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Abstract

(1) To investigate the role of photoperiod on the regulation of energy budgets and thermogenesis in Mongolian gerbils, body mass (BM),
body fat mass (BFM), basal metabolic rate (BMR), nonshivering thermogenesis (NST), gross energy intake (GEI), mitochondrial
cytochrome ¢ oxidase (COX) activity and uncoupling proteinl (UCP1) content of brown adipose tissue (BAT), and serum tri-
iodothyronine (T3), thyroxine (T,) and leptin levels were measured.

(2) Short day (SD) gerbils showed higher levels of BMR, liver COX activity and T4 concentration than Long day (LD) gerbils and,
however, NST, BAT COX activity and UCP1 content, T3 level did not differ between the two groups.

(3) There was no group difference in BM, BFM and leptin levels. Leptin concentration was not correlated with BFM and GEI. GEI was

significantly higher in SD than in LD gerbils.

(4) Our data indicate that photoperiodic changes may provide cues altering energy budget, but not thermogenic capacity in Mongolian

gerbils.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Physiological adjustments to seasonal variations of
environment are important adaptive strategies for small
mammals (Wunder, 1984). Seasonal variation in photo-
period is most anticipated among many environmental
factors including temperature, food quality and quantity.
Many rodent species use the annual photoperiodic cycle as
a cue for seasonal physiological changes, especially for
energy balance and thermogenesis (Bartness and Wade,
1985; Bartness et al., 1989; Genin and Perret, 2000; Haim,
1996; Heldmaier et al., 1981; Wang et al., 1999).

In order to cope with changes in natural environment,
many small mammals increase their thermogenic capacity
in winter conditions (Haim and Izhaki, 1993; Heldmaier
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et al., 1981; Wunder, 1984), and nonshivering thermogen-
esis (NST) is an important mechanism for heat production
(Haim and Izhaki, 1993; Heldmaier, 1971; Heldmaier and
Buchberger, 1985; Heldmaier et al., 1982; Li et al., 2001a;
Lynch, 1970; Wang et al., 1999). Brown adipose tissue
(BAT) is the main site of NST (Ricquier and Bouillaud,
2000). It has been shown that uncoupling protein 1
(UCP1), a 32kDa protein uniquely expressed in the inner
membrane of BAT mitochondria, plays an important role
in heat production by uncoupling oxidative metabolism
from ATP synthesis (Himms-Hagen and Ricquier, 1998;
Rial and Gonzalez-Barroso, 2001). As the terminal enzyme
in oxidative phosphorylation in mitochondria, cytochrome
¢ oxidase (COX, complex IV) is involved in mitochondrial
energy metabolism (Kadenbach et al., 2000). It has also
been demonstrated that several hormones are related to
thermogenesis, e.g., thyroid hormones (tri-iodothyronine,
T; and thyroxine, T4) affect adaptive thermogenesis by
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influencing several aspects of energy metabolism, including
substrate cycling, ion cycling and mitochondrial proton
leaks (Krotkiewski, 2002; Wu et al., 1999). Photoperiodic
changes, one of the important environment factors, affect
thermogenic capacity in some small mammals such as
plateau pikas (Ochotona curzoniae) and root voles (Micro-
tus oeconomus) (Wang et al., 1999), Siberian hamsters
(Phodopus sungorus) (Demas et al., 2002; Heldmaier et al.,
1982) and bushy-tailed gerbils (Sekeetamys calurus) (Haim,
1996).

Seasonal fluctuations in body mass (BM) have been
demonstrated to be dependent on photoperiod in some
rodent species, such as Siberian hamsters (Bartness et al.,
1989), meadow voles (Microtus pennsylvanicus) (Dark and
Zucker, 1986), prairie voles (Microtus ochrogaster) (Kriegs-
feld and Nelson, 1996), collared lemmings (Dicrostonyx
groenlandicus) (Powell et al., 2002) and root voles (Wang
et al., 1999). To maintain body temperature and energy
balance in winter conditions, some species such as bushy-
tailed gerbils (Haim, 1996) reduce energy expenditure and
increase energy intake and thermogenesis under a short
photoperiod. However, when acclimated to different
photoperiods, bank voles (Clethrionomys glareolus) showed
no significant change in any energetic parameters (Peacock
et al., 2004). In collared lemmings, on the other hand, short
photoperiod increases their body mass and decreases
energy expenditure (Powell et al., 2002). Thus, there are
species-specific responses in small mammals to photoper-
iod changes.

