage into the deeper stages of hibernation; the pre-plateau and plateau stages

described by Pivorun (1976). Scott and Fisher (1972) separated the individuals in their study into

three groups: non-hibemators, 'poor' hibemators, and 'good' hibemators. Poor hibemators were

animals that experienced shortened bouts oftorpor and for which body temperatures were

generally maintained at around 13-14°C. Individuals 1,2,3,4,5 and 6 match this definition. The

most variation in torpor patterns came from the 'poor' hibemators. Individuals 5 and 6 followed

torpwr patterns similar to those of animals that undergo daily torpor, entering into torpor

overnight and arousing in the morning (Geiser and Ruf 1 995). Animals 2 and 4 had the most

consistent torpor bouts but are considered 'poor' hibemators because their body temperature (13-

14°C) remained substantially elevated above ambient temperatures (4-5°C). Individual 3 could

almost be classified as a non-hibemator because she only experienced a small number of shallow

torpor bouts and generally maintained a higher body temperature than the other individuals. Only

individuals 7 and 8 would fall under Scott and Fisher's (1972) definition of a 'good' hibemator.

They had torpor bouts that were both longer in duration, more consistent, and they experienced

colder body temperatures (6-7°C). These body temperatures coincide with the lowest recorded

body temperature in a chipmunk (Neumann 1967; Wang and Hudson 1971). Both 'poor' and

'good' hibernation patterns have been also observed in fi-ee-ranging animals (Humphries et al
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2003a; Munro et al. 2005), suggesting that the data presented here are not artefacts of laboratory

conditions.

The degree of variation in torpor expression observed in this study appears to be typical

for this species, especially among laboratory based animals fed throughout the winter period

(French 2000; Humphries et al. 2001). Although the animals in this study were allowed to store

food before hibernation commenced, their food was supplemented throughout the winter to

ensure that they did not starve. This may have had an adverse effect on torpor expression as

increased hoard size is known to negatively affect torpor expression (French 2000; Humphries et

al. 2003a). The high number of 'poor' hibemators seen in this study might also have occurred

because the food provided, sunflower seeds, is high in polyunsaturated fatty-acids, which, though

important for hibernation, can also reduce torpor bout length if dietary concentrations are high

(Geiser et al. 1997; Munro et al. 2005). Overall, it appears that though all animals had the ability

to hibernate in the winter phase, as observed by all individuals expressing some degree of torpor,

most did not hibernate as deeply as they could have. Similar patterns have been observed in the

wild and it is believed that, though hibernation benefits the animal in terms of energy savings, it

is of greater benefit to the individual to remain euthermic when stored energy, in the form of

food stores, allows them to do so (French 1985; French 2000; Humphries et al. 2003b). The

presence of an activity wheel might also have reduced torpor expression (Pengelley and Fisher

1966; Heller and Poulson 1970), although even individuals who were observed running on the

wheel hibernated deeply.

Torpor expression was not the only aspect of the chipmunk's temperature regulation to

differ between seasons. Circadian patterns in body temperature were vastly different as well. A

clear, consistent daily pattern was observed during the summer (Fig. 3-4). This was highly

consistent with available literature on daily activity patterns in chipmunks (Elliot 1978; Richter

1978; Decoursey et al. 1998). Animals were most of^en at rest overnight, when the lowest body

temperatures were observed. Body temperature generally increased shortly before sunrise, and
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the period of greatest activity was observed in the early morning. Similar to data shown in

Decoursey et al. (1998), daily body temperature patterns appeared to be nearly bimodal, with one

peak in the early morning and a second just before the rest phase in the evening. This is

consistent with Richter's (1978) classification ofchipmunks as both diurnal and crepuscular, as

well as with activity patterns observed in field studies (Forbes 1 966b). Interestingly no changes

in body temperature patterns were observed throughout the summer. This is inconsistent with

data fi-om many field studies which have found a so-called 'summer lull' in activity between the

end of July and the start of September (Dunford 1972; Elliot 1978). During this time, chipmunks

generally reduce their levels of activity and become more difficult to trap and observe. The fact

that body temperatures did not vary around that time in this study could indicate that either the

animals in this study did not experience a summer lull, or that the lull observed in activity

patterns does not have any accompanying changes in body temperature. It should be noted,

however, that the only torpor bout observed during the summer phase occurred during this period,

in mid-August. A study on the body temperatures of fi-ee-ranging chipmunks over the summer

may provide an explanation, but such a study has never been undertaken.

Circadian patterns in body temperature were much less evident, and nearly absent in

some individuals in the winter. In general, peak body temperatures were observed during the

light hours, which would be consistent with the higher levels of activity observed in the

chipmunks during the day. Similarly, the lowest values were consistently recorded overnight.

However, this pattern may have been influenced by the few individuals that barely hibernated or

the two individuals (5 and 6) that only ever went into torpor overnight and who were always

active during the day. The 'good' hibemators as well as the 'poor' hibemators that had the

longest torpor bouts (individuals 2 and 4) showed very little in the way of circadian patterns. It

appears, however, that the circadian clock of some individuals (especially the deeper hibemators,

7 and 8) might have shifted as the winter progressed. This can be seen when observing the time

at which they entered into torpor (Figs 3-6, 3-7). Torpor is generally entered into during the
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normal transition to sleep (Heldmaier et al. 1989), therefore, the time of entry into torpor can be

cx)nsidered a good indication of the location of the rest phase of the animal. It appears that the

rest phase of those individuals started later in the day as the season progressed. Contrary to the

constant darkness that they would experience in their burrows (Wrazen and Wrazen 1982; Ruby

2003), the animals in this study were maintained on a daily light-dark cycle. This makes the shift

in circadian pattern observed in some individuals somewhat surprising since light is known to

help maintain circadian patterns (Aschoff 1963). This could be partially explained by the fact

that all animals built nests that could most likely have blocked the majority of the light available

to the animal. Richter (1978) routinely observed animals acting independently of light cycles

throughout the winter and self-blinding by remaining curled up with their eyes closed throughout

the light period of the day. This lack of daily periodicity during hibernation is in contrast to what

has been observed in some fat-storing hibemators who were found to consistently arouse from,

and enter into, torpor at times coinciding with the usual periods of activity and rest for that

species (Aschoff 1963; Kortner and Geiser 2000; Ruby 2003). The explanation provided for the

maintenance of circadian periodicity during hibernation has been that the animals need to emerge

from their burrows as soon as possible in the spring before their energy stores become depleted.

They must, therefore, maintain the capability of being awake during the day when they can leave

the burrow and assess the enviroimiental conditions (Kortner and Geiser 2000). The capacity to

store excess energy in the form of hoarded food could make the chipmunks more flexible in that

respect. A similar lack of circadian rhythm, however, has been observed in some fat storing

species and is considered to provide the advantage of entering into torpor at any point throughout

the day (Larkin et al. 2002).

Other studies monitoring body temperature in chipmunks have failed to find seasonal

differences in euthermic temperatures (Neumann 1967; Wang and Hudson 1971). This was not

the case in the present study. In all of the body temperature variables analysed, the chipmunks

had significantly lower body temperatures in the winter. Although the difference was sometimes
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small, less than \°C, the fact that winter body temperatures were consistently lower is a

significant finding. In euthermic animals, both hibemators and non-hibemators, daily oscillations

in body temperature are generally larger in colder ambient temperatures (Refinetti and Menaker

1992). This has been attributed to a larger drop in body temperature when thermoregulation is

partially shutdown during sleep (Gordon 1993), though corresponding changes in maximum

body temperatures are rare (Refinetti and Menaker 1992). The higher maximum body

temperatures experienced by the animals in the summer phase of the study could have been

caused by occasions where the ambient temperatures rose above the upper critical temperature of

their thermal neutral zone (32°C, Wang and Hudson 1971). Though extremely high ambient

temperatures were rare, ambient temperatures in general were much higher during the summer.

Higher ambient temperatures limit the ability of the animal to dissipate excess heat, because of

the small ambient to body temperature differential; the net result is a slight increase in body

temperature that partially offsets this effect (Bartholomew 1972; Brown and Refinetti 1996).

Additionally, body temperature was consistently low, often below 39°C, during the euthermic

periods of individuals who hibernated more deeply. This could be because the animals were not

very active during these arousals. Indeed, euthermic periods are often times when hibemators

make up for the loss of sleep that occurs during torpor (Daan et al. 1991). Although the animals

must have been feeding, because euthermic periods are the only times in which the chipmunks

can eat enough food to sustain them during their next hibernation bout (Humphries et al. 2001),

very little activity was observed during these times, compared to similar times of day in the fall.

This chapter set out to describe the patterns of body mass and body temperature over the

two phases ofthe study. The chipmunks studied demonstrated both circannual patterns in body

mass as well as circannual and circadian patterns in body temperature experienced by chipmunks

in the wild. The conditions of the study allowed for them to store food and display a normal

range of behaviours, such as foraging and nest building. The cold ambient temperatures and

reduced light regimes led all animals in the winter phase to display torpor to some degree.
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Circadian patterns in body temperature in the summer were relatively constant but were not

maintained by individuals who experienced long bouts of torpor in the winter. Euthermic body

temperatures were generally lower in the winter phase than in the summer phase, which could be

the result of changing ambient temperatures as well as changes in overall activity patterns.
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CHAPTER 4 - A TEST FOR SEASONALITY IN THE METABOLIC RESPONSE TO
ACUTE HYPOXIA IN THE CHIPMUNK

INTRODUCTION

Extensive laboratory studies have demonstrated that when animals are exposed to low

oxygen tensions, the universal response is a reduced body temperature (Wood 1995; Branco et al.

2006). In endotherms, this drop in body temperature is accompanied by a relatively large

decrease in metabolic rate and a blunting of the normal thermogenic response to cold

temperatures (Frappell et al. 1992; Barros et al. 2001). A decrease in body temperature in

hypoxia is considered to be beneficial to the animal; reducing metabolic rate reduces oxygen

demands, which leads to higher survival times at low oxygen levels (Gautier 2006). Earlier

research showed that hibernating ground squirrels responded very little, if at all, to low ambient

oxygen pressures while hibernating (Hiestand et al. 1950). This hypoxia tolerance was found to

carry over to hibemators outside of torpor; they are considerably more tolerant of hypoxia than

their homeothermic counterparts, even during times of the year when they are euthermic (Drew

et al. 2004). This tolerance results in longer survival times in prolonged exposure to anoxia and

through the maintenance of higher rates of metabolism during activity in hypoxia (Hiestand et al

1950; Lutton 1982; Drew et al. 2004). In general, during acute exposure to hypoxia, hypoxia

tolerance translates into a larger drop in body temperature, presumably as a means of lowering

oxygen requirements (Barros et al. 2001; Tattersall and Milsom 2003). However, some hypoxia

tolerant species show a more blunted body temperature reduction in hypoxia than their non

hypoxia-tolerant counterparts (Walker et al. 1982; Walker et al. 1985; Scott et al. 2008). The

relationship between hypoxia tolerance, longer survival times, or the maintenance of normal

activity levels in hypoxia can therefore manifest itself in various ways.

