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Gsa deficiency in the dorsomedial hypothalamus
leads to obesity, hyperphagia, and reduced
thermogenesis associated with impaired leptin
signaling
Min Chen 1,**, Eric A. Wilson 1, Zhenzhong Cui 2, Hui Sun 1, Yogendra B. Shrestha 1, Brandon Podyma 1,
Christina H. Le 1, Benedetta Naglieri 1, Karel Pacak 3, Oksana Gavrilova 2, Lee S. Weinstein 1,*
ABSTRACT

Objective: Gsa couples multiple receptors, including the melanocortin 4 receptor (MC4R), to intracellular cAMP generation. Germline inactivating
Gsamutations lead to obesity in humans and mice. Mice with brain-specific Gsa deficiency also develop obesity with reduced energy expenditure
and locomotor activity, and impaired adaptive thermogenesis, but the underlying mechanisms remain unclear.
Methods: We created mice (DMHGsKO) with Gsa deficiency limited to the dorsomedial hypothalamus (DMH) and examined the effects on energy
balance and thermogenesis.
Results: DMHGsKO mice developed severe, early-onset obesity associated with hyperphagia and reduced energy expenditure and locomotor
activity, along with impaired brown adipose tissue thermogenesis. Studies in mice with loss of MC4R in the DMH suggest that defective DMH
MC4R/Gsa signaling contributes to abnormal energy balance but not to abnormal locomotor activity or cold-induced thermogenesis. Instead,
DMHGsKO mice had impaired leptin signaling along with increased expression of the leptin signaling inhibitor protein tyrosine phosphatase 1B in
the DMH, which likely contributes to the observed hyperphagia and reductions in energy expenditure, locomotor activity, and cold-induced
thermogenesis.
Conclusions: DMH Gsa signaling is critical for energy balance, thermogenesis, and leptin signaling. This study provides insight into how distinct
signaling pathways can interact to regulate energy homeostasis and temperature regulation.
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1. INTRODUCTION

Monogenic obesity syndromes provide insights into how single genes
regulate systemic energy homeostasis. Melanocortin receptor 4
(MC4R) mutations are the most common cause of monogenic obesity
and are associated with hyperphagia, reduced energy expenditure,
increased body length, and abnormal glucose metabolism [1e3].
Activation of MC4Rs promotes negative energy balance by inhibiting
food intake and stimulating energy expenditure [3e6]. MC4Rs can be
activated by a-MSH released from POMC neurons in the arcuate nu-
cleus (ARC) of the hypothalamus and couple to the ubiquitously
expressed G protein stimulatory a-subunit Gsa, encoded by GNAS
(Gnas in mice), to increase intracellular cAMP levels.
In patients with Albright hereditary osteodystrophy (AHO), heterozy-
gous inactivating Gsa mutations lead to obesity, reduced energy
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expenditure, and increased insulin resistance, but only when the
mutation is present on the maternal allele [7e9], and Gsa mutations
were shown to lead to a similar parent-of-origin-specific metabolic
phenotype in mice [10,11]. We have shown that the parent-of-origin-
specific metabolic phenotype is due to Gnas imprinting in the central
nervous system (CNS) [12], leading to Gsa being primarily expressed
from the maternal allele in certain brain areas. Mice with maternal Gsa
deficiency in the whole brain (mBrGsKO) develop obesity associated
with reduced energy expenditure and impaired stimulation of energy
expenditure by an MC4R agonist, while food intake and the ability of an
MC4R agonist to inhibit food intake were unaffected [12].
Molecular evidence shows that Gnas is imprinted in the para-
ventricular nucleus (PVN) [12] and the dorsomedial nucleus (DMH)
[13], but not in the ventromedial nucleus (VMH) [14], of the hypo-
thalamus. Disruption of the Gsa maternal allele in the DMH
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(mDMHGsKO) leads to obesity, which is primarily due to reduced
energy expenditure [13]. In contrast, disruption of the Gsa maternal
allele in VMH [14], PVN [15], or in Agrp neurons [13], or disruption of
both Gsa alleles in the VMH [14] or in Pomc neurons (unpublished
results) does not lead to obesity. Gnas imprinting in the DMH ap-
pears to be incomplete as residual Gsa expression (w30%) could
still be detected in the DMH of mice with a maternal germline Gsa
deletion [13]. The molecular mechanism by which Gsa in the DMH
controls energy balance remains elusive.
The DMH is known to be a key hypothalamic region governing
sympathetically mediated adaptive thermogenesis, an important
component of energy expenditure [16,17]. Brown adipose tissue
(BAT) is one of the major thermogenic organs for adaptive thermo-
genesis and is largely regulated by sympathetic nervous system
(SNS) activity. Adaptive thermogenesis can be induced in response
to environmental challenges, such as cold environment or high
caloric intake, which are referred to as cold-induced (CIT) and diet-
induced thermogenesis (DIT), respectively. The DMH contains neu-
rons that are synaptically connected to BAT via the rostral raphe
pallidus (rRPa) and are responsible for increasing SNS outflow to
BAT [17e20], leading to stimulation of thermogenesis that is
required to maintain body temperature in a cold environment or body
weight in response to excess calorie intake. CNS Gsa is involved in
the regulation of both CIT and DIT, as both were shown to be
impaired in mBrGsKO mice [12,15].
The DMH contains MC4R-expressing neurons [21,22]. The ability of
systemic administration of the MC4R agonist melanotan II (MTII) to
increase BAT temperature was shown to be attenuated by injection of
an MC4R antagonist directly into the DMH, suggesting that MC4R
signaling in the DMH may play a role in the regulation of BAT ther-
mogenesis [23]. However, we have recently shown that mice with
complete loss of MC4R in the DMH develop obesity associated with
decreased energy expenditure but without impairment of CIT [13]. In
addition, heterozygotes with maternal Gsa deficiency in the DMH also
exhibited normal CIT [13]. It is possible that central MC4R/Gsa
signaling in CNS regions outside of the DMH is responsible for the
regulation of CIT by melanocortins. However, the consequence of
complete loss of Gsa in the DMH on CIT remains unknown. It is also
unclear whether Gsa could interact with signaling molecules other than
MC4R to regulate adaptive thermogenesis.
In this study, we show that mice with complete Gsa deficiency in the
DMH (DMHGsKO) develop severe early-onset obesity associated with
hyperphagia, along with decreases in energy expenditure, MTII stim-
ulation of energy expenditure, SNS outflow to BAT, and CIT in response
to acute cold exposure. The observed defect in CIT does not appear to
be due to impaired MC4R/Gsa signaling in the DMH as DMH-specific
loss of MC4R does not impair CIT. Rather, impaired CIT in DMHGsKO
mice is associated with impaired leptin signaling in the DMH. In
addition, DMHGsKO mice, unlike their heterozygous counterparts, also
develop hyperphagia which may also be a result of impaired leptin
signaling in the DMH. This study provides novel insights into how
crosstalk between divergent signaling pathways in specific hypotha-
lamic nuclei can influence the regulation of energy homeostasis.

