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ABSTRACT

The laboratory mouse has become the predominant test species in biomedical
research. The number of papers that translate or extrapolate data from mouse to human
has grown exponentially since the year 2000. There are many physiological and
anatomical factors to consider in the process of extrapolating data from one species to
another. Body temperature is, of course, a critical determinant in extrapolation because
it has a direct impact on metabolism, cardiovascular function, drug efficacy,
pharmacokinetics of toxins and drugs, and many other effects. While most would
consider the thermoregulatory system of mice to be sufficiently stable and predictable
as to not be a cause for concern, the thermal physiology of mice does in fact present
unique challenges to the biomedical researcher. A variable and unstable core
temperature, high metabolic rate, preference for warm temperatures, large surface area:
body mass ratio, and high rate of thermal conductance, are some of the key factors of
mice that can affect the interpretation and translation of data to humans. It is the intent
of this brief review to enlighten researchers studying interspecies translation of
biomedical data on the salient facets of the mouse thermal physiology and show how
extrapolation in fields such as physiology, psychology, nutrition, pharmacology,

toxicology, and pathology.

Key words: core temperature, metabolic rate, thermal conductance, hypothermia,
extrapolation, preferred temperature, behavior



INTRODUCTION

The laboratory mouse has become the choice test species in biomedical research. This
can be surmised easily with a search of published papers in the PubMed.gov data base
using the key words mouse versus rat. For example, papers using rats as the test
species published in 1980 outnumbered papers using mice by a nearly 2 to 1 ratio (i.e.,
~27,000 vs. ~14,000 papers). By 2002 there were approximately equal number of
mouse and rat papers published and, since 2003, the number of mouse over rat
publications has increased steadily. Indeed, by the beginning of 2016, the number of
publications using mice was nearly doubled that of papers using rats (i.e., ~72,000 vs.
~38,000 papers; also see Maloney et al. 2014). Moreover, the number of papers that
are categorized as a “mouse-human model” or “mouse translational model”’ has
approximately quadrupled from the year 2000 to 2016. In light of this remarkable growth
and the likely explosive growth of novel murine models of disease, it behooves
researchers to continue to expand their understanding of the mouse and how it's unique

physiology and behavior could affect the translation of biomedical data.

Temperature regulation is a process involving autonomic and behavioral effectors that
all biomedical researchers should acknowledge as a critical determinant when
translating data from one speciesto another. Pharmacokinetics and metabolism of
drugs and other chemicals is perhaps one of the more indisputable fields where
interspecies extrapolation assumes a reasonable similarity in body temperature
between species. Considering the temperature-dependence of all biochemical

reactions, any significant difference in body temperature would directly impact drug and



chemical efficacy and metabolism (for review, Gordon, 2010, 20015). Moreover, a
resurgence inunderstanding the thermal physiology of laboratory mice has been driven
primarily by the heavy reliance on mouse models to study mechanisms of obesity and
metabolic syndrome (Abu-Vieiru et al. 2015; Kaiyala et al. 2016; Fisher et al. 2016).
Overall, mice are being used heavily as a test species in most major disciplines of

biomedical research.

A snapshot of the salient physiological and morphological facets of a mouse and human
that are tightly linked to thermoregulation is presented in Figure 1A. The reader is
referred to Figure 1B for further explanation of the thermoregulatory parameters
presented in Figure 1A. The similarities (green boxes) and dissimilarities (red boxes)
between the two species are highlighted. Considering the >3000-fold difference in body
mass, many thermoregulatory parameters, including core temperature, the lower critical
ambient temperature, skin temperature, and preferred ambient temperature are either
eqgual to or very similar between a typical mouse and nude human. On the other hand,
other characteristics that are closely linked to thermoregulation (red-highlighted boxes),
including metabolic rate normalized to body mass (i.e., mass-specific metabolic rate),
relative mass of brown adipose tissue, surface area:mass ratio, and whole body thermal
conductance (i.e., minimal level) differ by at least one order of magnitude between
mouse and human. In view of the >10-fold differences in these parameters, how is the
core temperature of mice and humans regulated at nearly the same value? This is
achieved with unique physiological strategies employed by each species and it is the
primary goal of this paper to highlight and contrast these strategies between mouse and

human. Indeed, Maloney et al (2014) commented that the unique thermal physiological



and metabolic characteristics of laboratory mice must be considered in the translation of

biomedical data from mouse to human.

Figure 1B shows a general diagram of the effects of ambient temperature on activation
of various thermoeffectors of a homeotherm. Key landmarks of a homeotherms’
thermoregulatory profile, including the lower and upper critical temperature,
thermoneutral zone, basal metabolic rate, and preferred temperature are highlighted.

Reference to many of these parameters is made frequently in this paper.

This review was prepared to enlighten all researchers studying interspecies translation
of biomedical data with particular attention to those who are not necessarily trained in
thermal physiology. It is this authors’ intention to present the salient facets of mouse
thermal physiology and show how extrapolation of physiological, pharmacological, and
related data can be affected. A general approach was selected in the preparation of this
review using straightforward graphic and pictorial presentations to illustrate some
striking features of the mouse thermoregulatory system. The key features of mice to be
presented in this paper are; (i) a seemingly stable thermoregulatory system that is
actually subject to marked instability, (ii) reliance on rapid changes in metabolic
thermogenesis to maintain thermal stability, (iii) preference for an environment much
warmer than that of clothed humans, and (iv) an ability to quickly lower body

temperatures as an adaptive response to drugs and toxic chemical.

A. Core temperature regulation and variability
The average core temperature of laboratory mice under standard housing conditions is

in fact close to that of humans with an average temperature that is just ~1.0 °C below

resting human body temperature. However, depending on how the data are analyzed



and presented, one could consider the mouse as either an excellent or very poor
thermoregulator. Prior to the development of radiotelemetry, colonic and rectal probes
were typically used to make single or repeated measures of core temperature of
laboratory rodents (Gordon, 1993 for review). Quick, single time-point measurements of
rectal or colonic temperature are accurate but give no information on the circadian

patterns or dynamic nature of body temperature.