Although mammalian heterotherms are known to be more hypoxia tolerant, heterothermy

is often restricted seasonally (Scott and Fisher 1972; Lyman et al. 1982; Kortner and Geiser

2000). Very little is known about how this seasonality in torpor expression affects the magnitude
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of the hypoxic thermoregulatory response. Most studies on hypoxia tolerance in heterotherms

have compared hibemators from the non-hibernating season to torpid animals or to non-

hibernating species. Considering the various physiological and biochemical changes that occur

seasonally in hibemators (Pehowich and Wang 1984; Carey et al. 2003; Heldmaier et al. 2004),

direct comparisons between summer and winter euthermic values could prove more insightful.

However, few studies have attempted this. Frerichs and Hallenbeck (1998) found, by observing

the response to low oxygen in hippocampal slices, that hypoxia tolerance was slightly less in

euthermic winter ground squirrels when compared to torpid squirrels, but still higher than when

compared to a rat. They did not, however, include ground squirrels from the summer in their

analysis.

Although seasonal effects on the hypoxic metabolic and thermoregulatory responses of

hibemators are not well known, there is little doubt that some form of seasonal changes in

physiological characteristics must occur to allow these species to undergo torpor in the winter

(Kortner and Geiser 2000). In general, small mammals adapt to the cold using one of two

strategies, increasing the capacity to produce heat, or decreasing the rate of heat lost to the

environment (Hart 1971; Bartholomew 1972). An increase in basal metabolic rate allows for a

greater metabolic scope, allowing the animal to thermoregulate adequately (Hart 1971) at lower

ambient temjjeratures (Chappell 1980b). However, because the costs of maintaining an elevated

basal metabolic rate are high, small mammals will simply increase their capacity for augmenting

heat production at low temperatures, generally by increasing the their capacity to recmit non-

shivering thermogenesis in the cold (Heroux 1961; Heldmaier et al. 1982). The second strategy

to buffer against the cold is to increase insulation, which allows the animal to conserve energy by

reducing heat loss to the environment (Chappell 1980a). However, the small size ofmany

mammals, especially hibemators, prevents large seasonal increases in insulation (Gordon 1993).

In fact, the relative inability to increase insulation, coupled with the high costs of maintaining

elevated rates of metabolism, along with seasonal food shortage, are considered to be the primary
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factors which promote hibernation in small mammals (Lyman et al. 1982; Heldmaier et al. 2004).

Torpor expression, either on a daily basis or over more prolonged periods of time, provides a

third strategy for dealing with the cold.

Most thermoregulatory studies on hibemators focus on metabolic rate and temperature

control during torpor (Barnes and Buck 2000), or on characterising the costs of arousal and the

subsequent euthermic periods (Wang 1978). Relatively few studies have performed direct

comparisons of thermoregulation in summer and winter-active hibemators. Buck and Barnes

(2000) reported a threefold increase in brown adipose tissue in arctic ground squirrel but made

no mention ofhow this affects winter basal metabolic rate or maximal thermogenesis when the

animals were euthermic. One of the few studies to report euthermic metabolic rates in a

hibemator, the marmot, recorded during an interbout arousal period, found that basal levels were

half that of summer levels of metabolism (Ortmann and Heldmaier 2000). The winter animals

were, however, significantly larger than the summer ones, which may partly account for the

lower rates of mass-specific metabolism (Ortmann and Heldmaier 2000), particularly as this

mass difference consists primarily of fat, a metabolically 'inactive' tissue. Another study on the

Djungarian hamster, an animal which undergoes daily torpor, found a significant increase in the

capacity for non-shivering thermogenesis in winter-acclimated hamsters (Heldmaier et al. 1982).

However, for the most part, thermoregulatory control by hibemators during their euthermic

periods in winter is relatively unknown.

A direct comparison between the seasonal attributes which allow an animal to undergo

torpor and the animal's responses to acute hypoxia, has not previously been explicitly conducted.

The following experiments were designed to address this shortcoming. The overall hypothesis

for this thesis is that seasonal changes in thermoregulation in the Eastem chipmunk should be

accompanied by in changes to the response to hypoxia. As outlined in the previous chapter,

hibernation in chipmunks has been fairly well studied. However, potential seasonal changes in

general thermoregulatory characteristics, such as the location of the thermal neutral zone,

71





minimal thermal conductance and basal metabolic rate, are currently unknown in winter

acclimated chipmunks. To assess how seasonality in thermoregulation affects their response to

hypoxia, it was necessary to record any seasonal changes in basic thermoregulatory traits (basal

metabolic rate, the thermal neutral zone and minimal thermal conductance) and determine if the

metabolic response to acute hypoxic exposure differed between seasons. Coupling seasonal

changes in thermoregulatory responses to hypoxia with known thermoregulatory changes could

help clarify the importance ofthese physiological mechanisms to the control ofbody temperature

in hypoxia.

METHODS

Experimental Protocol

Flow-through respirometry was used to obtain values for resting metabolic rate (via

oxygen consumption), rates of carbon dioxide production, evaporative water loss and thermal

conductance during exposure to normoxia and hypoxia. Experiments were run over a range of

ambient temperatures to record changes in thermoregulatory characteristics, such as location of

the thermal neutral zone, and minimum thermal conductance between seasons. Normoxic

experiments (21% ambient oxygen) were run at 8, 15, 22 and 29°C, whereas ambient

temperatures of 15 and 22°C were used for the hypoxic experiments (10% oxygen). These

temperatures were used because the responses to hypoxia below the thermal neutral zone, where

thermogenesis is of greater importance (Bartholomew 1972), were of primary interest. Two

temperatures were chosen both to evaluate the effect of ambient temperature on the hypoxic

response, and to allow for an estimation of minimal thermal conductance in hypoxia (see below).

All equations used in the analysis are presented in the section, Respirometry Equations below.

To ensure that the recordings were as close to true basal (at 29°C) and resting rates as possible,

the animals were removed from food by being placed in a new, clean cage 8 hours before the

experiment started to ensure that they were post-absorptive throughout the recordings.
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Experimental times were chosen to coincide with the natural rest phase of the animals.

During the svmimer phase this was between 21 :00h-04:00h (see Chapter 3) but was more variable

in the winter where the time of day at which each individual was most likely to rest was different.

However, because, in general the rest phase fell somewhere around 20:00h-00:00h, most

experiments were initiated at this time. Earlier start times (15:00h-17:00h) were necessary for the

few individuals that went torpid each night, and later times (21 :00h-22:00h) for those who

remained active later on in the day. Data collection lasted from the end of June to the 3*^^ of

September in the summer and from the first week of January to the first week of April during the

winter.

Each experiment consisted of a period of 4 h in which the animal was placed in a

cylindrical respirometery chamber (700ml, 8.5cm diameter Animal Chamber, Qubit Systems,

Kingston, ON). The chamber was placed inside an envirormiental chamber in which the

temperature was controlled using a serially connected water bath. Dry carbon dioxide-free air

was pumped into the chamber at a rate of400 mL/min. This incurrent air was scrubbed of water

and carbon dioxide using a column containing a layer of drierite, a layer of soda-lime, and a final

layer of drierite, necessary for absorbing water vapour released by the soda lime. A subsample of

the air from the respirometer was pulled through the O2, CO2, H2O analysers at 1 80 mL/min

using a Sable PP2 Dual Pump System, controlled via an analog mass flow controller. The air was

first routed through a relative humidity analyser (Model RH200, Sable Systems, Las Vegas, NV),

to record the water vapour density (^g/ml), which was later used to calculate evaporative water

loss. The respirometer air was subsequently diverted through a tube containing drierite prior to

entering a carbon dioxide analyser (Model CD-3A; AEI Technologies, Naperville, IL, or CA-2a;

Sable Systems). From there, the air sample was passed through a tube containing soda lime

followed by drierite and finally through the oxygen analyser (FC-1 B O2 Analyser, Sable

Systems). Channels were set up in Sable System's data acquisition software, Expedata (vl .0. 1 8)

to record: the fractional concentrafions of oxygen and carbon dioxide, as well as absolute
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humidity in the air leaving the chamber, the incurrent flow rate chamber temperature, and body

telemeter pulse rate each second.

Temperature, in both the environmental chamber and in the respirometry chamber, was

monitored using thermocouples and recorded using a thermocouple meter (Model TC-2000;

Sable Systems). The thermocouple was placed into the respirometer via a small hole in the base

of one of the chamber ends. This hole also allowed the insertion of a tube that was connected to a

differential pressure transducer (Validyne model DP45 1 0, Northridge, CA) permitting the

continuous recording of pressure within the chamber, which, though too crude to provide tidal

volume, could provide breathing rate. To ensure accuracy in detecting breathing frequency, a

higher sample rate, 100 samples/s, was necessary. Therefore, data were collected from the

pressure transducer into a Biopac© MP 150 and recorded in AcqKnowledge (v. 3.8.1, BIOPAC

Systems, Goleta, CA).

To ensure that the incurrent oxygen, carbon dioxide and water levels remained constant

throughout the experiment, a baseline, consisting of dry carbon-dioxide free air, was set up to

record for three minutes every 20 minutes. To do so, an RMS Intelligent Multiplexer (Sable

Systems) was placed just after the respirometer and programmed to control which air stream (the

respirometer or the baseline) entered the gas analysers. This not only provided a good indication

of the stability of the incurrent air composition, but also provided a continual evaluation of gas

analyser signal drift, which was especially valuable during the hypoxic experiments. It also

allowed closer monitoring of the scrubbing chemicals, because any wide changes in incurrent gas

would be reflective of an exhaustion of chemical.

The oxygen analyser was regularly calibrated using carbon dioxide-free, dried air

(20.95%). The carbon dioxide analyser was similarly calibrated using pure nitrogen as a zero

value and a 1% CO2 mixed gas (certified) as a span gas. The relative humidity analyser was also

calibrated regularly using pure nitrogen as the zero value, and air bubbled through water of a

known temperature, and therefore known dew point, as the span gas. To ensure that the analysers
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were appropriately calibrated with respect to each other, an ethanol bum was undertaken.

Burning ethanol within a respirometer, which has a known CO2 production to O2 consumption

ratio of 0.67, provides an excellent source for discovering potential errors in the system (Withers

2001). Empirically determined C02:02 values using ethanol yielded values of 0.66 to 0.68,

suggesting that the calibrations used throughout yielded accurate assessments of animal CO2

production and O2 consumption.

During the hypoxic experiments, the animal was allowed to habituate to the experimental

temperature for an hour at normal oxygen concentrations before the nitrogen-air mix was

initiated. Oxygen concentrations of 10% were maintained for 2 hours before returning the animal

to normoxic conditions. The final hour was used to record the animal's recovery fi-om hypoxia.

At the end of the experiment, the animal was retumed to its cage and the equipment was left

rurming to ensure the collection of an adequate baseline to fully account for analyser drift.

