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Drug developers worldwide assess compound safety and efficacy using measures that include mouse core temperature and
locomotor activity. Subtle differences in animal housing conditions between institutions can alter these values, impacting
scientific rigor and reproducibility. In these studies, adult male NIH Swiss mice were surgically implanted with radiotelemetry
probes that simultaneously monitored core temperature and locomotor activity across various housing conditions. In the first
study, ambient temperature was varied between 20 °C and 28 °C in groups of singly housed mice. Additional studies held
the mice at a constant ambient temperature and examined the effects of cage density (housing animals singly or in groups
of 3 or 6), bedding change and provision of nesting material, and the availability of a running wheel on core temperature
and locomotor activity. Mice overwhelmingly maintained species-typical core temperatures across all ambient temperatures,
across all housing conditions, when bedding was fresh or old, and with or without the provision of cotton squares as nest-
ing material. However, engaging in wheel running and the combination of fresh bedding and cotton squares transiently
increased core temperatures beyond the species-typical range. Similarly, the circadian distribution of locomotor activity was
significantly disrupted by placing animals in cages with fresh bedding or nesting material, or by performing both of these
manipulations concurrently during the light period. These findings suggest that standard husbandry practices and common
housing conditions may transiently affect core temperature in adult mice. Furthermore, these practices may have profound

and relatively long-lasting effects on motor activity and the regulation of circadian rhythms.
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Arguments against animal use for biomedical research of-
ten state that results do not sufficiently translate from animal
models to humans, and that safety and efficacy assays using
animal models yield inconclusive results.? One strategy to
combat these arguments emphasizes improving the “rigor
and reproducibility”? of experiments. Rigorous experimental
design and reporting of experimental methods should increase
the likelihood that studies conducted by different lab groups
will yield the same results, validating original findings and
establishing consistency. Data that are not reproducible suggest
that the animal model is unreliable.

A possible source of variability that may diminish rigor and
reproducibility relates to differences in husbandry practices be-
tween institutions. Significant variability continues to exist with
regard to housing conditions for laboratory animals, including
temperatures, cage densities, bedding, nesting materials, and
environmental enrichment. A recent example concerns the
minimal ambient temperature for rodent housing, which was
raised by several degrees in the eighth edition of the National
Institutes of Health’s Guide for the Care and Use of Labora-
tory Animals.'® Some features of animal husbandry can alter
commonly collected experimental data. Failure to consider
management techniques may reduce reproducibility between
labs and compromise the validity of some animal models used
in biomedical research.
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Mouse body temperature and locomotor activity are com-
mon measures of interest in many in vivo studies in various
biomedical disciplines. Historically, species-typical ranges for
these 2 parameters have been difficult to determine in mice
across the circadian cycle. Range estimates are often based
on limited, and often unpublished, data sets, and are often
coupled with subjective and anecdotal judgments regarding
what is “normal” within a specific laboratory setting.” Further-
more, estimates of normal ranges for body temperature and
locomotor activity in laboratory mice usually do not consider
the effects of numerous housing factors and their interactions.
Therefore, comparing across studies and extending previous
work can be difficult due to these significant differences in
environmental factors that affect the experimental variables
of interest.

A common means of measuring mouse body temperature
is by using a rectal thermometer.!? The National Center for
Infectious Diseases of the Centers for Disease Control and
Prevention and the National Institutes of Health states that
the average rectal temperature for a mouse is 36.5 £ 1.3 °C (see
TABLE 1 “Thermoregulation Data on Common Research Animal
Species”).?* The citation provided for this figure'® states that
“modification in activity is unquestionably a significant part of
temperature adaptation,” but does not measure or control for
potential differences in locomotor behavior. Nevertheless, one
report™® found average rectal temperatures between approxi-
mately 36 °C (at a cold ambient temperature of approximately
15 °C) and approximately 38 °C (at a hot ambient temperature
of approximately 35 °C) in mice, suggesting the capacity to
thermoregulate across a wide range of ambient temperatures.
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However, the process of inserting a rectal probe, as was done in
the referenced study,'® rapidly raises rectal temperature by about
0.5t0 1.5 °C,2 and indeed this procedure is often used to model
the feature of anxiety known as stress-induced hyperthermia.!
Previous rodent studies have also shown that temperatures
measured by a rectal probe may be lower (approximately 0.6
°C) and more variable than core temperatures recorded by
chronically implanted devices.* In addition, procedures associ-
ated with measuring rectal temperature also affect locomotor
activity.* Rodents do not seem to habituate to the rectal probe
procedure, as neither hyperthermia nor locomotor effects de-
crease with repeated exposure.? All of these findings suggest that
definitions of “normal” core temperature based upon samplings
of rectal temperatures may be inaccurate.

To further study how common laboratory housing condi-
tions affect core temperature and locomotor activity in mice,
we conducted a retrospective analysis of data derived from
approximately 10 y of studies conducted at the University of
Michigan (U of M) and the University of Arkansas for Medical
Sciences (UAMS) involving radiotelemetry in mice. Using data
collected during studies of behavioral pharmacology and the
neuropharmacology of drugs of abuse, we identified “non-injec-
tion control sessions” in which core temperature and locomotor
activity were monitored across various housing conditions for at
least 24 h. The resulting data set represented more than 20,000
samples of core temperature and motor activity across a broad
range of conditions that are likely to be encountered in standard
research settings, allowing a thorough analysis of the contribu-
tions of ambient temperature, cage density, bedding and nesting
materials, and running wheel access on core temperature and
locomotor activity in mice. All mice were of the same strain (NIH
Swiss mice) and sex (male) and were of similar age.