Using radiotelemetry to collect sequential measurements of core temperature of rodents
in an undisturbed environment and then averaging over the light or dark phase,
provides one with an interpretation of apparent stabilty of the thermoregulatory system
(Figure 2 A-D). The data in these graphs are unique because the core temperature of a
single mouse, pair-housed with a cage mate in a standard vivarium cage, with nesting
material, and averaged over a 7 day period is presented. Most mouse temperature data
are collected from individually housed animals in calorimeters or other chambers with
no bedding or material for nesting (see Gordon, 2012). Under these standard vivarium
conditions with paired housing, the stability of average core temperature at ambient
temperatures of 22 and 30 °C (Figure 2A) was remarkably consistent. Considering the
environmental complexities of the bedding and nesting material, the fact that the
thermoregulatory system of the mouse achieves a nearly identical core temperature
over an 8 °C change in ambient temperature is noteworthy. A subtle breakdown in
stability is seen when temperature is increased from 30 and 32 °C (Figure 2B). For most
of the daytime period, mice at 32 °C maintain a core temperature that is ~0.5 °C above

the 22 °C or 30 °C groups. At the onset of the dark phase, the temperature of the 32 °C

group rises faster, reaching the core temperature of the 22 °C for a few hours after the



start of the dark cycle. There is then some additional separation through the dark phase.
At 34 °C, the difference in daytime temperature is much greater but there is a brief
period just after lights out when the core temperatures of the 22, 30, 32, and 34 °C
groups are equal. A plot of ambient versus mean core temperature during the day and
night demonstrates the classic pattern of a homeotherm with a breakdown in thermal
homeostasis at ambient temperatures above 30 °C (Figure 2D). It is of interest to note
the differences in the slopes of the lines above 30 °C during the day compared to night.
There is a greater rise in core temperature per °C elevation in ambient temperature
during the day compared to night. In other words, during the active phase at night, it
appears that mice are exerting a greater effort to resist a rise in core temperature when
heat stressed. It is also of interest to note that the pattern of the circadian rhythm is
preserved at all ambient temperatures but the day-night amplitude is reduced at the
warmer temperatures. Abu-Vieiru et al. (2015) have performed a thorough analysis of
effects of ambient temperature (4-33 °C) on core temperature and metabolic rate of
singly-housed male C57BL/6J mice without bedding or nesting material. Under these

conditions, daytime core temperature was stable from 18-28 °C.

On the other hand, if raw core temperature data is plotted at 60 sec intervals, a marked
variability is observed (Figure 3A). Frequent sampling shows how core temperature of
unrestrained and undisturbed mice at a standard laboratory temperature can change
abruptly by 3-4 °C over a period of approximately 30 min. The amplitude of the
fluctuations can be reduced by raising ambient temperature but instability persists at
standard laboratory temperature as well as at thermoneutrality (Gordon, 2009). A

frequency distribution of telemetry data of mice and humans illustrates the difference in



thermal stability between these species (Figure 3B). In view of this relative instability of
core temperature, this author developed the concept that mice and other relatively small
mammals could be termed “average homeotherms”, meaning that they can be classified
as homeothermic only when their core temperature is averaged over a relatively long
time period (Gordon, 2012a). These episodic fluctuations intemperature, metabolism,
and other physiological processes are also termed ultradian rhythms. Blessing and
Ootsuka (016) in a recent review on this topic note that ultradian rhythms are essential

and lead to more efficient utilization of metabolic energy.

The laboratory rat monitored by telemetry also exhibits episodic fluctuations in core and
brain temperature that are apparently linked to the periodic waxing and waning of brown
adipose tissue (BAT) thermogenesis as elucidated in recent publications by W.W.
Blessing (Ootsuka et al. 2009; Blessing et al. 2013). It is apparently not known if a
similar mechanism is operative to explain the genesis of the core temperature variations
in laboratory mice. Considering the relatively large mass of BAT in mouse and other
rodents, one would surmise that BAT thermogenesis is likely linked to the core
temperature fluctuations. BAT mass of humans is approximately 10% that of mice but
recent studies have indeed shown that it plays a thermogenic role (Din et al. 2016). It is
noteworthy that translating BAT function from mouse to human as a means of treating
obesity and metabolic disorders has seen a marked growth in recent years (Wu et al.

2015).

To sum up, the relatively large fluctuations in core temperature of mice should be cause
for interest when considering the neural mechanisms of thermoregulation in mice. That

is, in viewing the response in Figure 3 A, one must wonder if a constant core



temperature is being defended by regulatory mechanisms? When averaged, it appears
that temperature is well controlled at a set level during the day and night; however,
when data are not averaged, it appears the regulatory mechanisms are far from
displaying conventional stability. Moreover, the fluctuations in core temperature may
also be viewed as an allosteric as opposed to a homeostatic form of regulation,
meaning that the level of regulation is not set but varies depending on environmental

circumstances (for review, see Ramsay and Woods, 2014).

B. Mice are Metabolic specialists
In order for a homeotherm to maintain a regulated core temperature that is independent
of changes in ambient temperature, total heat loss to the environment must be equal to
the total heat production (IUPS, 2001). This classic pattern of thermoregulation is
exemplified in Figure 1B showing a stable core temperature as ambient temperature
decreasing below the thermoneutral zone accompanied with a linear increase in
metabolic rate. This is a fundamental concept of the heat balance equation and is valid
under steady state conditions where core temperature is stable (IUPS, 2001). On the
other hand, when considering the thermoeffector responses in states of transition where
the organism is subjected to a thermal challenge, the physiological strategy to achieve
thermal balance is going to be affected by body mass. As explained below, if a mouse
and human were, for example, subjected to an abrupt reduction in ambient temperature,
each species will likely recruit thermoeffectors in a unique manner. The mouse would be
expected to rely more on metabolic thermogenesis while the human would recruit

peripheral vasomotor mechanisms.



The measurement of metabolic heat production by direct or indirect calorimetery is a
mainstay method of the thermal biologist (for review, see Kaiyala and Ramsey, 2011).
Moreover, the concept of a species’ thermoneutral profile, popularized by the seminal
study of Scholander et al (1950), who analyzed the effects of temperature on metabolic
rate of arctic and tropical birds and mammals, is of paramount importance to make a
comparison of thermoregulatory responses between mouse and human. In general, the

rise in metabolic heat production per degree °C reduction in ambient temperature below

the species’ lower critical temperature, increases in species with smaller body mass
and/or reduced insulation. Well-insulated arctic mammals and birds exhibit smaller
increases in metabolic rate compared to tropical species with sparse insulation. This
concept is exemplified in Figure 1A showing that the metabolic rate of the mouse nearly
doubles while that of the lightly clothed human increases by ~10% when ambient

temperature is reduced from 30 to 22 °C.

