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Body fat storage before hibernation affects the timing of immergence in Daurian ground squirrels
(Spermophilus dauricus). Leptin is an adipose signal and plays vital role in energy homeostasis mainly by
action in brain. To test the hypothesis that leptin plays a role in facilitating the process of hibernation,
squirrels were administrated with recombinant murine leptin (1 μg/day) through intracerebroventricular
(ICV) injection for 12 days during fattening. From day 7 to 12, animals were moved into a cold room
(5 7 1 °C) with constant darkness which functioned as hibernaculum. Energy intake, body mass and core
body temperature (Tb) were continuously monitored throughout the course of experiment. Resting
metabolic rate (RMR) was measured under both warm and cold conditions. At the end of leptin administration, we measured the serum concentration of hormones related to energy regulation, mRNA
expression of hypothalamic neuropeptides and uncoupling protein 1 (UCP1) levels in brown adipose
tissue (BAT). Our results showed that during leptin administration, the cumulative food intake and increase of body mass were suppressed while Tb and RMR were unaltered. The proportion of torpid
squirrels was not different between two groups. At the end of leptin administration, the expressions of
hypothalamic neuropeptide Y and agouti gene-related protein were suppressed. There were no differences in UCP1 mRNA expression or protein content in BAT between groups. Our data suggest that leptin
can affect energy intake via hypothalamic neuropeptides, but is not involved in the initiation of hibernation in fattening Daurian ground squirrels.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Hibernation is an adaptive strategy used by a variety of mammals to withstand long periods of harsh environmental conditions
during winter (Lyman et al., 1982; Heldmaier et al., 2004; Geiser,
2013). Fat-storing hibernators, such as ground squirrels (e.g.
Spermophilus, Callospermophilus, Urocitellus and Ictidomys, etc.)
and marmots (e.g. Marmota), gain large amounts of body fat
through the sharp increase of food intake during pre-hibernation
fattening period, then they enter into hibernation spontaneously
even in the presence of food. The accumulated body fat is the
primary fuel during hibernation (Boyer and Barnes, 1999; Concannon et al., 2001; Dark, 2005; Florant and Healy, 2012). Both
n
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fattening and hibernation have been suggested to be endogenously controlled processes in obligate hibernators (Drew
et al., 2007; Williams et al., 2014). However, previous studies
showed that the timing of immergence and emergence can be
affected by body fat reserves (mainly white adipose tissue, WAT)
in some species (Vuarin et al., 2013; Bieber et al., 2014). Since the
central nervous system (CNS) plays important roles in regulation
of energy balance and hibernation (Drew et al., 2007; Florant and
Healy, 2012), we supposed that the timing of immergence may be
inﬂuenced by the peripheral adipose signals though the action in
CNS. As a primary energy storage organ, WAT also produces and
secretes a variety of hormones related to various physiological
functions (Kershaw and Flier, 2004; Vázquez-Vela et al., 2008).
Leptin is a hormonal signal for adiposity providing the CNS with
information about body fat stores and regulating energy homeostasis in mammals (Zhang et al., 1994; Flier, 2004; Morton et al.,
2006). Leptin modulates food intake and energy expenditure
through the action on its receptors (ObR) in the hypothalamus
(Schwartz et al., 2000). High serum leptin concentration increases
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the expression of anorectic peptides pro-opiomelanocortin
(POMC) and cocaine- and amphetamine-regulated transcript
(CART) and suppresses the expression of orexigenic peptides
neuropeptide Y (NPY) and agouti gene-related protein (AgRP)
(Flier, 2004; Morton et al., 2006). Additionally, high leptin concentration can also induce adaptive thermogenesis via increasing
the expression of uncoupling protein 1 (UCP1) in brown adipose
tissue (BAT) (Cancello et al., 1998; Demas et al., 2002; Gullicksen
et al., 2002). Several lines of evidence showed that leptin crosstalks with the other hormones, such as insulin, thyroid hormones,
obestatin and ghrelin, to regulate energy homeostasis and lipid
metabolism (Baskin et al., 1999; Zimmermann-Belsing et al., 2003;
Tups et al., 2004; Kim et al., 2004; Zhang et al., 2005; Martin,
2008; Healy and Florant, 2012).
The available data suggested that leptin might also provide a
signal of adiposity in fat-storing hibernators. It has been shown
that, during the fattening period, serum leptin concentration increased and correlated positively with body mass in some fatstoring hibernators (Boyer and Barnes, 1999; Concannon et al.,
2001; Florant et al., 2004; Healy and Florant, 2012). Peripheral
leptin administration had catabolic effects on body mass gain and
appetite drive in fattening arctic ground squirrels (Urocitellus
parryii) (Ormseth et al., 1996; Boyer et al., 1997).
The Daurian ground squirrel (Spermophilus dauricus) is a typical
fat-storing hibernator with a wide distribution in northern China
(Zhang and Wang, 1998). This species usually doubles its body
mass during fattening, which is mainly due to the accumulation of
WAT. The serum leptin concentration showed a seasonal cycle and
correlated positively with body mass. During the fattening period,
serum leptin concentration increased signiﬁcantly during the late
phase of fattening and reached the peak value after fattening
(Chen et al., 2008; Xing et al., 2015). After fattening, Daurian
ground squirrels decreased food intake, body mass and metabolic
rate gradually (Lv et al., 2014). In laboratory, body fat storage
during fattening correlated positively with overwinter survival
(Guan, 2009). After cold acclimation, the proportion of ground
squirrels that entered torpor was signiﬁcantly higher after fattening than that of during fattening (Guan, 2010). Thus, we hypothesized that leptin would function as an energy signal to facilitate the immergence in fattening Daurian ground squirrels. To
test this hypothesis, we performed ICV leptin injection in fattening
squirrels for 12-day. The squirrels were exposed to a cold and
constant dark room to facilitate torpor (Yang et al., 2011) during
the second week of administration. We predicted that the squirrels
would reduce their energy intake and show hypothermia after
leptin administration. Increased leptin concentration in CNS might
facilitate the lipolysis and glycometabolism in which insulin,
ghrelin and obestatin may be involved.

