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A Functional Link between AMPK and Orexin
Mediates the Effect of BMP8B on Energy Balance
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Highlights
e Central BMP8B modulates BAT thermogenesis and browning
of WAT

e AMPK in the VMH mediates central BMP8B actions
e OXin the LHA mediates central BMP8B actions

e The AMPK(VMH)-OX(LHA) axis is a functional neuronal
pathway regulating energy balance
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In Brief

Feeding behavior is controlled by two
hypothalamic areas: the LHA (the hunger
center) and the VMH (the satiety center).
Martins et al. demonstrate interplay
between orexin in the LHA and AMPK in
the VMH, which provides a molecular
basis for the regulation of energy
expenditure.
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SUMMARY

AMP-activated protein kinase (AMPK) in the ventro-
medial nucleus of the hypothalamus (VMH) and
orexin (OX) in the lateral hypothalamic area (LHA)
modulate brown adipose tissue (BAT) thermogene-
sis. However, whether these two molecular mecha-
nisms act jointly or independently is unclear. Here,
we show that the thermogenic effect of bone
morphogenetic protein 8B (BMP8B) is mediated by
the inhibition of AMPK in the VMH and the subse-
quent increase in OX signaling via the OX receptor
1 (OX1R). Accordingly, the thermogenic effect of
BMP8B is totally absent in ox-null mice. BMP8B
also induces browning of white adipose tissue
(WAT), its thermogenic effect is sexually dimorphic
(only observed in females), and its impact on OX
expression and thermogenesis is abolished by the
knockdown of glutamate vesicular transporter 2
(VGLUT?2), implicating glutamatergic signaling. Over-
all, our data uncover a central network controlling
energy homeostasis that may be of considerable
relevance for obesity and metabolic disorders.

INTRODUCTION

Hypothalamic neural circuits are involved in the control of a large
number of functions, the regulation of endocrine axes and energy
balance being of particular importance (Yeo and Heisler, 2012;
Schneeberger et al., 2014; Lopez et al., 2016). Substantial interest
and efforts have been devoted to the analysis of the arcuate nu-
cleus of the hypothalamus (ARC), which, in fact, has been consid-
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ered as the master hypothalamic center for energy homeostasis
(Yeo and Heisler, 2012; Schneeberger et al., 2014; Lopez et al.,
2016). Despite this evidence, other hypothalamic sites, such as
the ventromedial nucleus of the hypothalamus (VMH), formerly
characterized as the brain satiety center, and the lateral hypotha-
lamic area (LHA), formerly characterized as the brain hunger cen-
ter (Hecherington and Ranson, 1942; Anand and Brobeck, 1951),
also play major and probably more integrative roles than the ARC
in the modulation of energy balance. These regions receive infor-
mation from ARC neurons and also project their axons to other hy-
pothalamic and extra-hypothalamic sites (Schneeberger et al.,
2014; Contreras et al., 2015; Lopez et al., 2016) to control not
only feeding but also several peripheral processes, such as adi-
pose and hepatic metabolism, as well as brown adipose tissue
(BAT) thermogenesis through the sympathetic (SNS) and para-
sympathetic nervous system (PSNS) (Nogueiras et al., 2007;
Fliers et al., 2010; Stanley et al., 2010; Imbernon et al., 2013; L6-
pez et al., 2013, 2016).

The molecular mediators within those areas have begun to be
characterized, and over the last 5 years extensive attention has
been focused on the role of AMP-activated protein kinase
(AMPK) in the VMH and orexin (OX) in the LHA as key modulators
of brown fat. Thus, inhibition of AMPK function in the VMH (Lopez
et al., 2010b, 2016; Martinez de Morentin et al., 2012, 2014;
Whittle et al., 2012; Tanida et al., 2013; Beiroa et al., 2014) or
increased orexigenic tone in the LHA (Teske et al., 2006; Tupone
et al., 2011; Morrison et al., 2012; Madden et al., 2012) activates
the BAT thermogenic program, leading to elevated temperature,
increased energy expenditure (EE), and weight loss. In addition,
OX neurons in the LHA are required for BAT development and
differentiation (Sellayah et al., 2011; Sellayah and Sikder, 2012,
2014). In spite of this evidence, no functional data have linked
those neuronal populations, and it is currently unknown whether
AMPK in the VMH and OX neurons in the LHA are part of the
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same circuit modulating BAT function or, alternatively, they func-
tion separately.

