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Recent papers have reported that oxytocin (Oxt) and the oxytocin receptor (Oxtr) may be
involved in the regulation of food intake in mammals. We therefore suspected the Oxt/Oxtr
system to be involved in energy homeostasis. In previous studies, we found a tendency
toward obesity in Oxtr-deficient (Oxtr~-) mice, as well as impaired thermoregulation
when these mice were exposed to cold conditions. In the present study, we observed
the expression of Oxtr in the rostral medullary raphe (RMR), the brain region known to
control thermogenesis in brown adipose tissue (BAT). Through immunohistochemistry,
we detected neurons expressing Oxtr and c-Fos in the RMR of mice exposed to cold
conditions. Up to 40% of Oxtr-positive neurons in RMR were classified as glutamatergic
neurons, as shown by immunostaining using anti-VGLUT3 antibody. In addition, mice with
exclusive expression of Oxtr in the RMR were generated by injecting an AAV-Oxtr vector
into the RMR region of Oxtr~’- mice. We confirmed the recovery of thermoregulatory
ability in the manipulated mice during exposure to cold conditions. Moreover, mice with
RMR-specific expression of Oxtr lost the typical morphological change in BAT observed
in Oxtr~- mice. Additionally, increased expression of the p3-adrenergic receptor gene,
Adrb3, was observed in BAT. These results are the first to show the critical role of RMR
Oxtr expression in thermoregulation during cold conditions.

Keywords: oxytocin, oxytocin receptor, rostral medullary raphe, body thermoregulation, energy homeostasis

INTRODUCTION

Oxytocin (Oxt) is a member of the nonapeptide hormone family and is synthesized in the neurons
of the supraoptic nucleus (SON) and paraventricular nucleus (PVN) of the hypothalamus (1, 2).
Magnocellular Oxt neurons in these nuclei project their axons to the posterior lobe of the pituitary
gland, where they secrete Oxt into blood vessels (3, 4).

The Oxytocin receptor (Oxtr) is widely expressed in the reproductive tract (i.e., uterus, mammary
gland, ovary, testis, and prostate), brain, kidneys, and many other organs in mammals (1, 2, 5-9).
The Oxt/Oxtr system is involved in wide variety of physiological functions, and is best known for
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its role in lactation and parturition. Furthermore, recent papers
have reported on the role of Oxt in the modulation of the estrous
cycle, penile erection, ejaculation, and bone formation (1, 6-11).
The central functions of Oxt/Oxtr have been studied in addition
to these peripheral roles, and it has been reported that the Oxt/
Oxtr system is important for social behavior, including sexual
behavior, maternal behavior, affiliation, and social memory (5,
7, 8). Oxt has also been implicated in the regulation of energy
homeostasis, including food intake and thermoregulation (12—
15). Central administration of Oxt with an Oxt agonist decreases
food intake in rats, and nesfatin (a satiety hormone) increases
Oxt secretion (12, 16). These reports indicate that Oxt may act
to inhibit food intake. Moreover, previous reports have indicated
that central administration of Oxt induces hyperthermia (17-19).
This is supported by the existence of a group of Oxt neurons in
the hypothalamus that project polysynaptically to brown adipose
tissue (BAT) (20), which plays an important role in adaptive
thermogenesis (21).

There are two types of thermogenesis in mammals: shivering
thermogenesis caused by the movement of skeletal muscle, and
non-shivering thermogenesis attributed to the essential func-
tion of BAT. Cold exposure induces shivering and sympathetic
nerve activation, which innervates BAT (21). Several studies
have reported an abnormal swelled morphology of adipocytes
in the BAT of mutant mice with dysfunctional thermoregulation
(22-24).

The central nervous system modulates thermogenesis under
cold conditions. By analyzing retrograde neuron tracers and
c-Fos expression central control of thermogenesis was shown to
be regulated by the feed-forward reflex pathway composed of the
lateral parabrachial, median preoptic, dorsomedial hypothalamic,
medullary raphe, and spinal intermediolateral nuclei (IML) (25,
26). Rostral medullary raphe (RMR) neurons at the end point of
this pathway play a key role in thermogenesis via sympathetic
premotor neurons (SPNs), which regulate sympathetic BAT
thermogenesis (25, 27, 28). The raphe pallidus (RPa) and raphe
magnus nuclei (RMg) are representative nuclei that are part of
the RMR and contain specific neurons that control thermogen-
esis in BAT. Activation or inhibition of these neurons results in
the induction or suppression of BAT activity (25). The possible
regulation of BAT activity by neurons projecting from the RMR
to the BAT has been implicated by the detection of fluorescent
protein signal in the RMR following the injection of pseudorabies
virus (as a retrograde tracer) into the interscapular BAT (25). In
addition to non-shivering thermogenesis, the previous study has
reported that shivering thermogenesis is also controlled by the
same brain region (29).

Anatomical studies indicate that neurons in the RMR, which
project to the IML and modulate BAT SPNs, express either
vesicular glutamate transporter 3 (vGIuT3) or serotonin and its
synthetic enzyme, tryptophan hydroxylase (25). These neurons
express c-Fos in response to exposure to cold conditions or
an intracerebroventricular injection of prostaglandin E2. A
nanoinjection of a glutamate receptor agonist into the T4 IML
region can induce activation of BAT SPNs, and inhibition of
glutamate receptors in this region suppresses thermogenesis in
BAT (25). Furthermore, a nanoinjection of serotonin into the

T4 IML can also activate BAT SPNs and BAT thermogenesis,
and serotonin was shown to have the additional ability of
inducing increased glutamine receptor-mediated potentia-
tion in BAT SPNs. Similar to glutamate receptor antagonism,
serotonin receptor antagonism in the T3-T6 IML region also
prevented the evoked stimulation of BAT SPNs in response to
cold conditions (30).

In previous reports, we have suggested that both Oxt-null and
Oxtr-null mice showaberrant thermoregulatory function (13-15).
In addition, Oxtr-deficient (Oxtr~~) mice have a morphological
defect in BAT cells and exhibit obesity (13, 15). We hypothesized
that the central Oxt/Oxtr system is involved in thermoregulation,
including BAT. Our previous study suggested that Oxtr in the
dorsomedial hypothalamus and/or ventromedial hypothalamus
is important for thermoregulation, but the function of Oxtr in
other thermoregulatory regions, such as the raphe nuclei, and
the detailed mechanisms of regulation in these regions are not
clear (15). In this study, we have shown that Oxtr expressed in
the RMR has an important role in thermoregulation during cold
conditions.

