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INTRODUCTION
Lactation is widely recognised to be the most energy-demanding
phase of mammalian reproduction (Butte and King, 2005;
Speakman, 2008; Wade and Schneider, 1992). Although the energy
demands of pregnancy are considerably lower than those of lactation,
important events during pregnancy prepare the female for lactation.
These include the growth of the mammary tissue (Gjorevski and
Nelson, 2011; Hovey and Aimo, 2010; Landskroner-Eiger et al.,
2010; Sinha et al., 1970) and expansion in the size of the alimentary
tract and liver (Campbell and Fell, 1964; Jolicoeur et al., 1981a;
Jolicoeur et al., 1981b; Speakman and McQueenie, 1996; Uvnäs-
Moberg, 1989). Mammary tissue development in pregnancy is
stimulated by growth hormone, prolactin and placental lactogens
that are produced in direct relation to the number of gestating fetuses
(Bateman, 1957; Feldman et al., 1993; Forsyth, 1994; Horseman,
1999). In addition to this growth of somatic tissue, many species
also deposit fat stores during pregnancy, which can be drawn from
later in lactation. Rats (Rattus norvegicus), for example, increase
adiposity in the last week of pregnancy (Asarian and Geary, 2006;
Douglas et al., 2007; Gray and Wade, 1981; Shirley, 1984) and
pregnant dairy cattle (Bos taurus) increase stored fat during early
gestation before the development of the mammary glands starts
(Uvnäs-Moberg, 1989). In this way the pregnant female may

programme her performance to match anticipated demands in
lactation (but see Duah et al., 2013).

Although energy demands in pregnancy are lower than those in
lactation, several unique features of pregnancy may still mean that
events in pregnancy affect, or even limit, overall reproductive
performance (Speakman, 2008). In support of this view, some studies
have suggested that milk production in lactation may depend in part
on nutritional status during pregnancy in both dairy cattle (Blaxter,
1944; Campbell and Flux, 1948; Flux, 1950) and sheep (Ovis aeries)
(Foot and Russel, 1979; Munro, 1955; Stern et al., 1978; Treacher,
1970; Wallace, 1948). To supply adequate nutrients to the fetuses
during pregnancy, as well as supporting tissue growth and fat
deposition, female mammals need to increase food intake during
pregnancy. However, food intake may be limited, particularly in
late pregnancy, because the alimentary tract, the developing fetuses
and stored abdominal fat must compete for the limited space in the
mother’s abdomen (Bermudez et al., 1989; Forbes, 1968; Forbes,
1977). In accordance with this proposal, food intake is frequently
observed to decline over a number of days prior to parturition in
several species including mice (e.g. Cooper et al., 1994; French,
2006; Gordon and Tribe, 1951; Johnson et al., 2001a). This trade-
off may potentially impose a limit on total reproductive investment,
and more generally competition by different organs for abdominal
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space has been envisaged as a constraining factor in evolution,
particularly in herbivores (Clauss et al., 2003).

Faced with this potential constraint on energy intake, pregnant
animals may enable compensatory mechanisms to conserve energy
expenditure, thereby diverting additional resources into fetal growth.
Reduction of spontaneous activity during late pregnancy has been
reported in many different species. Pregnant women reduced daily
activity by 26% as assessed by accelerometry and by 15% as assessed
by self-report interview from the second to third trimester (Rousham
et al., 2006). Dwarf hamsters (Phodopus campbelli) decreased activity
during early pregnancy and wheel-running activity during late
pregnancy (Scribner and Wynne-Edwards, 1994). A single Mongolian
gerbil (Meriones unguiculatus) implanted with a telemetry device
reduced activity levels to 85% of baseline over the last 10days of
gestation (Weinandy and Gattermann, 1995).

Changes in physical activity contribute to variation in body
temperature in rodents (Refinetti, 1994; Weinert and Waterhouse,
1998). Previous studies have suggested that body temperature
decreases during late gestation. Eliason and Fewell (Eliason and
Fewell, 1997) showed that pregnant rats (R. norvegicus) reduced
their core body temperature by 1°C in the last stage of gestation.
Dwarf hamsters (P. campbelli) also decreased body temperature
during late pregnancy (Scribner and Wynne-Edwards, 1994).
Further, the decrease in body temperature at lower ambient
temperatures (14 and 16°C) was significantly greater in late gestation
rats than in non-pregnant and lactating rats, which did not alter body
temperature at these ambient temperatures (Eliason and Fewell,
1997). These data suggest that body temperature in late pregnancy
is reduced independently of ambient temperature. While this could
be a direct consequence of reduced physical activity, reductions in
body temperature may also underpin reductions in thermogenesis,
which would further compensate energy requirements. Perhaps the
most extreme examples of such responses are among bats where
transient reductions in food supply in pregnancy may stimulate the
animals to abandon thermoregulation completely and enter torpor
(Racey, 1973). As fetal growth must also stop during torpor, this
can lead to large variations in the duration of gestation (Racey, 1973;
Racey and Swift, 1981).

Bhatia and colleagues (Bhatia et al., 1995) found that nest building
was increased in Syrian hamsters (Mesocricetus auratus) during the
last 4days of gestation, suggesting these animals used additional
behavioural strategies to conserve heat loss. In pregnant rats and
mice, however, there were no major changes in the mitochondrial
content of brown adipose tissue (BAT) which would be expected
to be associated with changed thermogenesis (Andrews et al., 1986;
Villarroya et al., 1986). In contrast, golden hamsters and Djugarian
hamsters (P. campbelli) reduced BAT during pregnancy (Schneider
and Wade, 1987; Wade et al., 1986). Responses therefore appear
to vary among different species in terms of thermoregulation and
energy intake during pregnancy.

We have previously studied the responses to reproduction in the
outbred MF1 mouse, focusing in particular on sustained energy
intake in lactation (Duarte et al., 2010; Johnson et al., 2001b; Johnson
and Speakman, 2001; Król et al., 2007; Król and Speakman, 2003a;
Speakman and Król, 2011). In the current paper, we used this same
model system to explore the patterns of change in food intake, body
mass, thermoregulation and physical activity throughout pregnancy
to establish the extent to which energy budgets in pregnancy may
be compensated by changes in body temperature and physical
activity. Additionally, we aimed to explore the putative trade-off in
performance due to competition between the alimentary tract and
fetuses for abdominal space in late pregnancy.

MATERIALS AND METHODS
Experiments were conducted across 3years (2005, 2006 and 2007)
using a total of 26 female laboratory mice (Mus musculus: outbred
MF1; Harlan UK Ltd, Bicester, UK). Sample sizes (N) were eight,
eight and 10 mice in 2005, 2006 and 2007, respectively. Female
and male mice were about 15 and 13weeks old, respectively, when
they were mated. Female mice were individually housed in shoebox
cages with sawdust bedding and, additionally, a cardboard tunnel
in 2005 and 2006. Commercial rodent chow [Standard chow,
CRM(P), Special Diets Services, BP Nutrition, Witham, UK] was
supplied ad libitum in 2005 and 2006. In 2007, animals were
individually housed in BioDaQ cages (Research Diet Inc., New
Brunswick, NJ, USA). The BioDaQ equipment allows food
consumption and time spent consuming food to be monitored. The
BioDaQ cages had a square hole (4×4cm) where a feeding hopper
on a sensor connected to a computer was attached. High
carbohydrate diet (D12450B, Research Diet Inc.) was fed to the
mice in 2007 as the use of this diet in the BioDaQ cages resulted
in less food spillage than with the standard chow. Nutrient and
energy content were almost identical for the two different diets. Both
food and water were available ad libitum. The mass of food in the
hopper (plus any obvious uneaten pieces of food in the cage bedding)
and body mass were measured using a top-pan balance (±0.01g,
Sartorius, Epsom, Surrey, UK) daily between 13:00h and 14:00h
in 2005, and between 09:00h and 10:00h in 2006 and 2007. Routine
husbandry was carried out in the same hour, during which
measurements of body temperature and physical activity were not
recorded. Food intake was calculated by subtracting the remaining
food mass in the feeding hoppers from the mass the previous day.
Previous studies suggested the error due to small items of food lost
in the sawdust and bedding was about 2% (Johnson et al., 2001a).
For the calculation of energy intake, dry mass content and apparent
digestibility values of 94.4% and 74.9%, respectively, were used
for the commercial rodent chow as measured previously (Król and
Speakman, 2003b). For the high carbohydrate diet, energy content
and apparent digestibility were 16.12kJg−1 (Research Diet, Inc.)
and 92.2%, respectively (Kagya-Agyemang et al., 2009). For the
CRM(P) diet, the energy content was 17.35kJg−1. Food intake for
mice in the BioDaQ cages was also monitored manually by
weighing the food each day and reporting the amount missing from
the hopper. As we did not disturb mice on the day they gave birth
(day 0), we could not measure the food intake between day −1 and
day 0 for those mice where the intake was recorded manually.
However, we could measure intake on day 0 for the 10 individuals
where the intake was recorded using the BioDaQ cages. Apart from
the data generated on day −1 from the BioDaQ cages, all the data
reported here are from manual measurements. The experimental
room was maintained at 21±1°C and 50–60% relative humidity.
The photoperiod was 12h:12h light:dark with lights on at 07:00h.

