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Abstract

In most mammals, maternal body mass and fat mass increase during pregnancy due to hyperphagia. These
physiological changes provide the fetus with energy and nutrients and prepare the mother for the high energetic
demands of lactation. In the present study, metabolic changes in response to cold and pregnancy were examined in
female Brandt’s voles (Lasiopodomys brandtii). At 2371 1C, the voles increased body mass and deposited body fat
during pregnancy. However, at 571 1C pregnant voles did not deposit body fat even though energy intake increased
above the level in the warm. Serum leptin concentration increased during pregnancy and was not influenced by cold
exposure. Thermogenic capacity, as indicated by uncoupling protein 1 (UCP1) content in brown adipose tissue (BAT),
increased in cold-exposed pregnant voles. The number and mass of fetuses were not affected by cold exposure. Our
data may indicate the importance of an increased serum leptin concentration for a successful outcome of the pregnancy
and also the independence of leptin secretion from body fat in pregnant voles. It also implies the need to develop
central leptin resistance with respect to control of energy balance for pregnant voles.
r 2009 Elsevier GmbH. All rights reserved.
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Introduction

Hyperphagia during pregnancy is a natural state,
during which body mass and fat mass can increase
dramatically (Shirley, 1984), providing a useful model to
investigate the underlying causes of food intake increase
and fat deposition. The hyperphagia provides the
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growing fetus with energy and nutrients, and the mother
with an energy reserve for lactation.

Long-term energy homeostasis requires a signal to the
hypothalamus that varies in proportion to levels of body
energy storage and energy status. Leptin is one such
signal, and is secreted mainly from adipocytes (Zhang
et al., 1994), but is also produced in some other tissues
including the placenta, stomach and several fetal tissues
(Masuzaki et al., 1997; Bado et al., 1998; Hoggard et al.,
2000). Together with other metabolic feedback signals,
for example insulin (Niswender et al., 2004), leptin acts
in the hypothalamus to suppress food intake, and
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Table 1. Composition of macronutrients and energy content

of the experimental diet based on dry mass.

Standard rabbit pellet chow

Crude fat (%) 5.171.0

Crude protein (%) 24.372.2

NDF (%) 25.072.8

ADF (%) 13.672.2

Caloric value (kJ/g) 17.274.5

NDF, neutral detergent fiber; ADF, acid detergent fiber.
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coordinates thermogenesis and energy expenditure
(Friedman and Halaas, 1998; Ahima and Flier, 2000).
Exogenous leptin treatments can decrease food intake
and increase uncoupling protein 1 (UCP1) mRNA
expression (Pelleymounter et al., 1995; Scarpace and
Metheny, 1998). UCP1, a 32 kDa protein uniquely
expressed in the inner membrane of brown adipose
tissue (BAT) mitochondria, uncouples oxidative meta-
bolism from ATP synthesis (Cannon and Nedergaard,
2004). Cytochrome c oxidase (COX) is the terminal
respiratory complex of the mitochondrial respiratory
chain and is responsible for catalyzing the reduction of
molecular oxygen. During pregnancy, COX activity and
UCP1 mRNA expression in BAT decreased (Wade et
al., 1986; Martin et al., 1989), while energy intake and
serum leptin concentration increased significantly in
numerous mammalian species (Butte et al., 1997; Amico
et al., 1998; Zhang and Wang, 2008). Injection or
infusion of leptin failed to decrease food intake in
pregnant rats (Stocker et al., 2004), indicating that leptin
resistance may occur during pregnancy. Whether leptin
is related to the regulation of energy intake and/or
thermogenic capacity during pregnancy in field rodents
is unclear.