Data Analysis

Abbreviations

F1O2 = fi'actional proportion of oxygen entering chamber

Fe02 = fractional proportion of oxygen leaving chamber

F1CO2 = fractional proportion of carbon dioxide entering chamber (always scrubbed of CO2)

FeC02 = fractional proportion of carbon dioxide leaving chamber

FO2 = volumetric rate of oxygen consumed by the animal, a proxy for metabolic rate (mL02/g.h)

FCO2 = volumetric rate of carbon dioxide produced by the animal (mLC02/g.h)

FR = incurrent gas flow rate in mL/h

RER = respiratory exchange ratio (ratio of VC02:V02)

EWL = rate of evaporative water loss (mg/h)

fWD = water vapor density (absolute humidity) of the air leaving the chamber, (mg/mL)

Tb = core body temperature

Ta - ambient temperature (chamber temperature)

Cifrt= wet thermal conductance (mL02/g.h.°C or W/°C)
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CDry= dry thermal conductance (mL02/g.h.°C or W/°C)

M = metabolic rate (W)

E = evaporative cooling (W)

/= breathing rate (min')

To prepare the raw data files for analysis, initially all fractional gas concentrations were

corrected for analyser drift throughout the experimental period using periodically collected

baseline values. This effectively corrected all values for recorded baselines to a value of 0, and

corrected for slight drift between baseline collections. All values for oxygen were subsequently

reported as the difference from incurrent values (FEO2-F1O2). Values for ^02,^002, EWL, Tb, C

and RER were also calculated by inputting the recorded values for FeOj, FeC02, WVD, flow rate,

chamber temperature and telemeter pulse rate into a spreadsheet. A Microsoft Excel template

was set up to convert the raw data into the physiological parameters of interest. To obtain steady-

state values, a pre-recorded macro was used to locate a three minute section within each 20

minutes of data between the baselines, which had both the most constant, and elevated Fe02 data.

Therefore, the three minute period that corresponded with the most stable and lowest value for

^02 was the value selected for the analysis (Fig 4-1). Generally only values selected from 20

minutes after the start of the experiment were used. This was the minimum amount of time

necessary for the animals to become adjusted to the respirometry chamber. It was also the

approximate amount of time for Fb2 values to return to resting values after a bout of activity.

Experiments in which the animal did not rest for the entire 4h period were re-attempted at a

different date. Some animals would not rest at the lowest temperatures (two at 8 °C one at 1 5 °C);

values for these animals were therefore omitted from the analysis. FO2 data from the hypoxic

experiments were only taken following an hour after the onset of hypoxia to ensure that the

values obtained were in a steady-state.
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Figure 4-1 Sample trace from a respirometry experiment in normoxia

A sample trace of metabolic rate (in black) and body temperature of a chipmunk during a

normoxic respirometry experiment at 29°C. The area between the black bars was the area used to

calculate the steady state, resting, values for this experiment.
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The values for oxygen, carbon dioxide and water leaving the chamber were converted

into values for r02, FCO2 and EWL using the following equations from (Withers 2001):

^(f -F \\VIO, ^ EO, J
Vq, =FRx

, (1-^.oJ

'ca ~ •^"

^

^Eco-, F^
('-^.J

-FEO2 ^ECOi I

J

(4-1)

(4-2)

EWL = FRxWVD. (4-3)

FO2 was then used to calculate wet thermal conductance {Cwet) using the following equation

(McNab 1980): C =
iT>,-Tj

(4-4)

Individual values for minimum Cj^fr were determined by calculating the slope of the metabolic

rate values at 8, 15 and 22 °C, a common method of determining values for minimum thermal

conductance when body temperature values are unavailable (McNab 1980, 2002). Dry thermal

conductance was also calculated, first by calculating EWL, then transforming both VOj and EWL

into watts, by multiplying the values by the energetic equivalence ofoxygen (20.1 J/mLOa) and

the latent heat of vaporisation (2.45 J/mg), respectively (Withers 1992). This allowed for the

calculation of Cpry using the following equation:

M-E
^""^^{T.-Tj

(4-5)

To make a fair comparison between wet and dry thermal conductance, dry thermal conductance

was then re-transformed, once again using the energetic equivalence of oxygen, to be expressed

in mL02/g''h'°C. Respiratory exchange ratio {RER), the ratio of carbon dioxide production to

oxygen consumption, was calculated by dividing rc02 by FO2. Changes in steady state values of

RER represent changes in substrate fuel utilisation, with values indicating the proportion of

carbohydrates and lipids or catabolized to fuel metabolism (Blaxter 1989). Breathing rate (/) is

reported as number of breaths per minute and was calculated for the steady state values by taking
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the average of the time the animal took for ten breaths and muhiplying this by 60 seconds. To

calculate instantaneous changes in/during the hypoxic trials the peak detection function in

AcqKnowledge was used to determine the time it took for each individual breath. An average of

30 of these inter-breath intervals was taken to calculate the/for each minute.

Using the method outlined in McNab (1980), the lower limit of the thermal neutral zone

(lower critical temperature or Tlc) was determined by fitting a linear regression through the

RMR values from the three lower temperatures (8, 1 5 and 22 °C) and determining the Ta where

this intersected with basal metabolic rate values (metabolic rate at 29°C); this value corresponds

with the lower critical limit of the thermal neutral zone. Estimated body temperature was

calculated by solving the same equation for a Fb2 value of zero. The FD2 values taken at 29°C

were considered acceptable for use as a thermal neutral value because 29 °C falls within the

reported values for the thermal neutral zone in the chipmunk 28-32°C or 28-36°C (Neumann

1967; Wang and Hudson 1971). Furthermore, the values for thermal conductance were

significantly higher at this temperature and equal at all temperatures below it; an indication that

the Lcr is found somewhere in between the recorded values. This process was repeated with the

hypoxic data, although only two points (at 15°C and 22 °C) were available to calculate the slope.

Estimated values for conductance (Cf), the slope mentioned above, were compared to values

taken from the steady-state receding {Cm) using Equation 4 from McNab (1980):

Where 5T'\s the difference between the measured {Tb) and estimated values for body temperature,

and Tat is 0.93*(Ta) + 2.82, a formula calculated empirically by McNab to locate the ambient

temperature {Ta,) where the curves for Cm and Ce intersect (1980). Using a comparison of

measured and estimated values for body temperature, this equation provides a measured value to

estimated value ratio (Cm/Ce) that can provide an index of accuracy of the estimates for body

temperature, thermal conductance, and the lower critical limit.
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Statistical Analysis

All statistics were performed using SigmaStat 3.0.1 or Systat 12 (Systat Software, Inc)

and resultant/?-values were compared to an alpha value of 0.05 unless otherwise stated.

Summer and winter values for r02, f^C02, Tb, Civet, RER and breathing rates were compared

using a two-way repeated measures ANOVAs (RMANOVA), with season and experiment type

(ambient temperature and oxygen level) as the two factors tested. When significant differences

were observed, the Holm-Sidak post hoc method for multiple pair-wise comparisons was used.

Estimated minimal wet thermal conductance, lower critical temperatures and estimated body

temperatures were compared using similarly structured two-way RMANOVAs. Most of the data

met the assumptions for normality and equality of variance. However, if the data failed to meet

the assxomptions of normality or equal variance, transformations (log, square-root, reciprocal)

were attempted. The data for the estimated thermal conductance and the lower critical

temperature were square-root transformed, and reciprocal transformation was necessary for

analysing the estimated body temperature. Overall, body temperature could not be made to

match assumptions using any of the above-mentioned transformations. However, this was

remedied by running two separate RMANOVAS, one with only the normoxic data (to make

comparisons between seasons) and a second with only the normoxic values from 1 5 °C and 22 °C

(to make comparisons between oxygen levels). To account for possible confounds due to running

multiple tests on the same data, the alpha value of 0.05 was Bonferroni-corrected to 0.025

(0.05/2). Although the values from the resting metabolic rate experiments as well as the hypoxic

experiments were analysed in the same RMANOVAs, the results are presented separately.

RESULTS

Seasonal differences in oxygen consumption

Resting VOi, along with corresponding values for carbon dioxide production, respiratory

exchange ratio, evaporative water loss and breathing rate were obtained from most animals at all
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the temperatures attempted. However, one animal from the winter phase refused to rest at either

8 or 15 °C, and therefore could not be included in estimation of conductance and lower critical

temperature. Body temperature recordings were less successful, because some of the batteries in

the telemeters ran out before the experimental period was complete, especially in the winter (see

Chapter 3 for more information). Values for body temperature and wet thermal conductance,

therefore, had smaller sample sizes than the other reported values. Measuring water loss at 8°C

proved to be impossible because condensation would often appear in the chamber, suggesting

fully water saturated air, and therefore instantaneous recordings of water loss at this temperature

were impossible. Similarly, if the animal urinated during the experiment, which happened

regularly at the lower temperatures, accurate values for evaporation could not be recorded.

There were no overall effects of season on values for VOj (Fi,i7=0.52, /?=0.33, n=18)

although a significant effect of ambient temperature was found (F5,7g=341.75,/7<0.001, n=18;

Table 4-1, Fig. 4-2). Fba increased significantly as ambient temperatures decreased (Holm-Sidak

post-hoc comparison; p<0.05). There was also an interaction between season and ambient

temperature, which indicated a significant decrease in FO2 at 8°C in the winter phase animals

(F5.7g=6.64,/K0.001, n=18). Carbon dioxide production ( f^C02) levels paralleled oxygen

consumption with no overall effect of season (Fi,i 7=0.49,^=0.49, n=18) but significant effects of

both the type of experiment (F5j6=282.44,/7<0.001, n=18) and a type-season interaction

(F5.76=4-32,p=0.002, n=18). Respiratory exchange ratio was found to differ between season

(F|.i7=33.07,p<0.001, n=18) and ambient temperature (F5,73=19.96,p<0.001, n=18) as well as

exhibiting a temf>erature-season interaction (Fs,73=8.87,p<0.001, n=18). Overall, values were

higher in the summer (0.74±0.08) than in the winter (0.69±0.05) though this appears to be driven

solely by higher values for the former, at 29°C (Table 4-1). Within seasons, differences in RER

were only observed between values at 29°C (which ranged from 0.74-1 .00) and values from the

lower ambient temperatures (0.68-0.72). Values between seasons only differed at 29°C.
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Figure 4-2 Metabolic rate, body temperature and thermal conductance in both summer
and winter acclimated chipmunks

All values presented are means± SD. Summer data are represented by black lines and circles,

while winter values are indicated in grey (n=9 for each season). Estimated lower critical

temperatures (TLC, grey and black arrows; estimated from the slope of the r02 values measured

below the TNZ) indicate the lower limit of the thermal neutral zone. The lines through the

metabolic and thermal conductance data are traces of regression lines drawn through the 8, 15

and 22°C data points which intersect with a straight line drawn through the value for metabolic

rate at 29 °C at the TLC. * Indicates seasonal differences. ^^02 only differed at 8 "C and was

significantly less in the winter than in the summer at this temperature. Tb was significantly less

in the winter at all ambient temperatures and was significantly at greater at 8''C than at 29°C. No

seasonal differences were found in thermal conductance, only differences were found between

29X and the other ambient temperatures.

82





es

a
u

a

o
e
es

u
«

o

2
'u

>

u
o
S
01

4
4»

«





Breathing rate differed significantly between seasons (Fi,i7=16.48,/?<0.001, n=18),

ambient temperatures (F5,73=131.53,/><0.001, n=18) and exhibited a temperature-season

interaction (F5j3=4.37,;7=0.002, n=18). Breathing rate was consistently lower in the winter than

in the summer, and during both seasons increased, along with metabolic rate, as ambient

temperature decreased. There was also a seasonal effect on evaporative water loss (Fij6=24.99,

/KO.001, n=17), although there were no differences between ambient temperatures (F4,27=l-49,

p=0.23, n=l 7) or a temperatvire-season interaction (^4,27=4.37, p=0. 1 3, n=l 7). Evaporative water

loss was lower in the winter than in the summer (Table 4-1).

