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ABSTRACT

Brandt's voles have an annual cycle of body weight and adiposity. These
changes can be induced in the laboratory by manipulation of
photoperiod. In the present study, male captive-bred Brandt's voles
aged 35 days were acclimated to a short day (SD) photoperiod (8L:16D)
for 70 days. A subgroup of individuals (n=16) were implanted with
transmitters to monitor physical activity and body temperature. They
were then randomly allocated into long day (LD=16L:8D) (n=19, 8 with
transmitters) and SD (n=18, 8 with transmitters) groups for an additional
70 days. We monitored aspects of energy balance, glucose and insulin
tolerance (GTT and ITT), body composition and organ fat content after
exposure to the different photoperiods. LD voles increased in weight for
35 days and then re-established stability at a higher level. At the end of
the experiment LD-exposed voles had greater white adipose tissue
mass than SD voles (P=0.003). During weight gain they did not differ in
their food intake or digestive efficiency; however, daily energy
expenditure was significantly reduced in the LD compared with SD
animals (ANCOVA, P<0.05) and there was a trend to reduced resting
metabolic rate RMR (P=0.075). Physical activity levels were unchanged.
Despite different levels of fat storage, the GTT and ITT responses of SD
and LD voles were not significantly different, and these traits were not
correlated to body fatness. Hence, the photoperiod-induced obesity was
independent on disruptions to glucose homeostasis, indicating a
potential adaptive decoupling of these states in evolutionary time. Fat
content in both the liver and muscle showed no significant difference
between LD and SD animals. How voles overcome the common
negative aspects of fat storage might make them a useful model for
understanding the phenomenon of ‘healthy obesity’.

KEY WORDS: Brandt’s vole, Photoperiod, Healthy obesity,
Glucose tolerance, Insulin sensitivity, Lipotoxicity, Adipose tissue
expandability

INTRODUCTION
The world is currently faced by two health epidemics. The first is the
expansion in levels of obesity, and the second is the increase in
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levels of type 2 diabetes (Ogden et al., 2006; Scheen, 1999;
Schwartz and Porte, 2005). Although obesity and type 2 diabetes are
closely linked with one another the association is not inevitable
(Scheen, 1999; Schwartz and Porte, 2005; Bliiher, 2010). There are
many patients who develop obesity but do not develop any
metabolic complications. This population has been generally called
the ‘healthy obese’ (Blither, 2010). Understanding why some
people are able to become obese without metabolic compromises is
important because this might point a way towards novel therapeutic
options that will help reduce the translation of obesity into type 2
diabetes. Given the failure of our attempts to solve the obesity
problem, stemming the translation from obesity to type 2 diabetes
could be a more effective option.

One hypothesis for the phenomenon of ‘healthy obesity’ is the
lipotoxicity hypothesis (Virtue and Vidal-Puig, 2008; Unger et al.,
2010). The lipotoxicity hypothesis suggests that if an individual
builds sufficient fat cells in which ingested and synthesized lipids
can be deposited (also called the adipose tissue expandability
hypothesis), the individual will largely be protected from the
metabolic sequalae of the increased obesity, which are hypothesized
to stem mostly from ectopic deposition of fat into the liver and
muscle. This idea is supported by several lines of evidence (Virtue
and Vidal-Puig, 2008). First, lipodystrophic individuals, who have
no white adipose tissue, might be expected, given the broad
correlation between increasing obesity and ill health, to be very
healthy, but in fact they have severe insulin resistance and metabolic
complications (Barroso et al., 1999; Savage et al., 2003). Second,
the very existence of the healthy obese population suggests the
problem is not obesity per se, but how ingested excess energy is
handled and potentially where it is deposited (Bliiher, 2010; Karelis
et al.,, 2005). Finally, some treatments for diabetes, such as
thiozoladinediones, improve insulin sensitivity but paradoxically
at the same time seem to stimulate further fat expansion (Nichols
and Gomez-Caminero, 2007).

Although obesity is widely regarded as a maladaptive response to
the high levels of energy supply in modern society (Hall et al., 2012;
Speakman, 2013), this cannot be the situation in the case of excess
adiposity in wild animals. Many wild animals deposit large adipose
tissue stores in advance of anticipated periods of food shortage, or
in preparation for a period of high demand such as trans-global
migration (Martin, 2008; Speakman and O’Rahilly, 2012).
Moreover, many other non-hibernating animals, like small rodents
(such as voles, hamsters and lemmings) go through annual cycles of
fattening that are not obviously linked to periods of migration or low
food supply (Steinlechner and Heldmaier, 1982; Ebling and Barrett,
2008; Bartness et al., 2002). The fundamental argument developed
here is that over evolutionary time such animals would likely have
evolved mechanisms that enable them to avoid the negative aspects
of excess energy balance and fat storage. If that is the case,
understanding how such animals avoid the negative consequences of
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obesity might make them valuable tools to explore the phenomenon
of ‘healthy obesity’. We suggest that, on the basis of the lipotoxicity/
adipose tissue expandability theory, during natural photoperiod-
induced obesity these animals might expand their adipose tissue
stores in a manner enabling them to avoid lipid overflow and ectopic
fat deposition and hence remain in a healthy state.