Materials and Methods

Animals. All studies were carried out in accordance with the
7th edition of The Guide for Care and Use of Laboratory Animals
(which was the most current version at the time these studies
were conducted) as adopted and promulgated by the National
Institutes of Health.!> No new stipulations in the 8th edition of
The Guide'® would impact the methods used or the findings of
these studies. Experimental protocols were approved by the IA-
CUC at UAMS or at the U of M, both of which are accredited by
AAALAC International. In addition, all experiments were con-
ducted under IACUC-approved animal use protocols, including
those involving anesthesia, pain, distress, and euthanasia. Male
NIH Swiss mice (Envigo, Indianapolis, IN) 3 to 5 wk old and
weighing 20 to 25g on delivery were housed 3 mice per cage
(15.24 cm x 25.40 cm x 12.70 cm) before study. All studies used
a sample size of 6 mice per group. Colony room conditions were
maintained at 22 + 2 °C at both institutions (but see below for
variations in ambient temperatures of testing rooms) and 45%
to 50% humidity, with lights set to a 12-h light/dark cycle. Mice
were fed Lab Diet (Laboratory Rodent Diet no.5001, PMI Feeds,
St Louis, MO) at U of M and Teklad Lab Diet (Envigo Teklad
Diet, no. 8640, Indianapolis, In.) at UAMS. Both food and water
were available ad libitum throughout testing. All mice were eu-
thanized by CO, induced hypoxia, in accordance with American
Veterinary Medical Association Guidelines on Euthanasia 2013,
the most current version at the time of these studies.?

Implantation of telemeters for measurement of temperature
and locomotor activity. After anesthesia with inhaled isoflurane
(3% to 4%) at UAMS or a combination of ketamine (90mg/kg)
and xylazine (10mg/kg) at U of M, the abdomen of each mouse
was shaved and sanitized with both alcohol and iodine swabs.

Effect of laboratory housing conditions on thermoregulation and activity

A 1.5 cm cranio-caudal incision was made on the ventral surface
of the abdomen, providing access to the peritoneal cavity. A
15.5 mm x 6.5 mm cylindrical glass-encapsulated radio-telem-
etry probe (model ER-4000 E-Mitter, Mini Mitter, Bend, OR)
weighing approximately 1 gm was then inserted. The incision
was closed using absorbable 5-0 chromic gut suture material.
Surgeries were performed at least 7 d before initiation of data
collection, allowing time for incisions to heal and for mice to
return to normal body weights. After surgery, all implanted
mice received 1 mg/kg meloxicam SC for analgesia and were
individually housed in 15.24 cm x 25.40 cm x 12.70 cm cages
for at least 7 d.

Implanted transmitters produced activity- and temperature-
modulated signals that were sent to a receiver (model ER-4000
Receiver, Mini Mitter) located beneath each cage. Every 5 min,
the computer collected 2 data updates from the probes - core
temperature (in °C) on one channel and locomotor activity (in
counts) on the other. Each study represented one 24-hour pe-
riod of telemetry data, recorded every 5 minutes, resulting in
1 daily data set per subject or 288 individual data sets of 5-min
temperature readings per subject. At least 24 h of data were
collected for all experimental conditions. Housing conditions
during experimentation varied, depending on the particular
variable being studied. Specific information on these conditions
is provided below.

Ambient temperature. Historical data from control ex-
periments performed at UAMS or U of M were analyzed to
determine the effects of ambient temperature on core tempera-
ture and locomotor activity. For ambient temperature studies,
both institutions singly housed mice implanted with radiotelem-
etry probes in 15.24 cm x 25.40 cm x 12.70 cm cages (standard
static cages) prepared with approximately 75 g of wood chip
bedding. Bedding was 3 to 4 d old during data collection and
food and water were always available. All cages were placed on
telemetry receivers 24 h before data acquisition began to allow
for habituation to the new setting.

Radiotelemetry receivers at UAMS were placed inside light
and sound-attenuating chambers (Model ENV-022M, Med As-
sociates, St Albans, VT) to minimize environmental variability
during tests. Each chamber at UAMS was equipped with a
light (to maintain photoperiod), an exhaust fan, and a warm
air heater to increase the ambient temperature (see Figure 1).
The room was maintained at a “cool” ambient temperature of
approximately 20 °C by an HVAC system. The “warm” ambient
temperature of approximately 28 °C was maintained by warm
air heaters attached to each chamber. For both the “cool” and
“warm” conditions, ambient temperature was monitored every
5 min by data loggers placed within the chambers (Lascar EL-
USB-1, MicroDAQ, Contoocook, NH) and also could be read in
real time from a digital thermometer located in each chamber.
The mean ambient temperature recorded by the data loggers
during the targeted 20 °C “cool” condition was 20.2 °C (with a
low of 18.9 °C and a high of 21.7 °C), while the mean ambient
temperature recorded during the targeted 28 °C “warm” condi-
tion was 28.0 °C (with a low of 26.6 °C and a high of 29.5 °C)
as previously demonstrated.® Radiotelemetry receivers at U of
M were situated on an elevated shelf in a room maintained at
a “normal” ambient temperature of 23 °C + 2 °C. These receiv-
ers were partially isolated from each other by polycarbonate
dividers.