Brandt’s voles (Lasiopodomys brandtii) mainly inhabit
the grasslands of Inner Mongolia of China, Mongolia
and the Baikal region of Russia, where the winter lasts
for more than 5 months and average annual tempera-
tures are 0–4 1C. They are non-hibernating herbivores,
and store food in autumn for the long winter. The
reproductive season of Brandt’s voles is from March to
August (Zhang and Wang, 1998). In Inner Mongolia of
China, ambient temperatures in March and April are
still mostly below zero (Wan et al., unpublished data).
Therefore, in the early spring, Brandt’s voles are faced
with the simultaneous stressors of cold and breeding.
Small mammals have increased thermoregulatory costs
at low temperature. This energy demand for thermo-
genesis competes with reproduction (Bronson, 1985).
Thus, Brandt’s voles are a good model to study
metabolic changes during reproduction in the cold.

The voles increased energy intake and thermogenic
capacity in response to simultaneous lactation and cold
exposure (Zhang and Wang, 2007). The objective of this
study was to examine the effect of simultaneous
pregnancy and cold exposure on energy intake, fat
content, resting metabolic rate (RMR), and thermogenic
capacity in female Brandt’s voles, and whether this
effect can be related to circulating leptin concentration.
We hypothesized that cold-exposed Brandt’s voles
have the ability to maintain both maternal energy
status and fetal development, with leptin mediating the
regulation of maternal energy intake and thermogenesis.
Thus maternal energy intake and thermogenic capacity
would be expected to increase, while serum leptin
concentration would decrease, and maternal body fat
mass and fetal mass should not change during cold
exposure.
Materials and methods

Animals

Adult virgin female Brandt’s voles were offspring of
the F6 generation of animals trapped in Inner Mon-
golian grasslands in May 1999 and raised at the Institute
of Zoology, Chinese Academy of Sciences, Beijing. The
voles were weaned at 21 days of age and housed as
same-sex sibling pairs in plastic cages (30� 15� 20 cm)
with sawdust as bedding in a temperature-controlled
room (2371 1C) with a 12L:12D cycle (lights on at
08:00 h). Food (commercial rabbit pellet chow; KeAo
Feed Co., Beijing, China) and water were provided ad

libitum. The composition and energy content of the
experimental diet is presented in Table 1.

All animal procedures were licensed by the Animal
Care and Use Committee of the Institute of Zoology,
Chinese Academy of Sciences.
Experimental design

Females weighing 45–55 g (90–120 days old) were
moved into individual cages for at least 2 weeks before
the start of data collection. Then some (n ¼ 12) were
paired randomly with males and checked for vaginal
emboli twice daily. Females were identified as pregnant
as soon as a vaginal embolus was noticed and this day
was defined as the mating day. Then the male was
separated from the female (the male had been with the
female for a maximum of 2 days). Four days after
mating, half of the pregnant voles (pregnant voles in
cold (PC), n ¼ 6) were transferred to a room at 571 1C
for 2 weeks. The other half remained at 2371 1C
(pregnant voles in warm (PW), n ¼ 6). Also, non-
reproductive voles (NR) remained at 2371 1C (n ¼ 6).
Body mass was measured before mating and on days 17
or 18 of pregnancy.
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Metabolic measurements

RMR (ml O2/h) was measured between 09:00 and
17:00 h (to minimize the effect of circadian rhythms) on
day 14 of pregnancy by using an established closed-
circuit respirometer at 3070.5 1C (a temperature within
the animals’ thermal neutral zone), as described
previously (Li and Wang, 2005). The metabolic chamber
volume was 3.6 l and the temperature inside the chamber
was controlled by a water bath. Potassium hydroxide
(KOH) and silica gel were used to absorb carbon
dioxide and water, respectively, in the metabolic
chamber. The voles were weighed before the test, and
were placed in the chamber for 60min to acclimate and
then oxygen consumption was recorded for another
60min at 5min intervals. Two stable consecutive lowest
readings were taken to calculate RMR and corrected to
standard temperature and pressure.