Voles are small non-hibernating rodents that are common
throughout the Palearctic and Nearctic regions. In the wild, voles
show a profound annual cycle of body weight (Li and Wang, 2005;
Chen et al., 2012) that is driven largely by photoperiod (Krol et al.,
2005; Krol and Speakman, 2007; Zhao and Wang, 2005, 2000).
When voles are exposed to long photoperiods they dramatically
increase their body weight compared with voles maintained in short
photoperiods. This provides us with a powerful tool where, simply
by switching the light regime, we can turn a lean vole into an obese
vole within the space of about 5 weeks without any change in the
diet. This model therefore allows us to explore the consequences of
fat storage, divorced from any simultaneous impacts of a diet
change. This provides a considerable advantage because most other
models of obesity in rodents involve manipulation of the diet to
induce obesity. It is difficult to then separate the impacts of the
obesity from the impacts of the diet.

The mechanisms, in terms of energy balance, by which voles and
other small mammals such as lemmings and hamsters achieve their
obese state, following a photoperiod change, seems to be different in
different species. We have shown previously that in short-tailed
field voles (Microtus agrestis) that the long-photoperiod-induced
weight increase is driven by an increase in digestive efficiency
(Krol et al., 2005), whereas in collared lemmings (Dicrostonyx
groenlandicus) the photoperiod-induced weight increase is
achieved by a suppression of resting energy expenditure linked to
reduced levels of UCPI1 in brown adipose tissue (BAT) (Powell
etal., 2002). Previous work in Brandt’s voles has shown food intake
is not increased in those individuals exposed to LD and gaining
weight (Zhao and Wang, 2006), also suggesting an effect rooted in
either digestive efficiency changes or suppressed expenditure.
Contrasting these effects, LD-induced weight gains in Siberian
hamsters (Phodopus sungorus) seem to be driven by elevated food
intake (Warner et al., 2010).

In the present study we had three objectives. First, we aimed to
characterize more closely the photoperiod-induced obesity model in
the Brandt’s vole, to establish if the change in obesity is accompanied
by changes in food intake, resting and daily energy expenditure and
physical activity levels. Second, we explored what the consequences
of the long-day-induced obese state are for glucose and insulin
tolerance, to establish if this is a useful model of ‘healthy obesity’.
Finally, we explored the extent to which fat is deposited in the
liver and skeletal muscle as the animals become obese to establish if
the changes in glucose homeostasis were consistent with the
lipotoxicity/adipose tissue expandability hypothesis.

RESULTS

Differences in body mass and body composition between LD
and SD groups

For the first 6 days after the photoperiod change there was no
difference in the body mass between the SD and LD groups (group
effect, F,35=0.002, P=0.969; groupxtime effect, F1;0=1.360,
P=0.232; repeated measures ANOVA, LSD comparison), but
thereafter the mass of the LD animals increased and diverged
from that of the SD animals and reached maximal levels after
35 days of LD exposure (group effect, F3s=1.624, P=0.211;
groupxtime effect, F351225=7.140, P=0.011; repeated measures
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ANOVA, LSD comparison; Fig. 1A). From day 35 to day 67 there
was no further increase in mass of the LD group (time effect,
P>0.05). After 70 days of LD exposure, LD voles exhibited
significantly greater epididymal, retroperitoneal and inguinal
adipose tissue stores, and consequently significantly greater total
white adipose tissue (WAT) mass than SD voles (Fig. 1A, Table 1;
Fig. S1). Interscapular BAT mass was not significantly different
between LD and SD animals (P=0.313). LD animals also had

70
65
60
55
50
45
40 o

6 0 6 12 18 24 30 36 42 48 54 60 66

121B

“’M

Body mass (g)

Food intake (g/day)
S N A &N

0 6 12 18 24 30 36 42 48 54 60 66
C

e
A RO =N WS
S oo oo o<
1 1 1 1 1 1 1 J

Digestable energy intake (kJ/d)

(74
=

0 6 12 18 24 30 36 42 48 54
D

=]
(=]