the ﬁrst two weeks of captivity. After acclimation, we only provided rat chow and water ad libitum. Body mass was measured
once a week before the experiment for determining the fattening,
which was characterized by continuous body mass gain. The
squirrels used in this study had similar body mass before leptin
administration. Animal procedures were approved by the Animal
Care and Use Committee of the Institute of Zoology, Chinese
Academy of Sciences.
2.2. Experimental procedures
The experiment was performed from July 18th to July 30th in
2011. Eighteen fattening female ground squirrels were randomly
assigned to either the leptin administration group (n¼10) or the
control group (n ¼8). Leptin (1 μg/day) or artiﬁcial cerebrospinal
ﬂuid (aCSF) was chronically delivered into the ICV via constant
infusion using an osmotic minipump for 12 days. The chosen dose
of leptin was shown to be effective on energy regulation in rats
(Overton et al., 2001), as well as in Daurian ground squirrels according to our pilot experiment. During the course of experiment,
energy intake, body mass, and core body temperature (Tb) were
continuously recorded. Body mass was expressed as percentage of
individual baseline levels established before leptin administration.
To test the effects of leptin on torpor initiation, on day 7, all the
squirrels were transferred from warm (25 71 °C) and natural light
cycle condition to a cold (5 71 °C) and constantly dark room for
another 6 days to facilitate the torpor. The resting metabolic rate
(RMR) was measured under both warm and cold conditions. At the
end of the administration, the squirrels were euthanized using
CO2. Trunk blood was collected from euthanized squirrels and
centrifuged at 2500g for 30 min at 4 °C. Serum was collected and
stored at  80 °C until analyzed. The whole brain was removed
and slowly frozen by placing on dry ice, then stored at  80 °C
until subsequent analysis. Before analysis, the hypothalamus was
carefully dissected under  20 °C condition as previously described (Glowinski and Iversen, 1966). The interscapular BAT was
quickly dissected and stored at  80 °C until assayed. After dissection of BAT, subcutaneous white adipose tissue (SWAT) and
visceral white adipose tissue (VWAT) were carefully dissected and
weighted (70.1 g). Total adipose tissue (TWAT) was calculated as
the sum of SWAT and VWAT.
2.3. Surgery
Under sterile conditions, squirrels were anesthetized by sodium pentobarbital (50 mg/kg) for the implantation of temperature loggers, so-called iButtons (Thermocron DS1922 L, 3.3 g) and
ICV infusion cannulae (Alzets Brain infusion kit 2).

2.1. Animals

2.3.1. Implantation of iButtons
The iButtons were calibrated by mixture of ice and water and
sealed in a thin parafﬁn/Ethylene-Vinyl Acetate copolymer coating
and sterilized using 75% alcohol and iodophor before implanted.