2. METHODS

2.1. Generation of mice with homozygous Gsa deficiency in the
DMH
We previously generated Gsa-floxed mice (E1fl/fl) with flox sites sur-
rounding Gnas exon 1 [24] and obtained MC4R-floxed (MC4Rfl/fl) mice
as a gift from Brad Lowell (Beth Israel Deaconess Medical Center,
MOLECULAR METABOLISM 25 (2019) 142e153 Published by Elsevier GmbH. This is an open access artic
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Boston, Massachusetts, USA). Male E1fl/fl or MC4Rfl/fl mice aged 6e7
weeks were stereotaxically injected bilaterally with either 1.1 � 109

genomic copies/200 nl of AAV-Cre-GFP (AV-2-PV-2004) or 1.4 � 109

AAV-GFP (AV-2-PV0101, Penn Vector Core, Philadelphia, Pennsylvania,
USA) into the DMH (bregma: anterio-posterior: �1.88 mm; medio-
lateral: � 0.3 mm; dorso-ventral: �5.125 mm). Injections were per-
formed under isoflurane anesthesia. The correct injection position into
the DMH was confirmed by detecting position of GFP expression using
fluorescence microscopy (Figure 1A) and, except as noted, only data
from mice with correct targeting of viral injection into the DMH bilat-
erally were used in this study. All mice were maintained on a Black
Swiss background, housed on a 12 h light/dark cycle (6 am/6 pm) and
fed a standard chow diet (NIH-07, 5% fat by weight, Envigo). Except as
noted, all experiments were performed in male mice at 1e3 months
post-viral injection (age 2.5e4.5 months). Studies were approved by
the NIDDK Animal Care and Use Committee.

2.2. Food intake, body composition, O2 consumption, and activity
Food intake was measured over a 10-day period during which food
was weighed initially and every 2e3 days thereafter. There was
minimal food spillage into the cage during these experiments. Body
composition was measured in non-anesthetized mice using an
EchoMRI 3-in-1 analyzer (Echo Medical Systems). Total energy
expenditure (TEE) was determined using a 12-chamber indirect
calorimetry system (CLAMS, Columbus Instruments) over a 24 h period
at 22 �C after 2 days of adaptation followed by a 24 h period at 30 �C.
Resting energy expenditure (REE) was determined as the mean of
points measured when the animal was not ambulating. Total and
ambulating locomotor activities were determined by infrared beam
interruption. Day (light cycle) was 6 am to 6 pm and night (dark cycle)
was 6 pm to 6 am. Physical activity was also measured with an E-
Mitter mouse telemetry system (Starr Life Science Corp.) using an
electronic transponder (G2, E-Mitter) implanted into the abdominal
cavity of mice under isoflurane anesthesia.

2.3. MTII injections
For measurement of food intake response to the MC3R/MC4R agonist
melanotan II (MTII, Bachem), single-caged mice were fasted for 24 h
prior to receiving vehicle (saline, 100 ml i.p.) 30 min before lights out,
and food intake was measured over the next 3.5 h (3 h in the dark).
Mice were allowed to recover for 2e3 days before a second 24 h fast
followed by administration of MTII (200 mg ip) at the same time of day
as saline and food intake was again measured over 3.5 h in dark. For
energy expenditure response, mice were placed in indirect calorimetry
chambers for 24 h at 30 �C and received MTII (10 mg/g i.p.) or vehicle
on the following day at 1200 h; crossover treatment was performed
24 h later. Average O2 consumption was calculated for 3 h before and
3 h after injection, excluding the first hour post-injection.

2.4. Tissue SNS activity
Tissue SNS activity was assessed by measuring DOPA accumulation
after inhibiting catecholamine synthesis by blocking L-aromatic amino
acid decarboxylase with NSD1015 (100 mg/kg, Sigma) as described
previously [25]. To study SNS response to cold, mice were placed at
6 �C for 30 min prior to injection of saline or NSD and kept at 6 �C for
another 2 h before tissues were collected. Tissue DOPA content was
quantified by reverse phase liquid chromatography.

2.5. Acute cold tolerance and chronic cold adaptation studies
Body temperature was measured using a TH-5 rectal probe (Ther-
malet, Braintree Scientific) inserted 1 cm deep or with an E-Mitter
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Figure 1: DMHGsKO mice develop obesity. (A) Representative green fluorescence images confirming bilateral injection of AAV-Cre-GFP into the DMH. VMH, ventromedial
hypothalamus; 3 V, third ventricle; DAPI, 40,6-diamidino-2-phenylindole, dihydrochloride (scale bar, 100 mm). (B) Representative images of coimmunofluorescence staining with
GFP (green, top) and Gsa protein (red, second row) in the DMH of control and DMHGsKO mice (scale bar, 50 mm). To the right is percent of GFP-expressing cells that are Gsa

þ,
n ¼ 3/group. (C) Body weight curves of male DMHGsKO and control mice post-viral injection, n ¼ 10e11/group. (D) Body length of DMHGsKO and control mice, n ¼ 5e7/group.
(E) Body weight of mice at 3e4 months post-viral injection in which AAV-Cre-GFP was correctly targeted to the DMH bilaterally (n ¼ 24e28/group), unilaterally (n ¼ 9e11/group),
or neither (mis-hit, n ¼ 6/group). (F) Body composition (total, fat and lean weight) of DMHGsKO and control mice at 15e20 weeks post-injection, n ¼ 10e11/group. (G) Histology
(H&E staining) of BAT, epididymal WAT (eWAT) and inguinal WAT (iWAT) adipocytes from DMHGsKO mice and controls (scale bars, 100 mm). *p < 0.05, **p < 0.01, ***p < 0.001
vs. controls. Data represent mean � S.E.M.
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mouse telemetry system using an electronic transponder (G2, E-Mitter,
Starr Life Science Corp) implanted into the abdominal cavity of mouse
under isoflurane anesthesia. Interscapular BAT (iBAT) temperature was
measured using a telemetry temperature probe (IPII-300, Bio Medic
Data System) that was surgically implanted into iBAT of mouse under
isoflurane anesthesia and detected by a receiver (DAS-7007S, Bio
Medic Data System). For acute cold tolerance test, mice were accli-
mated to experimental conditions at room temperature for 3 days with
daily measurement of rectal temperature, and were then caged indi-
vidually without bedding and provided with food and water ad libitum.
Rectal and iBAT temperatures were measured hourly before or after
exposure to 6 �C for 5 h. For chronic cold adaptation, mice were kept in
individual cages with bedding and housed in a climate controlled
chamber (Memmert 750 LIFE Chamber) where they were exposed to
gradually declining ambient temperatures. Chamber temperature
decreased from 22 �C to 6 �C in 2 �C per day increments. Mice were
then housed at 6 �C for 5e6 days of the experiment.
144 MOLECULAR METABOLISM 25 (2019) 142e153 Published by Elsevier GmbH. This is
2.6. Measurement of heart rate and blood pressure and
assessment of body weight at 30 �C
Heart rate and blood pressure were measured with a BP-2000
Specimen platform (Visitech). For measurement of body weight at
30 �C, mice were kept at room temperature for 7 days following
stereotaxic viral injections and then housed at 30 �C within a climate
controlled chamber (Memmert 750 LIFE Chamber) for 5 weeks.