MATERIALS AND METHODS

Animals

The care and use of mice in this study was approved by the
Institutional Animal Care and Use Committees of Tohoku
University and Jichi Medical University. Oxtr”= (5) mice,
OXTR-Venus knock-in mice (31), and Oxtr-floxed mice (5)
were generated as described previously. In brief, Oxtr~'~ mice are
conventional knockout mice, which have deletion of exons 2 and
3 in Oxtr gene. In OXTR-Venus knock-in mice, the part of exon
3 of Oxtr gene is replaced with Venus gene. In Oxtr-floxed mice,
exons 2 and 3 of Oxtr gene are surrounded by two loxP sites. The
Oxtr™~ mice used in this study were maintained on a mixed 129/
Ola and C57BL/6] genetic background. Male mice were used in
this study. Mice were kept at 25°C, and had standard chow diet
and water ad libitum.

Core Body Temperature Measurement

We measured the core body temperature using a rectal probe
attached to a digital thermometer (Digi-Temper, Tsuruga Electric
Works, Ltd.). The mice were held by the nape of the neck, and
we inserted the rectal probe 1 cm deep in each time points. Mice
were caged individually and fasted for 3 h (from 1000 to 1300)
before placing them in a room maintained at 5°C (from 13:00)
for the cold-exposure experiments. Mice were exposed cold
condition for 6 h. During acute cold exposure, bedding was kept
to a minimum. We prepared adipose tissue for hematoxylin and
eosin (HE) staining and RNA extraction for RT-PCR, under these
conditions.

Hematoxylin and Eosin Staining

We fixed samples of interscapular BAT from 12-week-old mice in
4% paraformaldehyde solution, embedded them in paraffin, and
sectioned them at a thickness of 5 pm. We then stained sections
with HE.
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Quantitative Real-Time PCR Analysis

Total RNA was isolated from interscapular BAT obtained from
10- to 12-week-old male mice in each condition, and cDNA were
produced from 1 pg of total RNA according to methods reported
in a previous study (32). For real-time quantitative PCR, 1 pl of
the cDNA product was added to 20-pl reaction volume contain-
ing 10 pl DyNAmo SyBR Green qPCR Kit (Finnzymes) and 1 pl of
12.5 pM primers (forward and reverse). For each sample, a paral-
lel reaction was set up with acidic ribosomal phosphoprotein PO
(Arbp) asan endogenous control. The reactions were runina DNA
Engine Opticon System (M], Japan). Each reaction was performed
induplicate. In real-time PCR analysis, the following primers were
used: UCP1, forward, 5-GTGAAGGTCAGAATGCAAGC-3’

and reverse, 5'-AGGGCCCCCTTCATGAGGTC-3%
a2A-AR, forward, 5-CGCTCAAAGCTCCCCAAAAC-3’
and reverse, 5"-GCTTCAGGTTGTACTCGATGGC-3';

B3-AR, forward, 5-GGACCTGCACTACCACCTGT-3" and
reverse, 5-CATGAGGCCTCTTCTTGGAG-3'; Arbp, for-
ward, 5-ATAACCCTGAAGTGCTCGACAT-3" and reverse,
5-GGGAAGGTGTACTCAGTCTCCA-3'.

Cold Exposure of Mice for Inmunostaining
Cold exposure of mice was performed in a climate chamber.
Animals were placed individually in plastic cages with wire
mesh lids and allowed access to food and water ad libitum. To
acclimatize the animals to the climate chamber, they were placed
in the chamber air-conditioned at 25°C for 2 h once per day (from
1,300 to 1,500 h), and this training was continued for 3 days. On
the fourth day, they were exposed to a temperature of 5°C for 2 h
(from 1300 to 1500 h). Control animals were kept at 25°C for 2 h
on the fourth day.

Immunohistochemistry

All mice were deeply anesthetized with avertin and perfused tran-
scardially with saline (0.89% NaCl) followed by 4% paraformal-
dehyde in phosphate buffered saline (0.1M, PBS). The perfused
brains were removed from the skull and postfixed overnight in
4% paraformaldehyde. The brains were then transferred to 30%
sucrose at 4°C and frozen at —40°C. Coronal sections of 30 pm
thickness were cut from the brain on a cryostat at —20°C.

Immunohistochemistry for Oxtr was performed using
Oxtr¥es™* mice. Sections were dipped in 0.5% H,O, for 15 min
and incubated with 10% normal goat serum (NGS) for 1 h. The
sections were incubated overnight with anti-GFP rabbit antibody
(MBL; 1:1000) in 0.3% Triton X-100 in PBS at room temperature.
Sections were then dipped in 0.5% H,O, for 20 min and washed
in PBS three times for 5 min each. The sections were incubated
overnight with biotinylated goat anti-rabbit IgG (Vector Lab;
1:1000) at 4°C, then incubated for 1 h at room temperature with
avidin-biotin complex, and then with 3,3’-Diaminobenzidine
solution.

For observation of Venus fluorescence, sections were incu-
bated for 1 h with 10% NGS and then incubated overnight with
anti-GFP rabbit antibody (MBL; 1:1000) in 5% NGS in PBS at
4°C. Sections were then incubated with Alexa 594-labeled goat
anti-rabbit antibody (Molecular probes; 1:500) for 2 h at room
temperature.

For double immunofluorescent detection of Venus and c-Fos,
sections were incubated for 1 h with 10% normal donkey serum
(NDS), and then incubated overnight with anti-c-Fos goat anti-
body (Santa Cruz; 1:250) in 5% ND and 0.3% Triton X-100 in
PBS at 4°C. Sections were then incubated with Alexa 594-labeled
donkey anti-goat antibody (1:500) for 2 h at room temperature.
Following this, sections were labeled with anti-GFP to visualize
Venus expression using the method as described above.

For double immunofluorescent detection of Venus and trypto-
phan hydroxylase 2 (TPH2), sections were incubated for 1 h with
10% NDS and then incubated overnight with anti-TPH2 sheep
antibody (Millipore Bioscience Research reagents; 1:1000) in 5%
NDS and 0.3% Triton X in PBS at 4°C. Sections were incubated
with Alexa 594-labeled donkey anti-sheep antibody (1:500) for
2 h at room temperature. Next, these sections were incubated
for 1 h with 10% NGS, and labeled with anti-GFP to visualize
Venus expression using the method as described above. For
double immunofluorescent staining of p-galactosidase (p-gal)
and TPH2, anti-p-gal mouse monoclonal antibody (Promega;
1:300) and Alexa 488-labeled goat anti-mouse antibody (1:500)
were used on the same protocol.

