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ABSTRACT

Mouse vivaria are typically maintained at an ambient temperature (T,) of 20-26 °C which is comfortable for human researchers. However, as this T, is well below the
mouse thermoneutral zone (TNZ) of 30-32 °C, typical vivarium temperatures result in cold stress for mice. Recently, a cage has been developed that provides variable
cage floor heating, allowing mice to behaviorally regulate body temperature through thermotaxis. A hand warmer provides supplemental heat, elevating cage floor
surface temperature for 13 + hours up to 30 °C. This provides a heated surface for the entirety of the light phase. Here, we test the ability of these local heat sources
to remove physiological signs of cold stress in mice housed at room temperature by analyzing heart rate (HR), activity, and body temperature in three experimental
conditions: 23°C, 23 °C + heated surface, or 30 °C. The location of C57Bl/6J mice within the cage was recorded using an infrared camera. In the presence of
supplemental heat at a T, of 23 °C, mice resided atop of the area of the heated surface 85 + 3% of the 12-h light phase, as compared to 7 + 2% in the absence of
supplemental heat. Further, addition of supplemental heat lowered light phase HR and activity to that seen at a T, of 30 °C. These results indicate that provision of a
local heat source is successful in reducing cold-induced tachycardia in mice housed at typical vivarium temperatures without increasing the ambient temperature of

the entire laboratory and subjecting researchers to heat stress.

1. Introduction

Mouse models have become a staple of biomedical and physiolo-
gical research in recent years, and therefore understanding mouse
physiology is crucial in improving applicability of these experimental
models to human targets (Swoap et al., 2004, 2008; Gordon, 2012;
Karp, 2012; Maloney et al., 2014). Discrepancies in rodent housing
protocols are recognized sources of variability and create potential re-
producibility challenges (David et al., 2013a,2013b). Ambient tem-
perature (T,) in animal facilities is a particularly notable source of
variability (Gordon et al., 1998; Gaskill et al., 2009; Karp, 2012;
Gordon, 2017). The T, of animal facilities is typically set for human
comfort at 20-26 °C, which is well below the 30-32 °C thermoneutral
zone (TNZ) of mice (Gordon et al.,, 1998; Lodhi and Semenkovich,
2009; Gordon, 2017). Therefore, mice are in a state of constant cold
stress during which they must engage physiological mechanisms for
both elevated heat production and heat loss prevention (Talan et al.,
1996; Swoap et al., 2004; Gordon, 2012). As such, the stress induced by
sub-TNZ housing may lead to the potential of poor application to hu-
mans, who are not typically cold stressed (Maloney et al., 2014). Many
experiments require unique housing considerations, and it is
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impractical to standardize rodent housing across laboratories. However,
special care should be taken to reduce this cold-stress in order to reduce
variability and increase reproducibility in mouse models (David et al.,
2013a, 2013b). There are numerous examples of the significance of T,
in mouse models spanning a wide range of disciplines. For example,
mice deficient in uncoupling protein 1 become obese when housed
within their TNZ but do not when housed at typical laboratory T,
(Enerback et al., 1997; Feldmann et al., 2009). Sub-TNZ-housed mice
spend less time asleep than TNZ-housed mice, demonstrating the im-
portance of considering T, in sleep research (Lo Martire et al., 2012).
When using mice to model disease, it is crucial to take T, into account,
as it affects the animal's ability to combat infection (Karp, 2012;
Speakman and Keijer, 2013; Hylander and Repasky, 2016). These are
just a handful of examples, but the importance of T, on mouse phy-
siology spans many research fields.

Within their TNZ, mice are able to maintain body temperature (Ty)
via peripheral vasoconstriction, alterations in insulation through pi-
loerection, thermotaxis, huddling, nest-building, and other behavioral
mechanisms (Gordon, 2012). Group housed mice huddle together as a
primary method of thermoregulation. Mice spend more time huddling
when cold-stressed than when at their TNZ, demonstrating the

Received 31 August 2018; Received in revised form 21 November 2018; Accepted 9 December 2018

Available online 13 December 2018
0306-4565/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03064565
https://www.elsevier.com/locate/jtherbio
https://doi.org/10.1016/j.jtherbio.2018.12.006
https://doi.org/10.1016/j.jtherbio.2018.12.006
mailto:sswoap@williams.edu
https://doi.org/10.1016/j.jtherbio.2018.12.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtherbio.2018.12.006&domain=pdf