That the mass-specific basal metabolic rate of mammals increases with a decrease in
body mass is a fundamental concept of comparative physiology (e.g., Schmidt-Nielsen,
1975). As shown in Figure 1A, the basal metabolic rate of a mouse is approximately 10
times that of a human. However, to appreciate the role of metabolism as a
thermoeffector in thermoregulation in mouse and human as well as other mammals, one
has to consider how these species’ have evolved a particular thermoregulatory strategy
that is driven by its metabolic capacity and how this thermogenic capacity affects the
development of other thermoeffectors such as peripheral vasomotor tone. Phillips and
Heath (1995) utilized whole-animal infrared thermography and assessed the role of skin

blood flow as a thermoregulatory effector in species ranging in size from mouse to



elephant. They developed an index of peripheral vasomotor control and found that this
thermoeffector function that controls the transfer of heat from the animal to the

environment increases in efficacy and importance with a rise in body size.

Phillips and Heath (1995) went on to propose the concept of “metabolic specialist” in
small mammals. All endothermic species, of course, rely on a relatively high metabolic
rate to achieve thermal homeostasis over a wide range of ambient temperatures. The
concept of a metabolic specialist essentially means a small mammal such as a mouse
with a relatively large surface area:volume ratio and high thermal conductance (see
below) is forced to rely more on metabolic thermogenesis to regulate core temperature.
If one considers that with increasing body size, metabolic rate (normalized to mass) is
lower but more stable, then vasomotor control of skin temperature and heat loss from
bare surfaces of the body becomes more crucial as a means to achieve stability of the
thermal core. A larger mass means greater thermal inertia. This means a greater delay
in the rise and dissipation of a heat load. This is not meant to imply that mice and smalll
mammals do not utilize vasomotor mechanisms to control skin temperature. It is clearly
operative in mice in the control of thermal conductance as discussed below. To
summarize, the reader should not necessarily assume that the mouse thermoregulatory
system cannot be used to model human responses but it is important to consider in this
species how thermoregulatory effectors are recruited and regulated, especially under

conditions of varying ambient temperature.

C. Peripheral vasomotor tone, thermal conductance and insulation
The regulation of skin blood flow, conductance of heat from the body to the

environment, and insulation are tightly linked thermoregulatory parameters and are



directly affected by ambient temperature (Figure 1B). Physiological control of the
temperature of bare skin through adjustments in peripheral vasomotor tone is a
fundamental thermoregulatory response employed by all mammals and birds. In Figure
1A itwas indicated that mice and humans strive to maintain the same approximate skin
temperature of bare surfaces. In fact, there is very little known about the regulation of
skin temperature of mice but one can assume, based on their preferred thermal
environment, that mice prefer a relatively warm temperature of their bare surfaces of at
least 32 °C and possible as high as 36 °C (Gordon et al. 2000; also see Gordon, 2012
for review). Preferred skin temperatures of humans vary, of course, by age, gender,
health, physical activity, anatomical location, and other factors. In general, a

temperature of 32-35 °C is considered ideal (i.e., comfortable) in humans under most

circumstances (Ciuha and Mekjavic, 2016) .

In comparing thermoregulation systems of a mouse and human, the differences in
surface area/mass and the conductance of heat from the organism to the environment
are critical factors. Thermal conductance in dimensions of W/m?/°C, is a measure of the
rate at which heat flows across a thermal barrier. In the glossary of thermal physiology,
itis defined as the rate of heat transfer between two surfaces when a temperature
difference of 1.0 °C is maintained (IUPS, 2001). The transfer of heat from tissue to
blood or from peripheral tissues to the surface are examples of thermal conductance.
Thermal conductance is not directly measured in animals but is calculated making basic

assumptions.

While true thermal conductance could be measured in rodents and other small

mammals, a modification of thermal conductance, termed whole-body thermal
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conductance (WBTC), is the preferred method used by most rodent thermal
physiologists studying metabolism and heat exchange as a function of ambient
temperature (McNab, 1980; Aschoff, 1981; Gordon, 1993). The reader should be aware
that WBTC is not a term defined in the glossary of thermal physiology (IUPS, 2001) but

itis nonetheless used frequently in rodent studies:
WBTC:MR/(Tcore'Tan'b) eq 1

Assuming steady state where metabolic rate (MR) is equal to heat loss, WBTC is a

measure of the rate of heat loss per degree °C change in the difference between core
and ambient temperature expressed in units of W/kg/°C, or W/°C. That is, it is measure

of the ease of heat transfer from the core to the environment (often normalized to body
mass for interspecies comparisons). This measure includes heat loss via radiation,
convection, conduction, and evaporation. Below the lower critical ambient temperature
(i.e., threshold for activating heat production to defend normothermia), evaporative heat
loss is assumed to be a small and constant proportion of the total heat loss (5-10%). At
temperatures above the lower critical temperature, evaporative increases and use of the
WBTC term has to factor in evaporation. Hence, WBTC is a term that is commonly
reported for studies involving ambient temperatures below the lower critical temperature
(i.e., measured under state of peripheral vasoconstriction; Figure 1B). In most rodent
studies, WBTC is often reported in units of ml O,/hr/g/°C because heat production is
measured as oxygen consumption. However, ml Ox/hr can easily be converted to
dimensions of Watts. Further, although WBTC simplifies the complexities of heat
transfer between animal and environment, it is very reproducible when measured in

controlled thermal environments (McNab, 1980).



The reciprocal of thermal conductance is a measure of the species’ insulation. Small
changes in WBTB are used as a measure of a potential physiological, pharmacological,
dietary, or genetic effects on peripheral vasomotor tone of mice (Kaiyala et al. 2016;
Abreu-Vieira et al. 2015). For example, a 10% decrease in WBTC can be achieved in
mice with long-term feeding of a high fat diet (Abreu-Vieira et al. 2015). It should also
be noted, as is apparent in equation 1, the metabolic rate of a homeotherm at ambient
temperatures below the lower critical temperature (e.g., see Figure 7a) can be
predicted by knowing the values of WBTC and ambient temperature (for historical

perspective, see Scholander et al. 1950).

The rodent thermoregulatory literature is replete with measures of WBTC in rodents and
relatively small mammals with a body weight of less than 10 kg (Hart, 1971; Aschoff,
1981). For laboratory mice, WBTC is 1.0 to 1.5 W/kg/°C depending on body mass and
other biological and environmental factors. One of the most well-described concepts of
the WBTC is its inverse dependence on body mass (Aschoff, 1981). This inverse
dependence on weight is exemplified with me WBTC values of select species; 2.3
W/kg/°C for a 9 gram species of Peromyscus, 0.27 W/kg/°C for a 390 gram rat, and 0.1

W/kg/°C for a 6.6 kg dog (Aschoff, 1981).