Seasonal differences were more apparent in body temperature, where there was a

significant effect of both season (Fi,i4=l 1.41 1,/>=0.004, n=15) and ambient temperature

(^331=4.97,^=0.006, n=15), although no season-type interacfion was observed (^3,33=0. 87,

p=0A7, n=15). The post-hoc test indicated that body temperature was significantly lower in the

winter than in the summer. The only within season difference was found between values from 8

°C and those from 29°C, although the general trend was for body temperature to increase with

decreasing ambient temperature (Figure 4-2). Wet thermal conductance, calculated

instantaneously (Equation 4), did not change seasonally (Fi,i2=0.62,/7=0.44, n=15) and the only

difference between the ambient temperatures was found at 29°C which was significantly higher

than all other recorded values for thermal conductance (^5,49=1 .026, p<0.00\, n-\ 5). Dry

thermal conductance equalled wet thermal conductance at all temperatures except for 29°C and is

therefore not reported for the lower temperatures. At 29°C, dry thermal conductance was equal to

the minimal levels found at the lower temperatures (0.1 1-0.12 mL02.g"'.h'').

Estimating thermal conductance by calculating the slope of the thermogenic response

below the thermal neutral zone (metabolic rate at 8, 15, 22°C) also failed to detect differences

between seasons (F|,i6=0.31,p=0.59, n=16, Table 4-2). Estimated values for the lower critical

temperature were approximately 26.5°C and did not differ between seasons or between oxygen

regimes (season- F|.
1
6=0.02, p=0.90, n=16). Similarly, the body temperature estimated using this

84





Table 4-2 Estimated parameters for placement of the thermal neutral zone and body

temperature of chipmunks between seasons

n Slope Lower Critical Temperature





method did not differ between seasons (Fij6=0.0 1 1,/?=0.92, n=18. Table 4-2) and was relatively

low in both seasons (Table 4-2). The Cm/Ce ratios were 1.13 for the summer and 1.07 for the

winter indicating a close match between the estimated and measured values for body temperature

and thermal conductance, and therefore for the lower critical limits of the thermal neutral zone

measured using the same equations.

Metabolic Responses to Hypoxia

The RMANOVAs performed on the hypoxic data were the same as those reported in the

section above. Therefore the corresponding p-values will not be repeated; only the results from

the post-hoc tests are reported. The exception to this is the body temperature data that were

analysed separately, as mentioned above. The time-course for ro2, body temperature and

breathing rate indicated that all three showed immediate responses to the reduced oxygen levels

(Fig. 4-3). During the summer phase, FO2 decreased in hypoxia, although the difference in

steady-state values between the two oxygen levels (Table 4-3, Fig 4-4) was only significant at

15°C. In the winter, although there was a slight initial decrease in oxygen consumption in

hypoxia, steady state values were not significantly different between normoxia and hypoxia.

Steady-state values for oxygen consumption appeared to increase slightly in hypoxia in the

winter, although this increase was not statistically significant. Values were only significantly

different between seasons at 15°C. Similar to the normoxic measurements, the changes in carbon

dioxide production in hypoxia mirrored those of the values for oxygen consumption; the only

significant seasonal differences were found in hypoxia at 1 5°C, where winter animals sustained

higher values than summer animals. The animals' respiratory exchange ratio did, however, differ

in hypoxia between seasons and was lower in the winter than in the summer at both ambient

temperatures (Table 4-3).

Breathing rate significantly increased during hypoxia at both ambient temperatures in

both seasons (Fig. 4-3, Table 4-3). Breathing rate in hypoxia was significantly greater at 1 5°C in
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the summer, when compared to the winter values but did not differ between seasons at 22°C. On

the other hand, neither season, hypoxia, nor ambient temperature appeared to affect evaporative

water loss, which remained relatively constant between experiments. Hypoxia induced a

significant increase in breathing frequency in both seasons (Fig. 4-3, Table 4-3), although the

increase in the winter was more dramatic than in the summer. In fact, the breathing frequency in

hypoxia at 22°C in the summer was no different from that measured in normoxia at 8°C in the

winter. During exposure to hypoxia in the winter, rates of respiration nearly tripled at 22°C and

nearly doubled at 15°C.

Another factor that changed significantly in response to hypoxia over all of the

experiments was body temperature (Figs 4-3, 4-4, Table 4-3). Although there were no overall

significant differences between season (Fi,i3=0.008,/7=0.93, n=13), body temperatures dropped

significantly during hypoxic exposure at all temperatures (F3,28=41.67,/7<0.001, n=13) and

differed between seasons according to ambient temperatures (F3,28=5.19,/j=0.006, n=13). The

hypoxic decline at 22°C was similar in both seasons, with temperatures dropping to 35-36°C. At

1 5°C, however, hypoxic body temperatures differed dramatically between seasons. In the

summer, body temperature at 15°C dropped significantly lower than at 22°C, reaching as low as

32°C in some individuals. In the winter, however, although body temperature still dropped in

comparison to normoxic levels it did not change significantly between ambient temperatures.

These changes in body temperature and oxygen consumption did not result in changes to

minimal thermal conductance, either measured or estimated, although there was an overall

significant increase in thermal conductance in hypoxia at 1 5°C when compared to normoxic

values at 22°C.

As with the normoxic values above, there were no seasonal differences found in the

estimated parameters of the thermal neutral zone (lower critical temperature, estimated body

temperature and thermal conductance, Table 4-4). There was, however, a season-oxygen level

interaction (F|.i4=7.20,/7=0.02, n=17) where estimated values for thermal conductance differed
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Table 4-4 Estimated parameters for placement of the thermal neutral zone and body
temperature of chipmunks in hypoxia and normoxia





between hypoxia and normoxia in the summer. Generally the above estimations only apply when

an animal maintains a constant body temperature, which was the case in all incidences except for

in hypoxia in the summer. However, Qio correcting the values (to a Qio of 2 and 3) did not

change the estimated slope (data not shown).

DISCUSSION

Previous studies have observed seasonal differences in thermoregulation in chipmunks

(i.e. Neumann 1967). However, their analyses generally focused on seasonal changes in

metabolic rate in the form of torpor and not a direct comparison between euthermic animals from

both seasons. Although Wang and Hudson (1971) recorded thermogenic responses in captive

chipmunks over the entire year, they reported no changes related to season. However, the results

from their study were unconvincing, because they kept animals in various housing conditions,

and did not indicate from which housing regime their reported values came. The results from the

current study, with clearly defined summer and winter housing conditions, are more conclusive.

This is the first study to observe the thermoregulatory characteristics of animals in their

hibernation seasons during their brief periods of normothermia. It appears that although all of the

animals from the winter phase expressed torpor to some degree (see Chapter 3 for details); very

few changes were found in any of the normothermic traits measured. There were no changes in

either the lower critical temperature or thermal conductance, which suggests no change in

insulation between seasons (Hart 1971). The winter animals did not appear to gain any additional

fiir and often did not re-grow fur on the area of the stomach, which had been shaved for surgery.

This is consistent with reports from the literature that indicate that chipmunks generally only

moult once annually, around the middle of the summer (Yerger 1955). Oftentimes, animals from

which hair was clipped in the fall (a common form of individual identification in the field) still

maintained the same marking in the summer (Snyder 1982; M.M. Humphries pers comm). This

would indicate that changes in insulation are not part of the normal adaptations to the cold in this

92





species. Similarly, the presence or absence of fiir does not appear to affect hibernation.

Kauffinan and his colleagues (2004) found that shaved ground squirrels continued to hibernate as

normal, though the costs of arousal and maintaining elevated metabolism during euthermic bouts

increased. They concluded that although insulation during hibernation can permit greater energy

savings, it is not necessary (Kauffinan et al. 2001 ; Kauf&nan et al. 2004). It is therefore not

surprising that the animals in this study showed no change in thermal conductance between

seasons.

Independent of ambient temperature, the only major significant differences between

seasons in any of the traits measured were in evaporative water loss and breathing frequency,

both of which were significantly lower in the winter than the summer. Breathing rates measured

during this study were lower than those reported by Woodward and Condrin (1945), and in fact,

approached torpid levels reported in that study. This could, however, be attributed to the time of

day at which the measurements were taken. Measurements in this study were taken only from

animals at night, during their resting phase, while those studied by Woodward and Condrin

(1945) were measured during the day. Breathing frequency and evaporative water loss appeared

to be linked; both decreasing significantly in the winter. This is consistent with previous studies

that showed that the majority of evaporative water loss at temperatures below the thermal neutral

zone is attributed to respiration alone (Bartholomew 1972; Blaxter 1989; McNab 2002). Lower

breathing rates in the winter could indicate a means of heat conservation, by reducing the amount

of heat lost via respiration (McNab 1980). It is interesting to note that the only changes between

dry and wet thermal conductances occurred at 29°C, where dry thermal conductance was, on

average, 12-17% lower. This indicates that, as would be expected, evaporation only became a

means of heat loss within and above thermal neutral temperatures.

The second strategy of cold tolerance that could have been employed by the animals, an

increased thermogenic capacity, was only partially supported by the data. Snyder (1982),

reported on a study undertaken by Neff (1968) in which chipmunks acclimated to the cold by
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"gross metabolic changes similar to those observed in homeotherms such as laboratory rats". No

such changes were evident in this study. There was no change in basal metabolic rates between

seasons, yet the animals in the winter phase had slightly lower metabolic rates at 8°C. This,

however, could have in part been caused by the animals exhibiting lower body temperatures in

the winter. Defending a lower normothermic body temperature could permit slight decreases in

energy expenditure, although this energy conservation was only observed at the lowest

temperature despite lower body temperatures at all ambient temperatures in the winter. It is

possible that early on in the winter, October-November, when the chipmunks reached their peak

weights (Fig 3-1, Chapter 3), the animals would have shown a greater response to the cold.

Weight gain is a common occurrence during cold acclimation in small mammals, generally due

to an increase in brown adipose tissue, which in turn increases the degree of non-shivering

thermogenesis (Heroux et al. 1959). However, because neither shivering nor non-shivering

thermogenesis were measured in this study, it is impossible to determine whether or not the

increase in mass seen at the start of the study was related to cold acclimation or to a seasonal

mass increase in anticipation of hibernation. The subsequent decrease in mass, however, can be

readily attributed to reducing fat stores during the torpor bouts. It is interesting to note that the

chipmunks, at least at the lower temperatures, did not switch metabolic fuel sources between

seasons, as indicated by the consistent respiratory exchange ratios below thermal neutrality. The

ratios measured at the those temperatures (0.68-0.72) are consistent with the sole usage of fat as

a substrate for metabolic rate (Blaxter 1989). The increase in respiratory exchange ratio observed

at 29°C could be caused by the fact that the animal no longer needed the fat-dependent

thermogenesis necessary at colder temperatures and therefore switched to the readily available

substrates such as carbohydrates (Hart 1971). Interestingly, there was a seasonal difference in

respiratory exchange ratio at 29°C, values from the winter animals were closer to 0.7 (ranging

from 0.69 to 0.77), indicating a higher propensity to metabolise fat than the summer animal, who

maintained higher ratios, ranging between 0.77 to 0.95.
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Given that there were very few changes in the measured thermoregulatory characteristics,

it was somewhat surprising that a seasonal difference in the response to h5T)oxia was observed.