70

50 A

Digestive efficiency (%)
[=a)
<

40 T T T T T T T T T T 1
0 6 12 18 24 30 36 42 48 54 60 66

Acclimation days

Fig. 1. Effects of photoperiod exposure on body mass and food intake of
Brandt’s voles. Thirty-seven voles were exposed to short photoperiod and
then 19 of them were switched to a long photoperiod (LD: black points) on
day 0, while the remainder (n=18) remained on short days (SD: white points).
Graphs show (A) body mass, (B) gross food intake, (C) digestible energy intake
calculated as the energy in the food minus energy excreted in faeces, and
(D) digestive efficiency —the percent of ingested food that is absorbed. Values
are meanszts.e.m. LD voles gained body weight after the photoperiod switch
but this was not associated with elevated food intake, digestible energy intake
or altered digestive efficiency.
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Table 1. Differences of body composition between LD and SD Brandt’s
voles

Mass parameters (g) SD LD P-value
Fat-free body mass 51.1£3.2 53.3£2.8 0.601
Epididymal fat mass 0.593+0.091 1.103+0.173 0.013*
Retroperitoneal fat mass 0.416+0.083 0.866+0.141 0.010*
Inguinal fat mass 1.669+0.267 3.341+0.506 0.010*
Total fat mass 3.831+0.533 7.134+0.846 0.003*
Interscapular BAT mass 0.196+0.025 0.261+0.032 0.313
Testis mass 0.785+0.092 1.027+0.069 0.071
Seminal vesicle mass 0.391+0.064 0.743+0.051 <0.001*
Liver mass 1.705+0.133 1.990+0.139 0.294
Heart mass 0.243+0.012 0.261+0.012 0.870
Kidney mass 0.541+0.036 0.599+0.027 0.576

Values are meanszts.e.m. [analysis of covariance (ANCOVA) with body mass as
covariate followed by LSD post-hoc test]. Significant P-values are marked with *.

significantly larger seminal vesicles than SD voles (Table 1), but
other lean tissues including the kidneys, liver, heart, testes and
overall fat-free body mass were not significantly different (Table 1).

Energy balance

There were no significant differences in daily food intake
(Fig. 1B), digestible energy intake (Fig. 1C) and digestive
efficiency (Fig. 1D) between the SD and LD groups (ANCOVA
using corresponding body mass as covariate, P>0.05). For
definitions of digestible energy intake (DEI) and digestive
efficiency refer to Materials and Methods below. DEI is the
amount of energy the animal can extract from the food and the
digestive efficiency is the efficiency of that extraction. There were
also no significant differences in core body temperature (Fig. 2A)
or gross physical activity levels (Fig. 2B) between LD and SD
groups throughout the period of photoperiod manipulation
(groupxtime effect, P>0.05, repeated measures ANOVA).
Diurnal patterns of body temperature (Fig. 2C) and gross
physical activity (Fig. 2D) were very similar. The only
significant difference was that the LD animals showed transient
high activity just prior to their lights coming on at 04:00. No
similar pattern was observed in the SD voles when their lights
came on. This effect however was small, probably physiologically
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Fig. 3. Effects of photoperiod treatment on energy expenditure of
Brandt’s voles. (A) Resting metabolic rate (RMR: oxygen consumption/h)
measured by indirect calorimetry. (B) Daily energy expenditure (DEE: kJ/day)
measured by doubly-labelled water. White dots are short day exposed animals
(n=18) and black dots are long day exposed animals (n=19). The dashed lines
are the fitted regression lines for SD voles and the solid lines are the fitted
regression lines for LD exposed voles. There was a trend for resting metabolic
rates to be lower in LD animals (P=0.075) and a significant reduction in DEE
(P=0.023).

unimportant and compensated at other times of day as there were
no significant differences in overall activity levels.

Resting metabolic rate (RMR) was strongly and positively related
to body weight. There was a trend for RMR to be lower in the LD
animals when compared with SD animals (£ 34=3.377, P=0.075,
ANCOVA; Fig. 3A). Total daily energy expenditure (DEE) was also
strongly related to body weight and was significantly lower in the
LD animals (F; 33=5.660, P=0.023, ANCOVA,; Fig. 3B).

Glucose and insulin tolerance tests

Before the LD exposure, during baseline or after 50 days of LD
treatment, both glucose and insulin tolerance tests indicated that
blood glucose concentrations of LD animals remained the same as
for SD animals, regardless of the divergence in their body weight
and fatness (ANOVA P>0.05; Fig. 4A,C.E,G). Glucose area under
the curve (AUC) from 0-120 min also showed no significant
difference between LD treated animals and SD controls
(independent sample #-tests, P>0.05; Fig. 4B,D,F,H). In addition,
no correlations were found between body fat mass and GTT or ITT
(Pearson’s correlation, P>0.05; Fig. 5A,B).

