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The Daurian ground squirrel (Spermophilus dauricus) accumulates large amounts of body fat during pre-
hibernation fattening. Leptin, an adipose-derived hormone, plays important roles in energy balance and thermo-
genesis. We predicted that body fat accumulation would lead to the elevation of leptin concentration while its
effect on satiety would be suppressed in hypothalamus during fattening. In addition, the uncoupling protein 1
(UCP1) in brown adipose tissue (BAT) would increase and correlated positively with leptin concentration before
hibernation. Here, wemeasured serum leptin concentration and leptinmRNA inwhite adipose tissue (WAT), hy-
pothalamic neuropeptides involved in energy regulation and UCP1 in BAT before, during and after fattening in
squirrels. The fat mass gradually increased during fattening but serum leptin increased mainly in the late
phase of fattening, which was consistent with leptin mRNA expression in WAT. During fattening, the mRNA of
hypothalamic leptin receptor was up-regulated and correlated positively with serum leptin. Orexigenic neuro-
peptide Y mRNA increased by 67%; however agouti-related peptide remained unchanged before hibernation.
There was no significant change in anorexigenic neuropeptide mRNA. No change in suppressor of cytokine
signaling-3 and protein tyrosine phosphatase-1B was detected. UCP1 mRNA expression and protein content in
BAT increased significantly after fattening. These changes were independent of environmental conditions and
serum leptin concentration. Our results suggest that the dissociation of leptin production and adiposity during
fattening may facilitate fat accumulation. No evidence of suppressed leptin signal was found in fattening squir-
rels. The UCP1 recruitment in post-fattening squirrels could occur withoutwinter-like acclimation and increased
leptin.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Hibernation is used widely by many mammals to overcome
prolonged periods of insufficient food availability and seasonal harsh
environmental conditions (Heldmaier et al., 2004; Geiser, 2013). Before
spontaneous hibernation, seasonal fat-storing hibernators usually
increase their body mass by elevating food intake (Michener, 1974;
Galster and Morrison, 1976; Rickart, 1982; Fietz and Ganzhorn, 1999;
Concannon et al., 2001). The increase in body mass is due mainly to
the accumulation of white adipose tissue (WAT), which represents the
most effective fuel storage for hibernation (Boyer and Barnes, 1999;
Dark, 2005; Florant andHealy, 2012).Mrosovsky and Fisher (1970) pro-
posed the sliding set-point hypothesis to explain the seasonal variation
e Academy of Sciences, Beichen
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of bodymass, but theunderlying physiologicalmechanism is still largely
unknown.

Leptin is an important adipose-derived hormonewithmajor catabolic
effects in mammals (Zhang et al., 1994; Friedman and Halaas, 1998). In
the central nervous system (CNS), leptin suppresses the expression of
orexigenic neuropeptides such as agouti-related peptide (AgRP) and
neuropeptide Y (NPY), and increases the expression of anorexigenic neu-
ropeptides such as cocaine- and amphetamine-regulated transcript
(CART) and pro-opiomelanocortin (POMC) in the hypothalamus through
the activation of leptin receptor (ObR) (Friedman and Halaas, 1998;
Spiegelman and Flier, 2001; Flier, 2004). Suppressor of cytokine signaling
(SOCS)-3 (Bjorbæk et al., 1998) and protein tyrosine phosphatase-1B
(PTP1B) (Zabolotny et al., 2002) have been identified as potential medi-
ators of central leptin resistance by suppressing the leptin signals in CNS.
Several species have developed leptin resistance tomeet their energy re-
quirements during pregnancy and seasonal acclimatization (Munzberg
et al., 2004; Tups et al., 2004; Krol et al., 2007; Morrison et al., 2007;
Tang et al., 2008). In fat-storing hibernators, serum leptin concentration
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Table 1
Species-specific primers used in real-time PCR.