Animals from the summer phase showed a hypoxic response similar to that observed in other

hibemators. Decreases in metabolic rate and body temperature in hypoxia became larger as

ambient temperature decreased and as oxygen levels decreased (Hiestand et al. 1 950; Wood

1995; Barros et al. 2001; Tattersall et al. 2002; Scott et al. 2008). The relationship between

ambient temperature, metabolic rate and body temperature is consistent with the hypothesis that

hypoxia somehow reduces thermogenesis, which in turn leads to a temperature-dependent

decrease in body temperature (Kuhnen et al. 1987; Frappell et al. 1992; Tattersall and Milsom

2003). This decrease in thermogenesis is generally believed to be due to a decrease in body

temperature set point and a leftward shift in the lower critical limit of the thermal neutral zone

(Wood 1995). A study by Tattersall and Milsom (unpublished data) did indeed show that when

hypothalamic temperatures are manipulated, hypoxic ground squirrels do not recruit

thermogenesis imtil lower hypothalamic temperatures than found in normoxic animals. However,

this does not rule out the alternate possibility that hypoxia decreases sensitivity to temperature,

causing a loss of precision of thermoregulation (Cadena and Tattersall, unpublished manuscript)

which, coupled with the suppression in thermogenesis, would account for the decrease in body

temperature observed in hypoxia.

In this study, in the summer at least, a decrease in metabolic rate was observed in hypoxia,

though only very slightly, at 22°C, while body temperature decreased significantly at both

temperatures. The drop in body temperature could, therefore, not be solely attributed to a drop in

metabolic rate. A possible explanation for the decrease in body temperature while metabolic rate

remained elevated, is that elevated rates of heat loss were sustained throughout hypoxia. The

increased breathing rate observed during hypoxia may contribute to this heat loss by leading to

an increase in pulmonary convective heat loss as well as an increase in evaporative cooling,

which in turn would lead to the lower body temperature observed (Gordon 1 997). A study on the
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short-beaked echidna {Tachyglossus aculeatus) showed a similar lack in hypoxic metabolic

response (Frappell et al. 1994). The authors attributed the maintenance of metabolic rate with an

increase in the cost of breathing; they did not, however, observe any decrease in body

temperature in hypoxia. The initial decrease in metabolic rate observed in the winter chipmunks

at both temperatures measured could have been enough to lower body temperature. However,

metabolism had recovered by the time steady state values were recorded, 30 minutes or so after

the initiation of hypoxia, although body temperature had not.

Regardless ofhow it occurred, the drop in body temperature was dependent on ambient

temperature in the summer, dropping to a greater extent at the lower temperatures. This response,

especially the absence of a significant decrease in metabolism at 22°C, indicates a more blunted

hypoxic response when compared to that of golden-mantled ground squirrels in a previous study

(Barros et al. 2001). This is most likely due to the fact that the level of hypoxia (10% oxygen)

used in this study was relatively mild, compared to 7% oxygen used in previous studies. There

were also no observed changes in the thermal neutral zone of chipmunks in hypoxia, although

this conclusion should be tempered because metabolic rate was measured at only two ambient

temperatures, which might have resulted in a low resolution estimate of the lower critical

temperature. Despite a relatively blunted decrease in metabolism, the increase in respiratory rate

in hypoxia was consistent with what has been observed in previous studies. Although in other

species this response can be transitory (Barros et al. 2001), the increase in breathing frequency

remained constant throughout exposure to hypoxia, only decreasing once ambient oxygen was

returned to normoxic conditions. This held true even for a couple of winter animals who entered

torpor during exposure to hypoxia, or for those who remained active throughout the exposure

period (data not shown).

In keeping with the Hypoxia Tolerance Hypothesis, it appears that the animals from the

winter phase were more tolerant to hypoxia. They showed a blunted response to hypoxia both in

body temperature and in metabolic rate. In fact, metabolic rate appeared to increase slightly in
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hypoxia, although the increase was not statistically significant. As a result of more elevated rates

ofmetabolism in hypoxia, body temperature dropped to a lesser degree in the winter than in the

summer. Although there were no seasonal differences in body temperature or metabolic rate at

22°C, the drop in body temperature at 1 5°C was significantly less in the winter than in the

summer. Interestingly, the respiratory exchange ratio decreased in hypoxia in the winter. Given

that it decreased below 0.7, the lowest levels measured in regularly breathing animals (Blaxter

1989), carbon dioxide must have been retained (Frappell et al 1992). It is not known why this

happened in the winter and not the summer. Supplementary measurements of respiratory

parameters, especially tidal volimie, would be necessary to fully understand this difference.

There are a few possible explanations for why the winter animals showed such a blunted

response to hypoxia, especially why they maintained such elevated metabolic rates. The first is

that, similar to hypoxia tolerant geese (Scott et al. 2008) and hamsters (Walker et al. 1985), the

winter chipmunks were slightly less responsive to hypoxia, possibly because of a lower

sensitivity to low levels of oxygen. In the wild, hibernating animals would routinely be exposed

to lower levels ofoxygen due to the propensity for their burrows to become hypoxic (Kuhnen

1986). Maclean (1981b) found oxygen levels as low as 18% in chipmunk burrows, although he

reported lower levels for other species ofburrowing mammals; European rabbits {Oryctolagus

cuniculus) had concentrations as low as 13%. However, animals in this study were housed under

similar conditions during both phases of the study. The decreased sensitivity observed in this

study must therefore be innate to the animals, and the most likely explanation is that it is related

to torpor expression. Hibernating species are more hypoxia-tolerant than non-hibemators;

therefore, it follows that within a species individuals from the hibernation season would be more

hypoxia-tolerant than individuals from the non-hibernation season. In fact, Ma et al. (2005)

found the blood of euthermic winter ground squirrels was slightly hypoxic when compared to

rats or torpid ground squirrels, which suggests that they are less sensitive to low levels of oxygen.

However, the use of the term hypoxic in Ma et al. 's (2005) study may have been erroneous;

97





although they reported low blood oxygen P02 values, they neglected to measure accompanying

values for blood oxygen affinity; therefore, no change in total blood oxygen concentration may

have occurred in the winter ground squirrels. Indeed, the oxygen affinity of ground squirrel

blood is higher in the winter than in the summer (Magiimiss and Milsom 1 994), suggesting an

inherent difference in oxygen delivery and overall hypoxia tolerance. The various other aspects

ofhypoxia tolerance in heterotherms not measured in this study, such as blood and tissue

properties (Drew et al. 2004), could also have had an influence on the chipmunk's response to

hypoxia. Processes associated with entry to, maintenance, and arousal fi-om torpor could

precondition the animal to hypoxia. If this is the case, exposure to low oxygen would be met

with little or no change in metabolism, because the animals would not have perceived the

hypoxia as a challenge to their normal physiological responses.

However, because the seasonal differences in the thermoregulatory response to hypoxia

were only apparent at 1 5°C and not at 22°C, another explanation might be necessary to account

for the more blunted response tp hypoxia that was observed in the winter animals. Experiments

on the animals from the winter phase were undertaken during their interbout arousals, a time

when the animals generally have a 'vested interest' in maintaining elevated body temperatures

(Willis 1982; Heldmaier et al. 2004). Hypothesized functions for interbout periods of euthermia

range from the disposal of accumulated wastes, to repaying sleep debt, to repairing damaged

neurons, to protein synthesis, to drinking, along with many other potential causes (Willis 1982;

Daan et al. 1 991 ; Popov et al. 1 992; Thomas and Geiser 1 997; Martin et al. 2004). Regardless of

the cause, interbout arousals appear essential to hibernation, and the animals would have been

primed to maintaining elevated body temperatures at this time rather than exhibiting pronounced

decreases in thermoregulatory states.

Therefore, in spite of relatively few seasonal changes in thermoregulatory characteristics,

outside of slight changes in body temperature, the thermoregulatory response to hypoxia in

chipmunks did change between seasons. Animals in the winter maintained higher hypoxic body
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temperatures than those in the summer, and body temperature did not change as ambient

temperature decreased. In their study on the responses to hypoxia in the family Sciuridae,

Faleschini and Whitten (1975) observed a gradient in hypoxia tolerance. They determined that

the degree of natural heterothermy and the degree to which the animal was fossorial were the

primary determinants of hypoxic tolerance. In other words, hibemators and fossorial animals in

their study exhibited greater decreases in body temperature; which allowed them to survive

anoxia for longer periods of time. The results from the present study indicate that the season in

which the measurements are made adds another dimension to the relationship between hypoxia

tolerance and heterothermy. It would be of interest, in fiiture studies, to run similar experiments

at even lower temperatures, and possibly lower oxygen concentrations, to see if more extreme

conditions would elicit a greater response in the winter animals. Studies on anoxic survival times,

along with tissue correlates of hypoxia resistance would also be of interest to determine whether

chipmunks are truly more tolerant of, and not simply less responsive to, hypoxia during the

hibernation season.
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CHAPTER 5 - BEHAVIOURAL THERMOREGULATION IN HYPOXIA

INTRODUCTION

The alteration of a mammal's body temperature during exposure to hypoxia, a decrease

that is generally coupled with a decrease in metabolic rate, is dependent on the ambient

temperature at which the response is measured (Hiestand et al. 1950; Wood 1995; Barros et al.

2001; this study, Chapter 4). When ambient temperature is held constant, the response of the

animal is limited to physiological mechanisms, which manifest as alterations in heat loss or heat

production (Bartholomew 1972). Providing animals with a choice of thermal environments

allows them to access temperatures that can enhance heat retention or loss, depending on what is

required (Gordon 1993). Measuring the behavioural responses of an animal exposed to hypoxia,

in terms of selected ambient temperature, can help provide an indication of the animal's

defended body temperature at low oxygen levels. If a decrease in body temperature in hypoxia is

truly beneficial to an animal, then it would be expected that the animal would select lower

ambient temperatures in order to enhance this response (Dupre and Owen 1992; Gordon 1997).

However, because hypoxia generally reduces thermogenic capacity, if the maintenance of an

elevated body temperature remains important, the animal could select higher ambient

temperatures to circumvent the fall in body temperature.

Surprisingly, depending on the species studied and the experimental conditions, both of

these responses have been observed. Behavioural thermoregulation in ectotherms generally

supports the mediated decrease in body temperature; the response across all phyla studied is to

select lower ambient temperatures, presumably as a means of lowering metabolic requirements

(Hicks and Wood 1985; Dupre and Wood 1988; Wood 1995). In endotherms, this behavioural

response appears to be less consistent. Whereas some studies have reported a decrease in

selected ambient temperature in resp>onse to hypoxia (Gordon and Fogelson 1991; Wood 1995;

Gordon 1997), others have reported that the animals chose higher temperatures (Dupre et al.
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1986 as cited in; Gordon and Fogelson 1991 ; Dupre and Owen 1992) or did not change selected

temperatures at all (Gordon and Fogelson 1991). Furthermore, in some studies, whereas the

animals initially chose lower temperatures, the response disappeared over time, and the animal

returned to higher temperatures, although body temperature remained lower (Gordon 1 997).

Others were observed to increase shuttling behaviour, moving back and forth between the colder

and warmer temperatures (Dupre and Owen 1992). Interestingly, regardless of the ambient

temperature selected in these studies, the magnitude of the observed decrease in body

temperatures was much less than in studies in which the animals were kept at lower ambient

temperatures (Gordon 1997; Wood and Stabenau 1998), suggesting that when given a choice,

mammals will utilise behaviour to assist in defending more elevated body temperatures in

hypoxia.