Daurian ground squirrels were trapped at farmland of Inner
Mongolia (122.5°E, 43.9°N) in May 2011 and brought to the laboratory of Shenyang Normal University. Squirrels were housed
individually in plastic cages (48  35  20 cm3) with sawdust as
bedding. They were kept at room temperature (25 71 °C) under a
natural light cycle (provided by a closed glass window, the photoperiod was roughly 15L:9D throughout the experiment) without
artiﬁcial lighting. The commercial rat chow (crude protein 20.36%;
crude fat 3.75%; crude ﬁber 3.32%; ashes 6.39%; moisture 4.7%;
calcium 1.0–1.5%; phosphorus 0.5–0.8%; Shenyang QianMin Feed
Co.) and water were provided ad libitum. The diet was supplemented with sunﬂower seeds, carrot pieces and cabbage during

2.3.2. Implantation of ICV infusion cannulas
We set the cross point of the ear rod connection and the sagittal suture as the zero point. Brain infusion cannulae were positioned in the left lateral cerebral ventricle (Coordinates from zero
point: 8.6 mm anteroposterior, 1.7 mm lateral, 4.5 mm ventral,
these parameters were veriﬁed and determined according to our
pilot experiment by dye injection) and ﬁxed to the skull with 3Ms
cyanoacrylate gel. After surgery, squirrels were allowed a 1-week
recovery phase before the start of the experiments. Osmotic
pumps (Alzets Osmotic Pumps 2002; ﬂow rate¼0.5 70.1 ml/h)
were attached to infusion cannulae via polyethylene catheters and
were implanted subcutaneously in the upper back when squirrels
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started to receive vehicle (aCSF) or the recombinant murine leptin
(PeproTechs) which was dissolved in aCSF. Pumps were ﬁlled 6 h
before implantation and primed with saline.
2.4. Core body temperature and metabolic trails
Core Tb was recorded at 30 min intervals by the iButtons. Each
group has 1 undetectable iButton, so we had 7 samples of Tb in
control group and 9 samples in the leptin administration group.
We deﬁned heterothermic events as when the Tb was at or below
30 °C, which included hibernation (Tb o20 °C, duration more than
24 h) and daily torpor (Tb Z20 °C, duration less than 24 h) (Heldmaier et al., 2004; Buck et al., 2008; Sheriff et al., 2012).
O2 consumption was assessed using a FOXBOX O2 and CO2
analyzer (Sable systems, NV, USA) between 09:00 h and 19:00 h.
Non-torpid squirrels were placed in an airtight chamber
(32  20  18 cm3) for 3 h. Fresh air was dried then passed through
the chamber at a mass ﬂow rate of 1300–1400 ml/min. Gases
leaving the chamber were subsampled and dried, then sent to the
analyzer at approximately 100 ml/min (ND-2; Sable systems, NV,
USA). Analyzer outputs were recorded every 10 s. The rate of
oxygen consumption was calculated using the equations:
VO2 ¼ FR × (FiO2 −FeO2) − FR × FeO2 × (FeCO2 − FiCO2) ; FR ¼ﬂow rate (stan1 − FeO2

dard temperature and pressure; ml/min), VO2 ¼ rate of oxygen
consumption (ml/min), Fi ¼input fractional concentration (O2,
CO2) (%), Fe¼ excurrent fractional concentration (O2, CO2) (%). RMR
was estimated as the mean of the stable and lowest values of
oxygen consumption over 5 min in normothermic squirrels (Li
et al., 2010; Chi and Wang, 2011).
2.5. Energy intake
Foods were offered at pre-weighed quantity in excess on the
ﬁrst day of the experiment. The food residues and feces were
collected after a 2-day period from a metabolic cage
(48  35  20 cm3) and separated manually after being dried at
60 °C to constant mass. Cumulative food intake was calculated as
the sum of the food intakes of prior trails. At the beginning and
end of each trial, body mass was measured with an electronic
balance ( 70.1 g). The energy contents of the food and feces were
measured using a Parr 1281 oxygen bomb calorimeter (Parr Instrument, USA). Gross energy intake (GEI), digestible energy intake
(DEI) and apparent digestibility of energy (hereafter referred to
simply as digestibility) were calculated according to the following
equations (Liu et al., 2003; Grodzinski and Wunder, 1975):

GEI (kJ/d) = dry matter intake (g/d) × food caloric value (kJ/g);
DEI (kJ/d) = GEI − [mass of feces (g/d) × feces caloric value (kJ/g)];

Digestibility (%) = (DEI/GEI) × 100%;