Housing density. Historical data from control experiments
performed at U of M were analyzed to determine the effects of
housing density on core temperature and locomotor activity.
All observations were made when the room was maintained
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Figure 1. Experimental setting for thermoregulation and locomotor
activity studies at UAMS showing a standard static home cage, 4W
light to establish a photoperiod within the experimental space (upper
right), exhaust fan (next to the light), and warm air heating vent to
manipulate ambient temperature within the experimental space (up-
per left).

at a “normal” ambient temperature of 23 + 2 °C, described in
the section immediately above. For all experiments, a single
mouse implanted with a radiotelemetry probe was placed into
anew 15.24 cm x 25.40 cm x 12.70 cm cage prepared with ap-
proximately 75 g of wood chip bedding. Either 0, 2, or 5 cage
mates, which were not implanted with telemetry devices, were
also present in each cage. Thus, temperature and motor activity
from only a single animal in each cage was monitored, regard-
less of the number of mice housed in the cage. Food and water
were always available. After 3 to 4 d of habituation to their cage
mates and the experimental space, data collection was initiated.

Bedding and nesting material. Historical data from control ex-
periments performed at UAMS were analyzed to determine the
effects of cage bedding and nesting material on core temperature
and locomotor activity. These observations all occurred with the
room maintained at a targeted 20 °C “cool” ambient temperature,
described in the section above (see Figure 1). For all studies, mice
implanted with radiotelemetry probes were studied in 15.24 cm x
25.40 cm x 12.70 cm cages prepared with approximately 75 g
of wood chip bedding that was either fresh or 3 to 4 d old. In
addition, 5.1 cm x 5.1 cm pulped cotton fiber cotton squares,
weighing approximately 3.0 grams, were provided to some
mice immediately before initiation of data collection. Providing
fresh bedding required removal of cages from the experimental
space and the transfer of mice from the used home cage into a
new home cage. As a control, mice housed in the “old” bedding
condition were handled in the same manner immediately prior
to data acquisition. Feed and water were available at all times.

Running wheel access. Historical data from control experi-
ments performed at UAMS were analyzed to determine the
effects of running wheel access on core temperature and loco-
motor activity. 24 h before data collection in these studies, cages
were placed on radiotelemetry receivers in a room maintained
at approximately 20 °C, as described in the section: Ambient
Temperature (see Figure 1). For all studies, mice implanted with
radiotelemetry probes were studied in 15.24 cm x 25.40 cm x
12.70 cm cages prepared with approximately 75 g of 3 to 4 d old
wood chip bedding. Each cage contained a low-profile wireless
running wheel hub (Model ENV-044, Med Associates, St Albans,
VT), with or without the wheel attachment. The hub occupied
approximately the same amount of physical space within the

cage as did the full wheel assembly. Such placement controlled
for decreased available cage space, but did not allow wheel-
running behavior because the wheel itself was not present. Each
wheel assembly was configured to transmit rotation data to a
central computer every 5 min, and the clock on this computer
was synchronized to the clock on the radiotelemetry computer.
In this manner, wheel-running data and radiotelemetry data
could be correlated for each subject. As in all other studies de-
scribed, food and water were available ad libitum at all times.
Statistical analysis. Graphical presentation of all core tempera-
ture and locomotor activity data shows mean values in 5 min
bins. Error bars are not shown to facilitate data presentation, but
SEM (standard error of the mean) variability are presented in
figure legends for highest, lowest, and mean core temperatures
recorded over the 24 h observation period. Locomotor activity
data were binned in 30-min means for time-activity figures, or
averaged across total activity in light or dark periods. For Figure 2
(correlation between wheel-running activity and core tempera-
ture in individual mice), core temperature and wheel-running
data were binned into 30-min averages (* SEM). Mean core
temperatures were analyzed over the 24 h observation period by
using a one-way analysis of variance. Posthoc testing of overall
significant results was accomplished by planned comparisons
between all experimental groups using the Tukey HSD test.

Results

Effects of ambient temperature. Mice housed at 20°, 23° or
28 °C maintained core temperatures within the species-typical
range? throughout the observation period (Figure 3). Mean core
temperatures for the 24 h observation period for mice housed
at 20°, 23° or 28 °C did not significantly differ (P = 0.566). The
highest core temperature recorded was observed in the mice
housed at 20 °C, while the lowest core temperature recorded
was observed in the mice housed at 23 °C. Mice housed at 28
°C exhibited the least variation (difference between highest
and lowest mean temperatures). No statistical differences were
obtained when the highest or lowest mean core temperatures
were compared as a function of ambient temperature (P = 0.602
and 0.611, respectively).

Mice generally exhibited low levels of home cage activity
across the circadian cycle, regardless of ambient temperature
(Figure 4). Total activity counts for the 24 h observation period
did not significantly differ as a function of ambient temperature
(P = 0.523). The group housed at 20 °C exhibited the greatest
nocturnal increase in locomotor activity, whereas both of the
groups housed at warmer ambient temperatures did not clearly
increase dark phase activity during the 24 h observation period.

