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Abstract

In Syrian hamsters, brown adipose tissue (BAT) develops postnatally through the proliferation and differentiation of brown
adipocyte progenitors. In the study reported here, we investigated how ambient temperature influenced BAT formation in
neonatal hamsters. In both hamsters raised at 23 or 30 °C, the interscapular fat changed from white to brown coloration in
an age-dependent manner and acquired the typical morphological features of BAT by day 16. However, the expression of
uncoupling protein 1, a brown adipocyte marker, and of vascular endothelial growth factor a were lower in the group raised
at 30 °C than in that raised at 23 °C. Immunofluorescent staining revealed that the proportion of Ki67-expressing progeni-
tors and endothelial cells was lower in the 30 °C group than in the 23 °C group. These results indicate that warm ambient
temperature suppresses the proliferation of brown adipocyte progenitors and endothelial cells and negatively affects the
postnatal development of BAT in Syrian hamsters.
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Introduction

White and brown adipocytes, two types of fat tissue in mam-
mals, have quite different morphologies and physiological
roles [1-3]. White adipocytes, the major component of white
adipose tissue (WAT), contain large unilocular lipid droplets
in their cytoplasm and store excess energy as triglycerides.
Brown adipocytes in brown adipose tissue (BAT) contain
numerous small lipid droplets (multilocular) and consume
fatty acids as substrates for non-shivering thermogenesis.
The thermogenic activity of BAT is dependent on mito-
chondrial uncoupling protein 1 (UCP1), which dissipates
the proton gradient as heat. The generated heat is transferred
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throughout the body via the dense vascular system within
the BAT [1, 4].

BAT thermogenesis is activated by cold stimulation
through the sympathetic nervous system and contributes
to the maintenance of body temperature in a cold environ-
ment [5, 6]. This thermogenesis is particularly important in
newborns, especially at birth and during the early neonatal
period, to maintain their body temperature at a rather lower
ambient temperature than that in the womb [1]. Thus, most
mammals are born with functional BAT expressing UCP1,
and the BAT actively starts to produce heat immediately
after birth. In this context, Syrian hamsters are unique: new-
borns do not have typical BAT at birth, but instead develop
this tissue during the neonatal period [7, 8]. Recently, we
reported that interscapular fat, where BAT is located in most
mammals, mainly consists of white adipocytes at birth, but
that brown adipocyte progenitors, which appear postnatally
within the tissue, proliferate and differentiate into brown
adipocytes during the neonatal period [9]. In addition,
white adipocytes gradually convert to brown adipocytes to
also form BAT. From the perspective of tissue morphology
and UCP1 expression, BAT formation is likely completed
around postnatal day 16. This time course of BAT formation
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is consistent with the characteristics of body temperature
regulation in neonatal hamsters: they have been reported to
behave as poikilotherms, with their body temperature chang-
ing depending on the ambient temperature, until approxi-
mately 21 days of age [10]. However, the trigger or mecha-
nisms that regulate BAT formation in neonatal hamsters are
unknown.

Although most mammals possess mature BAT at birth,
the environmental temperature during the neonatal period
significantly influences BAT development. In newborn mice,
which are precocial-type newborns that show enhanced
UCP1 expression during the neonatal period [11], the post-
natal increase in UCP1 expression is suppressed in a warm
environment [12]. Conversely, in newborn guinea pigs,
which are altricial-type newborns that show a peak of UCP1
expression at birth which decreases thereafter, the postnatal
decline in UCP1 expression is attenuated in a cold environ-
ment [13]. Thus, it is possible that postnatal BAT forma-
tion in hamsters is induced by the change in environmental
temperature that newborn hamsters experience at the time
of birth.

In the study reported here, we investigated the effect
of ambient temperature on BAT formation in neonatal
hamsters.

Methods
Materials

Antibodies against Ki67 and MCT1 were from Millipore
(Billerica, MA, USA) and Abcam (Cambridge, MA, USA),
respectively. Anti-rabbit or anti-chicken secondary antibod-
ies, streptavidin conjugated with Alexa Fluor 488 or Alexa
Fluor 594 and ProLong Gold Antifade with 4’,6-diamidino-
2-phenylindole (DAPI), a fluorescent stain, were obtained
from Thermo Fisher Scientific (Gaithersburg, MD, USA).
Biotinylated Maackia amurensis agglutinin (MAM) was
obtained from J-OIL MILLS, Inc. (Tokyo, Japan).