Adipose tissue morphology

After 70 days of LD treatment, both epididymal and inguinal WAT
(eWAT and iWAT, respectively) cell diameter was significantly
greater in LD compared with SD animals (eWAT: /=2.088, P=0.044;
iWAT: =2.516, P=0.017; Fig. 6). The increase in diameter was
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equivalent to a cell volume enlarged by 58.4% in eWAT and 60.7% in
iWAT when comparing LD animals with SD animals, assuming the
shape of the cells approximated a sphere. As the total fat mass
increased by about 86% in eWAT and 100.2% in iWAT, the
proliferation of adipocytes might also have contributed to the
expansion of the tissue mass. We also measured the expression of a
number of genes in the eWAT and subcutaneous WAT (scWAT) and
the interscapular BAT that are linked to thermogenesis, adipocyte
proliferation and fat synthesis. There were no significant differences
in UCPI expression between LD and SD animals in any of the tissues.
In eWAT expression of both PGCIb (also known as Ppargclb)
PPARg, Cidea, glucose 6-phosphatase (G6Pase, also known as
G6pc) and fatty acid synthase (FASN) were increased under LD
treatment (Table 2). Specifically, FASN was significantly upregulated
(P=0.032) and PGCIb showed an increase trend (P=0.057) in LD
animals. These effects were not replicated in the other tissues.
Variation in the expression estimates for ssWAT was high, perhaps
reflecting heterogeneity of this tissue. There were no significant
differences in the levels of PGCla (also known as Ppargcla), PPARg
Cidea and G6Pase between the two groups in any of the tissues.
Despite the obese state in LD animals, fat content of both liver
and muscle showed no difference between LD and SD animals
(independent sample #-tests, P>0.05; Fig. 7A,B). Compared with
SD voles, LD animals exhibited greater total white fat pad mass.
However, this increase in their obesity status was not accompanied
by an increase in circulating TNF-a. levels (Fig. 7C). No correlation
was observed between TNF-o and total body fat mass (Fig. 7D).

DISCUSSION

When Brandt’s voles are exposed to long photoperiods they
dramatically increase their body weight. This increase is mostly due
to increased size of fat depots when compared with voles
maintained in short photoperiods. These changes have been
observed previously in other voles (Krdl et al., 2005; Krol and
Speakman, 2007) and other small rodents including hamsters
(Steinlechner and Heldmaier, 1982) and lemmings (Powell et al.,
2002). The photoperiod-induced changes in body weight followed a
distinctive two-phase pattern where for about 35 days there was a
dramatic increase, followed by a period of stability. In short-tailed
field voles we previously showed that during the increase phase the
voles were leptin-resistant, and showed a constitutive upregulation
of the negative regulator of leptin signalling (SOCS3) that blunts
their counter-regulatory response to their expanding body fat (Krdl
and Speakman, 2007). Similar responses in SOCS3 have also been
reported in Siberian hamsters (Tups et al., 2004).

Detailed energy budgeting in short-tailed field voles showed that
this increased adiposity was mediated neither by gross elevations in
food intake, nor reduced resting or physical activity energy
expenditure but instead by means of an improvement in digestive
efficiency (Krol et al., 2005). However, in the present study, we found
that the increase in body weight and fatness in Brandt’s voles was
mediated by decreasing daily energy expenditure, rather than elevated
energy intake. This decreased expenditure seemed to be contributed to
mostly by a reduction in resting metabolism rather than a decrease in
physical activity levels. In lemmings it has also been shown that
photoperiod-induced changes in adiposity were associated with
differences in energy expenditure that were linked to changes in
UCP1 gene expression in BAT (Powell et al., 2002). In our voles the
mass of the BAT was 33% greater in the LD individuals although this
difference did not reach significance. In recent years there has been
considerable interest in the induction of fat cells with a brown-like
appearance in WAT depots, called ‘brite’ or ‘beige’ cells (Nedergaard
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Fig. 4. Effects of photoperiod on glucose tolerance
and insulin sensitivity in Brant’s voles. Thirty-seven
voles were exposed to short photoperiods. Animals were
allocated to experimental groups (SD and LD) and
measurements of glucose tolerance (GTT) and insulin
sensitivity (ITT) were made on 8-10 animals from each
group prior to the voles being exposed to a photoperiod
treatment. Following initial measurement the LD voles
were exposed to long day photoperiod for 68 days and
the SD voles stayed on the short photoperiod.