2.6. Serum assays
Serum leptin concentration was measured by radioimmunoassay (RIA) with a 125I multi-species kit (Cat. No. XL-85K,
Linco Research Inc., St Charles, MO, USA). This kit has been previously validated in Daurian ground squirrels (Chen et al., 2008;
Xing et al., 2015). Intra- and inter-assay coefﬁcients of variation
were 3.6% and 8.7% respectively and the detection range of the
assay kit was 1–50 ng/ml (Li and Wang, 2005a). Serum ghrelin,
obestatin, insulin, tri-iodothyronine (T3) and thyroxine (T4) concentrations were measured using ELISA kits according to the
manufacturer’s protocols. The detection ranges of assay kits were
0–100 ng/ml for ghrelin and obestatin, 1.5–24 mIU/l for insulin,
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0.4–6.4 ng/ml for T3 and 7.5–120 ng/ml for T4. Above-mentioned
hormones were measured through the standard curves. Glucose,
triglyceride (TG) and free fatty acid (FFA) were tested by colorimetric method through the controls according to the manufacturer’s protocols. Each sample was analyzed in single. The assays of TG, insulin, ghrelin, T3 and T4 employed 50 μl serum for
each test; 100 μl serum was used for leptin and obestatin assay
and 200 μl serum was used for FFA assay.
Ghrelin, obestatin and insulin kits (for rats) were purchased
from Phoenix Pharm. Inc. (Mountain View, CA, USA). Glucose, TG
and FFA (for rats) were purchased from Jian-Cheng Corp (Nanjing,
China). T3 and T4 kits (for rats) were purchased from Sun Biomedical Technology (Beijing, China).
2.7. Analysis of mRNA levels and protein levels
2.7.1. Analysis of mRNA levels
Total RNA of hypothalamus and BAT was isolated using TRIzols
reagent (Cat. no. 15596-026, Invitrogen, USA). The RNA samples
were treated with DNase I (Cat. no. D2215, TaKaRa, Japan) 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).
The primers used in this study (Table 1) were proved available
previously (Xing et al., 2015). Quantitative PCR was performed by
SYBR Green I qPCR kit (Cat. no. RR420A, TaKaRa, Shiga, Japan) in
the Mx3005P quantitative PCR system (Stratagene, La Jolla, CA,
USA). Real-time RT-PCR was carried out in 25 μl reaction agent
comprised of 12.5 μl 2  SYBR Premix EX Taq™master mix, 2 μl
cDNA templates and 0.2 μmol/L primers. Each sample was analyzed in duplicate. Thermal cycling conditions were: 95 °C for
3 min; 45 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 20s.
Melting curve analysis showed a single PCR product after ampliﬁcation of target genes and β-actin (the reference gene). Relative mRNA expression was determined by the ΔΔ-Cq method
(Bustin et al., 2009; Schmittgen and Livak, 2008).
2.7.2. Analysis of protein levels
BAT tissues were lysed in a modiﬁed RIPA buffer [1% Triton
X-100, 158 mM NaCl, 5 mM EDTA, 10 mM Tris (pH 7.0), protease
inhibitor cocktail (Sigma, St. Louis, Missouri, USA), 1 mM DTT, and
1 mM phenylmethylsulfonyl ﬂuoride] on ice for 30 min and then
centrifuged at 14,000g for 10 min in 4 °C. The concentration of
protein in BAT was determined using the method of Lowry et al.
(1951). Proteins were separated by SDS-PAGE in ordinary 10%
polyacrylamide gel (80 mg/lane). Proteins were transferred to
polyvinylidene diﬂuoride (PVDF) membranes (Immobilons-P,
Millipore). After transfer, the membrane was blocked in 5% skimmed milk in Tris-buffered saline-Tween for 1.5 h at room temperature and probed with the indicated antibodies [rabbit anti–
UCP1 (ab10983, Abcam, Cambridge, MA, USA), diluted 1:3000]
overnight at 4 °C. 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 and detected with ECL (Beyotime, China) and
quantiﬁed using Quantity One software (version 4.4.0, BioRad,
Hercules, CA). Protein content was expressed as relative units (RU).
2.8. Statistical analysis
Data were analyzed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Temporal changes in body mass, food intake, DEI,
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Table 1
Species speciﬁc primers used in real-time PCR.
Primers

Oligonuncleotide sequence (5′ to 3′) PCR product size
(bp)