Effects of cage density. Mice housed singly, 3 per cage or 6 per
cage generally maintained core temperatures within the species-
typical range throughout the observation period (Figure 5).
Transient periods of apparent hyperthermia (temperatures
higher than the species-typical maximum) occurred both in
singly housed mice, and in mice housed 3 per cage. The mag-
nitude of these higher temperatures was small (generally less
than 1 °C), and the duration of these apparent hyperthermic
responses was short (on the order of 20 min). In all cases, these
deviations from the species-typical range of core temperature
did not influence the overall mean temperature for any group.

Mice exhibited similar levels of home cage activity across the
circadian cycle, regardless of housing density, and total activity
counts across the 24 h observation period did not statistically
differ between groups (P = 0.660) (Figure 6). An dark-phase
increase in locomotor activity was not observed in any of the
groups studied.
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Figure 2. Effects of wheel-running behavior on core temperature in individual mice. Different durations and timing of wheel-running bouts
preclude statistical averages across animals, so raw data from 4 representative mice are presented. Abscissa: elapsed experimental time (bar indi-
cates light [white] and dark [black] phases). Left ordinate: core temperature, as recorded by implanted radiotelemetry probes, in °C. Right ordinate:
wheel rotations. When not engaged in wheel-running activity, mouse core temperatures were generally approximately 36 °C, but rapidly rose
to between 38 °C and 40 °C when mice engaged in wheel-running bouts. Core temperatures closely tracked wheel-running activity in all mice.

Effects of bedding and nesting material. Mean core tempera-
tures for the 24 h observation period for mice housed in cages
with 3 to 4 d old bedding or fresh bedding, with or without
provision of a cotton square (all at an ambient temperature of
approximately 20 °C), did not statistically differ (P = 0.403).
However, the highest mean core temperature recorded was
significantly different as a function of bedding condition (P =
0.021), and this overall difference was due to significantly higher
maximal temperatures in mice housed with new bedding and
given a cotton square as compared with mice housed in 3 to 4
d old bedding without a cotton square (P = 0.015). No statistical
difference was detected in the lowest mean core temperatures
recorded as a function of bedding condition (P = 0.418). Figure 7
shows that mice housed with 3 to 4 d old bedding, fresh bed-
ding, or old bedding with a cotton square generally maintained
core temperatures within the species-typical range throughout
the observation period. However, simultaneously providing
fresh bedding and a cotton square significantly increased core
temperature above the species-typical range. This apparent
hyperthermic effect was on the order of 1 °C, and lasted for
approximately 2.5 h. Even when temperatures returned to the
species-typical range, mice housed with new bedding and a cot-
ton square exhibited higher temperatures than those in all other
bedding conditions until approximately 4.5 h into the study.

Locomotor activity in this study was generally higher than
in the previous experiments, because in these studies all mice
were briefly removed from the experimental space and their
home cage immediately before data acquisition to alter bedding

conditions (or simply to control for these manipulations in the
“old” bedding group). Nevertheless, a clear effect of bedding
condition on motor activity was observed, as illustrated in
Figure 8, with an overall statistical difference detected among
groups (P <0.001). This overall difference was due to the group
housed with new bedding and a cotton square exhibiting sig-
nificantly more locomotor activity than mice housed with old
bedding (P < 0.001), new bedding (P = 0.001), or old bedding
and a cotton square (P = 0.012).

The overall distribution of motor activity across the circadian
cycle was profoundly disrupted by bedding manipulations (P <
0.001 for the overall ANOVA). Figure 9 shows that mice housed
in 3 to 4 d old bedding exhibited the characteristic pattern of
significantly more locomotor activity during the dark phase than
during the light phase (P = 0.006), but all other groups failed to
show this species-typical motor response. Instead, both groups
with new bedding displayed a reversal of this pattern, such that
significantly more activity was observed in the light phase, both
with (P = 0.032) or without (P < 0.001) the addition of a cotton
square. A qualitatively distinct disruption of the allocation of
motor activity across the circadian cycle was seen when a cotton
square was added to cages containing 3 to 4 d old bedding, such
that the amount of activity observed during the dark phase was
not significantly different from that observed during the light
phase for this group (P > 0.05).

Effects of running wheel access. Significant effects of wheel-
running behavior on core temperature were previously obtained
in a similar study.3? In the present experiments (Figure 10),
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Figure 3. Effects of ambient temperature on core temperature. Gray
region defines the species-typical range of core temperatures for mice.
Abscissa: elapsed experimental time. Ordinate: core temperature, as re-
corded by implanted radiotelemetry probes, in °C. Average highest
and lowest core temperatures for each condition are reported in the
legend (in °C), as is the overall mean core temperature for each group.
At no point were core temperatures significantly outside the species-
typical range recorded, regardless of ambient temperature.
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Figure 4. Effects of ambient temperature on locomotor activity. Abscis-
sa: elapsed experimental time. Ordinate: activity counts, as recorded
by implanted radiotelemetry probes, presented in 30 min averages.
White and black bars above the figure illustrate light (white) and dark
(black) phases. Home cage locomotor activity is generally low across
the circadian cycle, but does increase during the dark phase (see Fig-
ure 9). No systematic differences in locomotor activity were observed
as a function of ambient temperature.