Energy intake

Energy intake was measured in metabolic cages for
three consecutive days from day 15 to day 18 of
pregnancy at the temperature the animals were living
at (Liu et al., 2003). During the test, food was provided
quantitatively and water was provided ad libitum. After
the 3 day test, food residues and feces were collected,
oven-dried at 60 1C to constant mass and separated
manually. The caloric values of food and feces were
determined by calorimetry (Parr 1281 oxygen bomb
calorimeter, Parr Instrument Co., Moline, USA). Gross
energy intake (GEI), digestible energy intake (DEI) and
apparent digestibility (hereafter referred to as digest-
ibility) were calculated according to Grodzinski and
Wunder (1975) and Liu et al. (2003):

GEIðkJ=dayÞ ¼ dry matter intakeðDMI; g=dayÞ

� food caloric valueðkJ=gÞ;

DEIðkJ=dayÞ ¼ GEIðkJ=dayÞ � ðdry feces massðg=dayÞ

� feces caloric valueðkJ=gÞÞ;

Digestibilityð%Þ ¼ DEI=GEI� 100%.
Measurements of mitochondrial protein content,

cytochrome c oxidase activity and UCP1 content

All subjects were weighed and sacrificed by decapita-
tion at 09:00–11:00 h on day 18 of pregnancy. Blood
samples were collected by puncture of the posterior vena
cava (Li and Wang, 2005; Zhang and Wang, 2007). The
interscapular BAT and a piece of liver were carefully
dissected, weighed, frozen in liquid nitrogen and stored
at �80 1C. Mitochondrial protein (MP) content of BAT
(mg/g BAT) was measured with the Folin phenol
method, using bovine serum albumin as standards
(Lowry et al., 1951). The COX activity of BAT (nmol
O2/minmg MP, nmol O2/min g BAT, or nmol O2/min in
total BAT) was measured with the polarographic
method using oxygen electrode units (Hansatech Instru-
ments Ltd., King’s Lynn, England) (Sundin et al., 1987;
Li and Wang, 2005; Zhang and Wang, 2006). MP
content and COX activity of liver were measured with
the same methods as for BAT.

UCP1 content was measured by Western blotting.
Total BAT protein (12 mg per lane) was separated in a
discontinuous SDS-polyacrylamide gel (12.5% running
gel and 3% stacking gel) and blotted to a nitrocellulose
membrane (Hybond-C, Amersham Biosciences, Eng-
land). To check for the efficiency of protein transfer, gels
and nitrocellulose membranes were stained after trans-
ferring with Coomassie brilliant blue and Ponceau red,
respectively. UCP1 was detected using a polyclonal
rabbit anti-hamster UCP1 (1:5000) (supplied by Dr. M.
Klingenspor, Department of Biology, Philipps Univer-
sity, Marburg, Germany) as a primary antibody, and
peroxidase-conjugated goat anti-rabbit IgG (1:5000)
(Jackson ImmunoResearch Laboratories Inc., Indiana-
polis, USA) as the second antibody. Enhanced chemo-
luminescence (ECL, Amersham Biosciences, England)
was used to detect specific binding sites. UCP1 content
per MP was expressed as relative units (RU), quantified
by using Scion Image Software (Scion Corporation,
Maryland, USA) (Li and Wang, 2005; Zhang and
Wang, 2006). UCP1 content per whole BAT can be
calculated by multiplication: UCP1 per MP�MP as mg
per g of BAT�BAT mass.
Serum leptin assay

Serum leptin concentration was measured by radio-
immunoassay (RIA) using the Linco 125I multi-species
kit (Cat. No. XL-85K, Linco Research Inc., St. Charles,
USA). This method has been demonstrated to be valid
for the measurement of leptin concentration in Brandt’s
voles (Li and Wang, 2005; Zhang and Wang, 2006). The
lowest and highest concentrations of leptin that can be
detected by this assay are 1.0 and 50 ng/ml, respectively,
when using a 100 ml sample (instructions for multi-
species leptin RIA Kit). Intra- and inter-assay coeffi-
cients of variation for leptin RIA reported by the
manufacturer are o3.6% and 8.7%, respectively.
Body composition analysis