2.7. RNA analysis
Total RNA was isolated from iBAT using an RNeasy lipid tissue kit
(QIAGEN) and treated with DNAse I (Invitrogen) at room temperature for
15 min. Reverse transcription was performed using MultiScribe RT
(Applied Biosystems). BAT mRNA levels were measured by quantitative
RT-PCR (Applied Biosystems, StepOnePlus) in 20 ml reaction volume,
including BAT cDNA (20 ng of initial RNA sample), 50 nM primers and
10 ml of 2x SYBR Green Master Mix (Roche Diagnostics). Results were
normalized to simultaneously determined b-actin mRNA levels in each
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Serum chemistries in control and DMHGsKO mice in fed state at
3e4 months post-viral injection.

Control DMHGsKO

Insulin (ng/ml) 4.2 � 0.9 102.3 � 33.3**
Free fatty acid (mM) 0.32 � 0.08 0.22 � 0.04
Triglyceride (mg/dl) 142 � 30 228 � 47*
Leptin (ng/ml) 14.7 � 2.8 48.4 � 3.0**
Cholesterol (mg/dl) 172 � 8 225 � 20*

Data are presented as mean � S.E.M. n ¼ 5e7/group. *p < 0.05, **p < 0.01 vs.
controls.
sample. Expression of BAT genes was quantified using StepOne
comparative Ct software and data were presented relative to gene
expression of control mice.

2.8. Glucose and insulin tolerance tests
Overnight-fasted mice were administered glucose (2 mg/g ip), or in-
sulin (Humulin, 0.75 mIU/g ip), respectively. In each study tail blood
was collected before (time 0) and at indicated times after injection for
measurement of glucose using a Glucometer Contour (Bayer).

2.9. Leptin response
Overnight-fasted mice were injected with leptin (5 mg/g ip, R&D
Systems) or saline vehicle. After 45 min post-injection, mice were
anesthetized with avertin and transcardially perfused with ice-cold PBS
followed by ice-cold 4% paraformaldehyde. Brains were removed and
post-fixed in 4% paraformaldehyde at 4 �C overnight, and then cry-
oprotected in 30% sucrose in PBS at 4 �C for 2e3 days. Free floating
brain sections (40 mm) were cut using a microtome and brain sections
were kept at �80 �C until immunohistochemical analysis.

2.10. Immunohistochemistry
Heat-mediated antigen retrieval was performed on brain sections by
incubation in sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) at 95 �C for 30 min prior to immunofluorescent
staining. The brain sections were blocked in 2.5% horse serum (Vector
Lab) plus 0.3% Triton X-100 at room temperature for 1 h and then
incubated with primary antibodies in blocking solution overnight in
4 �C, followed by incubation with Alexa Fluor-conjugated secondary
antibodies. The primary antibodies were anti-phopho-STAT3 (Tyr 705;
Cell Signaling), anti-PTPase 1B (Ab-1, Oncogene), anti-SOCS-3 (Santa
Cruz), anti-GFP (Santa Cruz) and anti-Gsa [26]. The signals in GFP-
expressing neurons in the DMH were captured and visualized with
fluorescence microscopy. The average on a minimum of 4 sections
from each mouse was quantified using BZ-II Analyzer software version
2.1 (Keyence). UCP1 immunohistochemistry was performed as previ-
ously described using an anti-UCP1 primary antibody (Abcam,
Ab10983, 1:1000 dilution) [27].

2.11. Biochemical assays
Serum insulin and leptin were measured by ELISA (Crystal Chem and R
& D Systems, respectively). Serum free fatty acids were measured
using Roche Half Micro Test (Sigma), and triglyceride and cholesterol
levels were measured using reagents from Thermo Fisher. Serum
glucose levels were measured with the Glucometer Contour (Bayer).

2.12. Statistical analysis
Data are expressed as mean � SEM. Statistical significance was
determined by two-tailed unpaired t-test or 2 way ANOVA with dif-
ferences considered significant at p < 0.05.

3. RESULTS

3.1. Mice with DMH-specific Gsa deletion (DMHGsKO) develop
severe obesity
We bilaterally injected AAV-Cre-GFP into the DMH of male Gsa-floxed
mice (E1fl/fl) at 6e7 weeks of age. Male E1fl/fl mice that were injected
with AAV-GFP served as controls. We confirmed the correct positioning
of the stereotaxic injections into the DMH by detection of GFP expression
using fluorescence microscopy (Figure 1A). These injections led to an
w85% reduction in GFP-expressing cells within the DMH that also
stained for Gsa protein based on immunohistofluorescence (Figure 1B).
MOLECULAR METABOLISM 25 (2019) 142e153 Published by Elsevier GmbH. This is an open access artic
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Mice in which AAV-Cre-GFP injections were targeted correctly on both
sides (DMHGsKO mice) gained weight rapidly and were significantly
heavier than controls at 2 weeks post-viral injection (Figure 1C), while
their body length was unaffected (Figure 1D). At 3e4 months post-viral
injection, mice in which the stereotaxic injections of AAV-Cre-GFP hit
the correct target (DMH) unilaterally also gained significant more
weight than controls, although less than the weight gained by mice in
which the injections were correctly targeted bilaterally (Figure 1E).
Mice in which the AAV-Cre-GFP injections missed the DMH on both
sides showed no difference in body weight compared to controls
(Figure 1E). At 15e20 weeks post-viral injection DMHGsKO mice had
anw3-fold increase in fat mass and a smaller but significant increase
in lean mass (Figure 1F). Consistent with this finding, we also found
circulating leptin levels to be >3-fold higher in DMHGsKO mice
compared to controls (Table 1). Histological examination showed
DMHGsKO mice to have enlarged adipocytes with greater lipid accu-
mulation per cell in interscapular BAT and epididymal and inguinal
white adipose tissue (eWAT and iWAT, respectively; Figure 1G).