Primers Oligonucleotide sequence (5′ to 3′) PCR product
size (bp)

ObR forward AGATGGTGCCAGCAACTATGGTC 204
ObR reverse CATCCGTTTCGCTTGACTTGGA
AgRP forward GCAGAACAATCAGAAGAGGCT 178
AgRP reverse CGTTGAAGAAGCGGCAGTAG
NPY forward TCG CTCTGTCCCTGCTCGTGTG 161
NPY reverse TCTCTTGCCGTATCTCTGCCTGGTG
POMC forward TCGTGTTATAGCCGCTCAGG 196
POMC reverse GCTGCTCGTCGCCATTGCC
CART forward CCTGCTACTGATGCTACCTCT 193
CART reverse GACTTGCCCGTACTTCTTCTC
UCP1 forward GCGTTGTAGGTTCCAGTGTAG 195
UCP1 reverse CTATGATTCTGTCCAGGAGTTC
PTP1B forward ACGAAAGGAGTTCTCAAAACAT 155
PTP1B reverse TGCCACGCTTCCGACTTCTA
SOCS-3 forward GCGAGAAGATCCCTCTGGTGTT 95
SOCS-3 reverse GTCCAGGTGTCCATTGACCGT
Leptin forward TCAAGACTATTGTCACCAGGAT 209
Leptin reverse GAGGTTCTCCAGGTCATTAGAT
β-actin forward GACTCGTCGTACTCCTGCTT 223
β-actin reverse AAGACCTCTATGCCAACACC

Note: ObR, leptin receptor; AgRP, agouti gene-related protein; NPY, neuropeptide Y;
POMC, pro-opiomelanocortin; CART, cocaine- and amphetamine-regulated transcript;
SOCS-3, suppressor of cytokine signaling-3; PTP1B, protein tyrosine phosphatase-1B;
UCP1, uncoupling protein 1.
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is correlated positively with body mass and fat mass. However, the in-
creased serum leptin does not suppress hyperphagia in fattening animals
(Buck and Barnes, 1999; Concannon et al., 2001; Florant et al., 2004;
Healy and Florant, 2012). Florant et al. (2004) argued that leptin resis-
tance might be involved in energy regulation before hibernation. There
is less information about the variations of leptin receptor and post-
receptor signaling pathways for fat-storing hibernators.

The thermogenic capacity of brown adipose tissue (BAT) is impor-
tant for rewarming to euthermia during hibernation (Lyman et al.,
1982; Cannon and Nedergaard, 2004). The expression of uncoupling
protein 1 (UCP1), a BAT-specific heat generating protein, is signifi-
cantly higher during hibernation than during summer in arctic ground
squirrels (Urocitellus parryii) (Yan et al., 2006), 13-lined ground squir-
rels (Ictidomys tridecemlineatus) (Hampton et al., 2013) and Daurian
ground squirrels (Spermophilus dauricus) (Zhang et al., 1996). Previous
studies reported that some wild rodents showed an increase in UCP1
content when exposed to winter-like conditions, such as cold and/or a
short photoperiod (Kronfeld-Schor et al., 2000; Demas et al., 2002;
Klingenspor, 2003; Wang et al., 2006a; Li and Wang, 2007; Zhang
et al., 2014). In rats and mice, the expression and protein contents of
UCP1 in BAT could be induced by high serum leptin (Scarpace et al.,
1997; Scarpace and Matheny, 1998). In fat-storing hibernators, we still
do not know how UCP1 changes before hibernation, and the relation-
ship between UCP1 and leptin concentrations remains unclear.

The Daurian ground squirrel is a typical fat-storing seasonal hiberna-
tor (Jin and Cai, 1987; Song and Zeng, 1991; Yang et al., 2011). Before
hibernation, they generally double their body mass by increasing food
intake, with a concomitant increase in leptin concentration (Chen
et al., 2008; Yang et al., 2011; Xing et al., 2012). In addition, UCP1
contents and the thermogenesis ability of BAT in these squirrels were
higher in winter than in summer (Zhang et al., 1996; Chen et al.,
2008). In the present study, we tested the hypothesis that during
the fattening period leptin signal would be suppressed in the hypothal-
amus. In addition,we predicted that the increases of UCP1 in BATwould
be associated with the increase in serum leptin concentration.
2. Materials and methods