C.E. Chan et al.

significance of this behavior in maintaining T}, (Batchelder et al., 1983).
Unfortunately, group housing is not always viable, as some experiments
require individual housing. The behavioral mechanisms in which singly
housed mice must participate are insufficient in maintaining T}, at ty-
pical room temperatures unless active heat production occurs (Talan
et al., 1996; Swoap et al., 2004, 2008; Gordon, 2012). During the light
period, mouse heart rate (HR) at room temperature (RT) is 550-600
beats per minute (bpm) and decreases approximately 25 bpm for every
1 °Cincrease in T, to 350-400 bpm within the TNZ (Swoap et al., 2008),
consistent with increased sympathetic drive to brown fat in mice in the
cold (Kawate et al., 1993), suggesting an overall elevation of sympa-
thetic tone at RT. Similarly, mean arterial pressure (MAP) of the mouse
is elevated at RT, falling from 100 mmHg at 20 °C to 80 mmHg at 30 °C
(Swoap et al., 2004, 2008). Because parasympathetic tone is dominant
in healthy, resting humans at RT while sympathetic tone is dominant in
mice at the same temperature, it was originally thought that the mouse
cardiovascular system may provide a poor model for that of humans
(Maloney et al., 2014). However, when mice are studied within their
TNZ at 30 °C, they more closely resemble humans in that cardiac vagal
tone sets resting HR (Swoap et al., 2008).

Gordon et al. have developed a cage that allows mice to behavio-
rally regulate body temperature through thermotaxis (Gordon et al.,
2017). These cages utilize a chemically-activated hand warmer to heat
a small portion of the cage floor to temperatures approaching 32 °C for
13 + hours and remain warm even as the hand warmer cools (Gordon
et al., 2017). These cages allow mice to seek out warmer temperatures
during the light phase and cooler temperatures during the dark phase
when they are active, potentially removing cold stress within RT la-
boratory conditions. Mice in these cages were anecdotally reported to
stay near the heated regions for many hours of the day (Gordon et al.,
2017). Here, we 1) directly measure the position of the mouse in these
cages using infrared thermography, 2) test the hypothesis that singly
housing mice in cages with an activated hand warmer within standard
RT laboratory conditions lowers their HR to that of mice housed within
their TNZ, and 3) test the hypothesis that housing mice in cages with an
activated hand warmer within standard RT laboratory conditions re-
latively reduces the activity typical of sub-TNZ, singly housed mice.

2. Methods
2.1. Animals and housing

C57BL/6J male mice were purchased from Jackson Labs (Bar
Harbor, ME, USA). The age of the mice was 3-6 months old, and they
weighed ~ 28 g before implantation of the telemeter. They were singly
housed on a 12-h light: dark cycle, with lights on at 9 am, at 23 + 1°C
and were given food and water ad libitum. The mice were housed using
Envigo's Teklad, laboratory grade Sani-Chips for bedding at a depth of
~1cm within conventional open-topped cages with wire lids and
without microisolator lids. The ambient temperature of the room was
maintained by the experimental room's temperature control
within = 1°C and the relative humidity was controlled between 40%
and 50%. All housing and protocols associated with this experiment
were approved and overseen by the Williams College Institutional
Animal Care and Use Committee.

2.1.1. Experiment #1

Mice (n = 5) were housed individually at 23 °C for 2-3 days in the
specially-designed cages to allow time for the animal to grow ac-
customed to the cage before the addition of an activated hand warmer
(See Fig. 1 (Gordon et al., 2017)). Commercially available, disposable
hand warmers (HotHands, Philadelphia, PA, USA) are typically used to
keep human hands warm in cold climates but are were used in these
experiments as a means of a supplemental heat source so that the mouse
could engage in thermotaxis (Gordon et al., 2017). The hand warmers
have dimensions of 5.1 X 8.9 X 0.5cm and generate heat from a
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nontoxic redox reaction when exposed to air. A single hand warmer was
activated at the beginning of the light phase via exposure to room air,
followed by insertion into the cage. An infrared camera (FLIR E60) was
set up to take an image of the cage once per minute. We did not use the
IR camera to measure the surface temperature of the mouse. Rather, the
location of the mouse inside the cage was assessed using software that
accompanied the camera (FLiR Tools +, version is 6.3.17227.1001) by
examining the location of the warmest portion of the image, which was
always the mouse. The experimental design consisted of 1) a 12-h light
phase without a supplemental heat source, followed on the next day by
2) a 12-h light phase with a supplemental heat source. The design was
intentionally not randomized to condition as we did not want the
mouse to learn where a potential supplemental heat source might be
located. A typical movie of mouse position is available in the
Supplemental materials.