For double immunofluorescent detection of Venus and
vGlIuT3, sections were incubated for 1 h with 10% NGS and
then incubated overnight with anti-vGluT3 guinea pig antibody
(provided by Kyoto university, Dr. Hioki; 1:100) in 5% NGS in
PBS at 4°C. Sections were incubated with Alexa 594-labeled goat
anti-guinea pig antibody (1:500) for 2 h at room temperature.
Next, these sections were labeled with anti-GFP to visualize
Venus expression using the method as described above. For
double immunofluorescent staining of B-gal and vGluT3, anti-
B-gal mouse monoclonal antibody (Promega; 1:300) and Alexa
488-labeled goat anti-mouse antibody (1:500) were used on the
same protocol. All sections were washed three times in PBS and
stained with DAPI. The sections were observed under a confocal
laser-scanning microscope (FV1000, Olympus).

Injection of AAV Vectors

All experiments using AAV vectors were performed at Animal
Biosafety Level 1 (ABSL-1) rooms. A lab coat and gloves were worn
when handling the virus. AAV vectors were prepared as described
previously (15). 3.1 X 109 vg (virus genome)-ul™" AAV vector, as
described previously (15, 33, 34), was used in this study. One micro-
liter of AAV-Oxtr or AAV-LacZ (control) vectors was injected into
the RMR (stereotaxic coordinates: anteroposterior, —6.48 mm; medi-
olateral, +0 mm; dorsoventral, +6 mm from Bregma) of Oxtr~'~ male
mice. Similarly, 1 pl of AAV-Cre vector or AAV-LacZ vectors was
injected into the RMR of Oxtr®% male mice. The mice were allowed

to recover for at least 1 week before cold-exposure experiments.

Statistical Analysis

Statistical analyses were performed using the statistical package
SPSS for Windows (version 22, IBM, Armonk, NY, USA). Data
are expressed as mean + SEM. Body temperature was analyzed
using two-way repeated analysis of variance (ANOVA) with the
between-subject factor of group. Time point was used as the
within-subject factor for the analysis of the body temperature data.
Since overall ANOVA revealed that there was no difference in
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body temperature between Oxtr~'~ mice and AAV-LacZ injected
Oxtr™'~ control mice, these data were combined as Oxtr~'~ group
and used for body temperature analysis. Morphology of BAT and
white adipose tissue (WAT) were analyzed using one-way ANOVA
with the between-subject factor of group. Real-time PCR data
were analyzed using two-way ANOVA with the between-subject
factors of group and ambient temperature (25 vs. 5°C). Significant
ANOVA results were followed by Tukey-Kramer post hoc com-
parisons. All alpha levels were set as 0.05.

RESULTS

Oxtr was Expressed in the Rostral
Medullary Raphe Nuclei

To investigate the function of Oxtr in thermogenesis, we focused
on the RMR, a brain region that harbors pre-motor neurons
regulating BAT. We confirmed the expression of Oxtr in the RMR
by using OXTR-Venus knock-in mice. Oxtr was mostly expressed
in the rostral RPa, but not in the caudal RPa (Figures 1A,B).

Oxtr-Expressing Neurons were Activated

upon Exposure to Cold

The expression pattern of Oxtr suggests that the Oxtr-expressing
neurons in the RMR are important for thermogenesis during cold
exposure. To elucidate this hypothesis, the activation of these
neurons was analyzed by c-Fos immunostaining. Two different
mouse groups were prepared for this experiment: one group was
exposed to a temperature of 5°C and the other group was exposed
to a temperature of 25°C. Only the group exposed to 5°C showed
c-Fos expression in the RPa and RMg. During cold exposure,
29.9 + 7.6% of Oxtr neurons in the RPa and 40.8 + 17.4% of Oxtr
neurons in the RMg were c-Fos positive (Figures 1C-F).

Oxtr-Expressing Neurons in the RMR
Showed Glutamatergic Properties

It is well known that the pre-motor neurons in the RMR can be
classified into two kinds of groups: serotonergic neurons and
vGluT3-positive glutamatergic neurons. Both serotonergic and
vGluT3-positive neurons project to the T4 IML in the spinal cord
and promote thermogenesis in BAT. To identify the properties
of Oxtr-expressing neurons, we performed immunostaining for
marker proteins of each type of neuron in the RMR obtained
from OXTR-Venus mice. Although we had previously reported
the co-expression of Oxtr and TPH2, a serotonergic neuronal
marker, in the median raphe nucleus (MnR) and dorsal raphe
(DR) nucleus (31), this co-expression was not observed in the
RMR. Interestingly, expression of vGluT3, both in RPa and RMg,
was strongly associated with Oxtr expression. 31.7 + 11.1% of
Oxtr neurons in the RPa and 66.5 + 12.5% of Oxtr neurons in the
RMg were expressed vGluT3 (Figures 1G-I).

Loss of Thermogenesis in Oxtr-Deficient
Mice was Rescued by RMR-Specific Oxtr

Expression
We had previously found that disruption of Oxtr diminishes
thermoregulatory ability (13, 15). We therefore performed

a region-specific rescue-of-expression experiment using an
adeno-associated virus vector to verify this effect. An AAV-Oxtr
vector was injected into the RMR of Oxtr~'~ mice (+AAV-Oxtr),
and Oxtr~'~ mice injected with an AAV-LacZ vector were used
as negative controls. Statistical analysis revealed that body tem-
perature of +AAV-LacZ negative control mice was similar to that
of Oxtr~'~ mice; therefore, both of the data were combined and
treated as Oxtr~'~ group in the body temperature experiment.
Oxtr='= group were less resistant to cold exposure when com-
pared with Oxtr*'* mice, in agreement with our previous finding.
Interestingly, +AAV-Oxtr mice had higher body temperatures
than Oxtr~'~ group after cold exposure (Figure 2A). This result
suggests that RMR-specific Oxtr-expressing mice have robust
thermoregulatory competence, and that RMR-specific Oxtr
expression can recover the diminished thermoregulatory abil-
ity in Oxtr~'~ mice. AAV-Oxtr infection and expression in the
RMR was confirmed (Figure 2B), though AAV vectors showed
approximately 1 mm diameter of diffusion into surrounding
brain regions, as was visualized by LacZ-staining (Figure 2C).
We also evaluated the types of AAV-infected neurons by double
immunostaining for B-gal and type-specific neuronal mark-
ers in AAV-LacZ mice. AAV vectors were then infected both
in vGluT3-positive neurons and in TPH2-positive neurons
(Figures 2D,E). We also analyzed the effect of region-specific
deletion of Oxtr in the RMR using Oxtr™™ mice injected with an
AAV-Cre vector. RMR-specific deletion of Oxtr did not diminish
thermoregulatory ability (Figure 2F), when Cre was expressed in
the RMR (Figure 2G).