mean core temperatures for the 24 h observation period were
significantly higher for mice housed in cages with a full running
wheel assembly as compared with mice housed in cages with
just the running wheel hub (P = 0.011). Similarly, the highest
mean core temperature recorded was significantly greater in
mice housed with the complete running wheel than in those
housed with the hub only (P = 0.032). However, no statistical
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Figure 5. Effects of housing density on core temperature. All manipu-
lations occurred at an ambient temperature of 23 °C. All other graph
attributes as described in Figure 3. Core temperatures transiently ex-
ceeded maximal values defined in the species-typical range (typically
by less than 1 °C, and for less than 20 min), but these slightly increased
temperatures were not related to cage density.
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Figure 6. Effects of housing density on locomotor activity. All manipu-
lations occurred at an ambient temperature of 23 °C. All other attrib-
utes as described in Figure 4. Home cage locomotor activity is gener-
ally low across the circadian cycle, but does increase during the dark
phase (see Figure 9). No systematic differences in locomotor activity
were observed as a function of cage density.

difference was detected in the lowest mean core temperatures
recorded as a function of running wheel access (P = 0.051).
Figure 10 shows that the core temperatures for these groups,
though statistically different from one another, remained within
the species-typical range.

Because wheel-running behavior was voluntary, mice ran
at different experimental times and did so for different dura-
tions. For these reasons, we could not collapse wheel-running
across subjects into a statistical mean. In addition, while mice
were engaged in bouts of wheel-running, the radiotelemetry
probes registered no locomotor activity because the position
of the probe relative to the receiver was constant, making
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small and within the species-typical range. However, the presence of
new bedding and a cotton square significantly increased core temper-
atures outside the species-typical range for approximately 2.5 h.
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Figure 8. Effects of bedding condition on locomotor activity. All ma-
nipulations occurred at an ambient temperature of 20 °C. All other at-
tributes as described in Figure 4. Home cage locomotor activity is gen-
erally low across the circadian cycle, but does increase during the dark
phase (see Figure 9). New bedding profoundly increased locomotor
activity for approximately 7 h, and the magnitude of this increase was
somewhat more pronounced when a cotton square was also provided.
Indeed, provision of a cotton square increased motor activity, even
when bedding was not changed.

radiotelemetry of gross locomotor data highly variable and
unreliable. Thus, Figure 2 presents data from 4 representative
subjects housed with the full running wheel assembly, all of
which illustrate a tight correlation between core temperature
and wheel-running behavior. When mice were not engaged
in wheel-running bouts, core temperatures were relatively
stable within the species-typical range (approximately 36 °C

Effect of laboratory housing conditions on thermoregulation and activity
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ditions), inverting the species-typical circadian distribution of motor
activity. Addition of a cotton square to old bedding also increases mo-
tor behavior in the light phase (when the cotton square was added),
and decreases motor behavior in the dark phase, again disrupting the
normal circadian pattern.
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Figure 10. Effects of running wheel access on core temperature. All
manipulations occurred at an ambient temperature of 20 °C. All oth-
er attributes as described in Figure 3. Provision of a running wheel
hub did not alter core temperature, but the presence of the full wheel
assembly did increase temperature compared with the hub control
level. However, the magnitude of this temperature increase was
small, and core temperatures remained within the species-typical
range. Core temperature increases were driven by wheel-running
activity (see Figure 2).

for all mice). Running in the wheel resulted in a rapid and
pronounced rise in core temperature, on the order of 2° to 4 °C,
which transiently moved mice outside of the species-typical
range. Temperatures quickly returned to normal levels when
wheel-running ceased.
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Discussion

Thermoregulation in the laboratory mouse is relatively
insensitive to a variety of manipulations in housing condi-
tions.!! Despite transient instances of higher than expected core
temperatures, mice mostly exhibited species-typical core
temperatures when housed under the following conditions:
1) ambient temperatures between 20 °C and 28 °C, 2) housed
singly or socially-housed in groups of 3 or 6, 3) with either fresh
or old bedding, 4) with or without nesting material, or 5) with
or without a running wheel available. The present findings
involving manipulation of ambient temperature are consistent
with a previous study using radiotelemetry to monitor core tem-
perature, which reported only minor deviations from baseline
(approximately 5% change) when mice were exposed to a more
extreme cold stimulus (12 °C).!” Behaviorally, mice typically
respond to cold by huddling and/ or nest building.>?° However,
in the present experiments involving ambient temperature ma-
nipulations, mice were singly housed and no nesting material
was present, eliminating the capacity of our subjects to engage
in these behavioral thermoregulation strategies. Nevertheless,
species-typical core temperatures were maintained when ambi-
ent temperature was reduced to 20 °C, implying that a shift in
metabolic expenditure occurred to maintain normal tempera-
ture in a cold environment. Also consistent with this notion is
the observation that the least variable core temperatures were
recorded in the warmest (28 °C) ambient environment, sug-
gesting that metabolic expenditure to maintain normothermia
was minimal. This difference in metabolic expenditure should
be kept in mind when rodents receive an infectious or inflam-
matory challenge that would create an additional metabolic
demand.'® Food and water were freely available, and we did not
monitor consumption. Therefore, we were unable to correlate
food intake with body weight and core temperature measures,
and we cannot speculate on the impact of food intake on tem-
perature regulation. However, laboratory conditions involving
cool ambient temperatures and food restriction might present
a significant challenge to thermoregulation in mice and should
be carefully monitored.