The results from the previous chapter indicated that animals from the winter phase show

a somewhat blunted response to hypoxia. Their body temperature in hypoxia remained around

35°C regardless of the ambient temperature. What is not apparent from the metabolism data,

however, is whether this was the result of thermoregulatory constraints (i.e., an inactivation of

thermogenic responses or an excessive heat loss) or whether the animals actively regulated their

body temperature at that level. It was therefore of great interest to determine the magnitude of

their thermoregulatory response to hypoxia when given a wide range of ambient temperatures

from which to choose. In keeping with the overall hypothesis, that seasonal changes in

heterothermy result in differing responses to hypoxia, the following experiment set out to test if

chipmunks demonstrate seasonal differences in selected ambient temperature in hypoxia. This

will also permit an examination of how their selected temperature influences their regulation of

body temperature.
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METHODS

Thermal Gradient Apparatus

The thermal gradient chamber consisted of a custom-designed box (1 .2m x 0.20m) which

provided the animals with a thermal choice environment. The bottom of the box consisted of a

copper sheet, coated with white Contact® paper to provide the visual contrast needed to for the

video detection software to distinguish the animal. The copper sheet was cooled on one end and

heated on the other using two water baths connected to copper tubing exchangers. The copper

tubing was placed under the ends of the copper sheet in loops that were progressively in less

contact to the copper sheet as they approached the center of the gradient. This created a linear

gradient in floor temperatures spanning from 13-47°C. A gradient in air temperatures was also

maintained by using fans connected to radiators at either end of the box. The two water baths,

one hot (50°C) and one cold (0°C), supplied water to the tubing under the gradient as well as to

the heat exchange fans. The gradient chamber was constructed to be relatively airtight, which

allowed oxygen levels to be lowered to 10% during the hypoxic trials. The box was sealed using

a Plexiglas lid that allowed a fiill view of the gradient from above.

The position of the chipmunk within the thermal gradient chamber was recorded using

custom built visual detection software (ICFish v.2, Brock University Electronics Shop), which

tracked the position of the animal using contrast with the white background. The gradient was

visually isolated from the rest of the room and lit to provide a constant confrast for optimal

position detection. Position in the gradient had a linear relationship with distance from the cold

(right) end of the gradient. Animal position in the gradient chamber was recorded once a second

and was later transformed into selected ambient temperatures. Temperatures in the gradient were

measured at 5 cm intervals and an interpolation function was used to fill in the connecting values.

A lookup table in Microsoft Excel was used to convert animal position as detected by the

visualisation software to selected temperature.
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Experimental Protocol

Habituation to Gradient

To allow the animals to familiarize themselves with the testing apparatus and the

presence of thermal gradients within it, preliminary experiments were performed, which will be

referred to as habituation trials. For these trials the animals were placed in the gradient for 6h.

Throughout these trials the temperature gradient was activated and the animals' selected ambient

temperatures were recorded. It was observed, occasionally, that at the start of an experiment, the

animal would move to the cold end of the gradient and stay in the comer. To ensure that they

were aware of the gradient, the animals were encouraged, usually by being gently touched, to

explore the rest of the gradient. At the end of the experiment, a baited Longworth trap was

inserted into the gradient. The animal would quickly enter the trap and was subsequently

returned to its cage. The sole purpose of these experiments was to allow the animal to become

used to the gradient apparatus; the data from these experiments were recorded but are not

reported below. They did not differ significantly from the normoxic trials, suggesting that, for

these animals at least, habituation to the apparatus was not required.

Constant Temperature Trials

Nearing the end of the habituation experiments from the winter phase, it had become

apparent that the animals consistently preferred the cold end at the start of the experiments. Some

form of test was necessary to ensure that this behaviour was the result of a preference for

temperature and not due to the preference for edges and comers exhibited by many animals in a

novel environment (Treit and Fundytus 1988). A series of experiments was therefore run on the

animals in the winter phase in which the animals were placed in the testing apparatus kept at a

constant temperature of 28°C, for 4 to 5 h. This permitted an assessment of where in the

apparatus the animals would place themselves if they were not influenced by temperature. The
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locations chosen by these animals were compared to those from similar periods of time, from

where the steady-state measurements were obtained, in the normoxic experiments outlined below.

Normoxic Controls and Hypoxic Trials

Once each animal had undergone the habituation trials, they were randomly assigned an

order for the normoxia and hypoxia experiments (as outlined in Chapter 2). The protocol for the

normoxia experiments was identical to that of the habituation experiments. In general, when

placed in the gradient at the very beginning, the animal would explore the gradient first, before

eventually settling down and resting in a selected part of the gradient. During the hypoxic

experiments, hypoxia was not started until 1.5 hours into the experiment to allow the animal time

to finish exploring and settle. To make the environment hypoxic (10% ambient oxygen), nitrogen

gas was pumped into the gradient using a solenoid-valve oxygen controller (Pro-Ox, Biosherix,

Ltd., Redfield, New York, USA). Hypoxic exposure lasted for 4 hours, after which ambient

oxygen concentrations were returned to normal. The animal was left in the gradient after this,

and allowed to re-adjust to normoxia until the 6"^ hour. To adjust to seasonal changes in daily

activity patterns, the experiments were run between 1 1 :30h-l 7:30h during the summer phase and

10:00h-16:00h in the winter.

Data Analysis

Data from the ftiU span of each experiment were entered into a custom-designed

spreadsheet that converted the measured distances into selected ambient temperature and

corrected for periods of poor reception in body temperature from the telemetiy system. To gain

an understanding of the course of events in hypoxia, the data from each trial were averaged into

values for 10 minute periods. Given that steady state values were also of interest, the 3h period,

coinciding with the time that it took to reach new steady-state values in the respirometry

experiments (Chapter 4), between hours 1-4 of exposure to hypoxia (hours 2.5-5.5 of the
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experiment) was used in the calculation of the average values reported. All selected ambient

temperature and body temperatures reported from this period are presented as the mean ± SD of

the median value from each individual. Median values of individual responses, instead ofmean

values, were used to ensure that extreme variables, such as what would occur should the animal

spend time exploring either end of the gradient, did not unduly influence the reported values (Zar

1996). To obtain a clear picture of the temperatures selected by each animal over the course of

the steady state period, the selected ambient temperature was binned into 0.5°C increments, and

the average percent of the total experiment time in which the animals spent at each temperature

was then calculated. Finally, to assess the overall variability ofboth selected ambient

temperature and ofbody temperature throughout this period some index of variability was

necessary. Considering the skewedness of the data, the use of standard deviation would be

inappropriate, therefore the central 50% range of the data (referred to as ATa or ATb- the

difference between the 1** and 3"* quartiles; equivalent to standard deviation in skewed data) was

used.

Statistical Analysis

All statistics were performed using SigmaStat 3.0.1 (Systat Software, Inc) and resultant

p-values were compared to an alpha value of 0.05 unless otherwise stated. Placement in the

gradient when the temperature was turned off was compared to the placement of the animals in

the normoxic trials using a paired t-test. Summer and winter values for selected ambient

temperature and body temperature in normoxia and hypoxia were compared using two-way

repeated measures ANOVAs (RMANOVA), with season and oxygen level as the two factors

tested. When significant differences were observed, the Holm-Sidak/705/ hoc method for

multiple pair wise comparisons was used. Body temperature and ATb were not normally

distributed and were transformed, by taking the reciprocal, before the statistical tests was

performed.
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RESULTS

During the experimental trials, a large amount of variation in selected ambient

temperature was observed both within and between individuals. Though all individuals remained

at a single temperature for significant periods of time, some individuals were more active than

others. Some individuals even showed a shuttling behaviour; moving between the hot and the

cold ends of the gradient on a fairly frequent basis. Body temperature often fluctuated, even

while the animal remained at the same ambient temperature. Individuals could control both the

rate of heating and cooling according to postural changes (Fig. 5-1).

Control trials in which the temperature gradient was absent, showed that without the

temperature stimulus, the chipmunks did indeed have a preference for comers. Five of the eight

individuals spent the majority of the time in the right comer (the cold comer when the gradient

was activated), two in the other end and the last animal spent the length of the trial either

shuttling between the two ends or resting slightly to the right of the middle of the apparatus. At

no time did the animals select a position in the apparatus that coincided with any of the positions

chosen when the temperature gradient was activated (normoxic experiments). The difference in

selected location was statistically significant {T-j=2.97,p=0.02, n=8). Since these experiments

were run near the end of the winter experimental period, body temperature was only available

from two individuals. One animal had a median body temperature of 37.5°C the other of 38.6°C,

both which fell in the range of mean body temperatures expressed by the winter animals during

the nomioxic trails {31.3-39A''C, Table 5-1).

Sample traces of a normoxic and hypoxic experiment, from the summer phase, are

provided in Figure 5-2. Both sample fraces demonstrate the general pattern observed throughout

all of the experiments: frequent movements within the gradient, followed by periods of rest at

various temperatures throughout the day. Although it initially appeared that both ambient

temperature selection and body temperature were more variable in hypoxia, the 50% central

range distribution (ATb and ATa) did not differ significantly between oxygen levels for either
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Figure 5-1 Examples of huddling and stretching behaviour in the thermal gradient

chamber

These pictures, taken during normoxic experiments, show the extremes in postural changes

observed in the study. The picture on the left (a.) is of one of the animals that stayed at low

temperatures for the duration of the experiment. The animal was curled up, in a posture similar to

that observed at low temperatures in the respirometry experiments, with hair fially piloerected.

The picture on the right (b.) is of an animal in the hot side of the gradient. All possible surfaces

are touching the gradient and body temperature traces showed that the animal was rapidly

warming.
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Figure 5-2 Sample trace of a thermal gradient experiment in normoxia and liypoxia

The traces are from individuals in the summer phase in normoxia (a.) and hypoxia (b.). The

black dots represent selected ambient temperature taken at ten second intervals, grey circles are

one minute averages ofbody temperature. A black line was drawn along the time axis to indicate

what values were used in the analysis. Black arrows indicate the start and end of hypoxia during

the hypoxic trials respectively. The black line indicates the period of time used in the analysis.

During the hypoxic trials the animal was placed in the gradient and allowed to acclimate to the

temperature gradient for one hour before oxygen levels were dropped to 1 0%.
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Table 5-1 Average body temperature and selected ambient temperatures of chipmunks in

normoxia and 10 % hypoxia





selected ambient temperature (Fl, 16=0.64, p=0.43, n=17) or body temperature (Fl, 15=0.6,

p=0.45, n=14. Table 5-2). There were also no differences in season between theses two variables

(ATa; Fl, 10=0.35, p=0.57, n=17, ATb; Fl, 16=2.40, p=0.14, n=14). Time courses for selected

ambient temperature and body temperature are provided in Figures 5-3 and 5-4, respectively.