Bone morphogenetic proteins (BMPs) belong to the trans-
forming growth factor g (TGF-B) superfamily. BMPs regulate a
wide range of processes from embryonic development to tissue
homeostasis (Schulz and Tseng, 2009; Modica and Wolfrum,
2013). Among these functions, BMPs also are involved in adipo-
cyte development. BMP2 and -4 and BMP7 and -9 were identi-
fied as important elements in white and brown adipocyte differ-
entiation, respectively (Tang et al., 2004; Bowers et al., 2006;
Huang et al., 2009; Kuo et al., 2014). In addition, a more recent
report has shown that BMP4 induces brown adipocyte charac-
teristics in mature white adipocytes (Qian et al., 2013). Other
recent findings, including those from our group, surfaced a role
for BMPs in energy balance. Thus, BMP7 and BMP8B were
demonstrated to regulate BAT thermogenic function and in-
crease EE (Tseng et al., 2008; Townsend et al., 2012, 2013;
Whittle et al., 2012). Given that BMP8B acts centrally, its thermo-
genic effect is dependent upon the activation status of AMPK in
the VMH, and it increases neuronal activation in the LHA (Whittle
et al., 2012), we aimed to uncover the neuronal circuitry linking
energy sensors and neuropeptides involved in the thermogenic
effect of central BMP8B.

RESULTS

The Thermogenic Effect of Central BMP8B Is Sexually
Dimorphic

Recent evidence has demonstrated that central BMP8B exerts a
robust thermogenic effect in females (Whittle et al., 2012). Thus,
we aimed to investigate whether males had a similar response.
Our data showed that after 2 hr of an intracerebroventricular
(i.c.v.) injection of BMP8B, male rats did not show an increase
in either body (Figure 1A) or BAT temperature (Figure 1B).

Next we analyzed the effect of central BMP8B in ovariecto-
mized (OVX) female rats with and without estradiol (E2) replace-
ment and their sham-operated controls (Martinez de Morentin
et al.,, 2014, 2015). OVX rats gained significantly more weight
(sham: 23.1 + 2.38 g versus OVX: 71.3 + 28 g; p < 0.001) and
developed a marked hyperphagia (sham: 14.87 + 0.31 g/day
versus OVX: 17.70 + 0.49 g/day; p < 0.01), confirming the effi-
ciency of the OVX procedure. While central administration of
BMP8B to sham controls induced a clear thermogenic action,
OVX totally abolished it at both body and BAT temperature levels.
Of note, OVX rats with E2 replacement responded normally to
BMP8B (Figures 1C and 1D). Overall, these data indicated that
the thermogenic action of BMP8B shows a sexual dimorphism
and depends on physiological levels of ovarian estrogens.

The Thermogenic Effect of Central BMP8B Is
Independent of Environmental Temperature

We aimed to investigate whether the thermogenic central ac-
tions of BMP8B were affected by temperature. Therefore, we
administered central BMP8B to female rats kept at 23°C or
4°C during 10 hr prior to the i.c.v. treatment and for a total of
12 hr. Our data showed that BMP8B protected against the loss
of both core (Figure 1E) and BAT (Figure 1F) temperature when
given at 4°C.
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BMP8B in the VMH, but Not in the LHA, Induces Negative
Energy Balance

To investigate the effect of chronic nucleus-specific BMP8B
treatment, stereotaxic cannulae were placed in the VMH and
the LHA. The correct position of the cannulae was verified by his-
tological examination of coronal sections of the brains (Figures
S1A and S1B). Noteworthy, the expression of BMP type | recep-
tors ALK4, ALK5, and ALKY in those nuclei was demonstrated
by real-time RT-PCR analysis (Figure S2A) of dissected VMH
and LHA, whose specificity was controlled by analysis of the
specific markers steroidogenic factor 1 (SF1) and OX, respec-
tively (Figure S2B).