Leptin is the product of the obese gene (ob) and is
expressed and secreted exclusively by adipocytes (Zhang
et al., 1994). Leptin is considered to be an adipostatic signal
regulating food intake (Halaas et al., 1995; Klingenspor
et al., 1996; Pelleymounter et al., 1995; Zhang et al., 1994),
which makes it to be a likely candidate for involvement in
endocrine regulation of seasonal changes in BM (Johnson
et al., 2004). Seasonal fluctuations in serum leptin levels,
energy intake, BM or body fat mass have been found in
some seasonal acclimated rodents (Klingenspor et al., 1996,
2000; Li and Wang, 2005a; Li et al., 2004). The positive
correlation between serum leptin levels and body fat mass
has been found in many small mammals including Siberian
hamsters (Klingenspor et al., 2000), collared lemmings
(Johnson et al., 2004) and cold acclimated Mongolian
gerbils (Meriones unguiculatus) (Li et al., 2004).

Mongolian gerbils inhabit mainly desert and semi-arid
regions of northern China and Mongolia. In these regions
the annual average temperature is —0.4°C, the average
temperature in the coldest month is —22.3°C and in the
warmest month is 18.8 °C, with extreme minimum tem-
peratures below —40°C (Chen, 1988; Wang et al., 2000).
Mongolian gerbils survive in this harsh environment by a
wide thermal neutral zone (Wang et al., 2000, 2003a), and
show seasonal changes of thermogenesis and energy
budgets in both captured Mongolian gerbils in Inner
Mongolia (Wang et al., 2003a) and their breeding colony in
outdoor enclosure, which implies an interaction of

temperature and photoperiod (Li and Wang, 2005b). Cold
stimulates their NST capacity (Li et al.,, 2001b) and
maximum metabolizable energy intake (Liu et al., 2002).
However, changes of thermogenesis and energy budgets
responding to photoperiod in the absence of cold ambient
temperature are still unclear. If photoperiodic changes are
important cues for seasonal acclimatization, then short
photoperiod is expected to increase energy intake and
thermogenesis in Mongolian gerbils. Further, energy intake
might be mediated by leptin. We tested this hypothesis in
the present study by measuring several physiological,
hormonal and biochemical markers indicative of thermo-
genic capacity and energy budget responding to photo-
periodic changes in captive gerbils maintained at constant
ambient temperature.

2. Materials and methods
2.1. Subjects

The subjects used were the offspring of a captive colony
that was trapped in Inner Mongolian grasslands (41°57'N,
115°16'E, about 1500m in altitude, and the natural
photoperiod was around 8h light in the midwinter and
16 h light in the midsummer), and brought to the animal
facility in the Institute of Zoology, the Chinese Academy of
Sciences in Beijing, China. Gerbils were raised in cages
(30cm x 15cm x 20cm; 3-4 per cage) in which food
(standard rat pellets from Beijing Ke Ao Feed Co.) and
water were provided ad libitum. All cages were maintained
under a photoperiod of 12L:12D while the temperature was
around 23+1°C. Prior to acclimation, 16 adult gerbils
(120-150 days of age) were moved into individual cages
with sawdust bedding for at least 2 weeks. They were then
divided into two groups that were acclimated to two
different photoperiod regimes—a long day group (LD,
16L:8D with lights on at 06:00h, four males and four
females) and a short day group (SD, 8L:16D with lights on
at 08:00 h, four males and four females) for 4 weeks, in
which all other housing conditions were unchanged. Body
mass of the gerbils was monitored every other day during
the photoperiod acclimation.