=

(A-D) Measurements after initial short photoperiod
treatment. (A) Time course of glucose in the blood
following glucose injection. (B) Area under the curve in A.
(C) Time course of glucose in the blood following insulin
injection. (D) Area under the curve in C. White dots and
bars are short day (SD)- and black dots and bars are long
day (LD)-exposed animals. As expected prior to
treatment, there were no differences between the groups.
(E-H) After 50 days of exposure to treatment the voles
were remeasured. (E,G) Time courses of blood glucose
following glucose and insulin injection, respectively.
(F,H) Areas under the curves in E,G. Given the large fat
accumulation in the LD voles it was unexpected that after
50 days there was also no significant effect of
photoperiod on either glucose tolerance or insulin
sensitivity.
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and Cannon, 2014; Wu et al., 2012). We found no evidence that the
ratio of cells putatively identified as ‘brite’ based on their morphology
alone, to conventional white adipocytes was altered in the eWAT
(Fig. 5) in response to LD photoperiod, consistent with the unaltered
levels of UCPI in this tissue (Table 2). This suggested that the lowered
resting metabolic rate was not linked to such changes. The extent of the
decreased energy expenditure was sufficient to explain the increased
obesity levels without requiring elevated de novo lipogenesis.
Although it has long been recognized that long day photoperiods
could lead to obesity in non-hibernating rodents living in the north
temperate zone, such as Siberian hamsters (Steinlechner and
Heldmaier, 1982), short-tailed field voles (Krol et al., 2005) and
lemmings (Powell et al., 2002), it is not clear whether metabolic
disorders such as impaired glucose homeostasis are associated with
the elevated adiposity in these models. Here, we demonstrate that in
Brandt’s voles photoperiod-induced obesity did not result in
glucose intolerance and insulin insensitivity. This absence of an
impact of the photoperiod-induced obesity on glucose homeostasis
was paralleled by an absence of any increase in the fat content of

the liver and skeletal muscle, consistent with the adipose tissue
expandability hypothesis (Virtue and Vidal-Puig, 2008). This
suggests that photoperiod models of obesity might potentially
provide useful insights into the phenomenon of healthy obesity. It
will be interesting to know if the other photoperiod-induced obese
models of non-hibernating species behave similarly to the Brant’s
vole studied here.

Contrasting our findings, previous work in hibernating animals
suggests they might become insulin resistant when they fatten pre-
hibernation, but the data is sparse and conflicting (Martin, 2008;
Johnson et al., 2013). However, if it is correct that they do become
insulin resistant, this might be because insulin resistance is less likely
to be a problem in animals that largely suspend feeding and suppress
their metabolic rates (Carey et al., 2003; Storey and Storey, 2004;
Heldmaier et al., 2004) for several months when they are most obese,
in contrast to voles that remain active and have high levels of energy
expenditure year round (Jackson et al., 2001; Speakman et al., 2003;
Liu et al., 2003; Li and Wang, 2005; Wu et al., 2009). In this case,
contrasting the responses of hibernating and non-hibernating animals
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Fig. 5. Effects of body fat content on glucose homeostasis of Brandt’s
voles following photoperiod manipulation. Relationships are plotted
between individual area under the curve measures from (A) the glucose
tolerance test (GTT) and (B) the insulin sensitivity test, for voles exposed to
short days (SD: white dots) or long days (LD: black dots) for 60 days. Body
fatness and photoperiod had no significant impact on either measurement.

might provide valuable insights into the mechanisms involved in
healthy obesity. Nevertheless, even hibernators might also show
reductions in markers linked to cardiovascular disease and
inflammation, suggesting also some adaptive blunting of the links
between obesity and its metabolic consequences (Martin, 2008).
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The reasons why voles are protected from the negative
consequences of obesity are still uncertain but seem in part to be
potentially because the animals expanded the size of their existing
adipocytes, and increased adipogenesis (based on the difference
between the increase in cell volume and total tissue mass increase),
allowing them to expand their fat tissue sufficiently to avoid needing
to deposit into other tissues such as the liver and muscle. Indeed, we
showed that the fat content of these tissues was unrelated to the
photoperiod treatment but that adipocytes in the major fat stores
expanded in volume by around 60%. The absence of any difference
in the markers of adipogenesis (PGCla and PPARg) was probably
because we measured gene expression levels at the end of the
experiment, whereas adipogenesis is probably only transiently
elevated during the fat expansion phase. Although this is consistent
with the adipose tissue expandability hypothesis, we also noted that
there was no increase in circulating TNF-o. as a marker of
inflammation; hence, avoiding the inflammatory consequences of
obesity might be equally important. Defining the mechanism
underlying the effect was not our primary aim here and we will
further investigate these details in future contributions.