The Morphology of BAT Cells was
Rescued by RMR-Specific Oxtr

Expression

In our previous study, Oxtr~'~ mice showed excessive lipid accu-
mulation in BAT (13, 15). Recent studies have suggested that
mice that show excessive lipid accumulation in BAT also have
abnormal thermogenesis. We speculated that the recovery of ther-
mogenesis in +AAV-Oxtr mice was associated with the recovery
of BAT function. To investigate our speculation, we performed
histological analysis on BAT obtained from these mice. The BAT
obtained from cold exposed Oxtr~'~ mice showed excessive lipid
accumulation when compared with Oxtr** mice (Figures 3A,B).
Interestingly, the sizes of lipid droplets in the BAT of + AAV-Oxtr
mice were almost the same as those in the BAT of Oxtr** mice
(Figures 3C-E). This suggests that RMR-specific Oxtr expression
recovers lipid metabolism. By contrast, the size of lipid droplets
in WAT was unchanged in both +AAV-Oxtr and +AAV-LacZ.
(Figures 3F-]).

The Expression Profile of $-Adrenergic
Receptors in BAT was not Rescued by
RMR-Specific Oxtr Expression

Brown adipose tissue is innervated by adrenergic sympathetic
nerves, and expresses several types of adrenergic receptors
(AR), including a2A-AR and p3-AR, which are considered to be
important in thermogenesis (21). Previously, we reported that
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FIGURE 1 | Oxtr expressed neurons in the rostral raphe pallidus (rRPa) were activated by cold exposure. (A,B) Cryosections of the RPa, indicating which
of the Oxtr-Venus mice were immunostained with anti-GFP. Oxtr was mostly expressed in the rRPa (A), but not in the caudal raphe pallidus (cRPa) (B). Distance
from bregma (millimeter) is indicated in the figure panel. (C~F) Oxtr-expressing neurons were activated during the cold condition, but not under normal conditions in
the rRPa and RMG. Samples were immunostained with anti-GFP (green), anti-c-Fos (magenta), and merged. The arrows indicate neurons expressing both Venus
and c-Fos. (G-l) Oxtr-expressing neurons were immunostained using both glutamatergic markers (vGluT3) and serotonergic markers (TPH2). Scale bar: 100 pm
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disruption of Oxtr causes an abnormal expression pattern of ARs
in BAT (15). In this study, we performed quantitative PCR analysis
to measure the expression of uncoupling protein 1 (UCP1, a key
molecule involved in thermogenesis) and ARs to assess whether
they werealtered by RMR-specific Oxtr expression. The expression
of UCP1 was elevated during cold exposure in both Oxtr~'~ and
Oxtr** mice. By contrast, the expression of ®2A-AR remained
unchanged, regardless of genotype and temperature conditions.
Interestingly, the expression of f3-AR was significantly different
between the normal temperature and cold conditions in Oxtr*'*
mice (Figures 4A-C). In RMR-specific Oxtr-expressing mice,
both UCP1 and a2A-AR expression were not altered between
+AAV-Oxtr and +AAV-LacZ mice. Intriguingly, the significant
group difference was observed in the expression of f3-AR. $3-
AR expression was significantly elevated in +AAV-Oxtr mice
compared with that of Oxtr** mice. Moreover, although $3-AR
expression in Oxtr*'* mice was down-regulated by cold expo-
sure, down-regulation of f3-AR expression was not observed in

other groups, including +AAV-Oxtr mice. The expression level
of p3-AR in the BAT of Oxtr*'* mice was significantly lower as
compared with +AAV-Oxtr mice in the cold-exposure condition.
The expression of B3-AR in +AAV-Oxtr mice was similar to that
in +AAV-LacZ mice (Figures 4A-C).

DISCUSSION

The Oxt/Oxtr system plays a key role in the regulation of energy
homeostasis. Previous studies have reported significant weight
gain in male Oxt™~ mice and Oxtr~'~ mice (13, 14). In addition, we
observed that these mice exhibit defective thermoregulation under
cold conditions (13-15). Oxtr~'~ mice also show an accumulation
of fat in BAT, the principal organ that produces heat energy.
Reductions in temperature are detected by receptors located
on the surface of the skin and in core body parts. This induces
thermoregulatory circuits in the brain, causing noradrenalin to
be released by SPNs and activating thermogenesis in BAT (27,
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60 pm.

FIGURE 3 | Excessive lipid accumulation in the BAT of Oxtr~- mice was recovered by in AAV-Oxtr injection. Hematoxylin and eosin stained brown (A-D)
and white (F-I) adipose tissues from Oxtr++ mice (A,F), Oxtr~- mice (B,G), Oxtr’- mice with AAV-Oxtr injection into RMR (C,H) and Oxtr~/- mice with AAV-LacZ
injection into RMR (D,). (E) Areas of lipid droplets in BAT of Oxtr*+ (n = 5), Oxtr'= (n = 7), +AAV-Oxtr (n = 6) and +AAV-LacZ (n = 6) mice. (J) Size of adipocytes in
WAT of Oxtr+'+ (n = 4), Oxtr”’ (n = 5), +AAV-Oxtr (n = 5), and +AAV-LacZ (n = 6) mice. *; p < 0.05, ** p < 0.01, significant differences between groups. Scale bar:
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28). We predicted that the thermoregulatory defect in Oxtr~/~
mice was due to an irregularity in this thermoregulatory circuit,
but the process was unknown. We recently reported that the Oxt/
Oxtr system in the hypothalamus (dorsomedial hypothalamic
nucleus and ventromedial hypothalamic nucleus; DMH/VMH)
plays an important role in thermoregulation (15). The DMH/
VMH are among the nuclei that compose the thermoregulatory
circuit, and Oxtr is abundant in this region (28, 31). Under cold
conditions, many neurons expressing Oxtr also expressed c-Fos
(data not shown), and DMH/VMH-specific rescue of Oxtr by

an AAV-Oxtr vector in Oxtr~'~ mice prevented the previously
observed decrease in body temperature. These results suggest
that Oxtr expressed in the DMH/VMH is important for ther-
moregulation (15). However, neurons expressing Oxtr are widely
distributed in the brain and various thermoregulatory regions
aside from the DMH/VMH (31). Therefore, this study specifically
focused on the RMR and analyzed the thermoregulatory function
of the Oxt/Oxtr system in this nucleus only.