All procedures concerning animal care and treatment were
approved by the ethical committee for the use of experimental
animals of the University of Aberdeen, and were licensed by the
UK Home Office and performed under PPL 60/3705.

Physical activity and body temperature
Female mice were implanted intraperitoneally with passive
transponders that monitored physical activity levels and core body
temperature via a pad located underneath their cage (Vital view
transponder, Mini Mitter, Bend, OR, USA). Once the mice had
recovered from surgery (1week), food intake and body mass were
measured daily for a baseline period of 7days. The females were
mated with unique individual males until pregnancy was confirmed
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by body mass gain. The mating duration (the period that males were
left with the females) was a minimum of 8days (N=11/26 mice)
but was longer when the females did not initially show signs they
were pregnant. The actual day of pregnancy was retrospectively
counted backwards from the day of parturition (day 0) following
the numbering system used previously (Johnson et al., 2001a). Body
temperature and physical activity were monitored each day starting
at 14:00h in 2005 and at 10:00h in 2006 and 2007. The data were
recorded every second and averaged over each minute. The minute
averages were saved for 23 continuous hours (i.e. 14:00h until
13:00h in 2005, and 10:00h until 09:00h in 2006 and 2007). Means
were calculated on a daily basis throughout baseline, mating and
pregnancy across all 26 mice.

It is well established that physical activity can cause elevated
body temperature (Brown and Refinetti, 1996; De Castro, 1978;
Franken et al., 1992; Kent et al., 1991; Refinetti, 1994; Refinetti,
2003; Refinetti, 2010; Weinert and Waterhouse, 1998). In addition
to measuring the overall mean body temperature, we were interested
in the temperature at which the mice were physically active and
that when they were at rest. By simultaneously observing mice and
the records obtained using the activity recorder, we found that mice
that appeared to be inactive still generated a low level of counts
(<10 counts per minute, c.p.m.), but mice that were moving around
never generated fewer than 10c.p.m. Accordingly, we set a criterion
of 10c.p.m. as a separation point between ‘active’ and ‘inactive’
mice. Detailed analysis of simultaneous traces of temperature and
physical activity in our mice indicated that body temperature was
indeed elevated by physical activity (Fig.1); however, there was an
inertia in the change of body temperature relative to the onset and
offset of physical activity, as has been reported previously (Weinert
and Waterhouse, 1998; Weinert and Waterhouse, 1999). Because
of this inertia, the body temperature immediately after the onset of
activity mostly reflected the prior inactivity, while the body
temperature immediately after activity had ceased reflected the
elevation due to the activity. Thus, it was inappropriate to simply
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split the data into ‘active’ and ‘inactive’ measurements by taking
the body temperature records that were simultaneous to the physical
activity record. To overcome this problem, we the measured ‘active’
and ‘inactive’ body temperatures that were generated when the
physical activity and temperature traces were moved relative to each
other. This process suggested that the difference between ‘active’
and ‘inactive’ body temperatures was maximised when the activity
trace was displaced by 15min relative to the body temperature trace;
accordingly, to define ‘active’ and ‘inactive’ body temperatures we
displaced the minute-by-minute records by 15min.

Because we had relatively little data from the present study on
food intake and body mass changes during the last few days of
pregnancy, we supplemented the current data with unpublished
observations and data collected in other published studies where
the focus was not on late pregnancy (Król and Speakman, 2003a;
Vaanholt et al., 2013). In total, we had observations of the food
intake and body mass on days −1 and −3 of pregnancy for 99 MF1
mice and 74 mice from two strains selected for high (N=53) and
low (N=21) food intake (Sharp et al., 1984), making a total of 173
individuals for which we were able to compare the change in intake
between days −3 and −1 with the increase in body mass over the
same period, to test the idea that competition for space constrains
intake in late pregnancy.

Data analysis
All data are expressed as means ± s.d. Repeated measures ANOVA
was used for assessing significant differences of energy intake, body
mass, body temperature including active and inactive body
temperature, and activity counts between baseline, mating and
pregnancy days. Furthermore, all active, inactive and mean body
temperatures and activity counts were analysed for their differences
between the hours of a day, across the three different periods, and
within each period by ANOVA. Tukey post hoc tests were conducted
on all parameters among days or hours of baseline, mating and
pregnancy when significant differences were found by ANOVA.
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A Fig.1. Two typical time courses of simultaneous minute-by-minute
records of physical activity (coded as 1=active and 0=inactive) and
body temperature of female MF1 mice. There was a ~15min lag in
the onset of the temperature rise due to activity and a 15min lag in
the fall in body temperature once activity had ceased.
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Relationships between energy intake, body mass, body temperature
and activity counts were assessed by linear regression analysis. All
statistical analyses were carried out using the R program (R
Development Core Team, 2007).

RESULTS
Energy intake

Mean daily energy intake throughout baseline and pregnancy is
shown in Fig.2A (data are given in supplementary material
TableS1). During the baseline period there was no significant
difference in average intake between days. Mean intake across all
the individuals (N=26) and days (N=7) was 69.9kJday−1

(s.d.=3.83kJday−1 across N=7 days). During pregnancy, food intake
increased to a maximum of 106.5±23.4kJday−1 on day −3 (56.9%
higher than during baseline), but thereafter declined so that on the
day before the animals gave birth (day −1) the intake was only
69.65±18.7kJday−1, which was almost identical to the baseline
intake (paired t-test, t=–0.05, P=0.922). These data for day −1 were
generated by the BioDaQ automatic monitoring of intake, while all
the other data were generated manually. However, we are confident
in these values because on days when both automatic BioDaQ and
manual monitoring were used there was no significant difference
(P>0.05) between the two measurements. Because males were left
in the cages with the females for different periods, during which

we could not measure the females’ food intake, the number of
females contributing to the data described above varied with the
day of pregnancy(for details of the number each day, see
supplementary material TableS1). We therefore also calculated
mean daily intake using only the 11 individuals where males were
removed after 8days. The patterns of change in food intake were
almost identical in the two data sets. At baseline, these 11 mice
consumed on average 72.5±5.8kJday−1 and there were no significant
differences among the 7days of baseline. During pregnancy, energy
intake varied significantly with day of pregnancy (one-way
ANOVA, F11,170=4.70, P<0.001). Compared with the mean energy
consumed during baseline, pregnant mice consumed significantly
more food on days −6 to −2 of pregnancy (Tukey pairwise
comparisons, P<0.05). Daily energy intake reached a peak of
114.6±26.2kJday−1 on day −3 of pregnancy, which was 57.9%
higher than that for the same mice during baseline.