3.2. DMHGsKO mice develop hyperphagia
To examine the extent that hyperphagia contributes to the increased
weight gain in DMHGsKO mice, we measured food intake in mice over
a 10-day period beginning from 7 to 11 days post-viral injection.
During this period DMHGsKO mice had a significant weight gain while
weight remained stable in controls (Figure 2B). This weight gain
disparity was accompanied by a notable increase in food intake in
DMHGsKO (Figure 2A), which was not previously observed in hetero-
zygous mDMHGsKO mice [13]. During this period, DMHGsKO mice ate
on average w6.8 kcal/d more than controls, which accounts for
virtually all of the greater weight gain (w7.2 g) observed in these mice.
Interestingly, the ability of the MC4R agonist MTII to acutely inhibit food
intake was unaffected in DMHGsKO mice (Figure 2C), suggesting that
the observed hyperphagia may not be secondary to impaired mela-
nocortin action.

3.3. DMHGsKO mice have decreased energy expenditure and
physical activity and impaired stimulation of energy expenditure by a
melanocortin agonist
We examined resting and total energy expenditure (REE and TEE,
respectively) and respiratory exchange ratios (RER; vCO2/vO2) by in-
direct calorimetry, as well as total and ambulatory activity levels, in
control and DMHGsKO mice that were raised at 22 �C. Measurements
were made over a 24 h period at 22 �C and then at 30 �C (thermo-
neutrality) over the subsequent 24 h period. The mean weight gains
during the time in the calorimetry chamber were not significantly
different between groups (control 1.86 � 0.49 g vs. DMHGsKO
0.60 � 0.39 g).
When normalized by either total body weight (Figure 2D) or by lean
mass (Figure 2E), REE was similar between both groups at
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 145
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Figure 2: DMHGsKO mice have increased food intake and reduced energy expenditure and physical activity. (A) Mean daily food intake per mouse in DMHGsKO and control
mice measured over 10 days starting at 7e11 days post-viral injection, n ¼ 7e8/group. (B) Initial and final mean body weights of mice during the period of food intake
measurement in panel A. (C) Total food intake after MTII in DMHGsKO and control mice expressed as % vs. after saline, n ¼ 5e8/group. (D) Energy expenditure (total, TEE, and at
rest, REE) measured at 22 �C and 30 �C (thermoneutrality) in DMHGsKO and control mice at 2.5e3 months post-viral injection and normalized by body weight, n ¼ 9/group. Prior
to study all mice were maintained at room temperature. (E) Data from experiments in panel D normalized to lean mass. (F) Percent increase in REE and TEE in control and
DMHGsKO mice at 22 �C as compared to 30 �C taken from data presented in panels D and E. (G) Plot of daily TEE vs. body weight in individual DMHGsKO and control mice
measured at 22 �C with lines indicating exponential fit. (H) Respiratory exchange ratio (vCO2/vO2; RER) measured over 24 h at 22 �C, n ¼ 9/group. (I) Percent increase in energy
expenditure (O2 consumption) in response to MTII in DMHGsKO and control mice, n ¼ 9/group. (J) Body weight curves of DMHGsKO and control mice maintained at 30 �C for 4
weeks, n ¼ 10e11/group. (I) Total and ambulatory (Amb) locomotor activity determined by infrared beam interruption, n ¼ 9/group. *p < 0.05, **p < 0.01 vs. controls. #p < 0.05
vs. initial body weight. Data represent mean � S.E.M.

Original Article
thermoneutrality (30 �C), a condition in which SNS activity and ther-
mogenesis is minimized. When measured at a temperature below
thermoneutrality (22 �C), both REE and TEE were significantly lower in
DMHGsKO mice as compared to controls when normalized by total
body weight (Figure 2D) or by lean mass (Figure 2E). The percent
increase in REE and TEE when measured at 22 �C vs. 30 �C was
significantly reduced in DMHGsKO mice as compared to controls
(Figure 2F). This finding is independent of the method of normalization
and is consistent with DMHGsKO mice having an impaired increase in
energy expenditure (thermogenesis) compared to controls in response
to a cold environment relative to thermoneutrality. There were no
differences in food intake between DMHGsKO and control mice during
the calorimetry experiments at either 22 �C or 30 �C when normalized
to lean mass (control 0.484 � 0.026 vs. DMHGsKO
0.493� 0.042 kcal/g/d at 22 �C; control 0.398� 0.018 vs. DMHGsKO
0.370� 0.021 kcal/g/d at 30 �C). A plot of daily TEE at 22 �C vs. body
weight for individual mice showed a rightward shift in the exponential
curve for DMHGsKO mice, consistent with these mice having reduced
TEE at 22 �C (Figure 2G). We observed no differences in the RER
between groups at 22 �C (Figure 2H). Consistent with the observed
decrease in energy expenditure, acute stimulation of energy expen-
diture by the melanocortin agonist MTII was significantly impaired in
DMHGsKO mice (Figure 2I). As compared to mice raised at 22 �C
146 MOLECULAR METABOLISM 25 (2019) 142e153 Published by Elsevier GmbH. This is
(Figure 1C), DMHGsKO mice raised at 30 �C showed only a minimal
increase in body weight compared to controls with a delayed onset
(Figure 2J). Overall, these results are consistent with a disparity in
energy expenditure between the two groups that is greater at 22 �C
than at 30 �C and are consistent with DMHGsKO mice having impaired
stimulation of SNS activity at temperatures below thermoneutrality,
leading to reduced energy expenditure and thermogenesis (see below).
We also observed that DMHGsKO mice had reduced total and
ambulatory activity levels at both 22 �C and 30 �C (Figure 2K; all
significant except for total activity at 22 �C). These differences were
due to reduced activity levels at nighttime (dark period) while activity
levels were not different during the daylight hours (Fig. S1A, B). Core
body temperature was also significantly reduced in DMHGsKO mice
during the night, while there were no differences in core body
temperature between DMHGsKO and control mice during daylight
hours (Fig. S1C, D).