When given in the VMH, BMP8B promoted a feeding-inde-
pendent weight loss (Figure 2A; initial body weight vehicle
VMH: 240.0 + 4.4 g versus BMP8B VMH: 237.5 + 4.0 g; non-
significant); no effect was observed when BMP8B was injected in
the LHA (Figure 2B; initial body weight vehicle LHA: 233.0 £ 3.1 g
versus BMP8B LHA: 235.1 + 1.8 g; non-significant). The action of
BMP8B in the VMH was associated with a trend (p = 0.07) to
reduce adiposity without changes in the lean mass (Figure 2C).
BMP8B in the LHA promoted no changes either in fat or lean
mass (Figure 2D).

BMPS8B in the VMH, but Not in the LHA, Increases
Temperature and EE

Treatment with BMP8B within the VMH induced a marked eleva-
tion in body temperature, which was consistent during the whole
period of administration (Figure 2E). No effect on body tempera-
ture was found when BMP8B was given in the LHA (Figure 2F).
Moreover, BMP8B in the VMH, but not in the LHA, increased EE
(Figures 2G and 2H) and reduced the respiratory quotient (RQ; Fig-
ures 2l and 2J). No changes in locomotor activity (LA) were found
when BMP8B was administered either in the VMH or the LHA (Fig-
ures 2K and 2L), although a non-significant trend (p = 0.07) for
increased LA was detected in VMH BMP8B-treated rats.

BMPS8B in the VMH, but Not in the LHA, Regulates
Hypothalamic AMPK, the Expression of Thermogenic
Markers in BAT, and Browning of WAT

We aimed to investigate whether hypothalamic nucleus-specific
BMP8B actions result in changes in AMPK signaling within the
VMH. We found that VMH administration of BMP8B decreased
the phosphorylated levels of AMPKa (pAMPKa) and its down-
stream target acetyl-CoA carboxylase alpha (pACCa); no
changes were found in total levels of AMPKa1, AMPKa2, ACCa,
and fatty acid synthase (FAS) (Figure 3A). BMP8B within the
VMH also increased UCP1 protein levels (Figure 3B) and the
mRNA expression of thermogenic markers (Figure 3C) in the
brown fat. When administered in the LHA, BMP8B did not affect
either AMPK signaling in the VMH (Figure 3D) or UCP1 protein
levels (Figure 3E) or the mRNA expression of thermogenic
markers (Figure 3F) in the BAT. This evidence suggests that
BMP8B’s actions on the VMH are direct and not mediated by a
previous effect on the LHA.

In relation to the white adipose tissue (WAT), our mRNA data
showed that browning markers had a tendency to be increased
in the WAT of rats receiving BMP8B in the VMH, but not in the
LHA (Figures 3G and 3l). Histological analysis of WAT showed
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Figure 1. Effect of i.c.v. Administration of BMP8B on Energy Balance

(A and B) Body temperature change (A) and thermal images (B, left panel) and quantification of temperature change in the skin surrounding BAT (right
panel) of female and male rats receiving i.c.v. administration of BMP8B or vehicle. Experiments were repeated twice and total animals per experimental group was
n=6-18.

(C and D) Body temperature change (C) and thermal images (D, left panel) and quantification of temperature change in the skin surrounding BAT (right panel) of
sham and OVX with and without E2 replacement rats receiving i.c.v. administration of BMP8B or vehicle. Experiments were repeated twice and total animals per
experimental group was n = 12-15.

(E and F) Body temperature change (E) and thermal images (F, left panel) and quantification of temperature change in the skin surrounding BAT (right panel) of
female rats exposed to 23°C or 4°C during 12 hr and receiving i.c.v. administration of BMP8B or vehicle. Experiments were repeated twice and total animals per
experimental group was n = 10-16. For each set of data a representative experiment is shown. Data are expressed as mean + SEM (*p < 0.05, **p < 0.01, and
***p < 0.001 versus vehicle [female vehicle and sham vehicle]; &p < 0.05 and &&p < 0.01 versus OVX vehicle; and ##p < 0.01 and ###p < 0.001 versus OVX
BMP8B). Temperature changes were calculated versus basal values.

that BMP8B-treated rats in the VMH displayed a brown-like
pattern, associated with increased UCP1 immunostaining and
decreased adipocyte area (Figure 3H). No changes were found
when BMP8B was given in the LHA (Figure 3J). Overall, these
data indicated that the effects of BMP8B on browning are spe-
cific for the VMH.