2.2. Metabolic trial

BMR and NST were measured in a closed-circuit
respirometer (Gorecki, 1975; Wang et al., 2000). The
metabolic chamber size was 3.6 L, and chamber tempera-
ture was controlled within +0.5°C by a water bath.
Carbon dioxide and water in the metabolic chamber were
absorbed with KOH and silica gel, respectively. Gerbils
were weighed before and after each test. All measurements
were made between 09.00 and 17.00 h. In order to reduce
the effect of circadian rhythms on the results, two SD
gerbils and two LD gerbils were measured at the same time
in four metabolic chambers.
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BMR and NST were measured on the day before
photoperiod acclimation began (day 0) and at 7day
intervals during the acclimation (total of five measure-
ments). BMR was measured at 30+0.5 °C, which is within
their thermoneutral zone (26-38 °C) (Wang et al., 2000,
2003a). All subjects were fasted for 3 h before entering the
metabolic chamber. After 60 min stabilization in the
chamber, metabolic measurement was conducted for
60 min at 5min intervals. Two continuous stable minimum
recordings were used to calculate BMR. Maximum NST
was defined as the maximum metabolic response to
norepinephrine (NE), and was measured as the highest
oxygen consumption following a mass-dependent subcuta-
neous injection of NE on the next day (Heldmaier et al.,
1982). The NE (Shanghai Harvest Pharmaceutical Co.
Ltd.) dose was calculated according to the equation
(Heldmaier, 1971): NE (mg/kg) = 6.6 Mp**® (o).
Maximum oxygen consumption occurred about
15-20min after NE injection. Each measurement was
conducted for 60 min at 5min intervals at 25°C (+1°C).
Two continuous stable maximal recordings were used to
calculate NST. BMR and NST were corrected to standard
temperature and air pressure (STP) conditions.

2.3. Energy budget

Food intake was measured in the metabolism cages.
Food was provided quantitatively and food residues and
feces were collected from each animal over the last 3 days
each week during photoperiod acclimation, and separated
by hand after they were dried 60 °C to constant mass (Liu
et al., 2002, 2003). The gross energy contents of the food
and feces were determined by 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 as follows (Grodzinski and
Wunder, 1975; Liu et al., 2002, 2003):

GEI (kJ/day) = dry matter intake (DMI) (g/day) x GE
content of food (kJ/g);

DEI (kJ/day) = GEI-(DMI (g/day) x GE content of
feces (kJ/g));

Digestibility (%) = DEI/GEI x 100%.

2.4. Serum leptin levels and thyroid hormones

After 4week acclimation, all gerbils were decapitated
between 09:30-11:30h. Trunk blood was collected for
leptin and thyroid hormones measurement. Serum was
separated from each blood sample. Serum leptin levels were
determined by radio-immunoassay (RIA) using the Linco
1251 Multi-species Kit (Cat. No. XL-85K, Linco Research
Inc.). The lower and upper limits of the assay kit were 1
and 50 ng/ml, and the inter- and intra-assay variations were
<3.6% and 8.7%, respectively.

Serum tri-iodothyronine (T3) and thyroxine (T4) were
quantified by radioimmunoassay using RIA kits (China
Institute of Atomic Energy, Beijing). Intra- and inter-assay
coefficients of variation were 2.4% and 8.8% for the Tj,
and 4.3% and 7.6% for T, respectively.

2.5. Isolation of BAT and liver mitochondria and
measurements of COX activity

After trunk blood was collected, Liver and scapular BAT
were removed and weighed, and then homogenized (1:15,
w/v) with ice-cold medium A (250 mM sucrose, 10 mM
TES, 1mM EDTA, 64uM BSA and pH 7.2). The
homogenate was centrifuged (12096g for 10 min) at 4 °C,
then the precipitate was suspended in ice-cold medium B
(250 mM sucrose, 10mM TES, 1 mM EGTA, 64 M BSA
and pH 7.2) and centrifuged (500¢g for 10 min) at 4 °C. The
supernatant was centrifuged (8740¢ for 10 min) at 4 °C and
the precipitate was resuspended (1:1, w/v) in ice-cold
medium C (100mM KCI, 20mM TES, | mM EGTA and
pH 7.2), and then used for measurements of mitochondrial
protein content, COX activity and UCP1 contents.

Total mitochondrial protein content was determined by
the Folin phenol method (Lowry et al., 1951) with bovine
serum albumin as standard. COX activity was measured
polarographically with oxygen electrode units (Hansatech
Instruments Ltd., England) (Sundin et al., 1987).

2.6. Carcass and body fat content

After liver and scapular BAT were removed, we first
extracted the gastrointestinal tract (stomach, small intes-
tine, large intestine and cecum), and then the heart, lungs,
pancreas, spleen, kidneys and urinary bladder. The
remaining carcass was weighed (to 0.1 g) to determine wet
mass, dried in an oven at 60 °C for 10 days to a constant
mass, and then weighted (to 0.1 g) again to determine dry
mass. Total body fat was extracted from the dried carcass
by ether extraction in a Soxhlet apparatus.