There is little discemable pattern in selected ambient temperature between the normoxic and

hypoxic experiments. In general, selected ambient temperatures from the summer were less

variable and more elevated than those from the winter (Fig 5-3). Body temperature was less

variable than selected ambient temperature and changed in response to hypoxia, but not between

seasons (Fig 5-4). The pattern of this change in body temperature was similar to that observed in

the respirometry experiments (Chapter 4). Body temperature decreased upon initiation of

hypoxia and reached a plateau within an hour of exposure. However, the pattern differed slightly

from the respirometry experiments in that, at least in the summer, body temperature started to

return to normoxic values nearing the end of the 4 hour hypoxic exposure period.

The comparison ofmedian selected ambient temperatures yielded significant differences

between both season (Fi,i6=5.84,/?=0.028, n=18) and oxygen level (Fi,i5=4.76,/7=0.045, n=18),

although there was no season-oxygen level interaction effect (Fi,is=1.66,/?=0.22, n=18).

Selected ambient temperatures were significantly higher in the summer than in the winter (Fig.

5-5, Table 5-1) and were also higher overall in normoxia than in hypoxia. It should be noted,

however, that the decrease in selected ambient temperature in the winter was slight and therefore

the significant difference found between oxygen levels could have been primarily driven by the

summer values. Similarly, in both seasons, body temperatures decreased significantly in hypoxia

(Fi,io=3.33,/K0.001, n=15). However, there were no significant effects of season (Fi,i3=32.92,

p=0.09, n=18) nor was there a season-oxygen level interaction on body temperature (Fij 3=0.02

p=0.90,n=18).

Throughout the experiments, it was often observed that when exposed to hypoxia, the

animals would not simply select lower ambient temperatures, but appeared to shuttle between
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Figure 5-3 Time courses for ambient temperature selected by chipmunks during normoxic

and hypoxic trials in the winter and summer

Mean ± SE of the average value from each individual taken every ten minutes for the normoxic

(a.) and the hypoxic (b.) trials from the summer and for the winter (c. normoxic, d. hypoxic).

Standard error is used instead of standard deviation for visual clarity. Arrows indicate the start

and end of exposure to hypoxia, respectively, and the black line indicates the period of time (3h)

used in the median analysis (see text for details).
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Figure 5-5 Mean ambient temperature and body temperature selected by chipmunks in the

thermal gradient chamber in both seasons

a. The means ± SD of the individual medians for selected ambient temperature, taken over a 3

hour period of each trial. Black circles are values from the summer phase, grey circles from the

winter. * indicates significant effects of oxygen concentration on selected ambient temperatures;

^indicates a significant difference between seasons b. The means ± SD of the individual median

body temperature from the period of interest. * indicates significant differences between

normoxia and hypoxia. No seasonal differences in body temperature were observed.
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high and low temperatures. During this time, body temperature would fluctuate along with

ambient temperature. Although this behaviour was somewhat apparent in normoxia, with body

temperature fluctuating a degree or so as the animal moved throughout the gradient, the

amplitude of the fluctuations were larger in hypoxia, reaching as high as 4°C. The full spread of

the temperatures commonly selected by the animals could be gleaned by observing the

histograms of the percent of time spent by the animals at each ambient temperature (Fig 5-6).

Amongst the high degree of variation between individuals, some general trends were still

apparent. Generally the winter data were more centralized, with the majority of the selected

temperatures being close to the average values of 29-31 °C. The effects of hypoxia are more

visible in the summer where there was a notable increase in the selection of lower temperatures

(Fig5-6b).

There were a few incidents, not included in the analysis, where an animal's response to

hypoxia differed from the mean values. The first was an animal from the winter phase that

remained in the cold end throughout the experiment. Because she was not encouraged to explore

the gradient she remained at an ambient temperature of 1 5°C throughout the period of exposure

to hypoxia. During the exposure period her body temperature dropped to a median value of

34.3°C. In another incident during the winter phase, a temporary malfunction in the oxygen

controller caused the oxygen levels to momentarily drop well below 1 0%. When this occurred,

the animal immediately moved to the cold end of the gradient and its body temperature dropped

to 27.6°C, at which point oxygen levels were returned to 10%. The animal then moved to the hot

end and allowed its body temperature to rise to around 37°C before moving to the center of the

gradient

DISCUSSION

Similar to what was observed between seasons in the thermoregulatory response to

hypoxia outlined in the previous chapter, it appears as though the selection of ambient
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Figure 5-6 Histograms of selected ambient, and body temperatures in normoxia and
hypoxia from both the summer and winter acclimated animals

All data presented are means ± SD. Each graph represents an average of the percent of the time,

within hours 2.5 and 5.5 of the experiment, in which the animal spent at each selected ambient

temperatures. Selected ambient temperature was binned at 1°C intervals a. and c. are data from

the normoxic experiments in the summer and the winter, respectively and b. and d. are the

hypoxic data. In spite of a high degree of inter-individual variability, it is evident that there are

both seasonal differences as well as differences between normoxia and hypoxia. The data from

the summer were less centralized than those from the winter in normoxia. In hypoxia, the

summer data became even more widespread. In the winter, in both normoxia and hypoxia, the

data are more centered on the 29-3 TC range, which coincides with the mean, of the individual

medians, temperatures for normoxia and hypoxia from that season.
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temperature by chipmunks in hypoxia was sHghtly blunted in the winter. The animals in the

summer phase had a greater decrease in preferred ambient temperatures than those in the winter.

However, it is interesting to note that selected temperature in hypoxia did not differ between the

two seasons, nor did body temperature in hypoxia. The seasonal difference observed in selected

ambient temperatures can be fully attributed to the elevated temperatures selected in normoxia in

the summer phase. These relatively high temperatures were somewhat surprising given that when

placed in a thermal gradient chamber, an animal is expected to choose ambient temperatures,

generally within or slightly below its zone of thermal neutrality, which would minimize energetic

costs (Gordon 1987, 1993; McNab 2002). Animals from the summer phase routinely selected

temperatures as high as 36°C, which is, depending on the source taken, well above the animal's

thermal neutral zone or, the upper critical limit of the thermal neutral zone (32°C according to

Wang and Hudson 1971, and 36°C according to Neumann 1967). However, this could be

partially explained by taking into account the posture of the animal. When metabolic

measurements are measured on resting animals, the animal will likely be curled up and not

permitted to be fully spread out. An increase in surface area, which would in turn increase

thermal conductance, would allow an animal to remain cooler at higher temperatures. Animals in

this study, especially when near the warm end of the gradient were frequently seen stretched out

over a larger surface (Fig 5- lb). Furthermore, Neumann (1967) reported that signs of heat

distress were not observed until 38°C. The opposite response was also observed on occasions,

especially during the habitxiation trials when an animal would remain at the cold end of the

gradient apparatus for the duration of the experiment. During these occasions, it would be curled

up and its fur would be fully piloerected (Fig 5-6a.), but body temperature remained elevated. On

the other hand, while still showing the full range of postural changes observed in the summer

animals (Fig 5-1), the winter animals chose significantly lower temperatures in normoxia;

generally within the 29-32''C range coinciding with the reported thermal neutral zone. This

seasonal decrease in selected ambient temperature is not surprising given that cold-acclimated
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animals will often select colder ambient temperatures (Hart 1971; Gordon 1993), although this

usually coincides with a change in the thermal neutral zone, which was not observed in this study

(Chapter 4).

Although selected ambient temperature decreased significantly in response to hypoxia in

both seasons, the drop in the winter was only 1°C, whereas it was closer to 5 °C in the summer.

There was also some overlap between the selected temperatures in normoxia and hypoxia in the

winter. Therefore the significance of the decrease in selected ambient temperature was likely

driven by the summer values. In both seasons, animals in hypoxia appeared to shuttle, moving

fi-om the cold side to the hot side of the gradient; as a result, body temperature fluctuated

accordingly. Although, there were slight increases in the 50% range of selected ambient

temperatures, they were not statistically significant. This is likely due to the high degree of inter-

individual variability observed. Evidence of shuttling, however, can be seen in Figure 5-3b as

well as in the spread of the selected temperatures in hypoxia, especially in the summer (Fig 5-6b).

Such shuttling behaviour in hypoxia has also been observed in rats (Dupre and Owen 1992). The

significant difference found between seasons in the selected temperatures in hypoxia may have

been primarily determined by the large difference in normoxic values. Regardless, it appears that

the behavioural response acted in the same direction as the thermoregulatory response reported

in the previous chapter, to facilitate a decrease in body temperature in hypoxia. However, the

decrease in body temperature was much less in the thermal gradient chamber in hypoxia than in

the respirometer.

Oftentimes, the decrease in body temperature in hypoxia is attributed to a lowering of the

body temperature set-point (Wood 1991 ; Tattersall and Milsom 2003; Branco et al. 2006). At

times however, this hypothesis is often only partially supported by the data because it can be

difHcult to distinguish changes in set-point, in endotherms, with other factors, such as increase in

heat loss or decreases in thermosensitivity, which could also cause body temperature to decrease

(Refinetti 2003; Romanovsky 2004). In situations such as fever, behavioural thermoregulation
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acts in flie same direction as the metabolic responses to help increase body temperature (Gordon

1993). Similarly, when the hypothalamus is artificially cooled, a process which generally evokes

heat generation mechanisms (Hensel 1974), animals will select warmer temperatures (Satinoff

1964; Adair 1971) to keep warm. However, in other instances, such as circadian changes in body

temperature, the behavioural response acts in the opposite direction to that ofbody temperature

(Briese 1985; Gordon 1994), where high ambient temperatures are chosen during periods of

decreasing body temperatures, and low ambient temperature are selected during periods of

increasing body temperatures. It appears, therefore, that the behavioural response can become

uncoupled from the response of the other thermoeffectors (Briese 1985).

Previous studies on the hypoxic response in mammals have demonstrated such an

uncoupling between behavioural and physiological thermoeffectors (Dupre et al. 1986 in;

Gordon and Fogelson 1991; Dupre and Owen 1992; Gordon 1997), although it was not the case

in this study. In both seasons, the animals' overall selected ambient temperatures were lower in

hypoxia and they experienced a concurrent decrease in body temperature. The fluctuations in

body temperature were greater in hypoxia and normoxia and might be attributed to a hypoxia

induced decrease in thermo-sensation and thermoregulatory precision that has been observed

elsewhere (Golja et al. 2004; Cadena and Tattersall unpublished manuscript). It appears that the

relatively small magnitude of the response to hypoxia observed in this study could be partially

attributed to the level of hypoxia selected (10% oxygen). In the one incident in which an animal

was exposed to less than 10% oxygen, a significantly lower ambient temperature was selected,

and body temperature dropped accordingly. Such a response, where lower levels ofhypoxia lead

to even lower selected ambient temperatures, has also been observed in hamsters (Gordon and

Fogelson 1991) and mice (Wood 1995) and is the common response to hypoxia among

ectotherms (Hicks and Wood 1985).

Although hypoxia induced a decrease in body temperature during the thermal gradient

trials that was similar to the response observed in the metabolic experiments (Chapter 4), the
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seasonal differences in body temperature, both in normoxia and in hypoxia, observed in the

respirometry experiments were not apparent in the gradient trials. Even though body

temperatures in the thermal gradient from the winter animals were consistently lower than in the

summer, the difference was not significant. The seasonal difference in body temperature in

response to hypoxia that was apparent in the metabolic experiments did not translate into

differences in hypoxic body temperature in the thermal choice experiments. Furthermore,

although the difference between normoxic and hypoxic selected ambient temperatures is greater

in the summer than in the winter, it stems from a higher selected ambient temperature in

normoxia, and not from selecting lower ambient temperatures in hypoxia.