Animals

The experimental procedures and care of animals were
approved by the Animal Care and Use Committee of Hok-
kaido University (Sapporo, Japan) and conducted in an ani-
mal facility approved by the Association for Assessment
and Accreditation of Laboratory Animal Care International.
Parental Syrian hamsters were purchased from Japan SLC
(Shizuoka, Japan) and housed in plastic cages within an
air-conditioned room at 23 °C, with a 12:12 h light:dark
cycle. These animals were given free access to laboratory
chow (Oriental Yeast, Tokyo, Japan) and tap water. Male
and female hamsters were mated by putting a female into

@ Springer

a cage with a male for 1 week. When pregnancy was con-
firmed (approximately 10 days after mating), some of the
dams were transferred to a room kept at 30 °C. Pups that
were born and raised at 23 or at 30 °C were euthanized using
carbon dioxide at the indicated day, and their fat tissues from
interscapular and inguinal depots were immediately removed
and weighed. Tissue specimens were fixed in 10% buffered
formalin for histological examination.

Histological analysis

Tissue specimens fixed in 10% buffered formalin were dehy-
drated through an ethanol series and embedded in paraffin
according to the conventional method, cut into 5-pm-thick
sections, and stained with hematoxylin and eosin. For immu-
nofluorescent staining, sections were deparaffinized and then
incubated with 0.3% hydrogen peroxide in methanol to block
endogenous peroxidase. For the detection of Ki67, micro-
wave-enhanced antigen retrieval was performed by boiling
the slides in 10 mM citrate buffer (pH 6.0) containing 0.05%
Tween 20 for 10 min. After washing in phosphate-buffered
saline, the slides were incubated with 10% normal goat
serum for 1 h and then with the primary antibodies (rabbit
anti-Ki67, 1:200 dilution; or chicken anti-MCT1, 1:200) or
biotinylated MAM (1:250) overnight at 4 °C. Slides were
washed and incubated with fluorescence-conjugated second-
ary antibodies or streptavidin (1:200) for 1 h. After washing,
the sections were covered with a coverslip with ProLong
Gold Antifade and observed under a Keyence microscope
(Tokyo, Japan). Photographs taken of the immunostained
sections were analyzed in Image J (http://imagej.nih.gov/
ij/), and the proportion of area showing positive staining for
MAM relative to the whole tissue was measured. The num-
ber of cells positively stained with Ki67, MCT1, and MAM,
respectively, in four sections per animal was counted by an
observer blinded to the treatment.

Real-time PCR

Total RNA (1 pg) was reverse-transcribed using a 15-mer
oligo(dT) adaptor primer and M-MLYV reverse transcriptase
(Thermo Fisher Scientific). PCR was performed using Ex
Taq polymerase (Takara Bio Inc., Shiga, Japan) with specific
primers as follows: 5'-AAGTGTGACGTCGACATCCG-3'
and 5'-GATCCACACAGAGTACTTGC-3' for the actin B
gene (ActB); 5'-GAGCTGGTAACATATGACCT-3' and
5'-TGTCCTGGCAGAGAGTTGAT-3' for the UCP1 gene
(Ucpl); 5'-AACAGGAGCACCAATGAGTG-3" and 5'-TTG
GCCTTCATGTCCAGCAT-3' for the cytochrome oxidase
subunit IV gene (Cox4); and 5'-ATCACCATGCAGATC
ATGCG-3" and 5'-TTGCAACGCCAGTCTGTGTT-3' for
the vascular endothelial growth factor A gene (Vegfa).


http://imagej.nih.gov/ij/
http://imagej.nih.gov/ij/

The Journal of Physiological Sciences (2019) 69:23-30

25

Data analysis

Values are expressed as mean + standard error. Statis-
tical analyses were performed using Student’s ¢ test or
two-way analysis of variance (ANOVA) followed by the
Tukey—Kramer post hoc test. The P values obtained by two-
way ANOVA are shown in Table 1.

Results

To examine the role of ambient temperature in the postna-
tal development of fat tissues, we raised newborn Syrian
hamsters at 23 or 30 °C. The litter sizes were 7.2+0.8 and
8.0+ 1.1 in the 23 and 30 °C groups, respectively, without
any significant difference between groups. The body weight
on day 7 did not differ between the 23 and 30 °C groups and
had gradually increased by day 25 in both groups (Fig. 1a).
The weight of fat tissues from interscapular and inguinal
depots also did not differ between the two temperatures

on day 7 and showed an age-dependent increase by day 25
(Fig. 1b, ¢). Interscapular fat weight on day 25 was signifi-
cantly higher in the 30 °C group than in the 23 °C group.