ObR forward
ObR reverse
AgRP forward
AgRP reverse
NPY forward
NPY reverse
POMC forward
POMC reverse
CART forward
CART reverse
UCP1 forward
UCP1 reverse
β-actin
forward
β-actin reverse

AGATGGTGCCAGCAACTATGGTC
CATCCGTTTCGCTTGACTTGGA
GCAGAACAATCAGAAGAGGCT
CGTTGAAGAAGCGGCAGTAG
TCG CTCTGTCCCTGCTCGTGTG
TCTCTTGCCGTATCTCTGCCTGGTG
TCGTGTTATAGCCGCTCAGG
GCTGCTCGTCGCCATTGCC
CCTGCTACTGATGCTACCTCT
GACTTGCCCGTACTTCTTCTC
GCGTTGTAGGTTCCAGTGTAG
CTATGATTCTGTCCAGGAGTTC
GACTCGTCGTACTCCTGCTT

There was no signiﬁcant difference in RMR between two
groups under either warm (t¼0.413, df ¼14, P40.05) or cold
condition (t ¼0.644, df¼14, P 40.05; Table 2).
3.2. Energy intake, body mass and body fat

204
178
161
196
193
195
223

AAGACCTCTATGCCAACACC

Note: ObR, leptin receptor; AgRP, agouti gene-related protein; NPY, neuropeptide Y;
POMC, pro-opiomelanocortin; CART, cocaine- and amphetamine-regulated transcript; UCP1, uncoupling protein 1.

There was no signiﬁcant difference in food intake (t ¼0.736,
df¼14, P40.05; Fig. 2A), GEI (t ¼0.736, df¼14, P40.05; Fig. 2B)
and DEI (t¼0.667, df¼ 14, P4 0.05; Fig. 2C) between two groups
before leptin administration. However, cumulative food intake
(t¼ 2.175, df¼ 14, Po 0.05), GEI (t ¼2.175, df ¼14, P o0.05) and DEI
(t¼ 2.235, df¼14, Po0.05) in the leptin administrated squirrels
were signiﬁcantly lower than those in the control squirrels on day
12. Digestibility was similar between the two groups (F1,12 ¼3.754,
P40.05; Fig. 2D). Under warm condition, body mass did not show
signiﬁcant difference between groups (F1,13 ¼ 3.857, P40.05).
During cold exposure, leptin-treated squirrels exhibited greater
weight loss than the controls (F1,14 ¼6.476, Po0.05; Fig. 2E).
However, the masses of SWAT (t¼ 0.726, df ¼14, P4 0.05), VWAT
(t¼ 0.008, df¼ 14, P 40.05) and TWAT (t¼0.464, df¼ 14, P 40.05)
showed no differences between two groups (Table 3).
3.3. Hormones

GEI, digestibility and Tb throughout the experiment were assessed
by repeated measures ANOVA, followed by LSD post-hoc test.
Differences in RMR, hormone level, WAT mass, mRNA expression
and UCP1 protein content between two groups were analyzed
using independent sample t-test. Proportions of heterothermia
and hibernation were analyzed using χ-square. Data were expressed as mean 7standard error (SE) and the level of statistical
signiﬁcance was set at Po0.05.
Due to the fact that there were two squirrels hibernating in
leptin administration group after the cold treatment, they were
expelled from statistics of energy intake, digestibility, serum hormone assay, mRNA expression and protein contains analyses to
remove the possible inﬂuence of hibernation. Due to the missing
BAT tissues, there were 6 samples in the control group and
5 samples in the leptin group for UCP1 protein assay; there were
6 samples each in the control and leptin groups for the UCP1
mRNA assay. Due to the running out of serum samples, some
hormone analyses used fewer animals, the sample size was noted
in the note of Table 4.