There were no significant differences in body mass between days
during the baseline period (one-way ANOVA, F6,175=1.08,
P=0.373). Mean body mass progressively increased as pregnancy
advanced (one-way ANOVA, F19,500=241.02, P<0.001) and reached
a maximum of 56.5±4.87g on day −1 (the day before parturition)
(Fig.2B). Mean body mass during pregnancy was significantly
greater than that during baseline from day −15 onwards (Tukey
pairwise comparisons, P<0.05).

Mean energy intake during late pregnancy and body mass were
compared with litter size recorded on day 1 of lactation (assumed
to equal the fetal litter size at parturition the day before). Litter size
on day +1 ranged from 3 to 15 across the 26 litters. Mean energy
intake between day −5 and day −2 was significantly positively
related to litter size on day +1 (y=8.53x+69.1, R2=0.250, F1,24=8.02,
P=0.009; Fig.3A). Body mass in late pregnancy (day −1) was also
strongly correlated with the number of fetuses (y=0.65x+42.5,
R2=0.238, F1,24=7.48, P=0.012; Fig.3B). To explore the association
between changes in food intake and changes in body mass in late
pregnancy in more detail, we examined the relationship between
the change in body mass between days −3 and −1 and the change
in energy intake between the same 2days across a total of 173 mice,
including those in the present study that were monitored by the
BioDAQ system (N=10) and from other published and unpublished
studies (see Materials and methods for details). Day −3 was the
point at which on average intake started to decline. There was a
significant positive relationship between the increase in body mass
between days −3 and −1 and the change in food intake over the
same period (regression F1,168=25.66, P=0.002, N=173; Fig.3C),
but there was no significant effect of strain (P=0.704) or any
significant strain by body mass interaction (P=0.458).

Physical activity
The minute-by-minute activity data were averaged on a daily basis
for each animal. The daily activity data across all animals were then
averaged for each day in each period (supplementary material
TableS2). Mean activity was 22.3±8.69c.p.m. over the 7days of
baseline (Fig.4). No significant differences were found in daily
activity counts between days during baseline (one-way ANOVA,
F6,175=0.15, P=0.99). Activity counts varied significantly between
days during mating (one-way ANOVA, F4,125=4.56, P=0.002). On
the first day of mating, activity increased to 30.00±9.26c.p.m., which
was significantly higher than that during both baseline and the
subsequent days of mating (Tukey pairwise comparison, P<0.05).
Activity levels also varied significantly with days of pregnancy (one-
way ANOVA, F19,497=24.99, P<0.001). Average daily activity
counts decreased from 22.7±6.15c.p.m. on day −15 to
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8.1±2.72c.p.m. on day −3. After day −3, however, the activity started
to increase again and by day −1 it was almost identical to the baseline
levels (at 22.4±8.10c.p.m.). Compared with baseline, pregnant mice
had significantly reduced physical activity levels from day −5 to
day −2 (Tukey pairwise comparison, P<0.01).

Activity changes with time of day were compared among
baseline, mating and late pregnancy periods (Fig.5; data are given
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in supplementary material TableS3) using the minute-by-minute data
averaged over each hour. Activity levels changed with time of day
and the different periods (two-way ANOVA; time of day,
F22,1725=57.16, P<0.001; period, F2,1725=146.63, P<0.001;
interaction of time of day and period, F44,1725=6.57, P<0.001).
During the baseline period, there were significant differences in
activity level between the different hours of the day (one-way
ANOVA, F22,575=25.42, P<0.001), but not during the light phase
between 07:00h and 18:00h (Tukey pairwise comparisons, P>0.05)
when counts were uniformly low. This indicates the mice
predominantly rested throughout the light phase. The lowest value
during baseline was 5.14±2.57c.p.m. recorded at 15:00h. Onset of
activity was clearly synchronised with onset of darkness, so that
mice became more active after 19:00h. Activity counts in baseline
reached a maximum of 58.5±33.5c.p.m. at 20:00h, about 10 times
greater than the nadir in mid-afternoon. Mice were highly active
between 19:00h and 02:00h, after which activity declined gradually
throughout the night to the same level as that in the light phase.
The lights going off seemed to stimulate activity, but activity levels
started to decline much earlier than the lights coming on.

Activity levels also varied with hours of the day during mating
(one-way ANOVA, F22,575=21.62, P<0.001). The pattern during
mating was almost identical to that during baseline. Activity
during mating did not vary significantly between 10:00h and
18:00h (Tukey pairwise comparisons, P>0.05) and reached a
minimum at 8.25±4.17c.p.m. at 15:00h. After the lights went off,
activity increased and reached a maximum of 53.68±21.83c.p.m.
at 20:00h. Females during the mating period started reducing their
activity from 03:00h. Although physical activity in late pregnancy
was much lower than that in baseline and mating, there were still
significant differences in the daily activity pattern in late
pregnancy with time of day (one-way ANOVA, F22,575=18.47,
P<0.001). Activity counts reached the minimal level of
5.15±2.17c.p.m. at 12:00h. Compared with this minimal level,
pregnant mice had increased activity between 17:00h and 02:00h
(Tukey pairwise comparisons, P<0.05).

Comparing the daily activity patterns between baseline, mating
and late pregnancy, there were no significant differences across the
three periods between 10:00h and 18:00h. At 19:00h when the light
was turned off, mice became considerably more active in baseline
and mating but much less so in late pregnancy (Tukey pairwise
comparisons, P<0.01). After 19:00h, no difference was found in
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activity levels between baseline and mating until 06:00h (Tukey
pairwise comparisons, P<0.01). Physical activity in late pregnancy
remained considerably and significantly lower from 19:00h until
02:00h compared with both baseline (Tukey pairwise comparisons,
P<0.01) and mating (Tukey pairwise comparisons, P<0.01).

Body temperature
Body temperature (mean Tb) was averaged on a daily basis across
all 26 females, as for activity counts, and the daily means of active
and inactive Tb were also calculated. Fig.6 shows changes in the
mean, active and inactive Tb from baseline to day −1 of pregnancy.
All three measurements of Tb changed significantly with day of
measurement across the periods of baseline, mating and pregnancy
(one-way ANOVA; mean Tb, F26,672=41.50, P<0.001; active Tb,
F26,663=46.00, P<0.001; inactive Tb, F26,672=32.27, P<0.001).
Furthermore, the three measurements differed significantly from
each other, and their differences varied between days (two-way
ANOVA; Tb types, F2,2007=1064.01, P<0.001; days, F26,2007=95.21,
P<0.001; interaction of Tb types and days, F52,2007=10.08, P<0.001).

Daily mean Tb during baseline was 37.25±0.27°C and did not
vary significantly over the 7days (Tukey pairwise comparison,
P>0.05). On the first mating day (day −20), mean Tb increased
considerably to 37.69±0.25°C. Throughout the 5days of mating,
mean Tb remained as high as that on the first mating day and
averaged 37.61±0.23°C. Except for day −17, mean Tb during
mating was significantly higher than baseline (Tukey pairwise
comparison, P<0.05). Between day −15 and −11 of pregnancy, mean
Tb stayed at higher levels than that of all days of baseline (Tukey
pairwise comparison, P<0.05). Mean Tb decreased to its minimal
level at 36.78±0.21°C on day −2, which was significantly lower
than that in baseline (Tukey pairwise comparison, P<0.001). On
day −1 there was a slight increase in mean Tb. Mean active Tb was
37.63±0.23°C during baseline, and there were no differences in
active Tb among the days of baseline (one-way ANOVA,
F6,175=0.37, P=0.90). Active Tb increased to 37.82±0.22°C on
average during mating and varied significantly with the days of
mating (one-way ANOVA, F4,125=3.58, P=0.008). The significant
difference found in active Tb during the mating days was due to a
lower active Tb on day −17. In early pregnancy (day −15 to −11),
active Tb was 37.91±0.20°C and was similar to that during mating.
Active Tb declined during pregnancy from day −11 onwards until
day −2, followed by a slight increase on day −1. The changing
pattern in active Tb paralleled mean Tb throughout the whole

experiment from baseline to pregnancy. Significant differences
between mean Tb and active Tb were only found in baseline. The
differences between these two measures of body temperature were
relatively small during mating and pregnancy.