3.4. DMHGsKO mice develop insulin-resistance, hyperglycemia,
and hyperlipidemia
At 3e4 months post-viral injection, DMHGsKO mice had increased
fasting blood glucose (Figure 3A) and serum insulin levels
(Figure 3C) compared to control mice and displayed severe glucose
intolerance and insulin resistance (Figure 3B,D). Circulating insulin
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Abnormal glucose metabolism in DMHGsKO mice. (AeD) Glucose metabolism in older mice after development of obesity. (A) Fasting glucose, n ¼ 4e5/group, (B)
glucose tolerance tests, n ¼ 9e11/group, (C) fasting insulin levels, n ¼ 4e5/group and (D) insulin tolerance tests in DMHGsKO and control mice at 3e4 months post-viral
injection, n ¼ 9/group. For glucose and insulin tolerance tests areas under the curve (AUC) are shown on the right. (EeG) Glucose metabolism at younger age prior to devel-
opment of severe obesity. (E) Body weight, (F) fasting blood glucose, and (G) glucose tolerance test in mice at 2e3 weeks post-viral injection, n ¼ 6e8/group. *p < 0.05,
**p < 0.01 vs. controls. Data represent mean � S.E.M.
levels were also markedly elevated in DMHGsKO mice in the fed
state (Table 1). We also found these mice to have elevated serum
triglyceride and cholesterol levels, although free fatty acids in the
fed state were unaffected (Table 1). To determine whether loss of
Gsa in the DMH has a direct effect on glucose metabolism inde-
pendent of obesity, we studied DMHGsKO mice at a younger age
(2e3 weeks post-viral injection), when they had a small, but
significant, increase in body weight (Figure 3E). At this age we
observed no increase in fasting blood glucose in DMHGsKO mice
(Figure 3F). Glucose tolerance test showed a trend towards
increased glucose levels in DMHGsKO mice at time points 40 min
post-glucose administration and beyond, although the areas under
the curve for DMHGsKO mice did not differ from those of controls
(Figure 3G). Overall, these results indicate that abnormal glucose
homeostasis in DMHGsKO mice is primarily secondary to obesity,
although we cannot rule out a small direct effect of DMH-specific
Gsa on peripheral glucose metabolism.

3.5. DMHGsKO mice have decreased basal and cold-stimulated
SNS activity in BAT
To determine whether DMH-specific loss of Gsa affects sympathetic
outflow under basal and acute cold conditions, we measured SNS
activity in several peripheral tissues of control and DMHGsKO mice
kept at room temperature (22 �C) or after cold exposure (6 �C) for 2 h.
Tissue SNS activity was assessed by measuring the accumulation of
dihydroxyphenylalanine (DOPA) before and after administration of the
L-aromatic amino acid decarboxylase inhibitor NSD1015. The increase
in accumulation of DOPA after NSD1015 administration is proportional
to the rate of catecholamine synthesis and is a reflection of SNS activity
[28]. The results showed significantly reduced DOPA accumulation in
MOLECULAR METABOLISM 25 (2019) 142e153 Published by Elsevier GmbH. This is an open access artic
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BAT and heart after NSD1015 administration at 22 �C, indicating
reduced basal SNS activity at this temperature in these tissues, while
DOPA accumulation in DMHGsKO mice was similar to controls in iWAT,
liver and muscle at 22 �C (Figure 4A). After 2 h of cold exposure, DOPA
accumulation in heart and liver was similarly augmented in control and
DMHGsKO mice, while cold-induced DOPA accumulation was signifi-
cantly reduced in BAT, iWAT and muscle of DMHGsKO mice
(Figure 4A). These results show that DMH Gsa deficiency specifically
impairs sympathetic outflow to BAT and heart at 22 �C, and reduces
sympathetic outflow to BAT, iWAT and muscle in response to acute
exposure to a more extreme cold environment (6 �C). These findings
are consistent with the inactive appearance of BAT in DMHGsKO mice
based upon histology (Figure 1G). Furthermore, we found reduced
expression of genes related to oxidative metabolism and thermogen-
esis in BAT from DMHGsKO mice, including those encoding PPARg
coactivator 1-a (PGC1-a), cytochrome c oxidase subunit 5B (Cox5b)
and 7A (Cox7a), cytochrome C (CytoC), mitochondrial transcription
factor (Tfam), PPARg, adiponectin (Adipoq), and fatty acid binding
protein 4 (Fabp4) (Figure 4B). Overall, our results are consistent with
reduced SNS activity and activation of BAT in response to cold and a
similar finding in iWAT that was more obvious at lower temperature.
DMH neurons are also known to be involved in the regulation of
cardiac SNS activity and stress-induced tachycardia via the sympa-
thetic premotor neurons in the rostral medullary raphe region [29,30].
Consistent with reduced basal SNS outflow to heart (Figure 4A) at
22 �C, we observed a reduced heart rate in DMHGsKO mice as
compared to controls (Figure 4C), while blood pressure was unaf-
fected (Figure 4D). These results show that Gsa signaling is required
for normal regulation of cardiac function via the SNS by DMH
neurons.
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Figure 4: Basal and cold-stimulated SNS activity in adult DMHGsKO mice. (A) Tissue DOPA content in BAT, iWAT, heart, liver and quadriceps muscle of control and DMHGsKO
mice injected with either vehicle (saline) or NSD1015 (NSD) when they were kept at room temperature (22 �C) or exposed to cold (6 �C) for 2 h, n ¼ 5e7/group. (B) Relative BAT
mRNA levels in DMHGsKO and control mice, n ¼ 6e8/group. (CeD) Cardiovascular function. (C) Heart rate and (D) systolic and diastolic blood pressure in DMHGsKO and control
mice, n ¼ 8/group. *p < 0.05, **p < 0.01 vs. controls. Data represent mean � S.E.M.
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3.6. Acute cold tolerance is impaired while adaptation to chronic
cold remains intact in DMHGsKO mice
We next examined the acute responses of DMHGsKO and control mice
to a cold environment, which requires SNS-stimulated BAT thermo-
genic function, as well as their adaptation to a chronic cold environ-
ment, which may also involve browning of WAT. When acutely exposed
to 6 �C for 5 h, DMHGsKO mice showed decreased rectal (Figure 5A)
and BAT temperature (Figure 5B). DMHGsKO mice also had signifi-
cantly reduced basal BAT temperature compared to that of control
mice at 22 �C (Figure 5B, 0 time point; control 38.62 � 0.15 vs.
DMHGsKO 37.96 � 0.17 �C, p < 0.05). Similarly, we observed that
BAT Ucp1 mRNA levels were reduced at 22 �C and further induction of
Ucp1 expression in response to an acute 6 �C environment was
significantly attenuated in DMHGsKO mice (Figure 5C). These results
are consistent with the reduced SNS activity in BAT at 22 �C and 6 �C
that we observed in DMHGsKO mice (Figure 4A).
To test the response to chronic cold adaptation, we placed mice in
chambers in which ambient temperature was reduced by 2 �C per day
for 8 days, and then maintained at 6 �C for 6 days. In contrast to what
we observed during acute cold exposure, DMHGsKO mice were able to
maintain their body temperature during the cold adaptation experiment
(Figure 5D) and BAT Ucp1 mRNA levels were induced similarly in
DMHGsKO and control mice after chronic cold adaptation (Figure 5C).
In addition, we observed that DMHGsKO mice displayed iWAT
browning (Figure 5F) with normal induction of UCP1 protein based
upon immunohistochemical staining (Figure 5G) as well as Ucp1mRNA
(Figure 5E) in iWAT after chronic cold adaptation.
We previously showed that, in contrast to DMHGsKO mice, mice with
DMH-specific loss of MC4R (DMH-MC4RKO, generated by bilateral
stereotaxic injection of AAV-Cre-GFP into the DMH of MC4Rfl/fl mice)
had normal responses to acute cold (6 �C) conditions, as they were
able to maintain normal body temperature and showed normal in-
duction of BAT UCP1 expression, despite also being obese and
showing evidence of reduced BAT activation at 22 �C [13]. We now
show that, despite their obesity (Fig. S2B), DMH-MC4RKO mice display
normal adaptation to chronic cold conditions, as they were able to
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maintain normal body temperature during chronic cold adaptation
experiment (Fig. S2A) and showed normal induction of both BAT Ucp1
mRNA levels (Fig. S2C) and UCP1 protein in iWAT (Fig. S2D) in
response to chronic cold conditions. Overall, these results indicate that
DMH Gsa signaling is required for BAT thermogenesis in response to
acute cold exposure, but this is not due to loss of MC4R/Gsa signaling
in the DMH. Moreover, neither MC4R nor Gsa is required for normal
BAT thermogenesis or iWAT browning in response to chronic cold
conditions.