The overall mean temperatures for mice housed singly, as
compared in groups of 3 or 6, did not differ, nor did the lowest
recorded temperature differ by group. However, maximal core
temperatures were higher in the mice housed 3 per cage than
in mice housed 6 per cage, but neither of these groups differed
significantly from singly housed mice. Social housing of labo-
ratory mice elicits a wide range of effects on physiology and
behavior, including reduced stress reactivity, improved immune
function, and less aggressive behavior and toxicity.3* Based on
these findings, increasing housing density would be expected
to have only minor effects on temperature in mice, although
extreme crowding would likely have a more significant impact.

The studies on bedding and nesting material suggest that
various housing manipulations might have interacting effects
on core temperature, as mice placed into cages with both fresh
bedding and cotton squares, as provided by many facilities si-
multaneously during routine cage change procedures, were the
only group to display reliable and significant core temperatures
that were outside of the species-typical range. These findings
somewhat conflict with a previous study using radiotelemetry
in mice, which reported no significant effects of the addition of
8 g Enviro-Dry nesting material on core temperature in male
or female C57BL/6NCrl, BALB/cAnNCrl, or Crl:CD1(ICR)
mice.? However, in addition to the different composition of
the nesting material, these studies® also averaged temperatures
across 28 d, which may have masked an initial effect of nesting

material on core temperature, such as that reported in our
study. “Novelty-induced hyperthermia” has been documented
both in rats®! and in mice.?’ This effect may account for the
higher temperatures observed in this study when mice were
housed with fresh bedding and cotton squares. However,
increased exploratory or nest-building behavior, possibly due
to increased wakefulness from cage change’ or the amount
of bedding provided and together with the ability of mice to
burrow,!% seems unlikely to account for these higher tempera-
tures, because levels of locomotor activity as high as those
presently reported have previously been observed in response
to the administration of certain drugs yet had no apparent
hyperthermic effects.> To the extent that “novelty-induced
hyperthermia” is considered a marker of a stress response!*
or an indicator of anxiety in mice,? the present results may
suggest that relatively routine husbandry procedures such as
cage changes or rotation of environmental enrichment objects
might induce some noxious effects in the mouse. A prudent
strategy might be to temporally separate these necessary hus-
bandry activities from experimental observations as much as
possible to minimize potential research confounds.

The profound, but short-lived, effects of wheel-running
behavior on core temperature suggest that this common en-
vironmental enrichment device may have a greater effect on
murine physiology than is typically realized. Running wheel
access provides numerous beneficial effects to laboratory
rodents, including reductions in anxiety-like behaviors and
decreased stress-reactivity,?® but the current experiments and
a previous study®? demonstrate that wheel-running behavior
also significantly alters temperature in mice. Thus, in studies
that use core temperature is an experimental variable, run-
ning wheel access should be limited to periods where data
collection is suspended. Similarly, research involving chronic
drug administration may be confounded by wheel-running
activity, as diverse pharmacological endpoints from opioid-
induced analgesia®! to rewarding effects of cocaine?? have
been shown to differ in mice as a function of wheel-running
behavior. Indeed, selective breeding for high levels of wheel-
running behavior results in widespread neurobiological
alterations in mice.?”

In contrast to core temperature, which was remarkably stable
across most of the housing manipulations studied here, loco-
motor activity was extremely sensitive to changes in housing
conditions. In contrast to dedicated environments for automated
detection of locomotor activity, our telemetry system records
movement in the home cage. When data collection begins, sub-
jects are well-adapted to this setting, and baseline home cage
activity is generally low. Habituation to novel experimental
environments is typically required prior to assessment of drug
effects on locomotor activity, but such habituation occurs natu-
rally in our studies as subjects live in the experimental space
during the period of recovery from telemetry probe implanta-
tion. Nevertheless, simply placing mice into new cages with
fresh bedding strongly stimulated locomotor activity, and the
magnitude and duration of this effect was comparable to or
greater than that observed with administration of psychostimu-
lant drugs (see, for example [8], where locomotor activity was
quantified in mice using the same equipment as here described).
If the new cage also contained nesting material, the locomotor
response was even more pronounced and long-lasting. Perform-
ing these manipulations during the light phase, as was done
in the present studies, reversed the species-typical allocation of
motor behavior across the light / dark cycle, such that a greater
percentage of total activity occurred during the light phase. Cage
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change has been shown to increase wakefulness in mice” and
because mice normally spend more time asleep during the light
phase, increased activity during the light phase could occur with
a reduction in sleep. Such disruption of circadian rhythmicity
due to acute sleep deprivation could also affect behavioral and
neural activities in laboratory mice!® and confound experimental
results obtained the day of or even the day after the cage change.