Mean inactive Tb followed a slightly different pattern to the daily
changes in mean Tb and active Tb. The lowest values of inactive Tb
were observed during baseline, while the lowest values of mean Tb
and active Tb were observed in late pregnancy. There were no
differences in inactive Tb between days at baseline, and it averaged
36.30±0.35°C (Tukey pairwise comparison, P>0.05). On the first
day of mating, inactive Tb rose to 36.96±0.41°C, which was
significantly higher than that during baseline (Tukey pairwise
comparison, P<0.01). Inactive Tb continued to increase over the days
of mating and reached a high point of 37.33±0.29°C on day −16.
During pregnancy, inactive Tb remained at a high level until day
−11 and then started declining, although it was still significantly
higher than that in baseline at this stage (Tukey pairwise comparison,
P<0.01). Finally, inactive Tb reached a level on day −4 not
significantly different to that measured in baseline. Inactive Tb in
the last 4days of pregnancy averaged 36.73±0.28°C, not significantly
different to baseline. More detailed analyses of the hourly changes
in Tb during the three different periods are presented in the Appendix
and supplementary material TablesS4–6 and Fig.S1.

The relationship between activity and energy intake and body
mass during baseline and pregnancy

There was no significant relationship between activity level and
energy intake during baseline (least squares regression, LSR:
F1,24=1.01, P=0.325) early pregnancy (day −12 to day −9)
(F1,24=0.93, P=0.361) or late pregnancy (day −5 to day −2)
(F1,24=2.63, P=0.118). Excluding one female, with a very small
litter, that ate 56% less than the average across all 26 mice during
late pregnancy, mean activity and energy intake were significantly
negatively related during late pregnancy (LSR: y=–6.4706x+224,
R2=0.203, F1,23=5.85, P=0.024). Thus, there was a trend that
activity levels were lower when pregnant mice ate more food.
Physical activity had no relationship to body mass of individual
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mice in baseline (LSR: F1,24=1.34, P=0.259), early pregnancy
(LSR: F1,24=0.85, P=0.367) or late pregnancy (LSR: F1,24=3.36,
P=0.079) (Fig.7). When the same female that ate less than the
others was removed from this analysis, the relationship between
body mass and physical activity reached significance in late
pregnancy (LSR: y=–0.541x+54.619, R2=0.198, F1,23=5.675,
P=0.026). Heavier individuals were on average less physically
active in late pregnancy.

The relationship between Tb, energy intake and body mass
during baseline and pregnancy

There was no significant relationship between mean Tb and energy
intake during baseline (LSR: F1,24=1.9, P=0.181) or in early
pregnancy (day −12 to day −9) (LSR: F1,24=3.17, P=0.109).
However, in late pregnancy (day −5 to day −2), there was a
significant relationship between mean Tb and energy intake (LSR:
y=–110.8x+4248.4, R2=0.203, F1,24=6.12, P=0.021). When the
female who had the exceptionally low intake was removed from
the analysis, the result remained significant (LSR:
y=–96.493x+3722.5, R2=0.173, F1,23=4.82, P=0.039). The more
energy the pregnant mice consumed, the lower the body temperature
they had. Mean Tb was also negatively related to body mass so that
smaller animals had higher Tb during baseline (LSR:
y=–3.4822x+159.99, R2=0.2669, F1,24=8.74, P=0.007; Fig.8). In
contrast, there was a significant positive relationship between mean
Tb and body mass in early pregnancy (LSR: y=3.824x−109.41,
R2=0.158, F1,24=4.5, P=0.044); thus, heavier animals tended to have
higher Tb. During late pregnancy, the relationship was not significant
(LSR: F1,24=1.15, P=0.294).

DISCUSSION
Activity patterns and Tb during baseline and mating

Although the data reported here only covered 7days, there was no
indication of cyclic patterns of Tb and physical activity during the
baseline period that might be linked to oestrus cycles. This was
apparent when examining individual traces as well as the overall
mean where individual differences might cancel out if the oestrus
cycles were not synchronised. Although such cycles in activity and
Tb have often been reported in rats (e.g. Anantharaman-Barr and
Decombaz, 1989; Brobeck et al., 1947; Kent et al., 1991; McLean
and Coleman, 1971; Refinetti, 2010; Slonaker, 1924; Wang, 1923),
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our data are consistent with previous data in three inbred mouse
strains, which found no significant differences in Tb or locomotor
activity in relation to oestrus state (Koehl et al., 2003).

As found almost 90 years ago in rats (Slonaker, 1924; Wang,
1923), female mice demonstrated a peak of activity on the first day
of mating, although no increase in activity level was observed on
the other mating days. Direct observations indicated that the male
mice continuously harassed the females when they were first put
together and the females spent much of their time running away
from the male. Despite no changes in physical activity after the first
day, female mice had a higher Tb throughout the mating period than
in the baseline period, mostly due to an increase in their Tb when
inactive. Because the mice were housed at 21°C, which is below
their lower critical temperature (Speakman and Rossi, 1999;
Speakman and Keijer, 2013; Speakman, 2013) the higher Tb
maintained during the whole of mating probably occurred because
the mice were able to huddle together to conserve heat loss
(Contreras, 1984; Hayes et al., 1992; Vickery and Millar, 1984).
Direct (but unsystematic) observations of the mice indicated that
when not active the pairs always huddled together after the first
day. This would also explain why the increase was mostly observed
in the inactive Tb rather than in the active Tb.

Energy intake and Tb during pregnancy
The increase in energy intake in the mice during late pregnancy (ca.
57%) in the current study was similar to the 48% increase in food
intake in late pregnancy reported previously in the same strain at
the same ambient temperature (Johnson et al., 2001a). Consistent
with other reports across a range of species (French, 2006; Johnstone
and Higuchi, 2001; Morgan and Winick, 1981), energy intake
decreased on the days immediately before parturition. This might
have occurred because of space competition between the alimentary
tract and enlarging fetuses in the abdomen (Bermudez et al., 1989;
Forbes, 1968). If space competition was the cause of the decline in
intake, one might anticipate that energy intake in late lactation would
be negatively related to the number of developing fetuses. However,
in contrast to this prediction the number of pups was positively
correlated with energy intake in late pregnancy. Moreover, we found
no relationship between the increase in body mass over the last few
days of pregnancy and the decline in food intake. These data suggest
space competition in the abdomen did not cause the decrease in the
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food intake at the end of gestation. The cause of this decline in food
intake therefore remains unclear. In addition, this also implies that
space competition in the abdomen in late lactation cannot be a
process whereby pregnancy exerts a controlling influence over
performance in lactation via limits on litter size or litter mass at
birth (see also Duah et al., 2013).

Activity levels and Tb during pregnancy
Physical activity declined progressively through gestation until
2days before parturition. The decline in activity was consistent with
a gradual decrease in wheel-running activity observed in dwarf
hamsters (P. campbelli) as gestation progressed (Scribner and
Wynne-Edwards, 1994). However, activity in dwarf hamsters
decreased mostly in early gestation, while the mice in our study
maintained activity in early pregnancy but reduced it later. Physical
activity during late pregnancy in the mice studied here was only
36.4% of that during baseline. A reduction in activity level during
pregnancy also agreed with the findings of a study on a single
Mongolian gerbil; however, the pregnant gerbil reduced her activity
level by 85% compared with that during pre-breeding (Weinandy
and Gattermann, 1995). Consistent with wheel-running activity in
dwarf hamsters (Scribner and Wynne-Edwards, 1994), the decrease
in activity level mainly occurred during the dark phase. It appeared
that only locomotor activity was removed from the scheduled
behaviours in late pregnancy, while feeding behaviour was
unchanged or even increased. This was shown by the fact that
pregnant females consumed substantially more energy even though
they were less active at night during late pregnancy.