After interscapular BAT was removed, the visceral
organs, including heart, lung, liver, kidneys, spleen,
uterus and gastrointestinal tract (stomach, small intes-
tine, cecum, proximal colon and distal colon) were
extracted and weighed (71mg). The fetuses and
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placentas were taken out and weighed. The gastro-
intestinal tract was rinsed with saline to remove its
contents and weighed. The body mass without visceral
organs was defined as wet carcass mass. The carcass was
dried in an oven at 60 1C for 10 days to constant mass,
and then weighed again to obtain body water mass.
Body fat (fat mass of individual organs was not
measured) was extracted from the dried carcass by ether
extraction in a Soxhlet apparatus (Gould, 1943).
Data analyses

Data analyses were performed using SPSS software
(SPSS 1998). Distributions of all variables were tested for
normality using the Kolmogorov-Smirnov test, and if not
normal, were log-transformed. The percentage values were
subjected to an arcsine square-root transformation. Analy-
sis of variance (ANOVA) was performed on between-group
differences in female body mass, COX activity, UCP1
content and serum leptin concentrations, followed by Tukey
HSD tests. The differences in energy intake (DMI, GEI and
DEI) and RMR were determined using ANCOVA with
body mass as the covariate (RMR ANCOVA used body
mass measured on day of RMR). Morphological para-
meters were analyzed by ANCOVA with wet carcass mass
as a covariate. Differences in the number of fetuses (litter
size), and in the overall mass of fetuses and placentas were
determined by independent-samples t-tests. The mass of
fetuses and placentas was further examined by ANCOVA,
with litter size as a covariate. Pearson’s correlation analysis
was performed to determine the correlations between serum
leptin concentrations and body fat mass, between residual
serum leptin concentrations (corrected for body mass) and
residual GEI (corrected for body mass), between serum
leptin concentration and UCP1 content. Results are
presented as arithmetic means7SE and Po0.05 was
considered to be statistically significant.
Table 2. Changes of body composition in non-reproductive and p

NR PW

Initial body mass (g) 49.971.6 50

Final body mass (g) 50.671.7 83

Wet carcass mass (g) 36.33171.550 48.21

Body water mass (g) 19.57871.112 23.62

Fat-free wet carcass (g) 27.31471.186 34.38

Body fat mass

(g) 9.01770.647 13.82

% (relative to final body mass) 24.871.3 28

Values are arithmetic means7SE. a, significantly different at Po0.05 from N

group; PW, pregnant females in the warm; PC, pregnant females in the cold
Results

Maternal body mass, body composition, organ mass

and fetal number and mass

There was no difference in body mass among the
three groups prior to the experiment (Table 2). At
late pregnancy, maternal body mass increased both in
the warm and cold, and there was no difference between
pregnant voles in warm and cold conditions. The
masses of carcass and body fat increased signifi-
cantly in pregnant voles kept in the warm, as compared
to the non-reproductive and cold-exposed pregnant
voles. Body fat mass and fat content (fat mass
relative to final body mass) in the cold-exposed pregnant
voles were 43% and 32% lower, respectively, than
in pregnant voles kept in the warm, and 13% and
21% lower than in non-reproductive voles in the
warm. The fat-free carcass mass was higher in pregnant
voles kept in the warm compared to that of non-
reproductive voles. There was an almost significant
difference in body water among the three experimental
groups (Table 2).

Organ masses also increased during pregnancy. When
the effect of carcass mass was removed, the masses
of liver, spleen and uterus were higher in the warm-
and cold-exposed pregnant voles than in the non-
reproductive animals. The masses of stomach, small
intestine, cecum and distal colon were higher in the cold-
exposed pregnant voles than in the other two groups
(Table 3).

There were no significant differences in the number
and overall mass of fetuses, and in the overall mass
of placentas between cold- and warm-exposed pregnant
voles (Table 3). When the effect of litter size
was removed, there were still no differences in the
overall mass of fetuses (F1,9 ¼ 2.326, P ¼ 0.162) and
placentas (F1,9 ¼ 0.066, P ¼ 0.803) between these two
groups.
regnant voles exposed to 23 1C and 5 1C.