Oxytocin receptor expression was observed in the RMR, which
is generally known to regulate BAT activity. Interestingly, such
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FIGURE 4 | Expression level of thermoregulation-related genes in BAT were quantified in Oxtr+/+, Oxtr-'-, + AAV-Oxtr, and +AAV-LacZ mice. (A) UCP1,
(B) a2A-AR, and (C) B3-AR expression were measured by quantitative PCR analysis. Mice used for the preparation of mRNA were treated in 25 and 5°C conditions
(n = 5 for each groups and conditions). * p < 0.05, ** p < 0.01, *** p < 0.001, compared with 25°C condition; T, p < 0.05, compared with Oxtr+*+ mice; *, p < 0.01,
significant difference between groups.

expression was not observed in the caudal region of the medul-
lary raphe (MR). Additionally, many reports have shown that
c-Fos expression is increased in RMR neurons during cold condi-
tions (25, 35). Accordingly, we observed that neurons expressing
Oxtr in the RMR were c-Fos-positive. These results suggest that
neurons expressing Oxtr are activated in cold conditions and may
modulate thermoregulation. We therefore injected an AAV-Oxtr
vector into the RMR of Oxtr~~ mice with and measured their
fasting-state body temperature during cold conditions. Oxtr='~
animals showed significantly lower body temperatures compared
with Oxtr** mice 3 h after cold exposure, regardless of immediate
sympathetic nerve activation in this condition. This paradoxi-
cal phenomenon might be affected by both lower sympathetic
tone and dysfunction of the Oxt/Oxtr system (36). Depletion of
FFA in Oxtr~'~ mice resulted from the fasting condition and a
decreased capacity for fat breakdown (15). Food intake is also
an important factor in body temperature control: Oxtr~'~ mice
show body temperature disregulation in cold environments not
only in fasting states (15) but also in fed states (13). The amount
of food intake during cold exposure was similar between Oxtr*'*
mice and Oxtr~~ mice (13). In order to exclude the effect of food
on thermoregulation, a fasting condition of longer than 3 h might
have been more appropriate for this study. However, since Oxtr+'+

mice had very low core temperatures at the end of the 6-h period,
fasting during the experiment could have affected adequate
thermoregulation.

+AAV-Oxtr mice had higher body temperatures during the
cold condition when compared with Oxtr~”/~animals, which
suggests that the Oxt/Oxtr system in the RMR is an important
component of the thermoregulatory system. However, the Oxt/
Oxtr system is also important for stress responses (37) and stress
induces thermogenesis (38). Because we measured the body
temperature of mice using a probe, measurement-induced stress
may have affected the body temperature of these mice. We also
exposed AAV-Cre vector-injected Oxtr®* mice to cold condi-
tions, and these mice showed thermoregulatory ability similar to
that of Oxtr** mice. Based on this result, we speculated that the
Oxt/Oxtr system in the RMR is just one of the factors involved
in regulating thermogenesis in cold conditions, and defects in
the function of this system in the RMR can be compensated for
by other major functions. Although shivering behavior in mice
across all groups appeared normal, a detailed analysis of this
behavior may be more informative.

Anatomical studies have indicated that vGluT3-expressing
glutamate neurons and serotonin neurons projecting from the
RMR to the IML influence the activation of BAT SPNs (25, 28,
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30). Co-expression of Oxtr and vGluT3 was observed in several
neurons in the RMR, whereas Oxtr and TPH2 co-expression in
neurons was hardly detected. Approximately 60-70% of vGluT3-
positive neurons expressed c-Fos during cold exposure (25).
These results suggested that the Oxt/Oxtr system in the RMR may
regulate the release of glutamate; however the exact relationship
is still unknown and open to future study.

We found an excessive accumulation of lipid droplets in the
BAT of Oxtr~'~ mice and, therefore, expected these mice to have
abnormal fat metabolism (13, 15). We collected WAT and BAT
from Oxtr*’*, Oxtr~=, + AAV-Oxtr, and +AAV-LacZ mice that
had been exposed to cold conditions for 6 h, and observed their
morphology using HE staining. We found that + AAV-Oxtr mice
showed scarce accumulation of lipid droplets in BAT when com-
pared with Oxtr~'~ mice. By contrast, there were no changes in
WAT morphology in +AAV-Oxtr mice (Figures 3C,D). Taken
together, these results show that injection of the AAV-Oxtr
vector prevented the accumulation of lipid droplets in the BAT
of Oxtr~'~ mice, and caused them to recover their thermoregula-
tory ability.

Finally, we analyzed the expression of major heat production
proteins in the BAT of Oxtr™'*, Oxtr~'=, + AAV-Oxtr, and +AAV-
LacZ mice using quantitative RT-PCR. We were particularly
interested in the expression of UCP1, a2A-AR, and p3-AR, since
UCP1 is major heat production molecule in BAT, and our previ-
ous study reported aberrant expression of a2A-AR and p3-AR in
Oxtr~~ mice when compared with WT mice (15). ®a2A-AR sup-
presses, and 3-AR promotes heat production in BAT. There was
no difference in the expression of UCP1 between groups in both
normal and cold conditions, and UCP1 was significantly induced
by cold exposure in both genotypes. Previous reports have shown
that obese animals exhibit aberrant UCP1 expression in BAT (21,
39, 40). Contrary to these findings, Oxtr~'~ mice exhibited obesity
(13) with normal UCP1 expression; however, thermoregulatory
ability was nonetheless compromised. The uncoupling activation
of UCP1 is activated by long-chain fatty acids (21). Although
UCP1 activation may be normal in the BAT of Oxtr~'~ mice, its
activity may be diminished due to defected lipolysis (15). The
expression level of a2A-AR was similar across all mice groups
and in both temperature conditions. By contrast, the expression
of B3-AR significantly varied by conditions. Several previous
studies have reported a dramatic down-regulation of B3-AR
gene expression upon adrenergic stimulation of BAT, both in situ
and in culture (41). We observed decreased expression of the
3-AR gene in the BAT of Oxtr** mice; however, this effect was
diminished in Oxtr~~ mice, indicating abnormal noradrenergic
signal input in Oxtr~'~ mice. Although body temperature control
was recovered and the amount of lipid droplets in BAT during
cold conditions was reduced in +AAV-Oxtr mice, a high level
of B3-AR expression was nonetheless observed in the cold con-
dition. The expression of f3-AR in +AAV-Oxtr mice was also
higher than in Oxtr** mice. This higher level of f3-AR expres-
sion in +AAV-Oxtr mice may contribute to the recovery of body
temperature control, through the promotion of fatty acid release
accompanied by the activation of the potentiated uncoupling

property of UCP1. However, recovery of noradrenergic input in
these mice may still be insufficient.