2.7. Western blotting

BAT mitochondrial protein (5 pl; 4 pg/pl) was diluted in
5ul sample buffer and run on an SDS-polyacrylamide gel
(3% stacking gel and 12.5% running gel) together with a
prestained protein marker for about 2h. The protein was
then transferred to a nitrocellulose membrane (Hybond-C,
Amersham Biosciences, England). After blocking against
non-specific binding by 5% skim milk at 4 °C overnight,
the membrane was incubated with a rabbit polyclonal
antibody to hamster UCPI1 (1:5000, UCP1 antibody was
supplied by Dr. M. Klingenspor, Department of Biology,
Philipps-University Marburg, Germany) for 2h, and then
incubated with peroxidase-conjugated goat anti-rabbit IgG
(1:5000) (Jackson Immuno-Research Laboratories, Inc.,
USA) for 2 h, washed in washing buffer and then incubated
with an enhanced chemoluminescence kit (ECL,
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Amersham Biosciences, England) for Smin at room
temperature. Signals were detected by exposing the
membrane to autoradiography film. UCPI content was
expressed as relative units (RU) and quantified with Scion
Image Software (Scion Corporation)(Li and Wang,
2005a, b; Zhao and Wang, 2005).

2.8. Statistical analysis

Statistical analysis was carried out using the SPSS
software package. Distributions of all variables were tested
for normality using the Kolmogorov—Smirnov Test.
Differences between groups in body mass, wet and dry
carcass mass, body fat mass, mitochondrial protein
content, COX activity, T3, T4 and leptin levels, and
UCPlcontent were analyzed by two-way analysis of
variance (ANOVA) (photoperiod and sex), while BMR,
NST, DMI and energy parameters (GEI, DEI, digest-
ibility) were tested by analysis of covariance (ANCOVA)
with body mass as the covariate. Further, differences in
body mass, BMR, NST, DMI, GEI, DEI and digestibility
over the course of the acclimation were analyzed by
repeated measures, and significant differences were eval-
uated with the Turkey’s honestly significant difference
(HSD) post-hoc test. Statistic significance was assumed at
p<0.05.

3. Results

There were no significant differences in any measured
parameters between two sexes and, therefore, data from
male and female gerbils were combined.

3.1. BMR and NST

There were no significant differences in BMR (ml O,/gh)
(F=0.734, p>0.05; Fig. 1A) or NST (ml O,/gh)
(F =0.754, p>0.05; Fig. 1B) between the SD and LD
treatments prior to acclimation. During the acclimation
period BMR tended to increase in SD gerbils and to
decrease in LD gerbils. After the 4 week acclimation, BMR
in SD was significantly higher than that in LD gerbils
(F =5.068, p<0.05), but NST was relatively stable
(F =0.687, p>0.05).

3.2. Mitochondrial protein content and COX activity in
BAT and liver, thyroid hormones and BAT UCPI

After the 4 weeks acclimation, there were no significant
differences in mitochondrial protein content (mg/g tissue)
of BAT and liver between SD and LD gerbils (BAT,
F =2.329, p>0.05; liver, F = 0.152, p>0.05; Table 1). SD
gerbils had higher COX activities (nmol/min g tissue) in
liver than LD gerbils (F = 4.781, p<0.05), but there was
no significant difference in BAT COX activity (F = 1.518,
p>0.05). Serum T4 concentrations were higher in SD than
that in LD gerbils (F = 30.355, p<0.01) but not found in

Z BMR (mlOygleh?)

—~

NST (mlO,e g'le h')

B) Time (d)

Fig. 1. Effects of photoperiod on basal metabolic rate (BMR; panel A)
and nonshivering thermogenesis capacity (NST; panel B) in Mongolian
gerbils (Meriones unguiculatus). On day 28, SD gerbils had significantly
higher levels of BMR, but not NST, compared to LD gerbils. Data are
means +SEM. *: p<0.05.

T; concentration (F = 1.597, p>0.05). Similarly, there was
no significant difference in UCP1 content between SD and
LD gerbils (F = 0.829, p>0.05; Table 1).