PC F2,15 P

.171.8 49.971.9 0.004 0.996

.372.0a 78.173.6a 46.397 o0.001

271.859a 39.92672.330b 9.867 0.002

071.560 23.21371.489 3.517 0.056

771.885a 32.06872.002 4.348 0.032

670.624a 7.85870.318b 20.700 o0.001

.971.6 19.771.8b 8.325 0.004

R; b, significantly different at Po0.05 from PW. NR, non-reproductive

.
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Table 3. Mean wet organ and fetus masses in non-reproductive and pregnant voles exposed to 23 1C and 5 1C.

NR PW PC F2,14 P

Heart (g) 0.23870.013 0.29470.013 0.32170.016ab 10.800 0.001

Lungs (g) 0.36870.045 0.39970.041 0.48970.053 1.731 0.213

Liver (g) 1.67470.106 3.35870.287a 3.46270.222a 15.261 o0.001

Kidney 0.46270.027 0.64570.031a 0.76670.019ab 26.669 o0.001

Spleen (g) 0.03370.005 0.15770.024 0.09570.011a 4.907 0.024

Uterus (g) 0.10570.015 1.15370.065 1.21370.108a 54.917 o0.001

Stomach (g) 0.32770.020 0.44870.013 0.55070.042ab 23.246 o0.001

Small intestine (g) 0.52870.015 0.67870.038 0.90970.080ab 11.168 0.001

Cecum (g) 0.41770.008 0.60170.038 0.82370.068ab 16.496 o0.001

Proximal colon (g) 0.16170.010 0.19370.017 0.23670.016a 6.137 0.012

Distal colon (g) 0.20170.015 0.35970.030 0.48370.035ab 29.658 o0.001

Fetus numbers 7.770.6 9.271.0 t ¼ �1.265, df ¼ 10 0.234

Overall fetus mass (g) 7.48071.506 7.23171.456 t ¼ 0.119, df ¼ 10 0.908

Placental mass (g) 1.81570.118 2.13670.220 t ¼ �1.284, df ¼ 10 0.228

Values are arithmetic means7SE. Data were analyzed by ANCOVA with carcass mass as a covariate, or by independent-sample t-tests. a,

significantly different at Po0.05 from NR; b, significantly different at Po0.05 from PW. NR, non-reproductive group; PW, pregnant females in the

warm; PC, pregnant females in the cold.
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Energy intake and RMR

When the effect of body mass on day 18 of pregnancy
was removed, cold-exposed pregnant voles had higher
dry matter (DMI) or gross energy intake (F2,14 ¼ 8.407,
P ¼ 0.004) and digestible energy intake (F2,14 ¼ 6.482,
P ¼ 0.01) than the other two groups (Fig. 1). There was
no significant difference in digestibility among the three
experimental groups (F2,15 ¼ 0.029, P ¼ 0.972; Fig. 1).

When the effect of body mass on RMR was removed,
there was no significant difference in RMR between the
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higher COX activity per gram of BAT compared to
pregnant voles in the warm. The cold-exposed pregnant
voles also had higher MP content, but lower COX
activity per mg MP compared to the other two groups
(Table 4). The pregnant voles in the warm and cold had
higher COX activity in whole liver compared to non-
reproductive voles. The cold-exposed pregnant voles
also had higher relative liver mass compared to non-
reproductive voles, and higher liver COX activity per mg
MP, but lower MP content in liver compared to non-
reproductive voles and pregnant voles in the warm
(Table 4).