Daily increases in body mass paralleled the reduction in physical
activity as pregnancy advanced. Moreover, heavier individuals had
lower physical activity in late pregnancy. This has several potential
explanations. Perhaps the mice conserved energy by reducing
activity, which could then be channelled into growth. Alternatively,
the mice may have found it more difficult to move around as they
got larger; hence, the activity reduction may have been caused by
the mass change and not the reverse. Finally, the reduction of activity
in relation to body mass may have been an adaptive response
reflecting the possibility that in the wild heavily pregnant individuals
might be more prone to predation risks. Minimising the time spent
active as the individuals got bigger might then mitigate this elevated
predation risk. The significant increase in body mass during
pregnancy was detected from day −15, which was earlier than the
time when mice became significantly less active (day −6). This might
suggest the reduction in physical activity was a consequence of the
increasing body mass (e.g. Vaanholt et al., 2010). However, on the
last day of pregnancy when the mice were at their heaviest they
increased their activity back up to the level observed at baseline,
indicating the reduced activity was not because the mice were
progressively less able to move around as a result of their increasing
body mass. This suggests the reduction in activity was more likely
to be regulated to conserve energy that might be channelled into
growth, or to reduce predation risk. Reduced activity may therefore
be a significant energy conservation strategy during pregnancy in
mice.

Similar to physical activity, daily mean Tb gradually declined over
the period of pregnancy. This was consistent with findings in several
other rodent species including the Mongolian gerbil (M.
unguiculatus) (Weinandy and Gattermann, 1995) and
Sprague–Dawley rats (R. norvegicus) (Fewell, 1995). However,
dwarf hamsters (P. campbelli) did not have a progressive decrease
in Tb with days of gestation (Scribner and Wynne-Edwards, 1994).
In addition, weekly mean Tb also did not show this gradual decrease

in Long–Evans rats (R. norvegicus) as gestation advanced (Kittrell
and Satinoff, 1988). The minimum body temperature in pregnant
mice reported here was 36.8°C, which was lower than that of
Sprague–Dawley rats (R. norvegicus) (Fewell, 1995) and the
Mongolian gerbil (M. unguiculatus) (Weinandy and Gattermann,
1995). The minimal Tb was observed on the day before parturition
in our mice, consistent with previous data for both mice and rats
(Fewell, 1995), whereas the Mongolian gerbil decreased Tb to a
minimum 3days before parturition (Weinandy and Gattermann,
1995). This difference was probably because only one pregnant
Mongolian gerbil was monitored (Weinandy and Gattermann,
1995), and individuals may differ in their responses of Tb to
pregnancy. Alternatively, Mongolian gerbils might have different
thermoregulation near the end of parturition from mice and rats, as
Mongolian gerbils showed a different rhythmicity in physical
activity over the time of day compared with that of mice and rats
(Refinetti, 2006).

The decrease in mean Tb during late pregnancy was caused by a
lower Tb in the dark phase, which was at least partially explained
by the lower levels of physical activity at this time. In addition to
the lower intensity of activity in late pregnancy in the dark phase,
the heat generated by this activity would be distributed into the
greater body mass, which would also contribute to the lower
elevation of Tb when the mice were active. This attenuation of the
diurnal cycle in Tb was similar to that observed in Sprague–Dawley
rats (R. norvegicus) (Fewell, 1995). However, our mice maintained
a circadian rhythm in Tb during late pregnancy (day −8 to day −2),
while a circadian rhythm in mean Tb disappeared during the last
5days of pregnancy in rats (R. norvegicus) (Fewell, 1995). This
difference between rats and mice may in part be a methodological
artefact as mean Tb was compared on an hourly basis in the current
study while means of 3h periods were compared in the rat study
(Fewell, 1995). Inconsistent with the pattern for mice and rats, dwarf
hamsters (P. campbelli) decreased the amplitude of the daily Tb
rhythm by increasing Tb in the light phase (Scribner and Wynne-
Edwards, 1994). This suggests that hamsters may have different
strategies in thermoregulation as well as energy balance during
pregnancy from those of mice and rats.

Eliason and Fewell suggested Tb was downregulated in late
pregnancy in rats, and that this might be an additional energy
conservation strategy (Eliason and Fewell, 1997). However, until day
19 of gestation, no changes were found in the activity of BAT
(Andrews et al., 1986), although BAT activity did decrease at the
very end of gestation (Trayhurn and Richard, 1985). Although there
was a progressive decline in Tb throughout gestation in the mice
studied here, this decline only reversed the increase that had occurred
between baseline and early pregnancy. Hence, inactive Tb was not
significantly different in late pregnancy from that in the baseline period
prior to mating. The results from this study therefore do not support
the hypothesis that thermogenesis was suppressed in late pregnancy
in mice relative to baseline; rather, the lowered temperature was due
to a reduced intensity of activity and a greater mass in which the
generated heat was distributed. This was further reinforced by the
fact that across individuals mean Tb in late pregnancy was unrelated
to mean body mass, suggesting that those mice that maintained lower
Tb derived no benefits in increased growth.

The very high level of ‘inactive’ Tb in early pregnancy remains
a mystery. During mating, high Tb was probably enabled by the
mice huddling together. In early pregnancy, males were also present
with most of the females, possibly contributing to their high Tb.
Yet, the mice sustained considerably higher ‘inactive’ Tb during early
pregnancy than they had immediately after the males were

THE JOURNAL OF EXPERIMENTAL BIOLOGY



2336 The Journal of Experimental Biology 216 (12)

introduced, suggesting additional factors were also at play. This
higher temperature cannot reflect an elevated heat increment of
feeding because food intake levels were higher later in pregnancy
when the mice maintained cooler Tb. Moreover, in late pregnancy
it was actually those mice that ate most food that were coolest. A
potential reason for the high temperatures in early pregnancy relates
to hormonal changes during this period, although the present
experiment was not designed for monitoring hormone secretions so
we could not correlate the observed changes with hormone titres in
our animals. Nevertheless, progesterone secretion was elevated in
pregnancy in Djungarian hamsters (P. campbelli) (Edwards et al.,
1994) and rats (Asarian and Geary, 2006; Hervey et al., 1967). Adels
and Leon (Adels and Leon, 1986) found an increase in Tb with
progesterone administration in female brown rats (R. norvegicus).
Clearly, changes in progesterone levels may have affected Tb in
early pregnancy; however, why such effects were not continued into
late pregnancy is unclear.

This study suggests that lowered Tb (reflecting lowered resting
metabolism) does not contribute to energy savings in pregnancy in
the mouse, as the mean Tb was higher during the majority of
pregnancy than during baseline. However, the profound reduction
in physical activity particularly from day −11 onwards may be an
important part of the energy budget of pregnant mice, enabling them
to divert ingested energy preferentially into fetal growth. The decline
in food intake during the last 3days of pregnancy did not appear to
be caused by space competition between the alimentary tract and
expanding fetal mass in the abdomen, and its cause remains unclear.
However, the absence of such a trade-off suggests that pregnancy
is unlikely to be a constraining period on the process of reproduction
in these mice (see also Duah et al., 2013). The causes of the elevated
Tb in early pregnancy remain unresolved.