3.3. Energy budget

Prior to acclimation, there were no significant differences
in DMI (g/day; Fig. 2A), GEI (kJ/day; Fig. 2B), DEI (kJ/
day; Fig. 2C) or digestibility (%; Fig. 2D) between SD and
LD gerbils (DMI, F =0.044, p>0.05; GEI, F = 0.044,
p>0.05; DEI, F = 0.026, p>0.05; digestibility, F = 0.032,
p>0.05). After 4 weeks of acclimation, DMI, GEI and
DEI in SD were significantly higher than that in LD gerbils
(DML, F = 17.020, p<0.05; GEI, F = 7.020, p<0.05; DEI,
F =6.210, p<0.05). The increases were 35.0% in DMI,
34.0% in GEI and 36.1% in DEI in the SD gerbils,
respectively, and 21.1%, 21.1% and 22.5% in LD gerbils,
respectively. Digestibility remained relatively stable
throughout photoperiod acclimation.

3.4. Body mass, body fat mass and serum leptin levels

There were no significant differences in body mass (g)
between SD and LD gerbils prior to acclimation
(F =0.194, p>0.05; Fig. 3). Both SD and LD gerbils
tended to increase body mass during the course of
acclimation, by 2.8% in SD and 5.6% in LD gerbils,
respectively, but there was no significant difference at the
end of the acclimation (F = 1.137, p>0.05). After 4 weeks
photoperiod acclimation, there were no significant differ-
ences in wet carcass mass (F = 2.438, p>0.05), dry carcass
mass (F =0.187, p>0.05), body fat mass (F = 0.462,
p>0.05) and serum leptin levels (F = 0.368, p>0.05)
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Mitochondrial (Mt) protein content, cytochrome ¢ oxidase (COX) activity of brown adipose tissue (BAT) and liver, uncoupling protein 1 (UCP1) content
of BAT mitochondria and serum T;, T4 and leptin concentration in Mongolian gerbils acclimated to long photoperiod (LD; 16L:8D) and short

photoperiod (SD; 8L:16D)

SD LD P
Body mass (g) 53.45+1.52 55.09+1.58 ns
Wet carcass mass (g) 42.59+1.52 45.40+1.45 ns
Dry carcass mass (g) 15.8740.46 16.5540.65 ns
Body fat mass (g) 4.84+0.39 5.48+0.46 ns
Body fat content (%) 30.2441.62 32.724+1.67 ns
BAT
BAT mass (g) 0.176+0.019 0.167+0.016 ns
Mt protein content (mg/g tissue) 11.04+1.36 8.72+0.99 ns
COX activity
nmol/minmg Mt protein 167.18+14.08 186.58+13.32 ns
nmol/min g tissue 1743.96+116.77 1566.76+126.69 ns
UCP; content (relative unit, RU) 1.16+0.09 1.00+0.11 ns
Liver
Liver mass (g) 1.973+0.046 1.958+0.102 ns
Mt protein content (mg/g tissue) 14.324+0.56 14.0540.32 ns
COX activity
nmolO,/min mg Mt protein 84.29+2.61 76.20+2.47 0.05
nmolO,/min g tissue 1205.61 +56.66 1066.24+19.92 0.05
Serum
T; (ng/ml) 1.04+0.05 0.88+0.11 ns
T4 (ng/ml) 33.63+3.26 12.92+2.20 0.01
Leptin (ng/ml) 13.73+3.19 18.74+4.09 ns

Data are means+ SE.

between SD and LD gerbils (Table 1). Finally, serum leptin
levels were not correlated with body fat mass (r = 0.098,
p>0.05) and GEI (r = —0.229, p>0.05).

4. Discussion

4.1. Changes of BMR and liver COX activity responding to
photoperiod

Changes of photoperiod are considered to be an
important cue affecting BMR in many small mammals,
including golden spiny mice (Acomys russatus) (Haim and
Zisapel, 1995), Macedonian mice (Mus macedonicus)
(Haim et al., 1999), Levant voles (Microtus guentheri)
(Banin et al., 1994) and Brandt’s voles (Microtus brandti)
(Zhao and Wang, 2005). Mongolian gerbils showed
seasonal changes of BMR, which was relatively higher in
winter but lower in summer (Wang et al., 2003a). In the
present study, SD gerbils, after 4 weeks photoperiodic
acclimation, had higher BMR than LD gerbils. It is noted
that at the 4 week time point, the BMR was increased by
2.7% in SD gerbils whereas decreased by 6.9% in LD
gerbils compared to the baseline measurement. These data
clearly indicated that gerbil’s BMR was affected by
changes of photoperiod. Further, liver, as an important
energy-expending organ, is considered to make a large
contribution to BMR (Selman et al., 2001). In our study,

liver COX activity in SD gerbils was significantly higher
than that in LD gerbils, which was consistent with the
changes in BMR. These data suggested that changes of
BMR could be at least partially due to changes of
mitochondrial respiration of the liver. Conversely, liver
COX activity might potently underlie the changes of BMR
induced by photoperiodic changes.