In summary, evidence is presented here that core temperature
in the laboratory mouse is relatively resistant to environmental
conditions and the standard husbandry practices likely to be
encountered in a research setting. In contrast, locomotor activ-
ity was quite sensitive to the simultaneous provision of fresh
bedding and nesting material in the form of cotton squares.
These common husbandry practices induced significant and
prolonged stimulation of motor behavior, hyperthermic effects,
and a disruption of circadian rhythms. Some of these effects
may be related to the well-described phenomena of novelty-
induced exploratory behavior and hyperthermia, and if so,
may decrease in intensity as mice habituate to these procedures
with repeated exposure. Nevertheless, prudent practices dictate
that interventions related to home cage bedding and or nesting
material should not be initiated proximal to behavioral testing.
As demonstrated, many environmental conditions can clearly
elicit a variety of behavioral and physiologic effects in laboratory
mice. These effects, though usually subtle, may become more
pronounced under certain conditions including the availability
of novel enrichment. A further understanding of these effects is
necessary to decrease experimental error and variability in data
collection. This understanding will only come with continued
research in this area. Future studies should not only expand the
species under observation, but should also expand to include
female subjects. Furthermore, these findings seem especially
noteworthy as environmental enrichment initiatives continue
to become standard practice in AAALAC International ac-
credited animal research facilities. Lastly, facility directors and
husbandry staff, as well as investigators and their technical
personnel, should recognize that certain enrichment manipula-
tions may dramatically alter basal behavioral and physiologic
parameters in mice and carefully consider the timing of these
manipulations, as well as the choice of specific devices used to
satisfy enrichment goals.

Acknowledgments

The authors thank the University of Michigan Unit for Laboratory
Animal Medicine and the University of Arkansas for Medical Sciences
Division of Laboratory Animal Medicine for expert husbandry services.
This work was supported, in part, by the National Institutes of Health
National Institute on General Medical Sciences [IDeA Program award
GM110702] and National Institute on Drug Abuse [T32 DA022981].
None of the funding sources participated in study design, in the col-
lection, analysis or interpretation of data, in the writing of the report,
or in the decision to submit the article for publication.

References

1. Adriaan Bouwknecht J, Olivier B, Paylor RE. 2007. The stress-
induced hyperthermia paradigm as a physiological animal
model for anxiety: a review of pharmacological and genetic stud-
ies in the mouse. Neurosci Biobehav Rev 31:41-59. https://doi.
org/10.1016/j.neubiorev.2006.02.002.

. Akhtar A. 2015. The flaws and human harms of animal ex-
perimentation. Camb Q Healthc Ethics 24:407-419. https://doi.
org/10.1017/50963180115000079.

. AVMA. 2013. AVMA guidelines on euthanasia of animals: 2013 edi-
tion. [Cited 23 June 2020]. Available at: https:/ /www.researchgate.
net/publication/260508790_AVMA_Guidelines_for_the_Euthana-
sia_of_Animals_2013_Edition/citation/download.

Effect of laboratory housing conditions on thermoregulation and activity

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

. Bae DD, Brown PL, Kiyatkin EA. 2007. Procedure of rectal

temperature measurement affects brain, muscle, skin, and
body temperatures and modulates the effects of intravenous
cocaine. Brain Res 1154:61-70. https://doi.org/10.1016/j.brain-
res.2007.03.078.

. Fantegrossi WE, Ciullo JR, Wakabayashi KT, De La Garza R 2nd,

Traynor JR, Woods JH. 2008. A comparison of the physiological,
behavioral, neurochemical and microglial effects of methampheta-
mine and 3,4-methylenedioxymethamphetamine in the mouse.
Neuroscience 151:533-543. https:/ /doi.org/10.1016/j.neurosci-
ence.2007.11.007.

. Fantegrossi WE, Gannon BM, Zimmerman SM, Rice KC. 2012.

In vivo effects of abused ‘bath salt’ constituent 3,4-methylen-
edioxypyrovalerone (MDPV) in mice: drug discrimination,
thermoregulation, and locomotor activity. Neuropsychophar-
macology 38:563-573. https://doi.org/10.1038/npp.2012.233.

. Febinger HY, George A, Priestley J, Toth LA, Opp MR. 2014.

Effects of housing condition and cage change on characteristics
of sleep in mice. ] Am Assoc Lab Anim Sci 53:29-37.

. Gaskill BN, Gordon CJ, Pajor EA, Lucas JR, Davis JK, Garner

JP. 2013. Impact of nesting material on mouse body tempera-
ture and physiology. Physiol Behav 110-111:87-95. https://doi.
org/10.1016/j.physbeh.2012.12.018.

. Gordon CJ, Becker P, Ali JS. 1998. Behavioral thermoregula-

tory responses of single- and group-housed mice. Physiol Behav
65:255-262. https:/ /doi.org/10.1016/S0031-9384(98)00148-6.

. Gordon CJ. 2004. Effect of cage bedding on temperature regula-

tion and metabolism of group-housed female mice. Comp Med
54:63-68.

Gordon CJ. 2012. Thermal physiology of laboratory mice: De-
fining thermoneutrality. ] Therm Biol 37:654-685. https:/ /doi.
org/10.1016/j.jtherbio.2012.08.004.

Hankenson FC, Marx JO, Gordon CJ, David JM. 2018. Effects
of rodent thermoregulation on animal models in the research
environment. Comp Med 68:425-438. https:/ /doi.org/10.30802/
AALAS-CM-18-000049.

Herrington LP. 1940. The heat regulation of small laboratory
animals at various environmental temperatures. Am ] Physiol
129:123-139. https:/ /doi.org/10.1152/ajplegacy.1940.129.1.123.
Hohmann CF, Hodges A, Beard N, Aneni J. 2012. Effects of brief
stress exposure during early postnatal development in balb/CBy]
mice: I. Behavioral characterization. Dev Psychobiol 55:283-293.
https://doi.org/10.1002/dev.21027.