2.1. Animals and experimental procedures

Animal procedureswere approved by theAnimal Care andUse Com-
mittee of the Institute of Zoology, Chinese Academy of Sciences. Daurian
Fig. 1. Graph showing body mass variation of 18 female Daurian ground squirrels kept in labo
squirrels remained stable before fattening; EF, early-fattening; MF, mid-fattening; LF, late-fa
weeks; H, hibernation, the status of hypothermia after cold exposure. Black bar indicates the c
ground squirrels were captured in Inner Mongolia (122.5°E, 43.9°N) in
May, 2012, and raised in Shenyang Normal University. They were
housed individually in plastic cages (48 × 35 × 20 cm3) with sawdust
as bedding. Animals, all females, were offered commercial rat chow
(Shenyang QianMin Feed Co.) and provided with water ad libitum.
An open window allowed natural photoperiod and ambient tempera-
ture fluctuations. Body mass was measured and recorded once a week.
After 3 weeks of a continuous decrease in body mass, the animals
were transferred into a cold (5 ± 1 °C) room with constant darkness
(0L:24D). This roomacted as a hibernaculum. Food andwaterwere pro-
vided ad libitum and cotton was added for keeping warm.

We have previously shown the seasonal variation of body mass
and food intake in Daurian ground squirrels (Xing et al., 2012; Lv
et al., 2014). In the present study, animals were sampled at 6 different
points according to changes in body mass: pre-fattening (PreF, n = 6,
body mass remained unchanged before fattening), early-fattening
(EF, n = 7, body mass increased by about 30% compared to PreF),
ratory conditions from pre-fattening to hibernation. PreF, pre-fattening, the body mass of
ttening; PostF, post-fattening, the body mass kept decrease for more than 2 consecutive
old exposure (5 ± 1 °C) with constant darkness. Values are means ± SE.



Table 2
Body mass and body compositions before, during and after fattening in Daurian ground squirrels.

Body mass (g) Fresh carcass mass (g) Dry fat mass (g) Dry lean mass (g) Water mass (g)

PreF 170.5 ± 6.42a 115.53 ± 8.38d 9.34 ± 2.94e 29.61 ± 1.64a 76.58 ± 4.24bc

EF 220.28 ± 5.22ab 167.51 ± 5.07c 39.38 ± 4.90de 37.80 ± 1.24ab 90.34 ± 1.62ab

MF 265.61 ± 15.88bc 196.31 ± 14.10bc 58.15 ± 12.39cd 40.38 ± 1.49ab 97.79 ± 3.41a

LF 287.89 ± 13.72cd 223.65 ± 9.64ab 91.74 ± 7.15ab 40.07 ± 1.73ab 91.84 ± 4.05a

PostF 312.46 ± 16.99c 256.62 ± 12.31a 126.52 ± 9.31a 45.56 ± 2.48b 84.56 ± 10.83abc

H 240.96 ± 12.81bd 191.23 ± 11.59bc 77.39 ± 4.14bc 42.39 ± 6.88ab 71.44 ± 2.76c

Note: PreF: pre-fattening; EF: early-fattening; MF: mid-fattening; LF: late-fattening; PostF: post-fattening; H: hibernation. Data were presented in form of mean ± standard error (SE).
Significant differences (P b 0.05) are indicated by differing letters.
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mid-fattening (MF, n=7, bodymass increased by about 60% compared
to PreF), late-fattening (LF, n = 8, body mass increased by about 80%
compared to PreF, post-fattening (PostF, n=8, bodymass kept decreas-
ing for more than 2 weeks after the peak value), and deep hibernation
(H, n= 7), which was achieved by transferring post fattening squirrels
into a cold roomwith constant darkness to facilitate hibernation andde-
fined as ball-like curling of the body and surface body temperature
lower than 10 °C (Fig. 1).