The AAV-Oxtr vector is not neuron specific. It is therefore pos-
sible that +AAV-Oxtr mice have more Oxtr protein in the RMR
than Oxtr** mice, especially since we observed diffused infection
of AAV around the RMR. The overexpression of Oxtr in this
region may have affected the result of our experiment. In addi-
tion, AAV vectors infected not only vGluT3-positive neurons, but
TPH2-positive neurons as well. In a previous study, we reported
co-expression of Oxtr and TPH2 in the MnR and DR, and showed
that Oxtr facilitated serotonin release in the MnR, (31). Therefore,
injection of the AAV-Oxtr vector into Oxtr~'~ mice may result in
the promotion of serotonin neurons in the RMR. Since serotonin
also plays an important role in body temperature regulation (42,
43) and the expression of ARs in adipose tissues (44), putative
alteration of serotonergic function in +AAV-Oxtr mice may have
affected our results.

On the other hand, our previous study reported that Oxtr~'~
mice showed increased expression of a2A-AR and decreased
expression of f3-AR in BAT (15). Because Oxtr is not expressed
in mature brown adipocytes, we expected that the abnormal
expression of ARs would be due to defective noradrenergic input
from SPNs. However, we found no abnormality in the expres-
sion of ®2A-AR, and only p3-AR expression was altered in the
cold condition in this study. Different complicated results were
observed between in the previous study and in the present study.
In the previous study, we prepared tissue from satiated mice (15),
but this experiment was carried out under fasting conditions. This
difference is especially relevant as it has been reported that f3-AR
mRNA expression pattern in BAT varies between fed and fasted
conditions. The expression of B3-AR in BAT is approximately
three times greater in the fasted condition when compared with
the fed condition (45). In addition, our previous study involved
exposing mice to cold conditions for 2 h, but the present study
entailed exposure to cold conditions for a period of 6 h. These
methodological differences may account for differences in results
between the present and previous study.

In summary, our findings suggest that the Oxt/Oxtr system
in the RMR is an important regulator of thermoregulation in
mammals exposed to cold conditions. We have also discovered a
thermoregulatory function of the Oxt/Oxtr system in the DMH/
VMH (15), and this system may have thermoregulatory roles in
other regions, including peripheral tissue. Previous studies have
shown that the Oxt/Oxtr system is necessary for the regulation
of obesity and thermoregulatory ability, and we have elucidated
a part of these functions. Our findings may also be applied in the
modulation of BAT activity for obesity treatment, which is known
to be a significant global health concern.

AUTHOR CONTRIBUTIONS

YT, YK, YH, and AO performed this research. YT, YK, YH, SH,
and KN designed this research. HM, KO, and KS contributed
essential reagents of this research. YT and YK analyzed the data.
YK, YH, and KN wrote the paper.

Frontiers in Endocrinology | www.frontiersin.org

November 2015 | Volume 6 | Article 180


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org

Kasahara et al.

Oxtr in RMR Regulates Thermogenesis

ACKNOWLEDGMENTS

We thank Mr. Hironobu Kato for assistance with statistical analy-
sis. This study was supported by Grants 14360046, 10164609,
and 23380055 from the Ministry of Education, Culture, Sports,

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Gimpl G, Fahrenholz F. The oxytocin receptor system: structure, function, and
regulation. Physiol Rev (2001) 81:629-83.

Kimura T, Ivell R. The oxytocin receptor. Results Probl Cell Differ (1999)
26:135-68. doi:10.1007/978-3-540-49421-8_7

Ludwig M. Dendritic release of vasopressin and oxytocin. ] Neuroendocrinol
(1998) 10:881-95. doi:10.1046/j.1365-2826.1998.00279.x

Ross HE, Cole CD, Smith Y, Neumann ID, Landgraf R, Murphy AZ, et al.
Characterization of the oxytocin system regulating affiliative behavior
in female prairie voles. Neuroscience (2009) 162:892-903. doi:10.1016/j.
neuroscience.2009.05.055

Takayanagi Y, Yoshida M, Bielsky IF, Ross HE, Kawamata M, Onaka T, et al.
Pervasive social deficits, but normal parturition, in oxytocin receptor-de-
ficient mice. Proc Natl Acad Sci U S A (2005) 102:16096-101. doi:10.1073/
pnas.0505312102

Argiolas A, Gessa GL. Central functions of oxytocin. Neurosci Biobehav Rev
(1991) 15:217-31. doi:10.1016/S0149-7634(05)80002-8

Lim MM, Young LJ. Neuropeptidergic regulation of affiliative behavior and
social bonding in animals. Horm Behav (2006) 50:506-17. doi:10.1016/j.
yhbeh.2006.06.028

Ferguson JN, Young L], Hearn EE, Matzuk MM, Insel TR, Winslow JT. Social
amnesia in mice lacking the oxytocin gene. Nat Genet (2000) 25:284-8.
doi:10.1038/77040

Tamma R, Colaianni G, Zhu LL, DiBenedetto A, Greco G, Montemurro G,
et al. Oxytocin is an anabolic bone hormone. Proc Natl Acad Sci U S A (2009)
106:7149-54. d0i:10.1073/pnas.0901890106

Hammock EA, Young LJ. Oxytocin, vasopressin and pair bonding: impli-
cations for autism. Philos Trans R Soc Lond B Biol Sci (2006) 361:2187-98.
doi:10.1098/rstb.2006.1939

Martin A, State M, Anderson GM, Kaye WM, Hanchett JM, McConaha
CW, et al. Cerebrospinal fluid levels of oxytocin in Prader-Willi syndrome:
a preliminary report. Biol Psychiatry (1998) 44:1349-52. doi:10.1016/
S0006-3223(98)00190-5

Arletti R, Benelli A, Bertolini A. Influence of oxytocin on feeding behavior in
the rat. Peptides (1989) 10:89-93. doi:10.1016/0196-9781(89)90082-X
Takayanagi Y, Kasahara Y, Onaka T, Takahashi N, Kawada T, Nishimori K.
Oxytocin receptor-deficient mice developed late-onset obesity. Neuroreport
(2008) 19:951-5. doi:10.1097/WNR.0b013e3283021ca9

Kasahara Y, Takayanagi Y, Kawada T, Itoi K, Nishimori K. Impaired thermo-
regulatory ability of oxytocin-deficient mice during cold-exposure. Biosci
Biotechnol Biochem (2007) 71:3122-6. doi:10.1271/bbb.70498

Kasahara Y, Sato K, Takayanagi Y, Mizukami H, Ozawa K, Hidema S, et al.
Oxytocin receptor in the hypothalamus is sufficient to rescue normal thermo-
regulatory function in male oxytocin receptor knockout mice. Endocrinology
(2013) 154:4305-15. doi:10.1210/en.2012-2206