Voles and other photoperiod-responsive small rodents pose
several problems for the study of energy balance and the
regulation and consequences of adiposity. Because these animals
are often wild-derived they are sometimes a challenge to handle and
they are generally unacceptable for introduction into SPF facilities
where mice are housed; meaning that special housing facilities might
be required. However, some species like hamsters are widely used in
photoperiod research and can be purchased from SPF suppliers. In
reality many pathogens found in voles and hamsters might not
transfer to mice so the precautionary exclusion of them from
facilities might be too strict. A second problem, however, is that the
genomes of these species have not been sequenced. Thus, primers
for PCR need to be designed using the mouse or rat genome, which

Fig. 6. Effects of photoperiod treatment on WAT cell size of the voles. (A) Cell diameter of epididymal white adipocyte (eWAT). (B) Ratio of brite/white cells in
eWAT. (C) Morphology of eWAT in SD. (D) Morphology of eWAT in LD. (E) Cell diameter of inguinal white adipocyte (iWAT). (F) Morphology of iWAT in SD.
(G) Morphology of iWAT in LD. Values are meansts.e.m. (SD, n=17; LD, n=19). Arrows in C,D point to putative ‘brite’ cells in WAT. *P<0.05 by independent

sample t-test.
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Table 2. Expression levels of key genes in epididymal and
subcutaneous WAT and interscapular BAT between LD and SD Brandt’s
voles

Gene SD LD P-value
Epididymal WAT
UCP1 1.00£0.23 1.20+0.34 0.644
PGC1a 1.00£0.41 0.54+0.18 0.305
PGC1b 1.00+0.39 6.60+2.71 0.057*
PPARg 1.00£0.51 1.311£0.41 0.639
Cidea 1.00+£0.63 2.38+1.31 0.368
FASN 1.00£0.41 4.41+1.42 0.032*
G6-Pase 1.00+£0.56 1.92+0.73 0.336
Subcutaneous WAT
UCP1 1.00+£0.28 1.29+0.24 0.985
PGC1a 1.00+0.13 2.15+1.17 0.333
PGC1b 1.00£0.56 0.13+0.03 0.147
PPARg 1.00£0.49 0.36+0.13 0.228
Cidea 1.00£0.70 0.56+0.21 0.556
FASN 1.00£0.57 3.07+1.11 0.117
G6-Pase 1.00+0.34 1.36+0.74 0.652
Interscapular BAT
UCP1 1.00+£0.24 1.29+0.24 0.639
PGC1a 1.00£0.25 0.77+0.13 0.477
PGC1p 1.00£0.18 1.33+£0.54 0.547
PPARy 1.00£0.19 1.56+0.62 0.525
Cidea 1.00£0.50 0.69+0.17 0.596
FASN 1.00+0.46 0.4940.23 0.405
G6-Pase 1.00£0.42 1.00£0.31 0.993

Values are meanszts.e.m. (independent sample t-tests). Significant P-values
are marked with *.

might or might not be successful, and antibodies also might not
cross-react with targets of interest. For most physiological measures,
however, such as respirometry, body composition analysis, physical
activity monitoring, etc., the same procedures that are used in mice
and rats can be used without modification. One advantage of the
particular species of vole we used is that it is considerably larger than
the mouse, and hence provides ample tissue for the performance of
assays and histology work. The biggest benefit of using these
models, however, is that obesity can be literally induced by the flick
of a (light) switch, without modification of the diet — allowing the
impacts of obesity to be separated from the impacts of diet.

In summary, photoperiod-induced obesity in the Brandt’s vole is
achieved by a suppression of energy expenditure under LD
conditions, with no change in food intake. The suppressed
metabolism was not associated with changes in the ratio of brite
to white cells in WAT. Large differences in body fatness in this
species were not correlated with changes in glucose intolerance or
insulin resistance, suggesting an adaptive decoupling of the obese
state from these consequences over evolutionary time. This might be
because expanding obesity was also not linked with ectopic fat
deposition in either the liver or the skeletal muscle or changes in a
marker of inflammation. Photoperiod-induced obesity in non-
hibernators such as voles (and perhaps lemmings and hamsters)
might provide valuable insights into ‘healthy obesity’.