3. Results

Serum TG concentration decreased (t¼  2.676, df¼11,
Po0.05) but FFA concentration increased (t ¼2.226, df ¼12,
Po0.05) signiﬁcantly after 12 days of leptin administration. Both
serum T3 (t ¼2.108, df ¼14, P¼0.05) and T4 (t ¼2493, df ¼14,
Po0.05) concentrations decreased after leptin administration.
Serum obestatin concentration in leptin administrated squirrels
signiﬁcantly higher than that in controls (t¼3.044, df ¼14,
Po0.01) at the end of the study, but no signiﬁcant difference was
found on serum ghrelin concentration (t¼ 0.077, df ¼14, P 40.05)
or the ratio of ghrelin/obestatin (t¼ 0.077, df ¼14, P40.05). Serum
leptin (t¼1.015, df ¼14, P 40.05), insulin (t ¼1.536, df ¼14,
P40.05) and glucose (t ¼1.582, df ¼12, P 40.05) concentrations
remained stable in leptin administrated squirrels (Table 4).
3.4. mRNA expressions in hypothalamus
The mRNA expressions of hypothalamic NPY (t¼2.34, df ¼13,
Po0.05; Fig. 3A) and AgRP (t¼ 2.59, df¼13, Po0.05; Fig. 3B) decreased by 30% and 52% respectively at the end of leptin administration. No signiﬁcant differences in mRNA expressions of hypothalamic ObR (t ¼0.64, df¼13, P 40.05; Fig. 3C), POMC
(t¼ 0.633, df¼ 13, P40.05; Fig. 3D) or CART (t ¼1.12, df ¼13,
P40.05; Fig. 3E) was detected between groups.

3.1. Body temperature and metabolic rate
3.5. UCP1 levels in BAT
There was no statistical difference in daily maximal Tb (F1,
14 ¼0.039, P40.05), minimal Tb (F1, 14 ¼ 0.933, P40.05) and delta
Tb (the differences between maximal and minimal Tb) (F1,
14 ¼0.683, P40.05) between control and leptin administration
groups. The daily maximal Tb remained constant throughout the
course of experiment (F11, 154 ¼2.337, P4 0.05). However, the daily
minimal Tb decreased (F11, 154 ¼ 4.992, P o0.05) and the delta Tb
increased (F11, 154 ¼35.924, Po0.05) signiﬁcantly during the cold
exposure in both groups (Fig. 1A).
Neither control squirrels nor leptin administrated squirrels showed
heterothermia under the warm condition. During the subsequent cold
exposure, there were two squirrels showed deep hibernation (the
minimal Tb was 5 °C and 4 °C respectively), but none in control group.
Two squirrels and three squirrels showed daily torpor in leptin group
and control group respectively. Rest of the animals kept euthermic
during cold exposure (Fig. 1B). There were no statistical differences in
the ratio of daily torpor (P40.05) and hibernation (P40.05; Fig. 1C).

At the end of administration, no signiﬁcant difference of UCP1
mRNA expression (t¼ 1.58, df ¼10, P4 0.05; Fig. 4A) or protein
content (t¼0.86, df¼ 9, P 40.05; Fig. 4B) were detected in BAT
between groups.

4. Discussion
In fat-storing hibernators, serum leptin concentration is correlated positively with body mass and body fat mass (Concannon
et al., 2001; Chen et al., 2008; Healy and Florant, 2012). Florant
et al. (2004) proposed leptin resistance hypothesis to explain this
paradox phenomenon. Our data showed that 6-day ICV leptin
administration decreased the body mass, and the subsequent cold
exposure can further decreased the body mass in leptin group
during fattening in Daurian ground squirrels. Similar results were
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Fig. 1. Effects of leptin on body temperature of fattening Daurian ground squirrels. A: Effects of 12-day ICV infusion of leptin (1 μg/day) on changes of daily maximal body
temperature (Tb max), minimal body temperature (Tb min) and the differences between maximal and minimal body temperature (delta Tb) in fattening Daurian ground
squirrels. The dash line marks the day when the animals were transferred from warm (25 °C) natural lighting room into the cold (5 °C) constant dark room. B: Traces of body
temperature in Dauria ground squirrels with ICV leptin administration (L; n ¼9) and control administration (C; n¼ 7). The bouts of daily torpor are marked with red asterisks.
The dash line marks the day when the animals were transferred from warm (25 °C) natural lighting room into the cold (5 °C) constant dark room. C: Effects of 12-day ICV
infusion of leptin (1 μg/day) on the proportions of heterothermic squirrels during fattening period. Data were expressed as mean7 SE (n¼ 7 for control group, n ¼ 9 for leptin
group). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 2
The resting metabolic rate of fattening Daurian ground squirrels during leptin
administration.