UCP1 content per gram of MP in BAT in cold-
exposed pregnant voles increased by 34% and 46%
compared to non-reproductive and pregnant voles in the
Table 4. MP content and COX activity in BAT and liver in non-r

NR PW

Brown adipose tissue (BAT)

(g) 0.26670.038 0.4697
% (relative to body mass) 0.570.1 0.67

MP (mg/g BAT) 3.15370.367 2.2547
COX activity in BAT

nmol O2/minmg MP 2187.27195.6 2523.37
nmol O2/min g BAT 6615.87388.7 5567.87
nmol O2/min in whole BAT 1729.97231.3 2594.27

Liver

% (relative to body mass) 3.370.2 4.27
MP (mg/g liver) 11.38370.744 10.6197
COX activity in liver

nmol O2/minmg MP 253.96715.17 265.737
nmol O2/min g liver 2855.87157.5 2814.97
nmol O2/min in whole liver 4788.97429.8 9915.77

Values are arithmetic means7SE. The data for the mass of BAT (g) were a

analyzed by ANOVA, followed by Tukey HSD tests. a, significantly differen

NR, non-reproductive group; PW, pregnant females in the warm; PC, pregna

oxidase.
warm, respectively (F2,15 ¼ 5.424, P ¼ 0.017; Fig. 3A
and B). UCP1 content per whole BAT in pregnant voles
in the cold was 120% and 93% higher compared to non-
reproductive and pregnant voles in the warm, respec-
tively (F2,15 ¼ 6.334, P ¼ 0.01; Fig. 3C).
Serum leptin concentration

Pregnant voles had a higher serum leptin concentra-
tion than non-reproductive voles (PW vs. NR: 49%; PC
vs. NR: 37%; F2,15 ¼ 21.698, Po0.001; Fig. 4A), and
there was no difference in serum leptin concentration
between pregnant voles in the warm and in the cold
(P ¼ 0.144). The correlation between serum leptin and
body fat mass of all the voles was very weak (r ¼ 0.458,
n ¼ 18, P ¼ 0.056; Fig. 4B). When the data were
analyzed separately, there was no correlation between
serum leptin and body fat mass in any of the groups.
When the effect of body fat on leptin was removed,
pregnant voles both in the warm and in the cold still
showed higher residual leptin concentrations than non-
reproductive voles (F2,15 ¼ 15.197, Po0.001; Fig. 4C).

There was a weak correlation between serum leptin
and gross energy intake (r ¼ 0.483, n ¼ 18, P ¼ 0.042;
Fig. 5A). However, when the effect of body mass was
removed, residual serum leptin concentration was not
correlated with residual gross energy intake (r ¼ 0.045,
n ¼ 18, P ¼ 0.860; Fig. 5B). There was no significant
correlation between serum leptin concentration and
UCP1 content (r ¼ 0.042, n ¼ 18, P ¼ 0.868; Fig. 5C).
eproductive and pregnant voles exposed to 23 1C and 5 1C.

PC F P

0.076 0.24170.019 1.339 0.294

0.1 0.370.0b 4.695 0.026

0.163 5.20670.656ab 16.144 o0.001

150.1 1453.17142.3ab 11.084 0.001

95.74 7144.97310.3b 7.534 0.005

406.4 1715.77144.4 3.172 0.071

0.3 4.470.2a 5.613 0.015

0.249 8.92070.273ab 7.246 0.006

6.27 360.4474.58ab 35.198 o0.001

32.1 3216.87114.4 3.769 0.047

924.2a 10957.87718.3a 25.577 o0.001

nalyzed by ANCOVA, with carcass mass as a covariate. Others were

t at Po0.05 from NR; b, significantly different at Po0.05 from PW.

nt females in the cold; MP, mitochondrial protein; COX, cytochrome c
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between groups. NR, non-reproductive group; PW, pregnant

females in the warm; PC, pregnant females in the cold.
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Discussion

Small mammals generally increase BAT thermogenic
capacity in response to cold, as indicated by increased
COX activity and a higher UCP1 mRNA level (Cannon
and Nedergaard, 2004). Our data support this. The cold-
exposed pregnant voles had decreased body fat com-
pared to reproduction in the warm, but the fetal
development up to day 18 of gestation was not affected
by cold exposure, which implies a trade-off in energy
allocation to the mothers vs. their offspring. Further,
hyperphagia and hyperleptinemia in pregnancy imply
the need to develop a central leptin resistance with
respect to control of energy balance.