2.2. Tissue collection and carcass composition analysis

Animals were sampled between 0800 h and 1000 h to remove pos-
sible interference of the endogenous circadian rhythm (Williams et al.,
Fig. 2. Changes of serum leptin concentration before, during and after fattening in original
data (a) and after removing the effects of bodymass (b) and body fat mass (b) in Daurian
ground squirrels. PreF: pre-fattening; EF: early-fattening; MF: mid-fattening; LF: late-
fattening; PostF: post-fattening; H: hibernation. Values aremeans± SE. Significant differ-
ences (P b 0.05) are indicated by differing letters.
2012). Squirrels were weighted to the nearest 0.1 g and then sacrificed
by CO2 overdose. Hibernating squirrels were sacrificed in a cold room
maintained at 5 ± 1 °C without prior anesthetic. All squirrels were
deprived of food at 2200 h before sampling to eliminate possible inter-
ferences of night feeding. Trunk blood was collected and centrifuged
at 2500 g for 30 min at 4 °C, and the serum was stored at−80 °C until
assayed. Thewhole brain was separated immediately and the hypothal-
amus was carefully dissected on dry ice as described previously
(Glowinski and Iversen, 1966), frozen in liquid nitrogen, and stored at
−80 °C until analysis. The interscapular BAT (about 0.1 g) and visceral
WAT (about 0.2 g) were dissected quickly and stored at −80 °C until
assayed.

Internal organs were removed and the fresh carcass was weighed
and dried in an oven at 60 °C to constant mass. The dry carcass was
ground and mixed completely. Body fat extraction was performed in a
Soxtec Fat Extraction System (Soxtex Avanti 2050, FOSS, Hogänäs,
Sweden) and the carcass fat mass was calculated as previously de-
scribed (Li and Wang, 2005). The carcass water mass and lean mass
were calculated as below:

Carcass water mass (g) = fresh carcass mass (g) − dry carcass
mass (g);

Carcass leanmass (g)= dry carcass mass (g)− carcass fatmass (g).

2.3. Serum leptin assays

Serum leptin concentration was measured by radioimmunoas-
say (RIA) with a 125I multi-species kit (Cat. No. XL-85K, Linco Research
Inc., St Charles, MO, USA). This kit had been validated previously
in Daurian ground squirrels (Chen et al., 2008; Xing et al., 2012).
Intra- and inter-assay coefficients of variation were 3.6% and 8.7%,
Fig. 3. Correlation between serum leptin concentration and body fat mass in Daurian
ground squirrels. The line represents the relationship between parameters for all the
squirrels.



Fig. 4. Changes of leptinmRNA expression inwhite adipose tissue before, during and after
fattening (PreF: pre-fattening; EF: early-fattening; MF: mid-fattening; LF: late-fattening;
PostF: post-fattening; H: hibernation) in Daurian ground squirrels. Values are means ±
SE. Significant differences (P b 0.05) are indicated by differing letters.
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respectively, and the detection range of the assay kit was 1–50 ng/ml.
There were 2, 3 and 1 samples out of the detectable range of the assay
in PreF, EF and MF squirrels respectively, so they were excluded.
2.4. Analysis of mRNA and protein levels

2.4.1. Analysis of mRNA expression
We obtained parts of sequences of homologous genes in Daurian

ground squirrel by designing the primers of ObR, NPY, AgRP, POMC,
CART, SOCS-3 and PTP1B in hypothalamus, leptin in WAT and UCP1 in
BAT as target genes, and β-actin as the internal control gene using the
recorded gene sequences of the 13-lined ground squirrel in ENSEMBL
nucleotide sequence submissions. Homology analysis revealed that
these nucleotide fragments all came from the target genes (Supplemen-
tary table). Then, we designed species-specific primers for these genes
(Table 1) based on the cloned gene sequences of the Daurian ground
squirrel. Total RNA of hypothalamus, WAT and BAT was isolated using
TRIzol® reagent (Cat. No. 15596-026, Invitrogen, USA). The RNA sam-
ples were treated with DNase I (Cat. No. D2215, TaKaRa, Japan) for
30 min at 37 °C to remove the contaminating gDNA. We used phenol/
chloroform/isoamyl alcohol extraction to eliminate residual DNase I.
The quality and quantity of total RNA were tested by agarose gel
electrophoresis and A260/280 ratio using a UV-spectrophotometer
(ThermoFisher, NanoDrop 1000, USA). An equal amount (400 ng) of
total RNA was transcribed into first strand cDNA for each sample
using a reverse transcription kit (Cat. No. RR037A, TaKaRa, Japan).
Quantitative PCR was performed using SYBR Green I qPCR kit (Cat. No.
RR420A, TaKaRa, Shiga, Japan) in theMx3005P quantitative PCR system
(Stratagene, La Jolla, CA, USA). Real-time PCRwas carried out in 25 μl re-
action agent comprised of 12.5 μl 2 × SYBRPremix EX TaqTMmastermix,
2 μl cDNA templates and 0.2 μmol/l primers. Each sample was analyzed
in duplicate. Thermal cycling conditionswere: 95 °C for 3min; 45 cycles
of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 20 s. Melting curve analysis
showed a single PCR product after amplification of target genes and β-
actin. Relative mRNA expression was determined by the ΔΔ−Cq meth-
od (Schmittgen and Livak, 2008; Bustin et al., 2009). Because of lack of
WAT tissues during PreF and LF periods, we only have 3 samples in
the PreF period and 0 samples in the LF period for analyzing the
Fig. 5.Changes ofmRNA expressions of hypothalamic neuropeptides before, during and after fat
hibernation) in Daurian ground squirrels. a, leptin receptor ObR; b, neuropeptide Y; c, agouti gen
script; f, suppressor of cytokine signaling-3; g, protein tyrosine phosphatase-1B. Values are me
mRNA of leptin inWAT. The lack of data of neuropeptides in PreF groups
was due to the missing tissues.