25 °C RMR (mLO2/h)
5 °C RMR (mLO2/h)

aCSF

Leptin

P

291.02 718.46
588.29 743.38

276.34 7 30.39
538.197 64.64

NS
NS

Note: Values are means 7 SE. Values determined by independent t-tests (n¼ 8 for
each group).

also reported for fattening arctic ground squirrels after 3 weeks of
peripheral leptin administration (Ormseth et al., 1996; Boyer et al.,
1997). Our previous study showed that the expression of hypothalamic NPY increased by 67% during fattening, in spite of the
elevated serum leptin concentration (Xing et al., 2015). Schwartz
et al. (2015) demonstrated that the expression of NPY did not
change between the hyperphagic and hypophagic squirrels before
hibernation, though the serum leptin protein expression was signiﬁcantly higher in hypophagic group. The time of the sampling
can be responsible for the differences in NPY expression. However,
in the present study, the mRNA expression of NPY and AgRP were
suppressed after ICV leptin administration. Since several lines of
evidence showed that NPY and AgRP were involved in the

regulation of food intake (Schwartz et al., 2000; Flier, 2004;
Morton et al., 2006), suggesting these two orexigenic neuropeptides may be involved in leptin-mediated decrease of food intake.
These results also showed that the fattening Daurian ground
squirrel retained the sensitivity to centrally administered leptin.
Leptin, ghrelin, obestatin and insulin are all involved in the
regulation of energy balance in fat-storing hibernators (Florant
et al., 1985; Healy et al., 2010, 2011; Healy and Florant, 2012). In
the present study, no change was detected in serum ghrelin concentration while the serum concentration of obestatin, which is
encoded by ghrelin gene (Zhang et al., 2005), increased after leptin
administration, suggesting that leptin and obestatin may have a
cooperative role in the regulation of food intake in squirrels. Serum insulin and glucose concentrations in leptin administrated
squirrels were not signiﬁcantly different from those of controls,
which indicated that 12-day ICV leptin administration has no effect on the glucose homeostasis in this species.
ICV leptin administration decreased serum TG concentration
and increased FFA concentration signiﬁcantly, indicating the lipolytic role of leptin in fattening squirrels. We did not ﬁnd the differences in body fat mass between the two groups. It has been
shown that peripheral delivery of leptin did not reduce body fat
mass in pre-hibernating arctic ground squirrels (Ormseth et al.,
1996). The surgical body fat removal in the fattening goldenmantled ground squirrels (Callospermophilus lateralis) was quickly
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Table 4
Serum hormone concentrations of fattening Daurian ground squirrels after 12-day
ICV infusion of leptin (1 μg/day) or artiﬁcial cerebrospinal ﬂuid (aCSF).
Hormones

aCSF

Leptin

P

Leptin (ng/ml)
Insulin (mIU/l)
Ghrelin (ng/ml)
Obestatin (ng/ml)
Ghrelin/obestatin
Glucose (ng/ml)
Triglyceride (ng/ml)
Free fatty acid (ng/ml)
T3 (ng/ml)
T4 (ng/ml)

1.727 0.37
5.477 0.30
3.03 7 0.26
1.117 0.05
2.767 0.25
7.26 7 0.53
0.94 7 0.08
340.2 7 38.1
1.40 7 0.10
29.17 1.7

2.28 70.40
4.81 70.31
3.0770.32
1.42 70.08
2.26 70.30
5.80 70.68
0.57 70.11
471.4 744.9
1.10 70.07
23.4 71.5

NS
NS
NS
o 0.01
NS
NS
o 0.05
o 0.05
0.05
o 0.05

Note: Values are means 7 SE. Values determined by independent t-tests. In analyses of leptin, insulin, ghrelin, T3 and T4, the sample number was 8 for each group.
Due to the running out of serum samples, the other hormone analyses used fewer
animals: there were 8 samples for control and 7 samples for leptin group in analyses of obestatin and ghrelin/obestatin; there were 7 samples for each group for
analyses of glucose and free fatty acid; there were 6 samples for control and
7 samples for leptin group in analysis of triglyceride.

Fig. 2. Effects of 12-day ICV infusion of leptin (1 μg/day) on changes of cumulative
food intake (CFI; A), cumulative gross energy intake (CGEI; B), cumulative digestible
energy intake (CDEI; C), digestibility (D) and body mass (E) in fattening Daurian
ground squirrels. Data were expressed as mean 7 SE (n ¼8 for each group). Asterisk
(*) indicates a statistical difference between groups (Po 0.05). The dash line marks
the day when the animals were transferred from warm (25 °C) natural lighting
room into the cold (5 °C) constant dark room.

Table 3
The masses of subcutaneous WAT, visceral WAT and total WAT in fattening Daurian
ground squirrels after leptin administration.