3.7. DMHGsKO mice have impaired leptin signaling in the DMH
Studies have shown that DMH neurons express leptin receptors
(LepRb) and that leptin signaling in the DMH is involved in the regu-
lation of energy homeostasis by increasing SNS outflow to BAT and
stimulating BAT thermogenesis [23,31,32]. To determine whether loss
of Gsa affects leptin signaling in the DMH, we measured STAT3
phosphorylation (pSTAT3) in GFP-expressing neurons within the DMH
of control and DMHGsKO mice after administration of saline or a single
high dose of leptin (5 mg/g ip). Control mice showed significantly
increased STAT3 phosphorylation levels in the DMH in response to
leptin compared to that of saline-treated controls, while this leptin-
induced pSTAT3 was completely absent in the DMH of DMHGsKO
mice (Figure 6A,B). In contrast, we observed no significant deficit in
leptin-induced STAT3 phosphorylation in non-GFP-expressing (GFP�)
cells in the DMH of DMHGsKO mice (Figure 6C). The same deficit in
leptin signaling was also observed in the DMH of DMHGsKO mice at 2
weeks post-viral injection at which time these mice had no increase in
body weight (Figure 6D), ruling out the possibility that the observed
defect in leptin signaling was secondary to obesity. Leptin signaling
was specifically impaired in the DMH, as leptin-induced STAT3
phosphorylation in the ARC was unaffected in DMHGsKO mice
(Fig. S3B).
Protein tyrosine phosphatase 1B (PTP1B) dephosphorylates Janus-
associated kinase 2 (JAK2) to suppress leptin signaling in hypotha-
lamic neurons and regulates body weight [33e35]. Interestingly, we
observed that PTP1B levels in the DMH of DMHGsKO mice were
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Cold tolerance and adaptation experiments in DMHGsKO mice. (AeC) Acute cold tolerance experiments. (A) Rectal temperature, n ¼ 11e13/group, and (B) BAT
temperature, n ¼ 8e9/group, measured during 5 h of cold exposure (6 �C). (C) Relative BAT Ucp1 mRNA levels in control and DMHGsKO mice that were maintained at 22 �C,
exposed to 6 �C for 5 h or that underwent chronic cold adaptation (6oC-adapt), n ¼ 4e7/group. (DeG) Chronic cold-adaptation experiments. (D) Rectal temperature in control and
DMHGsKO mice during chronic cold adaptation, n ¼ 6/group. (E) Relative iWAT Ucp1 mRNA levels in control and DMHGsKO mice at 22 �C or after chronic cold adaptation to 6 �C,
n ¼ 3e6/group. (F) Representative histologic images (H&E staining) of BAT, eWAT and iWAT from a DMHGsKO and control mouse after chronic cold adaptation (scale bar,
100 mm). (G) Representative images of immunohistochemical staining for UCP1 in iWAT from a DMHGsKO and control mice maintained at 22 �C or after chronic cold adaptation
(scale bar, 100 mm). *p < 0.05, **p < 0.01 vs. controls. #p < 0.05, ##p < 0.01 vs. 22 �C. Data represent mean � S.E.M.
significantly increased (Figure 7). The increase in PTP1B expression
appeared to be specifically limited to the DMH of DMHGsKO mice,
where Gsa was deleted, as PTP1B levels in the ARC, a region not
targeted with AAV-Cre-GFP, were similar in DMHGsKO and control
mice (Fig. S3C). Expression of suppressor of cytokine signaling 3
(SOCS3), another known inhibitor of leptin signaling [36,37] was un-
affected in the DMH of DMHGsKO mice (Fig. S3A). These results show
that loss of Gsa expression leads to impaired leptin signaling in the
DMH associated with increased expression levels of the leptin
signaling inhibitor PTP1B in the DMH.