Consistent with our previous findings, the color of inter-
scapular fat changed from white at birth to brown during
postnatal development, exhibiting a typical BAT appear-
ance by day 16 in the 23 °C group (Fig. 2a). Tissues from
the 30 °C group showed a similar white-to-brown change
in color by day 14, but no obvious change in color was
observed thereafter. Consequently, the color of tissues of the
30 °C group was lighter than that of the tissues of the 23 °C
group from days 16 and 25, and similar to that of tissues on
day 14 of the 23 °C group.

In the 23 °C group, the interscapular fat of 7-day-old
hamsters mainly consisted of white adipocytes contain-
ing large unilocular lipid droplets and of a small number
of brown adipocyte progenitors scattered within the tissue
(Fig. 2b). The area of the progenitors expanded thereafter,
filling most of the tissue by day 14 and showing the typi-
cal histology of BAT after day 16. The interscapular fat of

Table 1 Results of two-way
analysis of variance (P value)
for body and tissue weights and

gene expression according to
temperature, postnatal day, and
their interactions

Parameters Factor Interaction tempera-
ture X postnatal day
Temperature Postnatal day

Body weight (Fig. 1a) 0.130 < 0.001* 0.350

Interscapular fat weight (Fig. 1b) 0.128 < 0.001* 0.013*

Inguinal fat weight (Fig. 1c) 0.109 < 0.001* 0.336

Ucpl/Actb (Fig. 3a) 0.018* < 0.001* 0.254

Cox4/Actb (Fig. 3b) 0.867 0.004* 0.974

VegfalActb (Fig. 3c) 0.004* < 0.001* 0.003*

Ucpl Uncoupling protein 1, Actb actin beta, Cox4 cytochrome oxidase subunit IV, Vegfa vascular endothe-

lial growth factor A
*Significant results at P <0.05
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Fig.1 Effect of ambient temperature on the weight of body and fat
tissues in Syrian hamsters. Syrian hamsters were born and bred at 23
°C or 30 °C. On postnatal days 7-25, the body weight (a), and weight
of the fat tissue from the interscapular (b) and inguinal (c¢) depots,
respectively, were measured (meanz+standard error [SE], n=4
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per group, two-way analysis of variance [ANOVA] followed by the
Tukey—Kramer post hoc test). Asterisk indicates significant difference
at P <0.05 compared to day 7 of the same group; daggar indicates
significant different at P <0.05 between the 23 °C group and 30 °C
group. P values obtained by two-way ANOVA are shown in Table 1
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Fig.2 Effect of ambient temperature on gross and histological
appearance of interscapular fat tissue in Syrian hamsters. Interscapu-
lar fat tissues were obtained from 7- to 25-day-old Syrian hamsters

the 30 °C group showed similar histological changes to that
of the 23 °C group, while they had enlarged lipid droplets
within each brown adipocyte on days 16 and 25. Inguinal
fat tissue, a typical WAT, consisted of white adipocytes irre-
spective of the postnatal day and its morphology was similar
between the 23 °C and 30 °C groups (Fig. 2¢).

To examine the effect of ambient temperature on gene
expression in interscapular fat, we performed real-time PCR
(Fig. 3a). In the 23 °C group, the expression of the brown
adipocyte marker Ucp! increased in a manner dependent on
postnatal day in both groups, but it was significantly lower in
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50 um

bred at 23 or 30 °C. a Gross images of interscapular fat. Histological
images of interscapular (b) and inguinal (c) fat. Scale bars: a 1 cm; b,
¢ 50 pm (colour figure online)

the 30 °C group than in the 23 °C group on day 25. In con-
trast, the expression of Cox4, a mitochondrial marker, gradu-
ally increased with age in both groups, although there was no
difference between the 23 °C and 30 °C groups (Fig. 3b). In
accordance with the previous observation that BAT devel-
opment is accompanied with angiogenesis [9], the expres-
sion of Vegfa in the 23 °C group dramatically increased by
day 16 and remained high on day 25, suggesting that active
vascularization occurred within the tissue during this period.
In contrast, Vegfa expression in the 30 °C group increased
slightly and transiently by day 16. There were significant
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Fig.3 Effect of ambient temperature on gene expression in inter-
scapular fat of Syrian hamsters. Interscapular fat tissues were
obtained from 7- to 25-day-old Syrian hamsters bred at 23 or 30 °C.
Gene expression of uncoupling protein 1 (Ucpl; a), cytochrome c
oxidase subunit IV (Cox4; b), and vascular endothelial growth fac-
tor A (Vegfa; ¢) was measured (mean =+ SE, n=4 per group, two-way

differences in this variable between the 23 °C and 30 °C
groups on days 16 and 25.