Maejima Y, Sedbazar U, Suyama S, Kohno D, Onaka T, Takano E, et al.
Nesfatin-1-regulated oxytocinergic signaling in the paraventricular nucleus
causes anorexia through a leptin-independent melanocortin pathway. Cell
Metab (2009) 10:355-65. doi:10.1016/j.cmet.2009.09.002

Lipton JM, Glyn JR. Central administration of peptides alters thermoregula-
tion in the rabbit. Peptides (1980) 1:15-8. doi:10.1016/0196-9781(80)90029-7
Mason GA, Caldwell JD, Stanley DA, Hatley OL, Prange AJ Jr, Pedersen
CA. Interactive effects of intracisternal oxytocin and other centrally active
substances on colonic temperatures of mice. Regul Pept (1986) 14:253-60.
doi:10.1016/0167-0115(86)90008-X

Lin MT, Ho LT, Chan HK. Effects of oxytocin and (1-penicillamine,4-thre-
onine) oxytocin on thermoregulation in rats. Neuropharmacology (1983)
22:1007-13. doi:10.1016/0028-3908(83)90217-4

Science, and Technology of Japan, and a Grant-in-Aid for
“Integrated research on neuropsychiatric disorders” carried out
under the Strategic Research Program for Brain Sciences by the
Ministry of Education, Culture, Sports, Science and Technology
of Japan.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

Oldfield BJ, Giles ME, Watson A, Anderson C, Colvill LM, McKinley MJ.
The neurochemical characterisation of hypothalamic pathways projecting
polysynaptically to brown adipose tissue in the rat. Neuroscience (2002)
110:515-26. doi:10.1016/S0306-4522(01)00555-3

Cannon B, Nedergaard J. Brown adipose tissue: function and phys-
iological significance. Physiol Rev (2004) 84:277-359. doi:10.1152/
physrev.00015.2003

Trayhurn P. Thermoregulation in the diabetic-obese (db/db) mouse. The
role of non-shivering thermogenesis in energy balance. Pflugers Arch (1979)
380:227-32. doi:10.1007/BF00582901

Enerback S, Jacobsson A, Simpson EM, Guerra C, Yamashita H, Harper ME,
et al. Mice lacking mitochondrial uncoupling protein are cold-sensitive but
not obese. Nature (1997) 387:90-4. doi:10.1038/387090a0

Bachman ES, Dhillon H, Zhang CY, Cinti S, Bianco AC, Kobilka BK, et al.
betaAR signaling required for diet-induced thermogenesis and obesity resis-
tance. Science (2002) 297:843-5. doi:10.1126/science.1073160

Nakamura K, Matsumura K, Hubschle T, Nakamura Y, Hioki H, Fujiyama
E et al. Identification of sympathetic premotor neurons in medullary raphe
regions mediating fever and other thermoregulatory functions. J Neurosci
(2004) 24:5370-80. doi:10.1523/]NEUROSCI.1219-04.2004

Nakamura K, Morrison SE Central efferent pathways mediating skin
cooling-evoked sympathetic thermogenesis in brown adipose tissue. Am
J Physiol Regul Integr Comp Physiol (2007) 292:R127-36. doi:10.1152/
ajpregu.00427.2006

Morrison SE, Nakamura K, Madden CJ. Central control of thermogenesis in
mammals. Exp Physiol (2008) 93:773-97. doi:10.1113/expphysiol.2007.041848
Morrison SE Nakamura K. Central neural pathways for thermoregulation.
Front Biosci (2011) 16:74-104. doi:10.2741/3677

Nakamura K, Morrison SE Central efferent pathways for cold-defen-
sive and febrile shivering. ] Physiol (2011) 589:3641-58. doi:10.1113/
jphysiol.2011.210047

Madden CJ, Morrison SE. Brown adipose tissue sympathetic nerve activity is
potentiated by activation of 5-hydroxytryptamine (5-HT)1A/5-HT?7 receptors
in the rat spinal cord. Neuropharmacology (2008) 54:487-96. doi:10.1016/j.
neuropharm.2007.10.019

Yoshida M, Takayanagi Y, Inoue K, Kimura T, Young LJ, Onaka T, et al.
Evidence that oxytocin exerts anxiolytic effects via oxytocin receptor expressed
in serotonergic neurons in mice. J Neurosci (2009) 29:2259-71. doi:10.1523/
JNEUROSCI.5593-08.2009

Kawamata M, Mitsui-Saito M, Kimura T, Takayanagi Y, Yanagisawa T,
Nishimori K. Vasopressin-induced contraction of uterus is mediated solely
by the oxytocin receptor in mice, but not in humans. Eur ] Pharmacol (2003)
472:229-34. doi:10.1016/50014-2999(03)01914-9

Sato K, Date S, Aoyagi Y, Kasahara Y, Nawa A, Mizukami H, et al. Generation
of adeno-associated virus vector enabling functional expression of oxytocin
receptor and fluorescence marker genes using the human eIF4G internal
ribosome entry site element. Biosci Biotechnol Biochem (2009) 73:2145-8.
doi:10.1271/bbb.90287

. Guzman YE Tronson NC, Jovasevic V, Sato K, Guedea AL, Mizukami H,

et al. Fear-enhancing effects of septal oxytocin receptors. Nat Neurosci (2013)
16(9):1185-7. doi:10.1038/nn.3465

Bratincsak A, Palkovits M. Activation of brain areas in rat following warm
and cold ambient exposure. Neuroscience (2004) 127:385-97. doi:10.1016/j.
neuroscience.2004.05.016

Camerino C. Low sympathetic tone and obese phenotype in oxytocin-defi-
cient mice. Obesity (Silver Spring) (2009) 17:980-4. doi:10.1038/0by.2009.12
Onaka T, Takayanagi Y, Yoshida M. Roles of oxytocin neurones in the control
of stress, energy metabolism, and social behaviour. J Neuroendocrinol (2012)
24:587-98. doi:10.1111/§.1365-2826.2012.02300.x