4. DISCUSSION

In this study, we show that loss of Gsa signaling in the DMH leads to
severe obesity associated with hyperphagia, reduced energy
expenditure at temperatures below thermoneutrality, with a minimal
effect on glucose metabolism prior to the development of obesity.
These manifestations in DMHGsKO mice are likely to be explained to
some extent by loss of MC4R action via Gsa in the DMH as we
previously showed that DMH-specific loss of MC4R expression also
leads to obesity with reduced energy expenditure [13]. Impaired
ability of an MC4R agonist to stimulate energy expenditure in either
DMHGsKO mice (the present study) or in DMH-MC4RKO mice [13]
MOLECULAR METABOLISM 25 (2019) 142e153 Published by Elsevier GmbH. This is an open access artic
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further confirms that DMH MC4R/Gsa signaling is important for the
regulation of energy expenditure. However, we cannot rule out the
possibility that loss of MTII action on energy expenditure in
DMHGsKO mice could be explained by DMH neurons that are
downstream of other MC4Rþ neurons in a pathway involved in the
regulation of energy expenditure. Also, MTII-stimulated energy
expenditure was not completely abrogated in either DMHGsKO mice
(this study) or DMH-MC4RKO mice [13], suggesting that other CNS
regions may also contribute to melanocortin’s actions on energy
expenditure.
Our results also demonstrate that Gsa in the DMH has a major effect on
food intake. Although we had never previously observed a primary
effect on food intake in any of our heterozygous Gsa knockout models,
we have recently observed that homozygous loss of Gsa in MC4R-
expressing cells leads to significant hyperphagia [27]. However, the
effect of DMH-specific Gsa deficiency on food intake is not likely to be
due to loss of MC4R/Gsa signaling in DMH, as DMH-specific MC4RKO
mice showed no primary changes in food intake [13] and the ability of
an MC4R agonist to suppress food intake was unaffected in DMHGsKO
mice (this study). Rather we have shown previously that MC4R me-
diates most of its actions on food intake via Gq/11a signaling in the PVN
[38]. One possible explanation for the hyperphagia in DMHGsKO is the
loss of leptin signaling in DMH (see below).
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Figure 6: Reduced leptin signaling in the DMH of DMHGsKO mice. (A) Representative images of immunofluorescence for AAV-GFP or AAV-Cre-GFP (green), pSTAT3 (red), DAPI
(blue) and merged images after leptin administration in the DMH of DMHGsKO and control mice. Several pSTATþ/GFPþ cells are indicated with white arrows. (B) Quantification of %
GFPþ cells that were also pSTAT3þ after injection of saline or leptin ip. into control or DMGsKO mice at 3e4 month post-viral injection, n ¼ 4e8/group. (C) Quantification of %
GFP� cells that were also pSTAT3þ after injection of saline or leptin ip., n ¼ 5e6/group. (D) Quantification of % GFPþ cells that were also pSTAT3þ after injection of saline or leptin
ip. into control or DMGsKO mice at 2 weeks post-viral injection while the two groups had similar body weight (body weight shown to the right; n ¼ 6/group). Scale bars, 100 mm.
**p < 0.01 vs. controls. #p < 0.05, ##p < 0.01 vs. saline. Data represent mean � S.E.M.
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MC4R/Gsa signaling in the CNS has also been shown to regulate
peripheral glucose metabolism independent of its effects on energy
balance [12,39,40]. We have shown that loss of Gsa (this study) or
MC4R [13] in the DMH had little or no primary effect on peripheral
glucose metabolism prior to the onset of obesity. This is consistent
with a study showing that the direct glycemic regulatory action of
MC4R is most likely controlled by extra-hypothalamic MC4R-
expressing neurons, including autonomic neurons [41].
The DMH is a critical site for the control of thermogenesis [16], and it
contains neurons that polysynaptically connect to BAT via the rRPa of
the brainstem, which includes sympathetic premotor neurons that can
be activated by cold to increase BAT SNS activity and thermogenesis
[17e20]. We have previously shown that loss of Gsa signaling in the
CNS in mBrGsKO mice leads to impaired thermogenesis in response to
cold, as these mice are unable to maintain their temperature in a cold
environment and have low levels of BAT Ucp1 mRNA with a markedly
reduced response to a cold environment [15]. We now show that loss
of Gsa that is limited only to the DMH reproduces the impairment in CIT
that we previously observed in mBrGsKO mice, and directly show that
DMHGsKO mice have reduced increases in SNS activity in BAT and
iWAT in response to acute cold conditions. Consistent with impaired
BAT thermogenesis, DMHGsKO mice showed significantly reduced
baseline BAT temperature at ambient temperature (22 �C) even though
simultaneously measured body temperature no different between
DMHGsKO and control mice. However, DMHGsKO mice did not show
any impairment in maintaining body temperature or in iWAT browning
in response to chronic cold conditions.
Reduced BAT thermogenesis resulting from lower SNS outflow to BAT
likely had an impact on the development of obesity in DMHGsKO mice
since body weight gain was significantly delayed when these mice
were housed at thermoneutral temperature (30 �C), where SNS activity
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is minimal. Consistent with this, the increase in resting and total en-
ergy expenditure observed in control mice at 22 �C relative to 30 �C
was significantly reduced in DMHGsKO mice. We also observed a lower
heart rate and reduced SNS activity in the heart at 22 �C, consistent
with a role for DMH Gsa signaling in cardiovascular regulation.
Studies on the role of MC4R signaling on CIT are inconclusive. Some
studies showed that MC4R knockout mice have normal body tem-
perature either at room temperature or after exposure to 4 �C for 1 day
[42] or 5 days [42,43]. In contrast, another study showed that MC4R
knockout mice have significantly reduced body temperature when
maintained at room temperature although this lower body temperature
can be maintained when these mice are kept in 4 �C for 5 days [41].
Whether this observation is due to a CIT defect or to a change in the
centrally-regulated temperature set point is unclear. In addition,
another study showed that BAT UCP1 levels in MC4R knockout mice
are normal at room temperature and fail to be stimulated after cold
exposure for 1 day but are significantly increased after cold exposure
for 5 days [5]. We observed that although DMH-MC4RKO mice develop
obesity associated with reduced energy expenditure, they have no
defect in CIT under acute [13] or chronic cold conditions (this study).
DMH MC4R signaling does play a role in thermogenesis but does not
appear to be directly involved in the thermogenic response to cold.
Thus, it appears likely that DMH Gsa signaling coordinates with other
signaling pathways to mediate the regulation of CIT.
The ability to adapt to chronic cold conditions despite having impaired
tolerance to acute cold conditions, which we observed in DMHGsKO
mice, have been also observed in other genetically-altered mouse
models, including the UCP1 [44e46] and sarcolipin (SLN) knockout
models [46]. SLN is proposed to increase thermogenesis in skeletal
muscle by uncoupling the sarco(endo)plasmic reticulum Ca2þ-ATPase