When provided with external sources of heat and the ability to exhibit volitional control

over body temperature, chipmunks will select lower ambient temperatures and lower their body

temperatures in hypoxia. Although this decrease is often slight, compared to when the animals

are not given a choice of thermal environment, it appears to be accompanied by a decrease in

temperature sensation and is both dependent on the level of oxygen available and relatively

unaffected by season.
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CHAPTER 6 - SUMMARY AND GENERAL CONCLUSIONS

The chipmunks in this study demonstrated a seasonality, both in body mass and in

temperature regulation, characteristic ofmammalian heterotherms. Torpor expression was

restricted to the months of December through April, and euthermic body temperatures that

occurred during the periodic arousals were consistently lower during this period. This seasonality

in body temperature regulation manifested itself, throughout the experiments in normoxia, as a

relatively large increase in evaporative water loss in the summer, primarily due to an increase in

resting breathing frequency, but only as slight changes in metabolic rate and no change in

thermal conductance. The only difference in metabolic rate observed between seasons was a

slight decrease in oxygen consumption measured in normoxia at 8°C in the winter trials. As

hibemators, it is perhaps not surprising that chipmunks undergo very few metabolic changes in

response to the cold. Instead of increasing basal metabolic rate or insulation, as is conmion in

cold adapted animals (Hart 1971; Chappell 1980a), chipmunks respond to cold temperatures

through torpor.

Seasonal differences in the response to hypoxia were also apparent. During the summer,

body temperature in hypoxia was highly dependent on ambient temperature. A similar

relationship was not observed in the winter; body temperatures in hypoxia were equal at both

ambient temperatures. Upon the initiation of hypoxia, metabolic rate decreased; during the

summer this decrease was maintained, but in the winter, metabolism quickly returned to levels

comparable to normoxic values. Similarly, selected ambient temperature in hypoxia decreased

significantly during the summer and only to a smaller degree in the winter.

EFFECTS OF AMBIENT TEMPERATURE ON BODY TEMPERATURE IN HYPOXIA

Many previous studies have observed that body temperature in hypoxia is highly

dependent on ambient temperature (Hiestand et al. 1950; Wood 1995; Wood and Stabenau 1998;

Barros et al. 2001). A similar effect was observed, during the summer at least, in the metabolic
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experiments. However, in order to gain a complete picture of the thermoregulatory responses to

hypoxia in the chipmunk, it was necessary to compare the results from the thermal gradient trials,

in which the animals were capable of selecting their ambient temperature, to the respirometry

trials, where the temperature was dictated by the experiment (Fig. 6-1). When the hypoxic body

temperatures are compared across both sets of experiments, the effect of selecting ambient

temperature, in terms of attenuating the hypoxia-induced drop in body temperature, is clearly

visible. There also appears to be, in the summer at least, a clear relationship between body

temperatiire and ambient temperature in hypoxia, whereas no clear relationship is apparent (or

expected) in normoxia. Interestingly, the hypoxic body temperatures measured in the thermal

gradient chamber were similar to resting values measured in normoxia during the metabolic

experiments, in both seasons (Fig. 6-1).

When subjected to low ambient temperatures and hypoxia, as seen in the respirometry

experiments, body temperature dropped significantly. However, when given a choice of ambient

temperatures, the animals still selected slightly lower ambient temperatures than they would in

normoxia. As these ambient temperatures were well above those experienced in the fixed

temperature trials, the decrease in body temperature in hypoxia was blunted. Similar

observations, on both rats and hamsters were made by Gordon and Fogelson (1991). However,

they found that if the oxygen concentrations were lowered even fiirther, a greater decrease in

body temperature was elicited. The logical explanation for this is that, because survival in anoxic

conditions has been linked to the ability to reduce body temperatures (Wood and Stabenau 1998),

selecting lower body temperatures would benefit the animal, but only if the hypoxia was severe

enough to require such a change. As hibemators and semi-fossorial animals with known

tolerance to hypoxia, it is perhaps not surprising that 10% oxygen did not invoke large changes

in the chipmunks' requirement to alter thermoregulation. To truly understand the benefits of the

responses to hypoxia observed in this study, further experiments would have to be conducted

over a range of oxygen tensions.
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What this study made apparent is that when given the ability to mitigate the effects of

hypoxia behaviovirally, the chipmunks maintained their body temperature close to resting levels.

This indicates that they are capable of attenuating the hypoxia-induced drop in body temperature

that was observed at the lower ambient temperatures. Therefore, it would appear that the

resp)onse to hypoxia, at least in terms ofbody temperature regulation, is flexible and partially

under the control of the animal, rather than being an uncoordinated hypothermic response.

Furthermore, it is likely that the drop in body temperature in hypoxia is not strictly due to a

decrease in set-point, as suggested by some authors. It is in all probability the result of complex

interactions between a suppression of thermogenesis, an increase in breathing rate and peripheral

heat loss, as well as a decrease in thermosensitivity and thermoregulatory precision (Frappell et

al. 1992; Tattersall and Milsom 2003; Golja et al. 2004; Cadena and Tattersall, unpublished

manuscript); the latter being suggested by the increase in shuttling and variability of selected

ambient temperatures in hypoxia. The inclusion of access to external heat sources during

exposure to hypoxia can help make inferences into the animal's motivational state. In order to

obtain a complete picture of an animal's response to hypoxia, especially with regard to changes

body temperature set points, not only is measuring changes in body temperature, breathing rate

and metabolism important, but so is allowing the animal access to differing ambient temperatures,

which can also provide interesting insights. Furthermore, although hypoxia has been shown to

reduce thermoregulatory precision in an ectotherm (Cadena and Tattersall, unpublished

manuscript), precision in hypoxia has yet to be fully assessed in an endotherm. Proof that

hypoxia lowers thermoregulatory precision in an endotherm, as well as in ectotherms, would

provide for a more universal understanding of thermoregulatory control in hypoxic stress, as well

as help to determine whether or not the drop in body temperature observed in hypoxia is partially

due to failures in thermoregulation or alterations in thermosensation, and not exclusively a

regulated decrease in body temperature.
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SEASONALITY AND THE HYPOXIC THERMOREGULATORY RESPONSE

The data presented in this thesis indicate that there were indeed seasonal differences in

the responses of Eastern chipmunks to hypoxia. The differences observed were consistent with

those predicted by the Hypoxia Tolerance Hypothesis; animals in the winter phase of the study,

all ofwhom underwent torpor to various degrees throughout the period of study, showed

attenuated responses to hypoxia in the respirometry trials. Similarly, although they did choose

lower ambient temperatures in hypoxia in the thermal gradient trials, the decrease was much less

than that of the summer animals. However, this difference in the size of the decrease in selected

ambient temperatures is most likely due to the selection of higher temperatures in normoxia in

the summer; selected ambient temperature in hypoxia was equal across seasons. This blunted

response to hypoxia is believed to be related to the phenotypic traits that would allow individuals

to go torpid for extended periods of time in the winter but not in the summer. However, the

physiological traits recorded in this study (body mass, basal metabolic rate, minimal thermal

conductance, the placement of the thermal neutral zone) scarcely differed between seasons. The

only major seasonal differences observed were: a general trend for individuals in the winter

phase to have lower euthermic body temperatures (as observed in both the daily temperature

recordings and the respirometry experiments), a lowering of resting breathing frequency and

evaporative water loss in normoxia, and a decrease in oxygen consumption in normoxia at 8°C.

Other studies on hibemators have found seasonal differences in blood glucose levels as well as

mitochondrial and whole tissue properties (Woodward and Condrin 1945; Pehowich and Wang

1984; Carey et al. 2003). Although the low blood glucose levels observed in hibemators are most

likely the result of torpor expression and not a factor in promoting it (Hannon and Vaughan

1961), changes in temperature sensitivity at the mitochondrial level appear to be essential to

undergo torpor (Pehowich and Wang 1984). It is not, however, known if these changes, or any

other seasonally dependent characteristics, could have helped create the difference observed in

the present study in the response to hypoxia between seasons. Despite a wide ranging interest in
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the hypoxia tolerance in hibemators as a potential biomedical model for understanding natural

mechanisms of ischemia-reperfusion injury (Drew et al. 2004; Drew et al. 2007; Nathaniel 2008),

no study has empirically tested how seasonal differences, other than those measured in the

present study, would influence hypoxia tolerance.

HYPOXIA TOLERANCE AND THE ACUTE RESPONSE TO HYPOXIA

Although seasonal differences in body temperature regulation in response to acute

hypoxia were observed in the present study, it remains unclear whether these responses can be

attributed to an increase in tolerance to hypoxia or a decrease in sensitivity to low oxygen levels

during the hibernation season. Part of the problem may be in the interpretation of the term

'hypoxia tolerance' which appears to have different meanings depending on the context. Some

studies, including the present one, have used the term to indicate decreased sensitivity (measured

as responsiveness) to hypoxia (Hiestand et al. 1 950). Others have used it to refer to the ability to

maintain normal functions in low ambient oxygen concentrations, either via normal, sustained

rates of metabolic activity in moderate hypoxia or by increased survival times in anoxia

(Faleschini and Whitten 1975; Lutton 1982; Wood and Stabenau 1998). Although at first these

two possibilities would seem interchangeable, difficulties arise given the fact that greater

decreases in body temperature and metabolism in hypoxia, i.e. a greater response to acute

hypoxia, can be beneficial in terms of long term survival (Faleschini and Whitten 1975). For

example, golden-mantled ground squirrels (a hibernating species) are known to survive anoxia

longer than rats, but their acute metabolic and thermoregulatory response to hypoxia is much

greater than that of rats (Barros et al. 2001). However, when forced to maintain aerobic activity,

via forced running, this species of squirrel was also capable of maintaining higher metabolic

rates than rats (Lutton 1982). Thus, it is unclear whether their hypoxia tolerance is bestowed by

their greater decline in body temperature and metabolism, or by an inherent difference in the

activation of cellular and metabolic defence mechanisms that mitigate the influence of low
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oxygen. Similarly, bar-headed geese (Anser indicus), whose migratory route includes flying over

the Himalayas, are known to be hypoxia tolerant, but also show blunted thermoregulatory

responses to hypoxia when compared to other species of geese (Scott et al. 2008). Furthermore,

these geese actually increase metabolic rate in hypoxia due to the high associated

cardiorespiratory costs. It would appear, therefore, that the term 'hypoxia tolerance' can refer to

either a decrease in sensitivity to hypoxia, or, as is likely the case with the geese and exercising

ground squirrels, a greater ability to compensate for low levels of ambient oxygen. In these cases,

the attenuated response to hypoxia can be considered a sign of greater hypoxia tolerance.

However, care should be taken when attempting to interpret the level of hypoxia tolerance from

measurements of the acute response to hypoxia, especially when measured in animals at rest. A

good example of this would be in interpreting the acute response to hypoxia in rats, which,

compared to groimd squirrels, show a relatively small decrease in body temperature and

metabolic rate, but are less hypoxia tolerant because they are not as capable of surviving anoxic

conditions (Hiestand et al. 1950). Future examination of these kinds of questions requires an

integrated approach, incorporating natural changes in an animal's physiology in hypoxia, as well

as its behavioural response, all of which would help in determining what factors contribute the

most to increased survival in low oxygen concentrations.
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