APPENDIX
Variations of mean Tb, active Tb and inactive Tb with time of

day
Changes of mean Tb throughout the day were compared among the
different periods of baseline, mating and late pregnancy
(supplementary material Fig.S1A). Mean Tb varied considerably
with time of day and also varied significantly between the different
periods (two-way ANOVA, time, F=60.22, P<0.001; period,
F=364.96, P<0.001; interaction of time and period, F=8.89,
P<0.001). Mice during baseline had a clear circadian rhythm in mean
Tb, ranging from a minimal level of 36.55±0.29°C at 12:00h to a
maximal level of 38.11±0.55°C at 20:00h. Mean Tb during the dark
(19:00 to 07:00h) was always higher than the lowest value in the
light phase during the baseline period (Tukey pairwise comparisons,
P<0.01), although it started decreasing significantly from 01:00h
compared with the maximal value at 20:00h (Tukey pairwise
comparisons, P<0.01). The changing pattern of mean Tb with time
of day was very similar to the diurnal pattern of changes in physical
activity during baseline (Fig.5), suggesting that hourly mean Tb was
strongly associated with physical activity changes. During mating,
the lowest value of mean Tb was 37.20±0.24°C at 15:00h. This was
0.65°C higher than the lowest value found during baseline. There
was no significant difference in mean Tb between 11:00 and 18:00h
(Tukey pairwise comparisons, P>0.05). Compared with this period,
mice had significantly higher body temperatures between 19:00 and
00:00h. Maximal mean Tb was 38.11±0.38°C at 20:00h. Similar to
the hourly changes in physical activity during mating (Fig.5), mean
Tb increased again and became significantly higher from 05:00 to
08:00h compared with the lowest Tb (Tukey pairwise comparisons,
P<0.01). Mean Tb in late pregnancy varied from 36.93±0.19°C at

12:00h to 37.37±0.30°C at 20:00h. The amplitude of mean Tb was
much smaller in late pregnancy than in either the baseline or mating
periods. This meant during the day the pregnant mice had higher
levels of mean Tb than at baseline (significant at 12:00 and 15:00h,
Tukey pairwise comparisons, P<0.01), but at night they had much
lower levels (significant between 20:00 and 01:00h, Tukey pairwise
comparisons P<0.01). The mean Tb in late pregnancy was always
lower than that during the mating period.

The pattern of change in active Tb (supplementary material
Fig.S1B) was almost identical to that reported in mean Tb. Active
Tb differed significantly with time of day in the different periods
(two-way ANOVA, time, F=47.53, P<0.001; period, F=443.11,
P<0.001; interaction of time and period, F=9.79, P<0.001). Active
Tb in the baseline period varied from 36.75±0.38°C at 12:00h to
38.20±0.44°C at 20:00h. The active Tb at 12:00h was significantly
lower than that during all hours during darkness (Tukey pairwise
comparisons, P<0.01). Active Tb remained at the maximal level
(20:00h) between 21:00 and 01:00h (Tukey pairwise comparisons,
P>0.05) and declined from 02:00h onwards. There was no
significant difference in active Tb between 10:00 and 18:00h during
mating (Tukey pairwise comparisons, P>0.05). The lowest and
highest Tb values were 37.38±0.32 and 38.15±0.32°C, recorded at
15:00 and 20:00h, respectively (Tukey pairwise comparisons,
P<0.01). In late pregnancy, the lowest level of active Tb was
37.02±0.24°C at 15:00h. There were no significant differences in
active Tb between 11:00 and 18:00h (Tukey pairwise comparisons,
P>0.05). Active Tb in late pregnancy was maximised at
37.39±0.19°C at 19:00h, which was significantly higher than values
between 11:00 and 16:00h (Tukey pairwise comparisons, P<0.05).

The differences in active Tb among baseline, mating and late
pregnancy were similar to those in mean Tb among the three periods.
In the light phase, between 11:00 and 16:00h, active Tb during
mating was higher than that of baseline (Tukey pairwise
comparisons, P<0.01). It was also higher than that of late pregnancy
between 11:00 and 14:00h (Tukey pairwise comparisons, P<0.01).
There were no differences in active Tb between baseline and late
pregnancy during the daytime. After 19:00h and until 04:00h the
following morning, active Tb was significantly lower in late
pregnancy than during baseline and mating (Tukey pairwise
comparisons, P<0.01), suggesting that not only were the mice less
active in late pregnancy but they also elevated their body temperature
less during this activity.

Inactive Tb differed with time of day and among the different
periods (two-way ANOVA, times, F=11.56, P<0.001; periods,
F=452.33, P<0.001; interaction of times and periods, F=1.62,
P=0.001). Inactive Tb during baseline varied from 36.42± 0.27°C
at 12:00h to 37.13±0.68°C at 20:00h. Inactive Tb was low between
11:00 and 18:00h during daytime, but compared with those hours
inactive Tb increased significantly between 19:00 and 23:00h
(Tukey pairwise comparisons, P<0.05). During mating, the highest
inactive Tb (37.47±0.26°C) was recorded at 21:00h, which was an
hour later than that of mean Tb and active Tb. Inactive Tb was higher
during mating than that during baseline. The lowest inactive Tb
during mating was 37.00±0.33°C at 12:00h.

ACKNOWLEDGEMENTS
We are grateful to Andrew Adams and Kerry Cameron for assistance with surgery
and for the animal house staff for looking after the mice.

AUTHOR CONTRIBUTIONS
Y.G. co-conceived and co-designed the work and contributed the majority of effort
to the data collection, performed the data analyses and co-wrote the paper. A.B.
contributed to the data collection. S.E.M. and C.H. contributed to the data

THE JOURNAL OF EXPERIMENTAL BIOLOGY



2337Body temperature and activity in pregnancy

collection and curation. C.H., A.A.J., L.M.V. and E.K. contributed data to the
analysis shown in Fig.3. J.R.S. co-conceived and co-designed the work,
performed the final data analysis and co-wrote the paper. C.H., L.M.V., S.E.M.
and E.K. revised and rewrote the paper.

COMPETING INTERESTS
No competing interests declared.

FUNDING
Y.G. was supported by a grant from the International Rotary Foundation, A.B. was
supported by an Erasmus scholarship, A.A.J. was supported by a scholarship
from the Iraqi Government and L.M.V. was supported by a Rubicon fellowship
from the Netherlands Scientific Organisation (NWO). The work was funded in part
by a grant from the Natural Environmental Research Council [grant no.
NE/C004159/1] to J.R.S. and C.H.

REFERENCES
Adels, L. E. and Leon, M. (1986). Thermal control of mother–young contact in Norway

rats: factors mediating the chronic elevation of maternal temperature. Physiol.
Behav. 36, 183-196.

Anantharaman-Barr, H. G. and Decombaz, J. (1989). The effect of wheel running
and the estrous cycle on energy expenditure in female rats. Physiol. Behav. 46, 259-
263.

Andrews, J. F., Richard, D., Jennings, G. and Trayhurn, P. (1986). Brown adipose
tissue thermogenesis during pregnancy in mice. Ann. Nutr. Metab. 30, 87-93.

Asarian, L. and Geary, N. (2006). Modulation of appetite by gonadal steroid
hormones. Phil. Trans. R. Soc. B 361, 1251-1263.

Bateman, N. (1957). Some physiological aspects of lactation in mice. J. Agric. Sci. 49,
60-67.

Bermudez, F. F., Forbes, J. M. and Jones, R. (1989). Feed intakes and meal
patterns of sheep during pregnancy and lactation, and after weaning. Appetite 13,
211-222.

Bhatia, A. J., Schneider, J. E. and Wade, G. N. (1995). Thermoregulatory and
maternal nestbuilding in Syrian hamsters: interaction of ovarian steroids and energy
demand. Physiol. Behav. 58, 141-146.

Blaxter, K. L. (1944). Experiments on the use of home grown foods for milk
production. II.The effect of feeding concentrated and bulky foods prior to calving on
subsequent milk production. J. Agric. Sci. 34, 27-34.

Brobeck, J. R., Wheatland, M. and Strominger, J. L. (1947). Variations in regulation
of energy exchange associated with estrus, diestrus and pseudopregnancy in rats.
Endocrinology 40, 65-72.

Brown, C. M. and Refinetti, R. (1996). Daily rhythms of heat production, body
temperature, and locomotor activity in golden hamsters. J. Therm. Biol. 21, 227-230.