2.4.2. Analysis of UCP1 protein levels
UCP1 content in BATwas detected as previously described (Liu et al.,

2012). Briefly, BAT tissues were lysed in a modified RIPA buffer. The
concentration of protein in BAT was determined using the method of
Lowry (Lowry et al., 1951). Equal amounts of proteins (80 mg) were
added to each lane and separated by SDS-PAGE in a 10% polyacrylamide
gel. Proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (Immobilon®-P, Millipore). Western blot analyses were
performed according to standard protocols using antibodies against
the UCP1 from rabbits (ab10983, Abcam, Cambridge, MA, USA). The
immunoblot was visualized with appropriate horseradish peroxidase-
conjugated secondary antibodies [goat anti-rabbit IgG (ZSGB-BIO Co.,
Beijing, China), diluted 1:3000] for 2 h, detected with ECL (Beyotime,
China) and quantified using Quantity One software (version 4.4.0,
BioRad, Hercules, CA). The UCP1 content in BAT was expressed as rela-
tive units (RU).

2.5. Statistical analysis

Data were analyzed using SPSS 18.0 software (SPSS Inc., Chicago, IL,
USA). Prior to all statistical analyses, data were examined for normality
of variance using the Kolmogorov–Smirnov tests; all data had normal
distribution. Differences in body mass, body composition, serum leptin,
mRNA expression of genes and UCP1 content among groups were ana-
lyzed using one-way ANOVA. A Tukey HSD test was used to separate
means where significance existed. Pearson correlation analyses were
used to detect possible relationships between serum leptin concentra-
tion and body fat mass, ObRmRNA expression, UCP1 mRNA expression
or UCP1 content. Data are presented as mean± SE and the level of sta-
tistical significance was set at P b 0.05.

3. Results

3.1. Body mass and body composition

Daurian ground squirrels showed marked seasonal variations in
body mass (F(5, 41) = 14.375; P b 0.001), fresh carcass mass (F(5, 41) =
19.141, P b 0.001), fat mass (F(5, 41) = 27.037, P b 0.001), water content
(F(5, 41) = 3.358, P b 0.05) and lean mass (F(5, 41) = 2.467, P = 0.05)
(Table 2). The fat mass in PostF squirrels increased by 13.5 folds com-
pared with PreF. The increase of fat mass accounted for 82.7% of body
mass gain during the fattening period (Table 2).

3.2. Leptin concentration and mRNA expression

Serum leptin concentration remained unchanged until LF. Then, it
increased significantly by 3.76-fold and 6.07-fold, respectively, in LF
and PostF squirrels compared with PreF squirrels. During hibernation,
serum leptin decreased to the PreF level (F(5, 35) = 11.78; P b 0.001;
Fig. 2a). Inter-group differences were still significant after including
body mass (F(5, 35) = 11.78; P b 0.01; Fig. 2b) and fat mass (F(5, 35) =
11.78; P b 0.05; Fig. 2c) as covariates. Serum leptin concentration was
correlated positively with fatmass (r=0.69; P b 0.001). The leptin con-
centration remained constant from PreF to MF while the fat mass in-
creased approximately 6-fold (Fig. 3).