4.2. Changes of NST, thyroid hormones, BAT COX activity
and UCPI content responding to photoperiod

Mongolian gerbils also showed increased NST in winter
as adaptation to seasonal declines in environmental
temperature (Wang et al., 2003a). Short photoperiod alone
could induce enhancement in thermogenic capacity in
several rodent species including Djungarian hamsters
(Heldmaier et al., 1981), Brandt’s voles (Zhao and Wang,
2005) and bushy-tailed gerbils (Haim, 1996). In the present
study, however, we did not see any group differences in
NST, indicating that photoperiodic cues alone could not
alter NST capacity in the Mongolian gerbils, although we
cannot exclude a possibility that a longer photoperiodic
acclimation may induce changes in NST.

Enhancement of thermogenic capacity is generally
indicated by increases in serum thyroid hormone levels
(Li et al., 2001a; Tomasi and Mitchell, 1996), BAT COX
activity (Heldmaier and Buchberger, 1985; Wang et al.,



328 Z.-J. Zhao, D.-H. Wang | Journal of Thermal Biology 31 (2006) 323-331

Dry matter intake
(g+d™

2 1 1 1 i

(A)

130 %
]
<
8
E_ 110
o
oty
£2 905
w
g
U 70 [~

50 1 1 1 ]
(B)

110

L
]
8
£
>
ol
S =
=
e
=
8
2 S0F
a
30 1 1 1 ]
©
87
_ 84 -
S5
z
g
7 Y
R
a 78 b
75 1 1 1 ]
(D) 0 7 14 21 28

Time (d)

Fig. 2. Effects of photoperiod on dry matter intake (DMI; panel A), gross
energy intake (GEI; panel B), digestible energy intake (DEI; panel C) and
digestibility (panel D) in Mongolian gerbils (Meriones unguiculatus)
acclimated to short photoperiod (SD; 8L:16D) or long photoperiod
(LD; 16L:8D). On day 28, SD gerbils had significantly higher levels of
DMI, GEI and DEI, but not digestibility, compared to LD gerbils. Data
are means+ SEM.

1999) and UCP1 expression (Jakus et al., 2002; Klingen-
spor, 2003; Li et al., 2001b; von Praun et al., 2001).
Thyroid hormones stimulate the increases of metabolism
and thermogenesis in many rodent species (Freake and
Oppenheimer, 1995; Klingenspor, 2003; Lanni et al., 2003;

65

---¢---LD

Body mass (g)

Il Il
21 23 25 28

45 1 1 1 1 1 1 1 1
0 2 4 7 9 11 14 16 18

Time (d)

Fig. 3. Effects of photoperiod on body mass in Mongolian gerbils
(Meriones unguiculatus). No significant differences were found between
gerbils acclimated to long photoperiod (LD; 16L:8D) and short
photoperiod (SD; 8L:16D) either prior to the experiment or during the
course of photoperiod acclimation. Data are means +SEM.

Li et al., 2001b). In Mongolian gerbils, Petterborg et al.
(1984) found no changes in either T4 or T in young males
after 13 weeks of short photoperiodic acclimation. In our
present study, serum T, concentration was significantly
higher in SD than in LD gerbils, but group differences were
not found in T3 concentration. It seems that the Ty’s
response to photoperiodic cues is age-dependent. T4 can be
converted to T3 in peripheral tissues by deiodinases, such
as Type II iodothyronine 5P-deiodinase (DII) in BAT
(Lanni et al., 2003). It seemed that the DII activity was not
affected by 4 weeks photoperiodic changes in the gerbils.