Butte, N. F. and King, J. C. (2005). Energy requirements during pregnancy and
lactation. Public Health Nutr. 8, 1010-1027.

Campbell, R. M. and Fell, B. F. (1964). Gastrointestinal hypertrophy in the lactating
rat and its relation to food intake. J. Physiol. 171, 90-97.

Campbell, I. L. and Flux, D. S. (1948). The relationship between level of nutrition
during the dry period and subsequent performance of dairy cattle. Proc. N. Z. Soc.
Anim. Prod. 8, 61-63.

Clauss, M., Frey, R., Kiefer, B., Lechner-Doll, M., Loehlein, W., Polster, C.,
Rössner, G. E. and Streich, W. J. (2003). The maximum attainable body size of
herbivorous mammals: morphophysiological constraints on foregut, and adaptations
of hindgut fermenters. Oecologia 136, 14-27.

Contreras, L. C. (1984). Bioenergetics of huddling – test of a psycho-physiological
hypothesis. J. Mammal. 65, 256-262.

Cooper, S. D. B., Kyriazakis, I. and Oldham, J. D. (1994). The effect of late
pregnancy on diet selection made by ewes. Livest. Prod. Sci. 40, 263-275.

De Castro, J. M. (1978). Diurnal rhythms of behavioral effects on core temperature.
Physiol. Behav. 21, 883-886.

Douglas, A. J., Johnstone, L. E. and Leng, G. (2007). Neuroendocrine mechanisms
of change in food intake during pregnancy: a potential role for brain oxytocin.
Physiol. Behav. 91, 352-365.

Duah, O. A., Monney, K., Hambly, C., Król, E. and Speakman, J. R. (2013). Limits
to sustained energy intake. XVII. Lactation performance in MF1 mice is not
programmed by fetal number during pregnancy. J. Exp. Biol. 216, 2339-2348.

Duarte, L. C., Vaanholt, L. M., Sinclair, R. E., Gamo, Y. and Speakman, J. R.
(2010). Limits to sustained energy intake XII: is the poor relation between resting
metabolic rate and reproductive performance because resting metabolism is not a
repeatable trait? J. Exp. Biol. 213, 278-287.

Edwards, H. E., Jenkins, K. L., Mucklow, L. C., Erb, G. E. and Wynne-Edwards, K.
E. (1994). Endocrinology of the pregnant Djungarian hamster Phodopus campbelli.
J. Reprod. Fertil. 101, 1-8.

Eliason, H. L. and Fewell, J. E. (1997). Thermoregulatory control during pregnancy
and lactation in rats. J. Appl. Physiol. 83, 837-844.

Feldman, M., Ruan, W. F., Cunningham, B. C., Wells, J. A. and Kleinberg, D. L.
(1993). Evidence that the growth hormone receptor mediates differentiation and
development of the mammary gland. Endocrin. 133, 1602-1608.

Fewell, J. E. (1995). Body temperature regulation in rats near term of pregnancy. Can.
J. Physiol. Pharmacol. 73, 364-368.

Flux, D. S. (1950). The effect of under nutrition before calving on the quantity and
composition of milk produced by 2-year-old heifers. J. Agric. Sci. 40, 177-184.

Foot, J. Z. and Russel, A. J. F. (1979). Relationship in ewes between voluntary food
intake during pregnancy and forage intake during lactation and after weaning. Anim.
Prod. 28, 25-39.

Forbes, J. M. (1968). The physical relationship of the abdominal organs in the
pregnant ewe. J. Agric. Sci. 70, 171-177.

Forbes, J. M. (1977). Interrelationships between physical and metabolic control of
voluntary food intake in fattening, pregnant and lactating mature sheep: a model.
Anim. Prod. 24, 91-101.

Forsyth, I. A. (1994). Comparative aspects of placental lactogens: structure and
function. Exp. Clin. Endocrinol. 102, 244-251.

Franken, P., Tobler, I. and Borbély, A. A. (1992). Sleep and waking have a major
effect on the 24-hr rhythm of cortical temperature in the rat. J. Biol. Rhythms 7, 341-
352.

French, P. D. (2006). Dry matter intake and blood parameters of nonlactating Holstein
and Jersey cows in late gestation. J. Dairy Sci. 89, 1057-1061.

Gjorevski, N. and Nelson, C. M. (2011). Integrated morphodynamic signalling of the
mammary gland. Nat. Rev. Mol. Cell Biol. 12, 581-593.

Gordon, J. G. and Tribe, D. E. (1951). The self selection of diet by pregnant ewes. J.
Agric. Sci. 41, 187-190.

Gray, J. M. and Wade, G. N. (1981). Food intake, body weight, and adiposity in
female rats: actions and interactions of progestins and antiestrogens. Am. J. Physiol.
240, E474-E481.

Hayes, J. P., Speakman, J. R. and Racey, P. A. (1992). The contributions of local
heating and reducing exposed surface area to the energetic benefits of huddling by
short-tailed field voles (Microtus agrestis). Physiol. Zool. 65, 742-762.

Hervey, E., Hervey, G. R. and Berry, P. M. (1967). A comparison between changes
in body weight and composition in female rats during pregnancy and during
progesterone treatment. J. Endocrinol. 38, R3-R8.

Horseman, N. D. (1999). Prolactin and mammary gland development. J. Mammary
Gland Biol. Neoplasia 4, 79-88.

Hovey, R. C. and Aimo, L. (2010). Diverse and active roles for adipocytes during
mammary gland growth and function. J. Mammary Gland Biol. Neoplasia 15, 279-
290.

Johnson, M. S. and Speakman, J. R. (2001). Limits to sustained energy intake. V.
Effect of cold-exposure during lactation in Mus musculus. J. Exp. Biol. 204, 1967-
1977.

Johnson, M. S., Thomson, S. C. and Speakman, J. R. (2001a). Limits to sustained
energy intake. I. Lactation in the laboratory mouse Mus musculus. J. Exp. Biol. 204,
1925-1935.

Johnson, M. S., Thomson, S. C. and Speakman, J. R. (2001b). Limits to sustained
energy intake. II. Inter-relationships between resting metabolic rate, life-history traits
and morphology in Mus musculus. J. Exp. Biol. 204, 1937-1946.

Johnstone, L. E. and Higuchi, T. (2001). Food intake and leptin during pregnancy
and lactation. Prog. Brain Res. 133, 215-227.

Jolicoeur, L., Asselin, J. and Morisset, J. (1981a). Trophic effects of gestation and
lactation on rat duodenum. Biomed. Res. 1, 482-488.

Jolicoeur, L., Asselin, J. and Morisset, J. (1981b). Effects of gestation and lactation
on rat gastric fundus. Can. J. Physiol. Pharmacol. 59, 96-101.

Kagya-Agyemang, J. K., Hambly, C., Król, E. and Speakman, J. R. (2009). Effects
of dietary protein intake on lactation performance of the laboratory mouse, Mus
musculus. Global Journal of Agricultural Sciences 8, 211-221.

Kent, S., Hurd, M. and Satinoff, E. (1991). Interactions between body temperature
and wheel running over the estrous cycle in rats. Physiol. Behav. 49, 1079-1084.

Kittrell, E. M. W. and Satinoff, E. (1988). Diurnal rhythms of body temperature,
drinking and activity over reproductive cycles. Physiol. Behav. 42, 477-484.

Koehl, M., Battle, S. E. and Turek, F. W. (2003). Sleep in female mice: a strain
comparison across the estrous cycle. Sleep 26, 267-272.

Król, E. and Speakman, J. R. (2003a). Limits to sustained energy intake. VI.
Energetics of lactation in laboratory mice at thermoneutrality. J. Exp. Biol. 206, 4255-
4266.

Król, E. and Speakman, J. R. (2003b). Limits to sustained energy intake. VII. Milk
energy output in laboratory mice at thermoneutrality. J. Exp. Biol. 206, 4267-4281.