MATERIALS AND METHODS

Animals and experimental design

All animal procedures were carried out with the approval of the Animal
Care and Use Committee of the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences. Founder members of the
Brandt’s vole colony were live-trapped in Inner Mongolia and bred in
captivity. The colony is periodically refreshed with individuals from the
wild. In this study animals from the colony were maintained at 22+2°C on
a long day 16 h:8 h light:dark cycle (lights on at 04:00). Animals were
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Fig. 7. Effects of photoperiod treatment on liver and muscle fat content
and inflammation status of Brandt’s voles. Thirty-seven voles were
maintained on short photoperiod, after which 19 of them were exposed to long
days and the remaining 18 stayed on short days. (A,B) After 68 days of
photoperiod treatment voles were euthanised and measures made of (A) the
fat content of the liver and (B) the fat content of skeletal muscle. In both cases
there was no significant difference. (C,D) Circulating TNF-c. levels were also
measured in the serum (C) and these were plotted against the total dissected
fatmass (D). There was no significant photoperiod effect or body fatness effect
on TNF-o levels. Values in A-C are meansts.e.m.

individually housed in plastic cages (30x15%20 cm) with sawdust
bedding, food (standard rabbit pellet chow, Beijing HFK Bioscience
Co.) and water provided ad libitum.

Energy balance

Male Brandt’s voles (n=37) were housed in a long day (16L:8D)
photoperiod from birth. These voles were transferred into short day
(8L:16D) conditions when they were 35 days old and maintained there for
70 days. Voles do not breed in short day conditions so it is not possible to
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have animals under SD conditions from birth. After 14 days of acclimation
to SD, 16 voles were implanted intraperitoneally with a temperature and
activity transmitter (15.5 mmx6.5 mm, 1.1 g, Mini Mitter Model G2 E-
Mitter) (Chi and Wang, 2011). After SD acclimation for 70 days, the voles
were randomly separated into two groups. Animals were randomized using
random numbers. We checked after randomization that the body weights
were not significantly different between the groups. One group (n=18, 8
with transmitters) remained in SD conditions for another 70 days, whereas
the other group (n=19, 8 with transmitters) were transferred into a LD
photoperiod for 70 days. Body weight was measured daily. Researchers
weighing the voles were not blinded to the photoperiod treatment as it was
impossible to disguise which room was long day and which was short day.
The target sample size of 18 per group was established using a power
analysis based on previous experience with this vole in response to
photoperiod (Zhao and Wang, 2005). Given the known variation in body
weight, the sample size provided a power of 0.99 to detect an effect size of
the photoperiod treatment of 10 g using a standard two-sample -test (two-
tailed, alpha=0.01). As the response to GTT and ITT were previously
unknown we could not base the power analysis directly on these traits. We
reasoned that if we had a high power to detect the body weight effect then we
would be unlikely to fail to detect an effect of GTT and ITT because of
insufficient power.

We quantified resting metabolic rate (RMR), daily energy expenditure
(DEE) and glucose and insulin tolerance (GTT and ITT, baseline at fourteen
days before transfer to LD and sixty two days after LD treatment) of Brandt’s
voles under the two photoperiods. At the end of photoperiod exposure
(day 68), all the animals were fasted for 3-4 h and euthanized by CO,
overdose. Once killed all further analyses were performed blind to the
original photoperiod treatment. The interscapular BAT, epididymal fat pad,
subcutaneous fat pad, pancreas, heart, liver, kidneys and testes were
immediately dissected and weighed and stored at —80°C until assayed. Part
of the eWAT and iWAT samples were collected and fixed with 4%
paraformaldehyde for histological studies. Blood samples were collected,
clotted for 1 h and centrifuged at 4°C for 30 min at 1372 g; sera were then
collected and stored at —80°C until assayed.

Food intake was measured over 3-day periods centred on days 0, 6, 12, 18,
30,42, 54 and 66 post-LD exposure. Digestible energy intake was quantified
on the same days as food intake measurement. Specifically, voles were
presented with a weighed quantity of dry food. Three days later the
remaining food and faeces were collected, oven-dried at 60°C to a constant
mass and separated manually. Dry matter intake (DMI) was calculated from
the difference between the food provided and food remaining. The caloric
values of food and faeces were determined by Parr1281 oxygen bomb
calorimetry (Parr Instrument USA). Digestible energy intake (DEI) and
digestive efficiency were then calculated as follows (Grodzinski and
Wunder, 1975; Liu et al., 2002):

DEI (kJ/day)=[dry matter intake (g/day)xfood gross energy (kJ/g)]—[dry
faeces mass (g/day)xfaeces gross energy (kJ/g)]

Digestive efficiency (%)=DEI (kJ/day) / total energy intake (kJ/day)x100.