Institute of Laboratory Animal Research. 1996. Guide for the care
and use of laboratory animals, 7th ed. Washington (DC): National
Academies Press.

Institute of Laboratory Animal Research. 2011. Guide for the care
and use of laboratory animals, 8th ed. Washington (DC): National
Academies Press.

. Ishii K, Kuwahara M, Tsubone H, Sugano S. 1996. The tel-

emetric monitoring of heart rate, locomotor activity, and body
temperature in mice and voles (Microtus arvalis) during am-
bient temperature changes. Lab Anim 30:7-12. https://doi.
org/10.1258/002367796780744992.

Jhaveri KA, Trammell RA, Toth LA. 2007. Effect of environmental
temperature on sleep, locomotor activity, core body temperature
and immune responses of C57BL/6] mice. Brain Behav Immun
21:975-987. https:/ /doi.org/10.1016/j.bbi.2007.03.007.
Karatsoreos IN, Bhagat S, Bloss EB, Morrison JH, McEwen BS.
2011. Disruption of circadian clocks has ramifications for metabo-
lism, brain, and behavior. Proc Natl Acad Sci USA 108:1657-1662.
https:/ /doi.org/10.1073 /pnas.1018375108.

Latham N, Mason G. 2004. From house mouse to mouse house: the
behavioural biology of free-living Mus musculus and its implica-
tions in the laboratory. Appl Anim Behav Sci 86:261-289. https://
doi.org/10.1016/j.applanim.2004.02.006.

Li G, Rhodes]S, Girard I, Gammie SC, Garland T Jr. 2004. Opioid-
mediated pain sensitivity in mice bred for high voluntary wheel
running. Physiol Behav 83:515-524. https://doi.org/10.1016/j.
physbeh.2004.09.003.

Mustroph ML, Stobaugh DJ, Miller DS, DeYoung EK, Rhodes
JS. 2011. Wheel running can accelerate or delay extinction of

http://prime-pdf-watermark.prime-prod.pubfactory.coﬁ/a 2025-02-27



Vol 60, No 3
Journal of the American Association for Laboratory Animal Science
May 2021

23.

24.

25.

26.

27.

conditioned place preference for cocaine in male C57BL/6] mice,
depending on timing of wheel access. Eur ] Neurosci 34:1161-1169.
https://doi.org/10.1111/j.1460-9568.2011.07828 x.

National Institutes of Health. 2020. Rigor and reproducibil-
ity. [Cited 9 October 2020]. Available at https://www.nih.gov/
research-training /rigor-reproducibility.

National Research Council (US) Committee on Guidelines for the
Humane Transportation of Laboratory Animals. 2006. Guidelines
for the humane transportation of research animals. Washington
(DC): National Academies Press.

Pattij T, Groenink L, Hijzen TH, Oosting RS, Maes RA, van
der Gugten J, Olivier B. 2002. Autonomic changes associated
with enhanced anxiety in 5-HT(1A) receptor knockout mice.
Neuropsychopharmacology 27:380-390. https:/ /doi.org/10.1016/
S0893-133X(02)00317-2.

Poole S, Stephenson JD. 1977. Core temperature: some short-
comings of rectal temperature measurements. Physiol Behav
18:203-205. https:/ /doi.org/10.1016/0031-9384(77)90122-6.
Rhodes JS, Gammie SC, Garland T Jr. 2005. Neurobiology
of mice selected for high voluntary wheel-running activity.
Integr Comp Biol 45:438—455. https:/ /doi.org/10.1093 /icb /45.
3.438.

28.

29.

30.

31.

32.

33.

Smith AL, Corrow DJ. 2005. Modifications to husbandry and
housing conditions of laboratory rodents for improved well-being.
ILAR ] 46:140-147. https:/ /doi.org/10.1093/ilar.46.2.140.

Tasan RO, Lin S, Hetzenauer A, Singewald N, Herzog H, Sperk
G. 2009. Increased novelty-induced motor activity and reduced
depression-like behavior in neuropeptide Y (NPY)-Y4 recep-
tor knockout mice. Neuroscience 158:1717-1730. https://doi.
org/10.1016/j.neuroscience.2008.11.048.

Toth LA, Trammell RA, Ilsley-Woods M. 2015. Interactions
between housing density and ambient temperature in the cage
environment: effects on mouse physiology and behavior. ] Am
Assoc Lab Anim Sci 54:708-717.

Vidal C, Suaudeau C, Jacob J. 1984. Regulation of body tempera-
ture and nociception induced by non-noxious stress in rat. Brain
Res 297:1-10. https:/ /doi.org/10.1016/0006-8993(84)90537-7.
Weinert D, Waterhouse J. 2007. The circadian rhythm of core
temperature: effects of physical activity and aging. Physiol Behav
90:246-256. https:/ /doi.org/10.1016/j.physbeh.2006.09.003.
Whittaker AL, Howarth GS, Hickman DL. 2012. Effects of space
allocation and housing density on measures of wellbeing in labora-
tory mice: a review. Lab Anim 46:3-13. https://doi.org/10.1258/
1a.2011.011049.

280

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