The method of calculating WBTC (equation 1) is typically not used in studies of large
mammals, including humans. However, this author has taken the liberty of estimating
the WBTC of a nude and clothed human to allow forfcomparison to that of mice as
discussed in Figure 1A. With this method of comparison, the case can be made that the

conductance of heat in the body to the environment for a 1.0 °C change in ambient

temperature (below the lower critical ambient temperature) of a mouse is at least one



order of magnitude greater than that of a nude adult human. Adding clothing (1 clo) to
the human exacerbates the difference. With this simplified calculation of WBTC, one
can see how smaller species face a challenge of maintaining an elevated metabolic rate

to deal with the relatively rapid loss in body heat.

In regards to peripheral vasomotor tone and extrapolation, one must also consider the
obvious morphological differences between mouse and human. The relative proportion
of the limbs to the body mass is likely an important factor in extrapolation but rarely
considered. The limbs have greater surface area:volume and heat loss is controlled
through the arteriovenous anastomoses (AVA’s) of the hands and feet. The arms and
legs of an adult human account for approximately 50% of the body weight, whereas the
forelimbs and hind limbs of mice account for just 20% of the total mass (M. Serrat,
communication). Of course, the tail of mice and rats represents a significant source of
heat loss when vasodilated (Gordon, 1990, 1993 for review) but there is considerably
more information on the vasomotor function of the rat (e.g., see Romanovsky et al.
2002). When fully vasodilated, the tail of the rat can dissipate ~25% of the total heat
production (for review, Gordon, 1993). When the tail is vasoconstricted, very little heat is
lost through the tail. Regardless of the tail, one can see that the mouse is, relatively
speaking, a fur-covered spheroid with very short limbs compared to relatively long-

limbed humans.

D. Behavioral Thermoregulation
A fundamental tenant of thermoregulation of homeotherms is that a relatively stable
core temperature is maintained over a wide range of ambient temperatures by

employing both autonomic and behavioral thermoeffectors. The innate use of behavior



to select a comfortable thermal environment (i.e., thermal preferendum) is a primitive
and essential thermoregulatory response of mammals, birds, and many other species of
animal life. Moreover, when given the option of choosing between using autonomic or
behavioral effectors, behavioral effectors are typically preferred because they are an

effective and energetically inexpensive means of optimizing thermal balance.

In the study of homeotherms, thermal physiologists have relied heavily on the
thermoneutral profile, the relationship between ambient temperature and metabolic rate,
as a means of predicting overall thermal comfort of a homeothermic species. While
there are relatively few studies correlating thermoneutral profile with a species’

preferred thermal environment, the consensus would be that the preferred ambient
temperature coincides closely with the temperatures just above the lower critical
temperature. That is, it is assumed that a homeotherm will select an ambient
temperature associated with minimal metabolic expenditure, moderate increase in skin
blood flow but without a heat stressed mediated increased in evaporative heat loss. This
pattern of thermoeffector responses is depicted in Figure 1B, showing a preferred

ambient temperature coinciding with the metabolic thermoneutral zone.

In rodent thermal physiology, the number of metabolic studies clearly outweighs the
number of behavioral thermoregulatory studies (Gordon, 1993, 2012). However, over
the past few decades there has been a growing interest in assessing the optimal
ambient temperature to study and house laboratory mice and other laboratory species.
Concerns over animal welfare and whether or not the temperatures of animal vivariums
are sufficiently warm is one major reason for the growth of research in the area of

mouse thermal preference (also see section B. Animal Vivariums below).



Using a variety of methods to study the behavioral thermoregulatory responses, it has
become clear that mice generally prefer an environment that is markedly warmer than
the ambient temperature of vivariums that are maintained at ~22 °C. One of the most
basic and natural means of assessing behavioral thermoregulatory responses is seen in
the structure of the nest. This has been studied for many years and a review of the older
literature was written by Hart (1971). Mice are often used to study the relationship
between thermal stress and nest building behavior (Gaskill et al. 2012; Gordon, 2012).
As an example of how temperature affects the structure and integrity of mice nests, our
laboratory photographed the nests built from two cotton nestlets (Ancare, Bellmore, NY)
from pairs of mice whose core temperature data were presented earlier (see Figure 2).
Highly structured nests were built at 22 and 30 °C (Figure 4). The mice cannot be seen
in the 22 °C cage because they are hidden completely under the cotton material. It is
interesting to note the relatively well-built nest at a thermoneutral temperature of 30 °C.
That is, while this temperature is essentially associated with a minimal metabolic rate,
the mice surround themselves with the cotton material, insulating themselves from the
ambient air. Raising temperature to 32 °C leads to a slight breakdown in nest structure
but the mice are nonetheless making body contact and are surrounded with the cotton
material. A temperature of 34 °C is clearly a heat-stress as evidenced by the lack of an

organized nest structure.

Behavioral thermoregulatory responses are easily studied with a temperature gradient
device that allows the rodent to simply move along a gradient of temperatures. Studies
in our laboratory and others showed that individual mice placed in a gradient prefer a

daytime temperature of 30-32 °C, a temperature equivalent to thermoneutrality (for



review, Gordon, 2012). Constructing a temperature gradient that provided food, water,
lighting, and a screen floor for preventing wastes from building up, it was shown that
single mice and groups of mice prefer a relatively warm temperature during the daytime
and a cooler temperature at night when they were active (Figure 5). Overall, the daytime
and nighttime preferred temperature of mice was significantly higher than that of the
standard vivarium temperature (Gordon, 2012). Preferred daytime temperature of mice

was estimated to be 8-10 °C warmer than the standard housing temperature.

Temperature gradients are specialized devices that pose a novel environment for
rodents. They provide no insulation and are typically made of thermally conductive
copper or aluminum. One could argue that the behavior of single mice in a gradient is
not representative of the natural thermoregulatory behavior of groups of mice in a
covered cage with bedding for burrowing and enrichment. Speakman and Keijer (2013)
presented a sound argument, based on comparison of thermoregulatory metabolic
profiles of mice and humans, that housing mice at standard vivarium temperatures of
20-22 °C for groups of mice and 23-25 °C for individual mice would be equivalent to the
thermal environment of a typically clothed human in an indoor environment. However, it
should be noted that their presentation emphasized metabolic responses and did not

delve far into the behavioral thermoregulatory literature of mice

Some recent studies suggest that behavioral thermoregulatory studies using
temperature gradients discussed above are indeed representative of the behavioral
preferences of mice when housed under standard vivarium conditions. Gaskill et al.
(2011) developed a novel thermal choice study utilizing three standard vivarium cages

maintained at 20, 25, or 30 °C and interconnected such that groups of three mice could



move about freely and select continuously from one of the thermal environments.