Metabolic trials (RMR and DEE)

We measured daily energy expenditure using the doubly labelled water
(DLW) technique (Butler et al., 2004) after 48 days of LD exposure.
Brandt’s voles were weighed (£0.1 g) and injected with ~0.3 g of water
containing enriched 80 (31.9 atom %) and 2H (19.0 atom %). Syringes
were weighed before and after administration (£0.001 g) to calculate the
mass of DLW injected. Blood samples were taken after 1 h of isotope
equilibration to estimate initial isotope enrichments and were also collected
from unlabelled animals to estimate the background isotope enrichments
(Krol and Speakman, 1999; Visser et al., 2000). Blood samples were
immediately heat-sealed into 2x60 pl glass capillaries and stored at room
temperature. A final blood sample was taken ~48 h later to estimate isotope
elimination rates (Speakman and Racey, 1988). Taking samples across
multiple days minimizes the large between-day variations in DEE estimates
(Speakman et al., 1994). We used the intercept method to estimate dilution
spaces and estimated the energy expenditure using a single pool model
equation (Speakman, 1997, Eqn 7.17), which is appropriate for this size of
animal (Speakman and Krol, 2005).
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Fifty-five days after the different photoperiod exposures started, resting
metabolic rate was quantified using indirect calorimetry during the light
period (TSE LabMaster, TSE Systems, Germany). Body mass was weighed
before each metabolic measurement. RMR was assessed at 30°C, which is
in the thermal neutral zone of Brandt’s voles (Li and Huang, 1994).
Individually housed Brandt’s voles were acclimated to the respirometry
chamber and both CO, and O, levels were measured every 5 min for 3 h.
Animals were not fasted prior to the respirometry run in the chamber. We
defined RMR as the average from the 5 min with the least variable and
lowest VO, (Duarte et al., 2010).

Glucose homeostasis

Intra-peritoneal glucose tolerance tests were conducted after fasting
overnight. Intra-peritoneal insulin tolerance tests were conducted without
fasting. Blood samples were taken by tail veni-puncture for glucose
measurements by using a One Touch Ultra Blood Glucose Meter (LifeScan
Inc. USA), immediately before, and 15, 30, 60 and 120 min after intra-
peritoneal glucose (2 g/kg body mass) or insulin (0.75 [U/kg body mass)
administration. The linear trapezoidal rule was used for estimation of area
under the curve (AUC).

Adipose tissue morphology and gene expression

eWAT and iWAT samples were collected and fixed with 4%
paraformaldehyde overnight, paraffin-embedded and sectioned to 5 um in
thickness. Three sections of each sample were stained with hematoxylin and
eosin (H&E). A Nikon photomicroscope was used for measurement of cell
diameters. At 200> magnification the WAT cells were measured at their
maximum diameters. About 20 cells of each slide were measured and
averaged. For measuring brite to white cell ratios, hematoxylin-labelled cell
nuclei were counted and classified; cells with multiple, small droplets were
classified as brite cells, cells with single, large droplets were classified as
white cells, then brite/white ratios were calculated using brite cell numbers
divided by total cell numbers.

Gene expression of eWAT in LD and SD Brandt’s voles

To determine the possible molecular mechanisms regulating energy balance
and glucose homeostasis, several thermogenesis-related genes encoding
uncoupling protein 1 (UCPI1), peroxisome proliferator-activated receptor
gamma (PPARYy), peroxisome proliferator-activated receptor gamma
coactivator l-alpha (PGCla), PGC1B and Cidea, and two glucose-
homeostasis-related genes encoding FASN and G6Pase in eWAT were
determined using the qPCR method.

Fat content of liver and muscle

Liver and muscle were collected, weighed and oven-dried at 60°C to
constant mass, and then weighed again to obtain the dry mass of tissue.
Fat extraction from liver or muscle was performed with a Soxtec Fat
Extraction System (Soxtex Avanti 2050, FOSS, Sweden), and then fat
content was calculated from the ratio between fat mass and dry mass of
tissue.

Circulating TNF-o

For measurement of TNF-o as an indication of inflammation status we
utilized mouse TNF-o. ELISA kits (EZMTNFA, Merck Millipore, USA) on
the serum samples according to the supplier’s instructions.

Statistical analyses

Data were analysed using SPSS 17.0 software (SPSS Inc., USA). All
parameters were tested for normality (Shapiro—Wilks test) and where
appropriate log transformed to normalize them before analysis. Group
differences between LD and SD groups in white fat pad distributions, organ
masses, DEI, RMR and DEE were analysed using analysis of covariance
(ANCOVA) with body mass as covariate followed by LSD post-hoc tests
(two-tailed, alpha=0.05). Group differences in other parameters (fat-free
body mass and AUC) were analysed using independent sample #-tests (two-
tailed, alpha=0.05). Group differences in body mass, core body temperature,
gross activity and digestible energy intake during acclimation were analysed
using repeated measures ANOVA (two-tailed, alpha=0.05). Results are
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presented as means+s.e.m., and P<0.05 (two-tailed) was considered to be
statistically significant in all tests.
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