Previously, we reported that brown adipocyte progeni-
tors expressing MCT1 proliferate and differentiate into
brown adipocytes during BAT development [9]. Thus,
in the current study we examined the effect of ambient
temperature on the proliferation of brown adipocyte pro-
genitors. On day 10, cells expressing the proliferation

Fig.4 Effect of ambient
temperature on proliferation of
brown adipocyte progenitors in
interscapular fat of Syrian ham-
sters. Interscapular fat tissues
were obtained from 10-day-old
Syrian hamsters bred at 23 °C
or 30 °C. a Representative
images of the interscapular fat
sections stained with antibodies
against Ki67 (red) and MCT1
(green). Nuclei were stained
with 4',6-diamidino-2-phenylin-
dole (DAPI). Scale bar 100 pm.
b The proportion of cells which
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ANOVA followed by the Tukey—Kramer post hoc test). Asterisk indi-
cates significant difference at P <0.05 compared to day 7 of the same
group; daggar indicates significant different at P <0.05 between the
23 °C group and 30 °C group. The P values obtained by two-way
ANOVA are shown in Table 1

marker Ki67 were detected in the interscapular fat in
both groups, and the number of Ki67-positive nuclei did
not differ between the 30 °C group (53 +=2.3% of total
number of DAPI-positive nuclei) and the 23 °C group
(59 +1.1%; Fig. 4a). Dual immunofluorescence staining
using antibodies against Ki67 (red) and MCT]1 (green)
revealed that in the 23 °C group, 23 + 1.0% of MCT1-pos-
itive cells were Ki67-positive-proliferating cells, which

Ki67 MCT1

Merge

30°C
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was significantly higher than the level in the 30 °C group
(11+0.4%) (Fig. 4b).

Since Vegfa expression was significantly lower in the
30 °C group than in the 23 °C group (Fig. 3c), we also
examined the proliferation of endothelial cells (Fig. 5a).
Dual fluorescent staining of interscapular fat of 10-day-
old hamsters using antibody against Ki67 and MAM lec-
tin, which binds to the sugar chains that are abundant
in vascular endothelial cells, showed that the number of
Ki67-positive cells was 13 +1.0% of the total MAM-pos-
itive cells in the 23 °C group, whereas it was significantly
lower in the 30 °C group (8.8 +£0.3%) (Fig. 5b). These
results suggest that angiogenesis was suppressed in the
30 °C group. Consistent with this result, the proportion
of MAM-positive area relative to the whole tissue area
in interscapular fat of 16-day-old hamsters was signifi-
cantly lower in the 30 °C group than in the 23 °C group
(Fig. 5¢, d).
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Fig.5 Effect of ambient temperature on the proliferation of endothe-
lial cells in interscapular fat of Syrian hamsters. Interscapular fat
tissues were obtained from 10- or 16-day-old Syrian hamsters bred
at 23 °C or 30 °C. a Representative images of interscapular fat sec-
tions (10-day-old) stained with antibody against Ki67 (red) and
Maackia amurensis agglutinin (MAM) lectin (green). Scale bar
100 pm. b The proportion of cells double positive for Ki67 and MAM

@ Springer

Discussion

In this study, we examined the effect of ambient tempera-
ture on postnatal BAT development in Syrian hamsters. The
warm condition may have exerted some heat stress on the
hamsters; however, there was no significant difference in
the age-dependent increase in body weight and WAT weight
between those hamsters bred in a warm environment (30 °C)
and those bred at normal room temperature (23 °C). In addi-
tion, the numbers of pups per litter were similar under these
two conditions, indicating that the development of newborns
was not affected by the change in ambient temperature. To
the contrary, the color of interscapular fat was white in the
group subjected to the warm condition, suggesting a higher
lipid content. This result is consistent with studies showing
that the morphology of BAT is largely affected by ambient
temperature. For example, in adult mice, warm conditions,
such as a thermoneutral temperature, induce brown adipo-
cytes to change and take on a white adipocyte-like appear-
ance (whitening of BAT) [14, 15]. A similar brown-to-white
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lectin relative to the total MAM-stained cells was measured. ¢ Rep-
resentative images of interscapular fat sections (16-day-old) stained
with MAM lectin (green). Scale bar 100 um. d The proportion of
MAM-stained area relative to the whole tissue area was measured
(mean+SE, n=4 per group, Student’s ¢ test). Asterisk indicates sig-
nificant difference at P <0.05 compared with the 23 °C group (colour
figure online)
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conversion is also observed in large mammals that lose BAT
with aging: brown adipocytes gradually turn into white-like
unilocular adipocytes [16, 17]. This age-dependent BAT
whitening process is reported to be suppressed in guinea
pigs in a cold environment [13], possibly due to the retention
of UCP1 activity. Thus, it is plausible that the warm condi-
tion in our study suppressed UCP1 activity, resulting in the
higher lipid content in the tissue.