Under these conditions, the mice spent approximately 55% of the time in the 30 °C
cage. The 20 °C cage was occupied ~10% of the time. When provided with enviro-dry

nesting material, the time spent at the cooler temperatures increased but the overall

time spent at 30 °C was approximately the same as observed without nesting material.

Thus, when given bedding and nesting material along with group housing conditions,
one sees that the mice still prefer a thermoneutral environment over that of sub-

thermoneutral temperatures.

Our laboratory housed groups of female mice in a novel temperature gradient that was
designed for long-term housin (Gordon et al. 2014). Groups of three mice were placed
in the gradient beginning at 37 days of age and allowed to grow over two months. The
mice were observed to behaviorally thermoregulate inthe system, preferring very warm
floor temperatures during the daytime and moving about to the cooler end of the
gradient during the night. Actual preferred temperatures could not be measured
continuously as with the past temperature gradient studies. Nonetheless, periodic visual
observations showed that the mice preferred a very warm floor temperatures of up to 38
°C during the daytime (Figure 6). They were observed sleeping side-by-side during the
daytime, making contact with each other but not necessarily huddled compared to mice
in the isothermal gradient maintained at 22 °C. The mice were provided with nestlets for
nest building; however, when housed in a temperature gradient, the mice eventually
shredded the nestlets but did not build a nest and appeared to prefer to sleep on the
bare, warm aluminum floor. On the other hand, mice housed inthe isothermal runway

maintained at 22 °C quickly shredded the two nestlets into a flattened pad to insulate



themselves from the aluminum floor. It is important to note in this study that the floor is a
temperature gradient but the temperature of the air and walls was affected by ambient
temperature. Hence, while the mice are sleeping on a very warm floor, the surrounding
air and walls are at cooler temperatures that could not be controlled with this type of
gradient. Nonetheless, as confirmed in an earlier study using a copper floor temperature
gradient (Gordon et al. 2010), this long-term gradient study confirmed that mice prefer

very warm floor temperatures when given the opportunity to behaviorally select.

TRANSLATING DATA FROM MOUSE TO HUMAN

Overall, the aforementioned discussion has shown with a general review of the literature
that laboratory mice have distinct thermoregulatory characteristics, including high
metabolic rate, high thermal conductance, a variable core temperature, and a
preference for relatively warm temperatures. It can be argued that these
thermoregulatory characteristics could have a significant impact on most applied studies
using mice as the test species. To illustrate the possible impact on translational studies,
four areas have been selected: interpreting metabolic rate data, selecting appropriate
ambient temperatures for vivariums, the study of obesity and caloric restriction, and

interpreting how drugs and toxicants affect thermoregulation.

A. Interpreting mouse metabolic data
Commercially manufactured calorimeters are a popular tool to perform a rapid, multi-
animal phenotyping of mice and rats. They are being used to characterize and study
various pathologies such as obesity, metabolic syndrome, type 2 diabetes, and many
others. A measure of metabolic rate may allow one to make a variety of interpretations

of a possible effect of an environmental, biological, or genetic manipulation. With mice



sequestered in the chamber of a calorimeter, measurement of body temperature is often
not practical unless radiotelemetry is used. As mentioned earlier, the best and most
accurate way to monitor core temperature in mice is by using radiotelemetry to collect
data from non-stressed, undisturbed animals. However, telemetry requires a significant

expenditure and labor to surgically implant the transmitters.

This author contends that in metabolic studies of mice as well as other species where
monitoring core temperature is not done, there will be an assumption by the
investigators that the defended or regulated body temperature is unaffected by the
experimental treatment under study. This assumption could lead to errors in the

interpretation of the possible effects of the treatment.

There is considerable evidence showing that mice do not defend a normal core
temperature when subjected to various environmental, drug, and chemical challenges. It
appears that the defended core temperature can go down or up depending on the
circumstance or treatment. That is, akin to the classic viewpoint of an elevated body
temperature being defended and regulated during a fever, mice and other rodents can

respond to defend a lower core temperature.

Before summarizing these effects, a rewriting of equation 1 to solve for metabolic rate
shows very simply how the defended core temperature can impact the interpretation of

metabolic rate data:

M R:WBTC (Tcore'Tamb))

That is, metabolic rate below the lower critical temperature is proportional to the

difference between ambient and core temperature. Calorimeter studies are typically



carried out at standard room temperature of ~22 °C. Hence, any effect of a treatment on
metabolism is attributed to (i) an effect of the treatment on thermal conductance (e.g., a
drug could induce peripheral vasoconstriction or vasodilation) or (ii) a direct effect of the
treatment on shivering or non-shivering thermogenesis (e.g., a drug stimulating or
suppressing BAT thermogenesis). In a calorimeter study, if body temperature is not
monitored, most would assume that a constant core temperature is being defended by
the mouse thermoregulatory system at a set-point such that the core and ambient
temperature difference is a unchanged. With that said, if the treatment causes a marked
elevation or reduction in metabolic rate, the investigator would likely conclude that there
would be a respective hyperthermia or hypothermia. But the assumption of a defended

core temperature would be assumed.

Contrary to our conventional view of the thermoregulatory system of humans and other
large mammals, the mouse does not appear to defend a constant core temperature ina
similar manner. As discussed earlier, the fluctuations in raw core temperature would
make one question the stability of the mouse thermoregulatory system. The core
temperature of mice can indeed change rapidly with various biological and
environmental challenges. Swoap and others (Swoap and Gutila, 2009) have shown
how normal core temperature of mice during ad libitum feeding rapidly shifts to a
hypothermic state when food is removed from the cage for at least 6 hours. The
hypothermia is accompanied by a marked drop in heart rate. The hypothermic response
to caloric restriction can be blocked by housing mice at thermoneutral temperatures
(Koizumi et al. 1992). Refeeding the mice brings on a rapid recovery of core

temperature. It is thought that the hypothermic response is an adaptive mechanism to



conserve metabolic fuels during periods of limited food. Mice subjected to heat stroke
will become markedly hypothermic for many hours depending upon the severity of the
heat stroke (Leon et al. 2010). With mild heat stroke, the core temperature can drop to
34 °C for a few hours; with severe heat stroke, core temperature can drop to 20 °C for
over 6 hours. There are smaller shifts inthe apparent defended core temperature when
mice are deprived of insulative bedding that would have allowed burrowing (Gordon et
al. 2004). When given ample bedding that permits burrowing, day time core temperature
of groups of mice was ~0.7 °C higher than that observed when they were given minimal
amounts of bedding. Interestingly, depth of bedding did not have any effect on core
temperature at night when the mice were active. It was further found that the type of
insulative bedding had little effect on metabolic rate. Instead, the mice lowered their
core temperature, a response that reduces the metabolic demand for thermoregulation
with the surprising observation that lack of bedding had no effect on metabolic rate.
Finally, the defended core temperature of mice administered various toxic chemicals
such as ethanol, pesticides, and other toxic chemicals shifts to lower levels,
accompanied by a preference for cooler ambient temperatures (Gordon, 2005; Gordon
et al. 2014 for review). Hypoxia elicits a similar regulated hypothermic response in mice

and other rodents (Gordon and Fogelson, 1991; Gordon, 1997).