Subcutaneous WAT (g)
Visceral WAT (g)
Total WAT (g)

aCSF

Leptin

P

30.137 5.18
13.517 3.10
43.647 7.84

27.81 75.24
15.10 73.71
42.91 78.77

NS
NS
NS

Note: Values are means 7 SE. Values determined by independent t-tests (n¼ 8 for
each group).

eliminated before hibernation (Dark et al., 1984). There might be
compensatory recruitment in WAT in squirrels, because the WAT is
the primary fuel for hibernation.
UCP1 in BAT is critical for non-shivering thermogenesis in
mammals during winter and cold exposure (Cannon and Nedergaard, 2004). In laboratory rodents, increased leptin level can
stimulate thermogenic capacity by increasing UCP1 mRNA

expression and protein content in BAT to maintain the energy
homeostasis (Cancello et al., 1998; Demas et al., 2002; Gullicksen
et al., 2002). In several wild rodents, serum leptin level was usually
negatively correlated with UCP1 content (Li and Wang, 2005b;
Wang et al., 2006 a,b; Zhang and Wang, 2007; Chen et al., 2012).
Such a relationship between serum leptin concentration
and UCP1 was not detected in Dauiran ground squirrels (Xing
et al., 2015). We also observed that 3-week cold acclimation signiﬁcantly increased the UCP1 expression and protein contents
(Xing et al. unpublished data). In this study, we did not observe
any statistical difference in mRNA expression or protein content of
UCP1 in BAT at the end of leptin administration, through the 6-day
cold acclimation might increase the UCP1 level. We also did not
detect the effect of leptin on RMR in fattening squirrels under either warm or cold conditions. These results suggest the dissociation between leptin and thermogenic ability in the Daurian ground
squirrels.
Hibernation in obligate hibernators is spontaneous and nonopportunistic (Drew et al., 2007; French, 2008). It has been shown
that both short photoperiod and cold acclimation cannot induce
hypothermia in the summer active Daurian ground squirrels
(Zhang et al., 1996; Huang et al., 2006). However, timing and hibernation patterns were inﬂuenced by the energy storage in some
fat-storing hibernators (Bieber et al., 2014; Vuarin et al., 2013) and
food-storing hibernators (Otsu and Kimura, 1993; Humphries
et al., 2003). In the present study, 12-day leptin administration, a
supposed exogenous energy signal, did not signiﬁcantly facilitate
torpor in fattening squirrels in either warm or cold condition,
therefore our hypothesis was not supported. The thyroid hormones have signiﬁcant calorigenic effect in mammals (Mullur
et al., 2014). The serum T3 and T4 concentrations were signiﬁcantly
higher in hibernating season than that in summer active seasons
in Daurian ground squirrels (Huang et al., 2003), similar results
were reported in other seasonal hibernators (reviewed in Lyman
et al., 1982). The elevated thyroid hormones might be prepared for
the thermogenesis capacity during the interbout arousal. In mice
and rats, T3 and T4 were stimulated by high leptin concentration
via the central regulation (Zimmermann-Belsing et al., 2003).
However, in Daurian ground squirrel, high thyroid hormones
during hibernation were coincident with the relative low leptin
concentration resulted from consumption of body fat. In this study,
leptin administration decreased the serum T3 and T4 concentration
during fattening period. We suppose that, in Daurian ground
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Fig. 3. Relative changes in hypothalamic NPY (A), AgRP (B), ObR (C), POMC (D) and CART (E) mRNA expressions as the function of 12-day ICV leptin administration (1μg/day).
Data were expressed as mean 7SE (n¼ 8 for each group). Asterisk (*) indicates a statistical difference between groups (P o 0.05).

squirrels, leptin may have a different relationship with thyroid
hormones compared with that in rats.
Contrary to obligate hibernators, facultative hibernators are
stimulated to enter hibernation by winter-like conditions, such
as short photoperiod, cold exposure and/or food shortage
(Kirsch et al., 1991; Klingenspor et al., 2000; Grimpo et al., 2013).
Most facultative hibernators resist becoming torpid until they
have lost body mass (Drew et al., 2007; French, 2008). Hibernation
of Siberian hamsters (Phodopus sungorus) is induced by body
mass loss triggered by short-photoperiod (Heldmaier and Steinlechner, 1981; Bartness and Wade, 1985; Ruf et al., 1993).
More than half of the body mass loss is due to reduction of body
fat (Klingenspor et al., 2000). Low leptin concentration, as a

signal of starvation and energy stress, was supposed to be necessary for evoking torpor in Siberian hamsters (Freeman et al.,
2004). The differences in physiological energetics before entering
hibernation between obligate and facultative hibernators imply
the differences of energy regulation and the initiation of
hibernation.
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