2.1.2. Experiment #2

2.1.2.1. Surgery. Mice (n = 4) underwent surgery for implantation of a
telemetry device at three months of age. Mice were anesthetized with
5% isoflurane in an oxygen stream and maintained on 1-2% isoflurane
throughout the surgery. Mice were kept on a 38 °C heating pad for the
duration of the surgery. Three mice were implanted with blood pressure
telemeters (HD-X10; Data Sciences International) in the left common
carotid artery, as described previously (Butz and Davisson, 2001). This
telemeter returned temperature, pressure, and activity. One mouse was
implanted with an ECG telemeter (ETA-F20; Data Sciences
International). This telemeter returned temperature, activity, and an
ECG waveform from which heart rate was derived. For both telemeter
types, the telemeter body was tunneled subcutaneously, placed in the
peritoneal cavity, and sutured into the body wall. Meloxicam at 5 mg/
kg BW (Henry Schein, USA) was given subcutaneously at the end of the
procedure. Mice recovered in cages placed half on/half off a 38°C
heating pad for 48h to ensure full recovery and then were housed
individually for an additional eight days at 23 °C.

2.1.2.2. Physiological data collection. Ten-second waveforms from the
implanted telemeters were collected once per minute, at a sampling rate
of 1000 Hz, which allows the telemeter to get a good estimation of
waveforms. Blood pressure waveforms showed a clear consistent HR,
although the absolute arterial pressure was variable over time and
between animals due to telemeter placement. Therefore, we report here
only HR, T}, and activity data. Activity was calculated on a minute-to-
minute basis by the analysis software (Data Sciences International) as a
change in signal strength from the telemeter.

2.1.2.3. Experimental setup. In experiment #2, mice were housed
individually at 23 °C for 2-3 days in the specially-designed cages (see
Fig. 1) to allow time for the animal to grow accustomed to the cage
before the start of the experiment. Mice were then randomized into one
of three environments: 1) Ambient temperature (T,) of 23 °C, 2) T, of
23°C + heated surface, and 3) T, of 30 °C (maintained by room controls
to be between 29.5 and 30 °C). Each mouse spent 24 h in each of the
three conditions, in a randomized cross-over fashion. The hand warmer
was activated by shaking at the beginning of the light period and was
removed after 24h of data collection. iButtons (DS1921G,
Thermochron) were taped to the underside of each aluminum
platform for measurement of the region heated by the hand warmers.
The iButtons sampled T, once per minute with an accuracy of = 1 °C.

2.1.2.4. Statistics. Data are presented as means * standard error. A
repeated-measures ANOVA was performed on each parameter (SPSS
21), followed by an LSD post-hoc test to probe for statistical
significance.



C.E. Chan et al.

Journal of Thermal Biology 79 (2019) 149-154

false floor

aluminum “-..___
plate

hand warmer sponge

aluminum
plates

Fig. 1. Cages modified for the use of supplemental heat. An activated hand warmer was placed under only one of the aluminum plates to provide a supplemental
heat source. For the experiments presented in these studies, the hand warmer was activated at the beginning of the light phase. (see (Gordon et al., 2017) for

complete list of materials).

3. Results and discussion
3.1. Experiment #1

A report that utilized these cages (Fig. 1) with activated hand
warmers stated anecdotally that mice tended to stay atop of the region
where the heated surface was located (Gordon et al., 2017). We mea-
sured the temperature of the bedding directly above the heated surface
and bedding 10 cm away from the heat source. Bedding temperature
directly above the heated surface reached a maximum of 30.0 + 0.2°C
approximately 6h after activation, and that maximum temperature
lasted approximately 2 h (Fig. 2A).

To quantify the location of a mouse within the cage, we used in-
frared thermography, which took an image once per minute. We then
analyzed the location of the mouse (n = 5) during the light phase with
and without supplemental heat. Each image was analyzed for the po-
sition of the mouse, and placed into 20-min bins as either a) atop the
heat source, or b) not atop the heat source (see supplemental data for a
typical stream of images). The heated surface constituted 17% of the
cage. When the heated plate was not warm the mice typically spent
~ 7% of the sampled time atop this region, choosing to sleep near the
edges of the cage and not on the aluminum plate which was towards the
center (Fig. 2). However, when the heated surface was warm, mice
spend on average 85 * 3% of the light phase on this small area
(Fig. 2C). Indeed, mice stayed atop the heated surface virtually 100% of
the time for two hours beginning about seven hours into the light phase,
which is also seven hours after activation of the heat source (Fig. 2B).