Simply stated, if the defended core temperature is not constant, then a treatment-
induced effect on metabolic rate may or may not be detected depending on whether
core temperature is measured and incorporated into the analysis. This can be
demonstrated graphically using a basic temperature-metabolism response for a mouse

with a basal or resting metabolism of 10 W/kg, a WBTC of 1.4 W/kg/°C, and a daytime



core temperature that would normally be regulated at 36 °C (Figure 7A). With this

model, if a treatment leads to a 10% increase in WBTC and the defended core

temperature actually remains at 36 °C, then one would see a significant increase in
metabolic rate (dashed red line; Figure 7B). A 10% decrease in WBTC with a fixed core
temperature would lead to a significant decrease in metabolism (dashed blue line). On
the other hand, if the mouse lowers its defended core temperature 1.5 °C, then the
same 10% increase in WBTC occurs despite no change in metabolic rate. Likewise,
lowering WBTC by 10% but with an increase in the defended core temperature to 37.5

°C also corresponds to no change in metabolism.

Making the assumption that the mouse thermoregulatory system is operating to defend
a constant core temperature when presented with a variety of chemical, environmental,
or genetic challenges must be made with great caution. The example of Figure 7B
illustrates very simply how one can make very careful measurements of metabolic rate
while mice are being treated with agents that affect skin blood flow or any number of
processes and make an erroneous conclusion that that the treatments are having no
effect on the thermoregulatory system. Finally, these predictions are made assuming
that time of day is not a factor because the defended core temperature is clearly
affected by time of day as manifested through the circadian temperature rhythm

(Gordon, 2012).

B. Animal vivariums.



From the above discussion on behavioral thermoregulation, itis clear that there is a
conflict between the thermal preference of mice housed in vivarium and that of a human
wearing PPE (personal protective apparel) (Figure 8). This pictorial depicts the
relationships between core and preferred temperature of a mouse and human. During
the daytime, the mouse prefers an ambient temperature that is just 4-6 °C below its core
temperature. The human with a core temperature of 37 °C and wearing PPE prefers an
ambient temperature that is at least 17 °C below the core (possibly cooler). The
difference in slopes of the lines for the mouse and human illustrate the conflict in
thermal comfort between the two species. With the vivarium kept at a temperature of 20
°C (Figure 8A), the thermal state of the human is close to ideal whereas the mouse is
cold-stressed. Raising the ambient temperature to 30 °C to approximate the mouse’s
daytime preferred temperature ameliorates the cold stress of the mouse but creates an

adversely warm environment for the worker in PPE (Figure 8B).

Rodent vivarium temperature and relative humidity are essentially set for the comfort of
the worker in PPE. It is important to note that the recommended thermal limits for
housing mice recommended by the National Research Council have indeed increased
recently out of concern for possible cold stress in mice (NRC, 2011). The current

guideline limits the temperature in vivariums to 20-26 °C.

Raising the temperature of the vivarium to provide an environment that matches the

preferred temperature for the mouse would be a problem for vivarium workers in PPE.
In addition, warmer temperatures accelerate ammonia production of animal wastes in
the bedding, raising the time and costs for animal maintenance. Furthermore, because

mice prefer cooler temperatures when active at night, raising the ambient temperature



to a set level that equates to daytime thermal comfort could translate to thermal stress

at night (also see Figure 9A).

If raising the ambient temperature of the vivarium to match the 24 hour thermal
preference of mice is not practical, then what can be done to improve conditions of
thermal comfort? The recent studies of Gaskill and Garner illustrate the importance of
incorporating adequate amounts of bedding and nesting material in mouse cages to
improve thermal comfort (Gaskill et al. 2011, 2012). Our laboratory has recently
reported on a device that allows mice to behaviorally thermoregulate ina standard
vivarium cage (Gordon et al. 2017). However, this method requires daily maintenance
and would be difficult to implement on a mass scale. The thermal environment of the
mouse could also be manipulated with simple changes such as insulative bedding,
mouse huts, and increased numbers per cage. Toth et al. (2015) has recently assessed
how variation in housing density of mice can affect cage temperature, food

consumption, and stress hormone responses.

Overall, if the vivarium temperature cannot be manipulated, the researchers have to at
least be aware of the potential issues of cold stress in their mice populations. Factors
such as age, number of mice per cage, gender, genetic susceptibility, experimental
manipulation, and many other factors could affect overall thermal comfort. Moreover,
manipulating the bedding and nesting material will have to be considered and

implemented to achieve an environment where thermal stress is minimized.

Translating obesity and caloric restriction studies



In the field of the etiology of obesity, mice have become the primary test species with
the number of published papers rising from 39 in 1990 to over 23,000 in 2016
(PubMed). The thermoregulatory response to overfeeding as well as caloric restriction
in mice differs tremendously from that of humans, making the translation of data from
mouse to human a challenge. The regulation of caloric intake is complex, involving
many physiological and behavioral processes, including temperature regulation. Some
of the principal topics covered earlier, preference for warm ambient temperatures, ability
to rapidly become hypothermic, and the cold stress from being housed at sub-
thermoneutral temperatures, all have an important role in the translation of data from

mouse to human in obesity-related research.

There are many mouse models used in obesity research that involve either overfeeding
calorically rich diets and/or using transgenic models such as the ob/ob strain. Overton
(2010) has written an excellent summary of the potential pitfalls of this research area as
it relates to the unique thermoregulatory characteristics of mice. Essentially, the mice
housed at a sub-thermoneutral temperature of 22 °C are indeed cold stressed,
consuming 50% or more energy than what would be required for basal metabolic needs.
Humans experience cold stress infrequently and typically consume the majority of their
caloric intake under thermoneutral conditions. One highly cited article noted by
Overtone (2010) is the finding that mice lacking UCP1 developed a propensity for
obesity when housed at thermoneutral ambient temperatures as compared to housing

at a standard vivarium temperature of 22 °C. It was shown that the cold-stress from

housing at this temperature eliminated the obesogenic impact of UCP-1 ablation



(Feldmann et al. 2009). The authors went on to propose that housing mice at

thermoneutrality “humanized” the mouse model for studying obesity.