There was no difference in the mRNA expression of leptin in WAT
between the PreF and MF squirrels. However, the leptin mRNA expres-
sion of LF group increased by approximately 10-fold compared with
tening (EF: early-fattening;MF:mid-fattening; LF: late-fattening; PostF: post-fattening;H:
e-related protein; d, pro-opiomelanocortin; e, cocaine- and amphetamine-regulated tran-
ans ± SE. Significant differences (P b 0.05) are indicated by differing letters.
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PreF and MF (F(4, 30) = 11.243; P b 0.001; Fig. 4). Leptin mRNA ex-
pressions were correlated positively with serum leptin concentrations
(r = 0.623; P b 0.001).

3.3. Hypothalamic neuropeptide mRNA expression

The mRNA expression of hypothalamic ObR increased before hi-
bernation (F(4, 36) = 3.891; P b 0.05; Fig. 5a) and correlated positively
with serum leptin concentration (r = 0.447; P b 0.05). NPY mRNA in-
creased significantly by 67% in PostF squirrels compared with EF squir-
rels, and then decreased in hibernation (F(4, 36)=3.90; P b 0.05; Fig. 5b).
ThemRNA expression of AgRP (F(4, 36)= 0.558; P N 0.05; Fig. 5c), POMC
(F(4, 35) = 0.532; P N 0.05; Fig. 5d) and CART (F(4, 36) = 2.438; P N 0.05;
Fig. 5e) remained unchanged during the course of the experiment.
There were no significant changes in mRNA expression of SOCS-3
(F(4, 32) = 0.435; P N 0.05; Fig. 5f) and PTP1B (F(4, 33) = 2.116;
P N 0.05; Fig. 5g) in the hypothalamus throughout the study.

3.4. UCP1 in BAT

The mRNA expression and protein content of UCP1 in BAT remained
stable in the squirrels fromPreF to LF. After fattening (PostF andH), both
mRNA expression (F(5, 37)= 20.062; P b 0.001; Fig. 6a) and protein con-
tent (F(5, 41) = 5.526; P b 0.01; Fig. 6b) of UCP1 increased significantly.
Due to individual differences in the timing of body mass peak, some LF
Fig. 6. Changes of mRNA expression (a) and protein content (b) of uncoupling protein 1 in
brown adipose tissue before, during and after fattening (PreF: pre-fattening; EF: early-fat-
tening; MF: mid-fattening; LF: late-fattening; PostF: post-fattening; H: hibernation) in
Daurian ground squirrels. Values aremeans± SE. Significant differences (P b 0.05) are in-
dicated by differing letters.
squirrels and PostF squirrels were sampled at the same time and be
distinguished by the changes of body mass before sacrifice. Both the
mRNA expression and protein content of UCP1 in PostF squirrels were
approximately 2-fold higher than in LF squirrels. No significant correla-
tionwas detected between serum leptin concentration andUCP1mRNA
(r = 0.188; P N 0.05) or UCP1 protein content (r = 0.183; P N 0.05).
4. Discussion

In the present study, Daurian ground squirrels doubled their body
mass during fattening. As expected, changes in bodymass were depen-
dent largely on the changes in fat mass. Serum leptin concentrationwas
correlated positively with fat mass, which suggests that the increased
fat mass contributes to the elevation of leptin during the fattening peri-
od. Although the body fat mass increased, serum leptin concentrations
were stable until the LF period. The variation of serum leptin before hi-
bernation still existed after the effects of body mass and fat mass were
removed, indicating that the accumulation of body fat was not the
only reason of the leptin variation. Leptin mRNA expression increased
significantly in the LF period, accompanied by a tendency of increased
serum leptin concentrations. These results indicated that, besides fat ac-
cumulation, the increase of leptin expression in WAT contributed to
serum leptin elevation during fattening in Dauiran ground squirrels.
The constant leptin concentration with relatively low expression of lep-
tin in WAT before the LF period might facilitate the fattening.