Cold exposure enhanced thermogenic capacity and

energy intake in pregnant voles

Most small mammals increase both RMR and non-
shivering thermogenesis (NST) in response to cold.
Breeding is highly energy demanding. During pregnancy,
NST is inhibited, probably to save energy (Trayhurn
et al., 1982). The pregnant voles exposed to cold had
enhanced BAT thermogenic capacity. Another study
showed that BAT thermogenic capacity in lactating
Brandt’s voles increased to the same level as in cold-
exposed non-reproductive voles (Zhang and Wang,
2007). This reflects the well-known fact that increasing
thermogenesis to maintain a stable body temperature is
essential for survival in small mammals (Cannon and
Nedergaard, 2004).

Small mammals are generally income breeders (i.e.
increased energy intake is the main means to meet the
extra energy demands of reproduction) (Stearns, 1989).
Our present and previous data showed that the
increased energy expenditure for thermogenesis in
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Fig. 5. Correlation between (A) serum leptin concentration

and gross energy intake (GEI) (r ¼ 0.483, n ¼ 18, P ¼ 0.042),

(B) mass-specific leptin concentration and mass-specific energy

intake (r ¼ 0.045, n ¼ 18, P ¼ 0.860), (C) serum leptin

concentration and UCP1 content per MP in BAT (r ¼ 0.042,

n ¼ 18, P ¼ 0.868). NR, non-reproductive group; PW, preg-

nant females in the warm; PC, pregnant females in the cold.
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cold-exposed pregnant or lactating voles (Zhang and
Wang, 2007) was mainly met by increasing energy
intake. The assimilation energy was found to reach a
maximum from 5 to 0 1C in Brandt’s voles (Song and
Wang, 2001). Pregnant rats (Luz and Griggio, 1992) or
lactating mice and deer mice (Peromyscus maniculatus)
(Hammond and Kristan, 2000; Johnson and Speakman,
2001) also increased energy intake in the cold. The
increased masses of digestive organs (Hammond and
Kristan, 2000; Johnson and Speakman, 2001; Zhang
and Wang, 2007), and the increased intestinal digestive
enzyme activity (Hammond and Diamond, 1994;
Hammond, 1997; Liu, 2006) contributed to the increase
in energy absorption during reproduction or cold
exposure. But the voles did not rely on increased
digestibility to compensate for high energy demands
under these conditions. A previous study showed that in
the early spring there was still enough food stored in the
burrows of the voles (Shi et al., 1997). Therefore, food is
not limited and this may explain why voles can
commence reproduction in the early spring when
ambient temperature is still very low.

Cold exposure did not affect fetal development but

affected maternal body fat accumulation

Although energy demands during pregnancy increase
because of fetal development, most small mammals such
as rats, mice (Leshner et al., 1972; Richard and
Trayhurn, 1985), Brandt’s voles (Liu et al., 2003; Zhang
and Wang, 2007) and Mongolian gerbils (Meriones

unguiculatus) (Li, 2006) also increase body mass and
body fat mass at the same time. The increased body
mass and fat mass in our study indicate that females
were in positive energy balance. The stored energy in fat
can be mobilized during lactation. The pregnant voles
neither decreased body mass to reduce energy expendi-
ture nor reduced fetus number or mass, when they were
exposed to the cold. Similar results were found for rats
(Luz and Griggio, 1992). However, the fact that
pregnant voles in the cold did not simply increase food
intake for maintaining fat stores, similar to pregnant
voles in the warm, suggests that their sustained energy
intake may be centrally limited by aspects of the
digestive process (Hammond and Diamond, 1992;
Hammond et al., 1996; Johnson et al., 2001; Speakman
and Król, 2005). Alternatively, the sustained energy
intake may be peripherally limited at the sites of energy
utilization (Hammond and Diamond, 1992; Hammond
et al., 1996; Speakman and Król, 2005), or limited by the
capacity to dissipate heat (Król and Speakman,
2003a, b). Although cold exposure during pregnancy
increased the mother’s energy burden, our data suggest
that the voles did not sacrifice the fetuses to preserve
themselves. In Brandt’s voles, energy from body fat
reserve catabolism is equivalent to about 13% of the
total energy intake during lactation (Zhang and Wang,
2008). Therefore, mobilizing body fat is an important
strategy to supply part of the energy required for milk
production (Naismith et al., 1982). Since the pregnant
voles in the cold could not accumulate body fat for the
coming lactation, the effects of cold exposure during
pregnancy and lactation on reproductive output and
offspring development should be further studied.