This simple finding illustrates how standard housing at 22 °C could impact on translating
various obesity findings from mouse to human. In addition, incorporating the mouse’s
behavioral thermoregulatory patterns puts an added twist into the study of caloric intake
that is rarely discussed. That is, mice prefer relatively warm temperatures in the daytime
when they are typically inactive, sleeping, and eating relatively little, whereas, at night
they are active, consuming most of their calories, and prefer cooler temperatures.
Obesity researchers should consider how the circadian oscillations in preferred ambient
temperature and caloric intake could impact on the mouse as a model for obesity
research. As discussed by Feldman et al. (2009), While the caloric intake of humans
essentially occurs consistently under thermoneutral conditions, laboratory mice are

forced to eat and digest under sub-thermoneutral conditions.

The physiology of caloric restriction has emerged as a key field in aging research as a
multitude of studies have shown that chronic caloric restriction increases longevity and
generally improves the health of the aged (e.g., for review, see Keil et al. 2015). As
noted earlier, due to their large surface area:body mass and high WBTC, mice are able
to undergo a marked drop in core temperature when calorically restricted (Swoap,
2008). Mice can easily lower core temperature by over 10 °C within <12 hours after the
start of caloric restriction (Swoap, 2008). On the other hand, larger mammals that are
calorically restricted can become hypothermic but the depth of hypothermia is limited.
The maximum hypothermic response of Brown Norway rats to daily caloric restriction

was 2.0 °C (Aydin and Gordon, 2013). In fact, humans on a prolonged and severed



calorically restricted regimen present a core temperature that is just 0.2 °C below that of
ad lib fed individuals (Soare et al. 2011). These marked differences in hypothermic
response exemplify the potential challenges of translating any caloric research data

from mouse to human.

C. Pharmacology and toxicology of temperature regulation.
The mouse often serves as an animal model of drug and chemical sensitivity.
Researchers are occasionally aware that their pharmacological studies may often have
a marked effect on the core temperature, preferred temperature, and/or thermoeffector
functions of mice. This is most apparent at standard room temperatures where the
mass-specific metabolic heat production is around 20 times that of the clothed human

performing the studies (see Figure 1A).

How a chemical toxicant or drug affects core temperature and thermoregulatory
behavior is summed up in a set of pictorials in Figure 9 (for review, see Gordon, 1983,
2005; Gordon et al., 2014). In Figure 9A, the basic thermal preferences and core
temperature of mice during the day and night is summarized as was discussed eatrlier.
These basic patterns of core temperature and thermal preference are translatable to
humans although one has to take into consideration the nocturnal activity pattern of
mice versus the diurnal pattern of humans. The width of the orange and blue arrows
represent the intensity of the mouse’s thermal preference response. The black arrows in

Figure 9A indicate forcing the mouse to a hot environment.

How does behavioral thermoregulation and core temperature of mice respond when

drugs or toxic chemicals that interfere with thermoregulation are administered? During a



fever as occurs by injection of lipopolysaccharide (LPS) or other pyrogens, there is
strong preference for warmer ambient temperatures (Figure 9B). The width of the arrow
in the diagrams is intended to represent the intensity of the likely behavioral
thermoregulatory response. Hence, if the mouse is given the LPS at room temperature,
the drive to warmer temperatures is very strong. Although not well studied, one might
see the mouse preferring even a warmer environment than thermoneutrality as depicted
in Figure 9B. LPS injection is accompanied by an increase in thermogenesis and the
evidence would suggest that the response of mice and humans to a fever are

comparable.

Considering the facets of thermoregulation highlighted in Figure 1A of mouse and
human that are markedly disparate (highlighted in red), one will find that
thermoregulatory responses to agents that lower body temperature are not comparable
between the two species (Figure 9C). As discussed earlier, acute toxic chemicals,
hypoxia, large doses of LPS, and other agents will elicit a rapid reduction in the
defended core temperature characterized by a preference for cooler temperatures
combined with a decrease in metabolic rate, a thermoregulatory state that is termed
regulated hypothermia (see Gordon, 1983). The rapidity and magnitude of the
hypothermia is possible in the mouse only because of its ability to rapidly change
metabolic rate combined with large surface area:mass ratio and high thermal
conductance. If the mouse is heat-stressed and exposed to these agents, there is a
marked drive to prefer cooler temperatures. Mice will avoid thermoneutral temperatures

and seek a cooler environment during the acute events. This response appears to be



adaptive because a lower body temperature ameliorates toxicity of many chemicals and

drugs (Gordon, 2005; Gordon et al. 2014).

Humans and other large mammals can, without a doubt, become hypothermic when
treated with various drugs and toxic agents but the response is much slower and drop in
core temperature is relatively shallow. With that said, the same chemicals that elicit a
marked hypothermia in rodents often elicit a long-term febrile response in humans
(Gordon, 2005). Overall, the disparity in developing a hypothermia in response to drugs,
chemicals, hypoxia, and other agents is one of greatest challenges facing the study of
translating biomedical data from mouse to human. Although not depicted in Figure 9, it
Is important to note that a drug or chemical can elicit a change in activity of a
thermoeffector such as metabolic rate, skin blood flow, or behavior without necessarily
changing core temperature. The study of Kaiyala et al. (2007) is one example of such a
response where they assessed the effects of inhaled nitrous oxide on thermoregulation

of telemetered rats.

The forced changes in body temperature are comparable between mouse and human
but the time frame and magnitude of change in body temperature vary (Figure 9 D,E).
These final two graphs summarize the expected shifts in thermoregulatory behavior of
the mouse if itis subjected to either a forced elevation or reduction in core temperature
via a direct manipulation of metabolic thermogenesis with drugs that have no effect on
the CNS thermoregulatory centers. These responses can also be elicited by subjecting
the mouse to acute heat or cold stress (Figure 9D,E). It is well known that mice and
other rodents are poor thermoregulators when subjected to heat stress compared to

humans. This is partially explained by the differences in surface area:mass; a small



mass will physically heat faster. Lack of sweating mechanisms is, of course, another
key difference between mice and humans (Gordon, 1993). Larger mammals have
greater thermal inertia and will resist a drop in core temperature with cold stress. On the
other hand, mice and rats can tolerate and survive much greater reductions in core
temperature with acute cold stress compared to humans. The key issue of Figure 9 D
and E is that the behavioral thermoregulatory patterns of mice and humans to forced
reductions in temperature are essentially comparable although mice and rats can

survive much lower and prolonged reductions in core temperature (Gordon, 1993).