Król, E., Murphy, M. and Speakman, J. R. (2007). Limits to sustained energy intake.
X. Effects of fur removal on reproductive performance in laboratory mice. J. Exp.
Biol. 210, 4233-4243.

Landskroner-Eiger, S., Park, J., Israel, D., Pollard, J. W. and Scherer, P. E. (2010).
Morphogenesis of the developing mammary gland: stage-dependent impact of
adipocytes. Dev. Biol. 344, 968-978.

McLean, J. H. and Coleman, W. P. (1971). Temperature variation during the estrous
cycle: active versus restricted rats. Psychon. Sci. 22, 179-180.

Morgan, B. and Winick, M. (1981). A possible control of food intake during pregnancy
in the rat. Br. J. Nutr. 46, 29-37.

Munro, J. (1955). Studies on the milk yields of Scottish blackface ewes. J. Agric. Sci.
46, 131-136.

R Development Core Team (2007). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-
07-0.

Racey, P. A. (1973). Environmental factors influencing the length of gestation in
heterothermic bats. J. Reprod. Fertil. 19, 175-189.

Racey, P. A. and Swift, S. M. (1981). Variations in gestation length in a colony of
pipistrelle bats (Pipistrellus pipistrellus) from year to year. J. Reprod. Fertil. 61, 123-
129.

Refinetti, R. (1994). Contribution of locomotor activity to the generation of the daily
rhythm of body temperature in golden hamsters. Physiol. Behav. 56, 829-831.

Refinetti, R. (2003). Metabolic heat production, heat loss and the circadian rhythm of
body temperature in the rat. Exp. Physiol. 88, 423-429.

Refinetti, R. (2010). The circadian rhythm of body temperature. Front. Biosci. 15, 564-
594.

Rousham, E. K., Clarke, P. E. and Gross, H. (2006). Significant changes in physical
activity among pregnant women in the UK as assessed by accelerometry and self-
reported activity. Eur. J. Clin. Nutr. 60, 393-400.

Schneider, J. E. and Wade, G. N. (1987). Body composition, food intake, and brown
fat thermogenesis in pregnant Djungarian hamsters. Am. J. Physiol. 253, R314-R320.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



2338 The Journal of Experimental Biology 216 (12)

Scribner, S. J. and Wynne-Edwards, K. E. (1994). Disruption of body temperature
and behavior rhythms during reproduction in dwarf hamsters (Phodopus). Physiol.
Behav. 55, 361-369.

Sharp, G. L., Hill, W. G. and Robertson, A. (1984). Effects of selection on growth,
body composition and food intake in mice. I. Responses in selected traits. Genet.
Res. 43, 75-92.

Shirley, B. (1984). The food intake of rats during pregnancy and lactation. Lab. Anim.
Sci. 34, 169-172.

Sinha, K. N., Anderson, R. R. and Turner, C. W. (1970). Growth of the mammary
glands of the golden hamster, Mesocricetus auratus. Biol. Reprod. 2, 185-188.

Slonaker, J. R. (1924). The effect of copulation, pregnancy, pseudopregnancy, and
lactation on the voluntary activity and food consumption of the albino rat. Am. J.
Physiol. 71, 362-394.

Speakman, J. R. (2008). The physiological costs of reproduction in small mammals.
Phil. Trans. R. Soc. B 363, 375-398.

Speakman, J. R. and Keijer, J. (2013). Not so hot: optimal temperatures for housing
mice to mimic the thermal environment of humans. Molecular Metabolism 2, 5-9.

Speakman, J. R. and Król, E. (2011). Limits to sustained energy intake. XIII. Recent
progress and future perspectives. J. Exp. Biol. 214, 230-241.

Speakman, J. R. and McQueenie, J. (1996). Limits to sustained metabolic rate: the
link between food intake, basal metabolic rate, and morphology in reproducing mice,
Mus musculus. Physiol. Zool. 69, 746-769.

Speakman, J. R. and Rossi, F. P. (1999). No support for socio-physiological
suppression effect on metabolism of paired white mice (Mus sp.). Funct. Ecol. 13,
373-382.

Stern, D., Adler, J. H., Tagari, H. and Eyal, E. (1978). Responses of dairy ewes
before and after parturition to different nutritional regimes during pregnancy. 2.
Energy intake, body weight changes during lactation and milk production. Ann.
Zootech. 27, 335-346.

Trayhurn, P. and Richard, D. (1985). Brown adipose tissue thermogenesis and the
energetics of pregnancy and lactation in rodents. Biochem. Soc. Trans. 13, 826-
828.

Treacher, T. T. (1970). Effect of nutrition in late pregnancy on subsequent milk
production in ewes. Anim. Prod. 12, 23-36.

Uvnäs-Moberg, K. (1989). The gastrointestinal tract in growth and reproduction. Sci.
Am. 261, 78-83.

Vaanholt, L. M., Sinclair, R. and Speakman, J. R. (2013). Limits to sustained energy
intake. XIV. Heritability of reproductive performance in mice. J. Exp. Biol. 216, 2308-
2315.

Vaanholt, L. M., Daan, S., Garland, T., Jr and Visser, G. H. (2010). Exercising for
life? Energy metabolism, body composition, and longevity in mice exercising at
different intensities. Physiol. Biochem. Zool. 83, 239-251.

Vickery, W. L. and Millar, J. S. (1984). The energetics of huddling by endotherms.
Oikos 43, 88-93.

Villarroya, F., Felipe, A. and Mampel, T. (1986). Sequential changes in brown
adipose tissue composition, cytochrome oxidase activity and GDP binding
throughout pregnancy and lactation in the rat. Biochim. Biophys. Acta 882, 187-191.

Wade, G. N. and Schneider, J. E. (1992). Metabolic fuels and reproduction in female
mammals. Neurosci. Biophysiol. Rev. 16, 235-272.

Wade, G. N., Jennings, G. and Trayhurn, P. (1986). Energy balance and brown
adipose tissue thermogenesis during pregnancy in Syrian hamsters. Am. J. Physiol.
250, R845-R850.

Wallace, L. R. (1948). The growth of lambs before and after birth in relation to the
level of nutrition. J. Agric. Sci. 38, 93-153.

Wang, G. H. (1923). The relation between ʻspontaneousʼ activity and oestrous cycle in
the white rat. Comp. Psychol. Monogr. 2, 1-40.

Weinandy, R. and Gattermann, R. (1995). Measurement of physiological parameters
and activity in a Mongolian gerbil during gravidity and lactation with an implanted
transmitter. Physiol. Behav. 58, 811-814.

Weinert, D. and Waterhouse, J. (1998). Diurnally changing effects of locomotor
activity on body temperature in laboratory mice. Physiol. Behav. 63, 837-843.

Weinert, D. and Waterhouse, J. (1999). Daily activity and body temperature rhythms
do not change simultaneously with age in laboratory mice. Physiol. Behav. 66, 605-
612.

THE JOURNAL OF EXPERIMENTAL BIOLOGY


	SUMMARY
	Supplementary material
	Key words: energy balance, reproductive performance, programming, food intake, activity,
	INTRODUCTION
	MATERIALS AND METHODS
	Physical activity and body temperature
	Data analysis

	Fig. 1.
	RESULTS
	Energy intake
	Physical activity
	Body temperature
	The relationship between activity and energy intake and body mass
	The relationship between Tb, energy intake and body mass during

	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	DISCUSSION
	Activity patterns and Tb during baseline and mating
	Energy intake and Tb during pregnancy
	Activity levels and Tb during pregnancy

	Fig. 7.
	Fig. 8.
	APPENDIX
	Variations of mean Tb, active Tb and inactive Tb with

	ACKNOWLEDGEMENTS
	AUTHOR CONTRIBUTIONS
	COMPETING INTERESTS
	FUNDING
	REFERENCES