The role of leptin in regulating maternal energy

intake during pregnancy and cold exposure

Serum leptin, primarily secreted by adipose tissue,
plays an important role in regulating energy balance and
body mass (Friedman and Halaas, 1998). It has been
shown that leptin is also secreted from the placenta and
fetus in pregnant humans and rats (Masuzaki et al.,
1997; Senaris et al., 1997) and plays a role in fetus
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development (Harris, 2000; Henson and Castracane,
2006). Consistent with the results in humans, rats and
mice (Butte et al., 1997; Tomimatsu et al., 1997; Amico
et al., 1998), serum leptin concentration increased
during pregnancy in Brandt’s voles. The increased
serum leptin concentration was not significantly affected
by cold exposure. However, previous data from non-
reproductive rodents such as mice (Korhonen and
Saarela, 2005), rats (Bing et al., 1998), Siberian hamsters
(Phodopus sungorus) (Larkin et al., 2001) and Brandt’s
voles (Zhang and Wang, 2006, 2007) showed that cold
exposure decreased serum leptin concentration signifi-
cantly. In the present study, there was no relation
between serum leptin and body fat during pregnancy.
Serum leptin was also independent from adiposity
during fasting (Ahima et al., 1996; Mustonen et al.,
2008), and during prehibernatory fattening (Kronfeld-
Schor et al., 2000). These dissociations contribute to
increasing energy intake and accumulating body fat.
Hyperleptinemia during pregnancy plays a role in
regulating fetus development and in modulating pla-
cental endocrine function (Henson and Castracane,
2006; Herrid et al., 2006). These data would appear to
indicate the importance of an increased serum leptin
level for a successful outcome of the pregnancy and also
that leptin secretion is independent of body fat in
pregnant voles.

Hyperleptinemia is accompanied by hyperphagia in
pregnant Brandt’s voles and many other mammals
(Johnstone and Higuchi, 2001; Ladyman, 2008). The
present and previous studies also showed that serum
leptin was not correlated with UCP1 content during
pregnancy (Zhang and Wang, 2008). However, injection
of leptin in pregnant rats failed to reduce energy intake
(Stocker et al., 2004), which suggests that leptin
resistance may develop during pregnancy. Evidence
showed that changes in hormonal environment due to
gestation, for example through prolactin and progester-
one, contribute to the development of pregnancy-
induced hyperphagia and leptin resistance (Grattan,
2001; Grattan et al., 2007; Augustine and Grattan,
2008). The molecular mechanisms responsible for this
resistance are unclear. Studies in rats showed that OB-
Rb mRNA expression in the ventromedial nucleus of
the hypothalamus and leptin-induced phosphorylation
of signal transducers and activation of transcription-3
(STAT3) were reduced during pregnancy (Ladyman and
Grattan, 2004, 2005). A state of leptin resistance would
allow for an increase in energy intake and accumulation
of maternal fat to support gestation (Ladyman, 2008),
while keeping a high leptin level would be needed for
proper fetal development. These findings emphasize the
need to develop a central leptin resistance for the
regulation of energy balance.

In summary, pregnant voles can increase energy
intake to maintain the development of the fetus, but
not to accumulate body fat, when exposed to cold. In
the field, Brandt’s voles store food for winter survival
and commence breeding in early spring when the
ambient temperature is still low. Whether cold exposure
during pregnancy can influence the reproductive output
and program the offspring’s energy metabolism for their
adulthood needs to be further investigated.
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