CONCLUSIONS

This review was written to enlighten researchers to the unique facets of the mouse
thermoregulatory system by using a general presentation of graphical and pictorial data.
It was this author’'s goal to convince researchers to expand their consideration of how
the thermal physiology of laboratory mice impacts the translation and extrapolation of
pharmacological, physiological, nutritional, and toxicological data. Indeed, the laboratory
mouse has unique thermoregulatory characteristics as well as many similarities to larger
mammals, including humans (see Figure 1A). It is the marked differences in metabolic
rate, thermal conductance, variable core temperature, and preference for warm

temperatures that sets mice apart from humans in the extrapolation of biomedical data.
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FIGURE LEGENDS

Figure 1. A. Simplified view of the numerical similarities and dissimilarities of basic
thermoregulatory, metabolic, and morphometric parameters of a mouse compared to a
nude and clothed adult human. Numerical values for mouse and human represent
approximate values from the literature. Data with asterisk determined or a clothed adult
human with 1.0 clo of insulation. Note that thermal conductance or whole-body thermal
conductance was estimated for humans but it is term used primarily in rodent thermal
physiological studies and rarely in human thermoregulatory studies. See Figure 1B for
explanation of thermoeffectors. Data and calculations taken from several sources: Hill et
al. (2015), Gordon (1993, 2012), Schmidt-Nielsen (1975), Speakman and Keijer (2012);

and Aschoff (1981); BAT weights from Chaffee and Roberts, 1971; Din et al. 2016).

Figure 1B. Diagram illustrating the general trends of core and skin temperature and
select thermoeffectors as a function of ambient temperature. Abbreviations: WBTC-
whole-body thermal conductance, BMR-basal metabolic rate, T,.-preferred ambient
temperature, TNZ-thermoneutral zone, T -lower critical ambient temperature, T ,.-upper
critical ambient temperature. Thermal preference is a qualitative estimate of preference
for a warmer (>0) or cooler (<0) ambient temperature. Diagram modified from Ingram

and Mount (1975) and Gordon (1993).

Figure 2. Effects of ambient temperature on stability of core temperature of pairs of

female CD-1 mice housed in standard cages with betta chip bedding and provided with



two cotton nestlets for nest building (see Figure 4). Mean core temperatures are
compared between ambient temperatures of 22 vs. 30 °C (A), 30 vs. 32 °C (B), and 30
vs. 34 °C (C). D. Plot of ambient temperature versus mean day and night time core
temperature. Telemetry data was collected from one of the two mice in each cage. Each
line is the mean + SE of 8 cages of mice with an average of 7 consecutive days of data.

Gordon (unpublished).

Figure 3A. Time-course of core temperature of a C57BL/c female mouse maintained at

an ambient temperature of 25 °C. Core temperature measured every minute with

radiotelemetry. Modified from Gordon, 2012.

Figure 3B. Frequency distribution of core temperature measured by telemetry for
humans and a strain of mice. Data were collected at 60 sec intervals for 48 hours.
Mouse data modified from Gordon (2012). Human data (unpublished, courtesy of Dr.

Nigel A. Taylor).

Figure 4. Examples of how the ambient temperature of the vivarium affects the quality of

a nest built from cotton nestlets. Nests at 22 and 30 °C are relatively well constructed
and mice are essentially protected beneath the cotton. At 32 °C the nest is not as
intricate and there is a larger opening. At 34 °C, the nestlets are shredded but not nest

Is built, suggesting a marked effect of heat stress. Core temperatures of these mice

presented in Figure 2A,B. Gordon (unpublished).

Figure 5. The 24-hour pattern of selected ambient temperature of individual and groups
of five female C57BI/6 mice that were housed in a temperature gradient. Modified from

Gordon et al. 1998.



Figure 6. Pictures of groups of three female BALB/c mice housed in a specialized
temperature gradient constructed from an aluminum runway with a floor temperature of
22-38 °C (A) or in an identical aluminium runway maintained at an isothermal
temperature of 22 °C (B). Pictures were taken during the daytime when mice were
sleeping. Note well-built nest of mice in the 22 °C isothermal runway versus poorly
constructed nest of mice in the temperature gradient and preference to sleep on the

bare aluminum floor. Modified from Gordon et al. 2014.

Figure 7A. A theoretical ambient temperature-metabolism plot for a single mouse with a
minimal, resting (or basal) metabolic rate (MR) of 10 W/kg and WBTC of 1.4 W/Kg/°C
(Le., slope of line) and defended core temperature of 36 °C. Dashed line is extrapolation

of to an MR=0 as predicted by the model of Scholander et al. 1950.

Figure 7B. Predictive changes in MR from Figure 7A with a 10% change in WBTC while
the defended core temperature is either fixed or allowed to change. When defended
core temperature is held at 36 °C, an increase in WBTC (dashed red line) leads to
increase in MR and decrease in WBTC (dashed blue line) leads to a reduction in MR.
However, if core temperature decreases when WBTC increases (solid blue line), MR is
unchanged; or when core temperature increases with decrease in WBTC (solid red

line), MR is unchanged.

Figure 8A. A pictorial of the relationships between core and preferred ambient
temperature for a mouse and human wearing personal protective equipment (PPE)

commonly used inan animal vivarium at a ambient temperature of 20 °C. Under these



conditions, the gradient between core and ambient temperature is ideal for the human

but a cold stress for the mouse.

Figure 8B. Raising ambient temperature to 30 °C reduces the gradient for both mouse
and human creating a situation of ideal thermal comfort for the mouse but relatively

uncomfortable heat stress for the human wearing PPE.

Figure 9A-E. Depictions of core temperature and behavioral thermoregulatory
responses of mice when subjected to various scenarios and treatments. Width of the
orange and blue arrows represent relative intensity of behavioral thermoregulatory
response to seek a warm or cool temperature, respectively. Black arrows respresent
forcing mouse from a comfortable to a hot environment. Temperatures on mice indicate

the approximate core temperatures. See text for details. See Gordon (1983, 2005).
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Highlights

e Laboratory mice have become the predominant test species in biomedical research.
e The thermal physiology of laboratory mice is uniqgue and will have a marked impact on
e Translation of of biomedical data collected in this test species to human responses.

e This paper reviews the salient aspects of the thermal physiology of mice and humans and
attempts to show how the differences between species affects the interpretation of various

fields of research