The hypothalamic neuropeptides are essential for leptin regulation
in energy intake and expenditure (Friedman and Halaas, 1998; Flier,
2004). The reduction of ObR contributes to the development of leptin
resistance in pregnant rats (Ladyman and Grattan, 2005). In our study,
the expression of hypothalamic ObR increased concomitantly with
the changes of serum leptin concentration, which suggests that leptin
was sensitive in the hypothalamus during fattening. The increase of
NPY contributes to the development of hyperphagia in laboratory ro-
dents (Tiesjema et al., 2009; Zheng et al., 2013). In greater mouse-
tailed bats (Rhinopoma microphyllum), the increased expression of
NPY and AgRP may contribute to the fat-rich diet shift and mass gain
in the pre-hibernation fattening period (Levin et al., 2013). In this
study, the increase of NPY expression may contribute to the increase
in body mass. No significant differences were found in the expression
of AgRP, POMC and CART. Since high serum leptin typically stimulates
the expression of POMC and CART and suppresses the expression of
NPY and AgRP (Friedman and Halaas, 1998; Flier, 2004), these paradox-
ical results implied that leptin was not active in CNS of fattening squir-
rels. However, the leptin signaling was not suppressed since the mRNA
expression of SOCS-3 and PTP1B did not change throughout the exper-
iment. In addition, we have observed that intracerebroventricular (ICV)
injection of recombinant murine leptin (PeproTech®) decreased the
mRNA expression of hypothalamic NPY and AgRP in fattening Daurian
ground squirrels (Xing et al., unpublished). Peripheral leptin treatment
also suppressed the hyperphagia in fattening arctic ground squirrels
(Ormseth et al., 1996; Boyer et al., 1997). According to these results,
we proposed that the threshold of leptin action in CNS was elevated
during the fattening period, which is consistent with the hypothesis of
a sliding set-point in body mass in fat-storing hibernators (Mrosovsky
and Fisher, 1970).

UCP1 is the primary molecular player involved in the thermo-
genic capacity of BAT in mammals (Cannon and Nedergaard, 2004).
The UCP1 content and mRNA expression were usually higher in winter
than those in summer in somewild rodents (Wang et al., 2006b,2006c;
Yan et al., 2006; Zhang and Wang, 2007; Chen et al., 2012; Hampton
et al., 2013). In this study, the mRNA expression and protein content
of UCP1 in BAT remained relatively constant until the end of fattening.
UCP1 expression and protein content of PostF squirrels were 2-fold
higher than in LF squirrels even though they were sampled together.
These results suggested that the increased UCP1 in BAT was not caused
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by seasonal changes, such as shortened photoperiod and lower ambient
temperature.

As a signal of surplus energy, a high level of leptin increased energy ex-
penditure by elevating the UCP1 expression in laboratory rodents
(Scarpace et al., 1997; Scarpace and Matheny, 1998). However, the UCP1
content in BAT is generally relatednegatively to leptin concentration in ro-
dents with seasonal changes in thermogenic capacity and bodymass. This
has been found in root voles (Microtus oeconomus) (Wang et al., 2006b),
plateau pikas (Ochotona curzoniae) (Wang et al., 2006c), Brandt's voles
(Lasiopodomys brandtii) (Li and Wang, 2005), Mongolian gerbils
(Meriones unguiculatus) (Zhang and Wang, 2007) and Maximowicz's
voles (Microtus maximowiczii) (Chen et al., 2012). In the present study in
Daurian ground squirrels, no significant correlationwas detected between
serum leptin and mRNA expressions or protein contents of UCP1. Boyer
et al. (1997) found that the administration of pharmacological dose of
leptin administration did not alter mRNA expression or protein contents
of UCP1 in arctic ground squirrels. We concluded that leptin was not
involved in the regulation of UCP1 recruitment in fat-storing hibernators,
which may sustain thermogenic capacity while leptin concentration
decreased gradually under winter conditions. In addition, body fat
accumulation may not be suppressed by the leptin-dependent increases
in UCP1 (Scarpace et al., 1997; Scarpace and Matheny, 1998) during the
fattening period.
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