We observed that the postnatal-day-dependent increase in
Ucpl expression and the proliferation of brown adipocyte
progenitors were markedly suppressed in the warm condi-
tion. This suppression of BAT formation may be due to the
reduction of sympathetic nerve activity in a warm environ-
ment [18], as it has been reported that norepinephrine con-
tent in BAT decreased in rats raised at 28 °C for 3 weeks
after birth compared with that in rats raised at 23 °C [19].
It has also been reported that the cold-stimulation-induced
proliferation of stromal cells in BAT is suppressed by the
inhibitors of B-adrenergic receptors in mice [20]. Thus,
in developing hamsters, the proliferation of brown adi-
pocyte progenitors may be stimulated by the sympathetic
nerve—norepinephrine—3-adrenergic receptor pathway in an
ambient temperature-dependent manner. In addition, growth
factors may also be involved because it has been reported
that the cold-induced activation of the sympathetic nerv-
ous system increases the expression of several different
growth factors, such as insulin-like growth factor 1, fibro-
blast growth factor 2, nerve growth factor, and Vegfa in BAT
[21-25]. Some of these growth factors are reported to induce
the proliferation of stromal-vascular cells in vivo [26, 27].
In our study, we found that Vegfa expression in the BAT
was much lower in the warm condition. Consistent with the
well-known role of vascular endothelial growth factor alpha
(VEGFa) in vascularization, the proliferation of endothe-
lial cells was suppressed and the blood vessel content was
low in the warm condition. The reduction in vasculariza-
tion observed in warm conditions plausibly suppresses the
thermogenic ability of BAT in hamsters, as also previously
reported in mice [4].

In this study, the warm condition largely and significantly
suppressed the proliferation of brown adipocyte progeni-
tors. However, the interscapular fat of 25-day-old hamsters
consisted of differentiated brown adipocytes irrespective
of ambient temperature, albeit the lipid content differed
between the groups. We previously reported that hamster
brown adipocytes arise through two different pathways: (1)
the proliferation and differentiation of brown adipocyte pro-
genitors and (2) the conversion of unilocular adipocytes to
multilocular brown adipocytes [9]. Thus, it is possible that
the latter pathway compensated for the suppression of the
former pathway in the warm condition. It should also be
noted that while the warm condition reduced the expression
of both Ucpl and Vegfa, it did not affect Cox4 expression,

despite the expressions of these genes being reported in
other animal species to be controlled by the sympathetic
nervous system. Unlike mice and rats, hamsters are reported
to increase BAT thermogenesis in response to cold expo-
sure without increasing UCP1 expression or mitochondrial
content [28]. Hamsters are hibernators and need to decrease
their body temperature during hibernation, leading to the
suggestion that hamsters differ from mice and rats in terms
of sympathetic nerve innervation of BAT [29]. In addition,
it was very recently reported that hamsters exhibit cold tol-
erance due to the expression of cold-insensitive transient
receptor potential cation channel subfamily M member 8
(TRPMS), a cold-sensing channel, in the somatosensory
neurons [30]. Further studies are needed to reveal how the
ambient temperature and sympathetic nervous system is
involved in BAT formation in hamsters.

Taking the findings of this study together, we suggest
that the proliferation of brown adipocyte progenitors was
suppressed in the warm condition, resulting in the attenu-
ation of postnatal BAT formation in Syrian hamsters. The
warm condition also decreased vascularization in the tissue
due to the decrease in Vegfa expression and the proliferation
of endothelial cells. Based on our results, it is possible that
environmental temperature is an important physiological
stimulus that promotes postnatal BAT formation in Syrian
hamsters.
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