3.2. Experiment #2

To assess the potential physiological effects of increasing local T,
each mouse (n = 4) was randomly cycled through a 23°C, 23°C +
heated surface, and 30°C condition, spending 24h in each. Three
physiological variables (T,, HR, and Activity) were measured. Fig. 3
depicts typical ECG tracings from a single mouse at the same time of
day for each of the three conditions, and show qualitatively the higher
HR at 23 °C vs. the other two groups. HR was calculated from ECG and
blood pressure waveform tracings (not shown) during the two hours of
maximum heated surface temperature, hours 6-8 (Fig. 4), and during
the light and dark periods of each condition (Table 1).

3.3. Maximum heat production of heated surface (Hours 6-8)

The physiological parameters of the mice were averaged over the
two hours of maximum temperature of the heated surface, and com-
pared to the same two-hour period when the mice were housed at 30 °C
or at 23 °C without supplemental heat. There was no main effect of
housing conditions on the mouse T, (Fig. 4A and B), F(1, 3) = 1.3,
p = 0.34. There was a significant main effect of housing conditions on
mouse HR (Fig. 4C and D), F(1, 3) = 1.3, p = 0.017. Within group
statistics revealed that the HR in the 23 °C condition was higher than in
both the 23°C + heated surface and 30 °C condition, p = 0.00 and
0.017 respectively. There was no significant difference in HR between
23°C + heated surface and 30 °C conditions, p > 0.05. The lowered
HR in mice within the cages with an activated hand warmer is sug-
gestive of autonomic activity that more closely resembles that of the
mice housed within their TNZ, which have previously been shown to
have HR set by vagal tone. There was a main effect of housing condi-
tions on mouse activity (Fig. 4E and F), F(1, 3) = 38.4, p = 0.04.
Within group statistics revealed that mouse activity in 23 °C was sig-
nificantly higher than in both 23°C + heated surface and 30 °C con-
ditions, p = 0.027 and 0.04 respectively. There was no significant dif-
ference in activity level of the 23°C + heated surface and 30°C
conditions, p > 0.05. These results support the hypothesis that mice
are more active when housed below their TNZ and that mice are less
active when housed in cages with activated hand warmers. These data
are consistent with the findings shown in Fig. 2.

3.4. Twelve hour light/dark phase

Analyzing the light and dark periods of each condition determined
whether the use of a supplemental heat source is suitable to remove
cold stress in 23 °C-housed mice over a 24-h period (Table 1). During
the light period, there was no main effect of housing conditions mouse
Ty, F(1, 3) = 2.2, p = 0.24. As with the 2-h analysis of the warmest two
hours of the floor surface, there was a main effect of housing conditions
on mouse HR during the light entire period, F(1, 3) = 22.8, p = 0.017.
HR over the entire light period during the 23°C condition was sig-
nificantly greater than both the 23 °C + heated surface and 30 °C con-
ditions, p = 0.002 and 0.017 respectively (Table 1). The HR during the
23°C + heated surface and 30 °C conditions were not statistically sig-
nificant from each other (p > 0.7). During the light period, there was a
no main effect of housing conditions on mouse activity F(1, 3) = 0.022,
p = 0.891. This data indicates that increasing local T, through hand
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four separate cages, as well as 10 cm away from the heated surface. The temperature of the bedding above the heated surface reached its maximum of 30.0 + 0.2°C
approximately six hours after the activation of the supplemental heat. B) The location of C57Bl/6 J mice (n = 5) within the cage was determined once per minute and
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surface (clear triangles). C) The location of the mice over the entire 12-h period is quantified. Mice spent significantly more time on the bedding above the aluminum
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p < 0.05.

warmers is comparable to housing mice in 30 °C vivaria. Therefore, difference in activity or T, among any of the three conditions, F(1,
increasing local T, successfully reduces inferred sympathetic activity 3) = 2.3, p=0.23 and F(1, 3) = 0.75, p = 0.45, respectively. There
and cold stress in mice. was, however, a significant effect on housing condition on mouse HR, F