pump leading to heat production. SLN action in muscle [46], along with
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Figure 7: Increased PTP1B expression in DMH of DMHGsKO mice. (A) Representative images of PTP1B expression by immunofluorescence in DMH of 3e4 month-old control
and DMHGsKO mice with several PTP1Bþ/GFPþ cells indicated with arrows. (B) Quantification of % GFPþ cells that were also PTP1Bþ in control and DMHGsKO mice, n ¼ 5e7/
group. Scale bar, 100 mm. *p < 0.05 vs. controls. Data represent mean � S.E.M.
UCP1-independent mechanisms in WAT beige adipose tissue [44],
have been proposed as compensatory mechanisms to account for the
intact adaptation to chronic cold observed in UCP1 knockout mice, and
increased BAT thermogenesis and WAT browning can compensate for
loss of SLN-mediated thermogenesis [46]. Loss of both UCP1 and SLN
led to very poor survival in acute cold. Although we did not look directly
at muscle thermogenesis, it is clear that DMHGsKO mice had impaired
BAT thermogenesis in response to acute cold. While the extent to
which SLN-mediated thermogenesis contributes to the adaptation to
chronic cold conditions, our results suggest that long-term both BAT
and WAT (in terms of browning) are able to adapt long-term cold
conditions.
Leptin is produced by adipocytes and acts through LepRb (leptin
receptor)-expressing neurons in several regions of the CNS, including
the ARC, DMH, and VMH, to regulate energy balance and glucose
homeostasis. We found that the induction of STAT3 phosphorylation in
response to leptin observed in the DMH of control mice was absent in
DMHGsKO mice. Notably, the impairment of leptin-induced STAT3
phosphorylation occurred only in GFPþ cells, which expressed Cre
recombinase, but not in GFP� cells in the DMH of DMHGsKO mice. In
addition, leptin signaling remained intact in the ARC of DMHGsKO, a
region in which Gsa was not deleted. The effect of Gsa deficiency on
leptin signaling may vary with neuronal subtypes as we previously
observed that loss of Gsa in SF1 neurons in the VMH was associated
with increased leptin signaling in the setting of diet-induced obesity
[14]. Both PTP1B [33e35] and SOCS3 [36,37], known negative reg-
ulators of leptin signaling, are overexpressed in the hypothalamus in
the setting of obesity and are induced by hyperleptinemia and by
inflammation that triggers cellular leptin resistance [36,47]. We
observed an w3-fold increase in PTP1B expression in the DMH of
DMHGsKO mice. This is likely related to the loss of Gsa in the DMH and
the associated DMH-specific defect in leptin signaling, as we observed
no change in PTP1B expression in the ARC of DMHGsKO mice where
the Gsa gene was not deleted. In contrast to PTP1B, we found no
significant differences in SOCS3 expression in the DMH between
DMHGsKO and control mice. Further studies will be required to
determine the mechanisms by which Gsa alters PTP1B expression in
the DMH and whether mechanisms independent of PTP1B are involved
in the reduced leptin signaling that we observed in the DMH of
DMHGsKO mice.
Recently LepRbþ neurons that project to the ARC and provide inhibitory
GABAergic input to orexigenic Agrp/NPY neurons have been identified
in the ventral portion of the DMH [48,49]. Leptin signaling in the DMH
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appears to regulate food intake as ablation of LepRb in the DMH led to
a transient increase in food intake that was observed for only the initial
three week period [32]. This effect may be suppressed by the devel-
opment of obesity, as the ability of leptin to suppress food intake when
delivered to the DMH is lost in the setting of obesity [23]. Likewise, we
observed DMHGsKO mice to be hyperphagic soon after viral injection
before obesity was established, during which time we also docu-
mented loss of leptin signaling in the DMH. Therefore loss of loss of
leptin signaling in the DMH may underlie the early hyperphagia
observed in DMHGsKO mice.
In the DMH, leptin acts through LepRbþ neurons that project directly to
the rRPa [31] to enhance thermogenesis by increasing sympathetic
input to BAT [23,31,50]. Activation of DMH LepRbþ neurons leads to
increased energy expenditure and BAT temperature [32]. While obesity
leads to resistance to the effects of leptin on food intake in both ARC
and DMH, the action of leptin in the DMH to drive sympathetic outflow
to BAT remains intact leading to increased BAT thermogenesis in
obese mice, a response that is independent of MC4R [23]. Loss of
leptin signaling in the DMH could be responsible for the decreased
basal, as well as cold-stimulated, SNS activity in BAT and associated
impairment in BAT thermogenesis in DMHGsKO mice. It has been
recently reported that leptin’s action to maintain body temperature may
also involve a decrease in skin thermal conductance [51,52], and this
certainly may contribute to the inability of DMHGsKO mice to acutely
maintain their body temperature in a cold environment. However, the
reduced induction of BAT SNS activity, BAT Ucp1 expression, and
energy expenditure in response to cold, as well as the reduced BAT
temperature in sub-thermoneutral temperatures, are all consistent
with impaired BAT thermogenesis contributing to the defect in acute
temperature regulation.
Another notable observation in this study was that DMHGsKO mice had
remarkably reduced locomotor activity, particularly at night, which was
accompanied by a lower nighttime core body temperature. While
young, non-obese MC4R knockout mice were shown to have signifi-
cantly reduced locomotor activity [42], locomotor activity in DMH-
MC4RKO mice was unaffected [13], suggesting that the reduced lo-
comotor activity in DMHGsKO mice is not due to loss of MC4R signaling
in the DMH. Leptin also plays an important role in the regulation of
locomotor activity [53], as leptin-deficient ob/ob mice were shown to
be hypoactive [54] and the hypoactivity during the dark phase was
normalized by leptin administration independent of any effect of leptin
on body weight [55]. At least some of the effects of leptin on locomotor
activity were shown to be mediated in the ARC [56,57]. However, it has
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also been shown that ablation of LepRb in DMH neurons reduces lo-
comotor activity while activation of these DMH neurons stimulates
locomotor activity [32], indicating that leptin actions in the DMH also
participate in the regulation of locomotor activity. It is therefore likely
that impaired leptin signaling in the DMH of DMHGsKO mice signifi-
cantly contributes to their profoundly reduced locomotor activity.

5. CONCLUSION

DMH-specific Gsa deficiency results in early-onset obesity associ-
ated with hyperphagia and decreased energy expenditure and lo-
comotor activity, along with diminished SNS outflow and activation of
BAT thermogenesis, particularly in response to cold. While loss of
MC4R action in the DMH likely contributes to the abnormal energy
balance observed in these mice, impaired leptin signaling in the
DMH also contributes to impaired energy balance as well as to BAT
thermogenesis in response to cold and to locomotor activity. The
present study provides insight into how interactions between
seemingly unrelated signaling pathways in specific hypothalamic
nuclei contribute to the regulation of energy homeostasis and tem-
perature regulation.
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