BAT is the main tissue involved in NST (Heldmaier and
Buchberger, 1985). The increased composition and oxida-
tive capacity of BAT were accompanied by enhancement of
thermogenic capacity (Rafael and Vsiansky, 1985). Our
data showed that BAT mitochondria protein content and
COX activity were not affected by changes of photoperiod
in the gerbils, consistent with the lack of changes in NST.
Short photoperiod can induce increases in BAT ucpl
mRNA (Demas et al., 2002) and UCPI1 contents (Wang et
al., 2003b) in some rodents. However, BAT ucp/ mRNA
levels were 50% lower in SD collard lemmings than in LD
lemmings (Powell et al., 2002). The response of wucpl
expression to photoperiodic changes seems to be species-
specific. The lack of group differences in the UCPI
contents indicated that BAT COX activity and ucpl
expression were not affected by photoperiodic changes in
Mongolian gerbils.

4.3. Changes of energy intake, body mass and serum leptin
levels responding to photoperiod

Changes of photoperiod affected seasonal adjustments
of energy budgets in many small mammals (Bartness et al.,
1989; Dark and Zucker, 1986; Haim, 1996; Klingenspor
et al., 1996; Kriegsfeld and Nelson, 1996; Powell et al., 2002).
Short photoperiod induced the increase of energy intake in
Macedonian mice (Haim et al., 1999), golden spiny mice
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(Haim et al., 1994), Levant voles (Banin et al., 1994) and
bushy-tailed gerbils (Haim, 1996). Our data also showed
energy intake were affected by changes of photoperiod,
similar to the findings by Li et al. (2003), suggesting that
photoperiod is an environmental cue for adaptive adjust-
ments of energy budgets in the gerbils. For non-hibernating
temperate small mammals, winter is often considered as the
most energetically challenging period because low ambient
temperatures require an increased energy intake (Speak-
man, 2000). For surviving the coming cold winter in field
conditions, the increased energy intake induced by short
photoperiod would contribute to maintaining a relatively
high metabolic rate, which was an important strategy for
maintaining the energy balance in Mongolian gerbils.

In the present study, we did not find any changes in body
mass in Mongolian gerbils during the 4 weeks photoperiod
acclimation, and this data is consistent with the finding in
adult male gerbils by Karakas and Gunduz (2002). These
data, together, suggested that body mass of adult gerbils
was not affected by photoperiodic changes. However, it has
been found that body mass decreased in young male gerbils
under short photoperiod (Petterborg et al., 1984). It
seemed that responses of body mass in Mongolian gerbils
to photoperiodic changes were age-dependent. Interest-
ingly, the gerbils did not change body mass under cold
conditions independent of photoperiod (Li et al., 2004),
and decreased body mass in a cold environment when
exposed to short-day photoperiod (Gunduz, 2002), sug-
gesting an interaction between short photoperiod and cold,
not photoperiod alone, plays a role in body mass
regulation in the gerbils.

Finally, leptin is involved in the endocrine regulation of
energy balance and body mass (Johnson et al., 2004; Zhang
et al., 1994). Our data showed no group differences in
serum leptin levels and in body fat mass between LD and
SD gerbils after 4 weeks of photoperiodic acclimation.
Further, we did not see any correlation between serum
leptin levels and body fat mass or gross energy intake in the
gerbils. Changes of serum leptin levels in response to
photoperiod seemed to be species-specific. Short photo-
period induced decreased serum leptin levels coupled with
decreasing energy intake in Siberian hamsters (Klingenspor
et al., 1996), and increased serum leptin levels coupled with
increasing energy intake in collared lemmings (Johnson et
al., 2004). It is interesting to note that cold-acclimated
gerbils showed significant correlation between leptin and
body fat mass or energy intake (Li et al., 2004), suggesting
that leptin could be involved in the regulation of energy
balance induced by the environmental factors other than
photoperiod cues.

5. Summary

Seasonal changes of thermogenesis have been found in
both captured Mongolian gerbils in Inner Mongolia (Wang
et al.,, 2003a) and their breeding colony in outdoor
enclosure (Li and Wang, 2005b). In our present study, we

found that several physiological, hormonal and biochem-
ical variables indicative of thermogenic capacity, except for
BMR and liver COX activity, were not affected by 4 weeks
photoperiodic acclimation in the absence of cold stress,
suggesting that photoperiodic changes may not provide
cues altering adaptive thermogenesis. We did not find the
differences in body mass and leptin levels in SD and LD
gerbils, and leptin levels were not correlated with body fat
mass and gross energy intake. Gross energy intake was
significantly higher in SD than in LD gerbils. These data
suggest that photoperiodic changes play an important role
in the regulation of energy budgets in Mongolian gerbils.
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