The heated surface remained warm for several hours into the dark (1, 3) = 53.2, p = 0.005. Pairwise comparisons revealed that the HR
period (see Fig. 2). During the dark period, there was no significant during the 23 °C + heated surface condition was intermediate between
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Fig. 3. ECG Waveform Comparison in an Individual Mouse. These waveforms were collected over a five-second period from a mouse was implanted with an ETA-
F10 telemeter during the warmest two hours of the heated surface and the corresponding times during the 23 °C and 30 °C conditions. Note the greatly elevated HR at
23°C from this mouse as compared to the slower HRs at 30 °C and 23 °C + heated surface.
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Fig. 4. The Effect of a Local Heat Source on Mouse Ty, HR, and Activity. Body temperature (A, B), heart rate (C, D), and activity (E, F) of C57BL/6 J mice (n = 4)
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Table 1
Body temperature (T}, °C), heart rate (HR, bpm), and activity (arbitrary units)
of C57Bl/6J mice (n = 4) during 12-h light and dark periods.

23°C 23°C + heated surface  30°C
Light phase Ty, (°C) 35.7 = 0.5 36.0 = 0.4 35,5 = 0.5
Light phase HR (bpm) 562 + 17 403 + 23° 413 + 42°
Light phase activity (AU) 5.8 = 0.6 4.0 = 0.7 6.3 = 3.4
Dark phase T}, (°C) 369 = 04 368 = 0.5 37.0 = 0.4
Dark phase HR (bpm) 597 + 10 559 + 12% 460 + 27°°
Dark phase activity (AU) 129 £ 1.7 12.0 = 0.9 11.6 = 1.7

AU = arbitrary units.
2 p < 0.05vs. 23°C.
b p < 0.05 vs. 23°C + heated surface.

the 23°C and 30°C condition (Table 1). The HR during the 23°C +
heated surface condition was significantly lower than the HR during the
23°C condition, p = 0.004, but higher than the HR during the 30°C
condition, p = 0.017. These results are consistent with our observation
that the heated surface remains warm through part of the dark period,
and that supplemental heat continues to influence mouse HR. Fur-
thermore, the lack of significant difference that we found in the activity
of the three conditions during the dark period suggested that the mice
are most likely seeking out cooler temperatures rather than remaining
inactive on the heated surface. Therefore, these cages may be preferable
to housing mice in 30 °C rooms not only by decreasing researcher dis-
comfort but also by allowing mice to seek out a cooler T, in the dark
period, which may remove the potential of heat stress during the part of

their circadian rhythm in which they prefer cooler temperatures
(Gordon et al., 2017).

An important consideration is that this experiment only used male
mice. It is likely that the findings found here for male mice will
translate to female mice as the smaller female, with a larger surface
area to volume ratio, may be more sensitive to cool temperatures than
male mice. This remains to be determined experimentally. Further, we
only examined C57BL/6 mice in the current study, so care must be
taken not to generalize to all mice. We note that the physiology of rats,
despite their much larger size relative to mice, is also sensitive to am-
bient temperature (Swoap et al., 2004). We therefore feel it is likely that
other strains of mice will also be sensitive to changes in ambient tem-
perature conditions. A third caveat that may be important is the caging
type. We used conventional caging with wire lids. Because caging type
can vary from facility to facility, and that variance could impact the
physiology of the mice, it will be important to test whether supple-
mental heat will have an impact within multiple cage types
(Rosenbaum et al., 2010).

To sum, we used a supplemental heat source at the beginning of the
light period when mice are least active and prefer the warmest T,. The
lowered HR in mice housed in cages with activated hand warmers (over
both the hottest two hours of the heated surface and the entire light
period) indicated that these cages can significantly reduce cold stress in
mice, and therefore may allow for a more predictive model system
while maintaining comfortable laboratory environments for researchers
(Karp, 2012; Gordon, 2017). There are, however, costs to implementing
these cages into a laboratory setting. The use of disposable hand war-
mers for daily housing can be cumbersome, so perhaps the next step in
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this research is designing a cage that can selectively heat a portion of
the cage automatically. The current set of experiments serve as a proof
of principle that allowing mice to regulate behaviorally their body
temperature significantly reduces physiological signs of cold stress
when housed at a typical vivarium temperature. When modelling
human metabolism, obesity, cardiovascular disease, and other T, de-
pendent fields, we recommend considering usage of a supplemental
heat source that allow for thermotaxis that can that reduce mouse cold
stress on the mouse.
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