Frontiers in Endocrinology | www.frontiersin.org

November 2015 | Volume 6 | Article 180


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1007/978-3-540-49421-8_7
http://dx.doi.org/10.1046/j.1365-2826.1998.00279.x
http://dx.doi.org/10.1016/j.neuroscience.2009.05.055
http://dx.doi.org/10.1016/j.neuroscience.2009.05.055
http://dx.doi.org/10.1073/pnas.0505312102
http://dx.doi.org/10.1073/pnas.0505312102
http://dx.doi.org/10.1016/S0149-7634(05)80002-8
http://dx.doi.org/10.1016/j.yhbeh.2006.06.028
http://dx.doi.org/10.1016/j.yhbeh.2006.06.028
http://dx.doi.org/10.1038/77040
http://dx.doi.org/10.1073/pnas.0901890106
http://dx.doi.org/10.1098/rstb.2006.1939
http://dx.doi.org/10.1016/S0006-3223(98)00190-5
http://dx.doi.org/10.1016/S0006-3223(98)00190-5
http://dx.doi.org/10.1016/0196-9781(89)90082-X
http://dx.doi.org/10.1097/WNR.0b013e3283021ca9
http://dx.doi.org/10.1271/bbb.70498
http://dx.doi.org/10.1210/en.2012-2206
http://dx.doi.org/10.1016/j.cmet.2009.09.002
http://dx.doi.org/10.1016/0196-9781(80)90029-7
http://dx.doi.org/10.1016/0167-0115(86)90008-X
http://dx.doi.org/10.1016/0028-3908(83)90217-4
http://dx.doi.org/10.1016/S0306-4522(01)00555-3
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.1007/BF00582901
http://dx.doi.org/10.1038/387090a0
http://dx.doi.org/10.1126/science.1073160
http://dx.doi.org/10.1523/JNEUROSCI.1219-04.2004
http://dx.doi.org/10.1152/ajpregu.00427.2006
http://dx.doi.org/10.1152/ajpregu.00427.2006
http://dx.doi.org/10.1113/expphysiol.2007.041848
http://dx.doi.org/10.2741/3677
http://dx.doi.org/10.1113/jphysiol.2011.210047
http://dx.doi.org/10.1113/jphysiol.2011.210047
http://dx.doi.org/10.1016/j.neuropharm.2007.10.019
http://dx.doi.org/10.1016/j.neuropharm.2007.10.019
http://dx.doi.org/10.1523/JNEUROSCI.5593-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.5593-08.2009
http://dx.doi.org/10.1016/S0014-2999(03)01914-9
http://dx.doi.org/10.1271/bbb.90287
http://dx.doi.org/10.1038/nn.3465
http://dx.doi.org/10.1016/j.neuroscience.2004.05.016
http://dx.doi.org/10.1016/j.neuroscience.2004.05.016
http://dx.doi.org/10.1038/oby.2009.12
http://dx.doi.org/10.1111/j.1365-2826.2012.02300.x

Kasahara et al.

Oxtr in RMR Regulates Thermogenesis

38.

39.

40.

41.

42.

43.

Olivier B, Zethof T, Pattij T, van Boogaert M, van Oorschot R, Leahy C, et al.
Stress-induced hyperthermia and anxiety: pharmacological validation. Eur J
Pharmacol (2003) 463:117-32. d0i:10.1016/S0014-2999(03)01326-8
Trayhurn P, Thurlby PL, James WP. Thermogenic defect in pre-obese ob/ob
mice. Nature (1977) 266:60-2. doi:10.1038/266060a0

Zhang CM, Zhang M, Zhu ]G, Ji CB, Zhu C, Kou CZ, et al. Short report:
tissue-specific expression profiles of the uncoupling protein family in nor-
mal control mice and genetically ob/ob mice. J Bioenerg Biomembr (2010)
42:255-9. d0i:10.1007/510863-010-9292-9

Bengtsson T, Cannon B, Nedergaard J. Differential adrenergic regulation
of the gene expression of the beta-adrenoceptor subtypes betal, beta2
and beta3 in brown adipocytes. Biochem ] (2000) 347(Pt 3):643-51.
doi:10.1042/0264-6021:3470643

Madden CJ, Morrison SE. Endogenous activation of spinal 5-hydroxytrypt-
amine (5-HT) receptors contributes to the thermoregulatory activation
of brown adipose tissue. Am J Physiol Regul Integr Comp Physiol (2010)
298:R776-83. doi:10.1152/ajpregu.00614.2009

Nason MW Jr, Mason P. Medullary raphe neurons facilitate brown
adipose tissue activation. ] Neurosci (2006) 26:1190-8. doi:10.1523/
JNEUROSCI.4707-05.2006

44,

45.

Nonogaki K, Memon RA, Grunfeld C, Feingold KR, Tecott LH. Altered gene
expressions involved in energy expenditure in 5-HT(2C) receptor mutant
mice. Biochem Biophys Res Commun (2002) 295:249-54. doi:10.1016/
$0006-291X(02)00665-4

Hadri KE, Charon C, Pairault ], Hauguel-De Mouzon S, Quignard-Boulange
A, Feve B. Down-regulation of beta3-adrenergic receptor expression in rat
adipose tissue during the fasted/fed transition: evidence for a role of insulin.
Biochem J (1997) 323(Pt 2):359-64. doi:10.1042/bj3230359

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Kasahara, Tateishi, Hiraoka, Otsuka, Mizukami, Ozawa, Sato,
Hidema and Nishimori. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

11

November 2015 | Volume 6 | Article 180


http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/S0014-2999(03)01326-8
http://dx.doi.org/10.1038/266060a0
http://dx.doi.org/10.1007/s10863-010-9292-9
http://dx.doi.org/10.1042/0264-6021:3470643
http://dx.doi.org/10.1152/ajpregu.00614.2009
http://dx.doi.org/10.1523/JNEUROSCI.4707-05.2006
http://dx.doi.org/10.1523/JNEUROSCI.4707-05.2006
http://dx.doi.org/10.1016/S0006-291X(02)00665-4
http://dx.doi.org/10.1016/S0006-291X(02)00665-4
http://dx.doi.org/10.1042/bj3230359
http://creativecommons.org/licenses/by/4.0/

	Role of the Oxytocin Receptor Expressed in the Rostral Medullary Raphe in Thermoregulation During Cold Conditions
	Introduction
	Materials and Methods
	Animals
	Core Body Temperature Measurement
	Hematoxylin and Eosin Staining
	Quantitative Real-Time PCR Analysis
	Cold Exposure of Mice for Immunostaining
	Immunohistochemistry
	Injection of AAV Vectors
	Statistical Analysis

	Results
	Oxtr was Expressed in the Rostral Medullary Raphe Nuclei
	Oxtr-Expressing Neurons were Activated upon Exposure to Cold
	Oxtr-Expressing Neurons in the RMR Showed Glutamatergic Properties
	Loss of Thermogenesis in Oxtr-Deficient Mice was Rescued by RMR-Specific Oxtr Expression
	The Morphology of BAT Cells was Rescued by RMR-Specific Oxtr Expression
	The Expression Profile of β-Adrenergic Receptors in BAT was not Rescued by RMR-Specific Oxtr Expression

	Discussion
	Author Contributions
	Acknowledgments
	References