Central BMP8B Increases OX Expression in the LHA
through AMPK in the VMH

Recent data have demonstrated a key role for OX on BAT thermo-
genic activity (Tupone et al., 2011; Sellayah et al., 2011; Morrison
etal.,2012; Madden et al., 2012; Sellayah and Sikder, 2012, 2014).
Furthermore, it has been reported that central administration of
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OPEN

ACCESS
CellPress

12.5 80
207 0 vericie v 01 o vence £ 900 5 70 g
» 4 BUPSBVMH S 5| m BwPEsWMH g ™ =007 2 60 e
3
2 s 3 g g 50 g
H § g 75 g 5
H
3" 4 2 g 4 H
8 H 2 50 2 30 g
g = g g £
g s £ 2
i i £ s
& 2 10 i )
] 1 2 3 4 6 £ 3 4 5 0.0 ]
Time (Days) Time (Days) V\m‘ﬂe E&:&E "e"'c'e BMPEE
125 80
207 O Venice LA 101 O vetice Lia z £ 70 S
_ B BPEBLHA s B BMPEB LHA 2 100 T g0 r
;’ 15, 8 z H H
] § Z 75 g 50 b
] g 2 @ 2 g
S g
3 H . 2 40 H
! 7
s 2 0 4 4 30 g,
a g £ E 20 2
a 15 5 25 5 g
1 204 & 3 10 &
0 1 2 3 4 5 6 ] 1 - 3 4 5 6 0.0 0- 2 3 4
Time (Days) Time (Days) " Vence  BMPSB vetice - BuPeR Time (Days)
LHA LHA
o= Vehidle VMH
G B— =R K - Vendewn
-=~ BMP8B VMH P=0.06 * Kk KK - BMP8B VMH
25 25 £33 Dark phase 1.05: —— E— 60 60

20

S
°

15

o &

10

RQ (VCO,NO;)

05

EE (Kcal /g lean mass)
o
&

EE (Kcal /g lean mass/48h)

£33 Light phase 100
0.95
0.90
0.85-
0.80
0.75

00
0800 2000 0800 20:00 08:00 Vehicle BMP8B
Time (hours) VMH  VMH

o
o

-0~ Vehicle LHA
-8 BMP8BLHA

1.05:

£33 Dark phase 1.00
£ Light phase o)
0.95
0.90:
0.85
0.80

vemue BMPBB

~
@

20

N
o

15

1.0

EE (Kcal /g lean mass)
5 &
RQ (VCOVO,)

0.5:

°
o

EE (Kcal /g lean mass/48h)

o
o

08'00 20:00 08:00  20:00 08:00
Time (hours)

07—
0800 2000 0800 2000 0800
Time (hours)

o~ Veicle LHA
25 & BMPEBLHA

075
0800 20:00 08:00 2000 0800
Time (hours)

P=007

(beam breaks x10%)
IS
&

LA (beam breaks x10%)
N
8

Dark phase
= Dimibhace
40
20
<
3
[

0
0800 2000 0800 20:00 0800 Vshlc\s EMPBB
Time (hours)

o~ Veicle LHA
o, I BVPEBLHA

3 Dark phase

3 Light phase
10-
20
0

vemcle BMPBB

LA (beam breaks x10%)
LA (beam breaks x10°)

o
08:00 20:00 0800 20:00 08:00
Time (hours)

Figure 2. Effect of Stereotaxic Administration of BMP8B on Energy Balance

(A-L) The following are shown: (A and B) daily food intake (left panel) and body weight change (right panel), (C and D) fat mass (left panel) and lean mass (right
panel), (E and F) body temperature change, (G and H) energy expenditure (EE; left panel cumulative, right panel total), (I and J) respiratory quotient (RQ), and (K
and L) locomotor activity (LA; left panel cumulative, right panel total) of rats receiving chronic stereotaxic administration of vehicle or BMP8B in the VMH (A, C, E,
G, |, and K) or the LHA (B, D, F, H, J, and L). Data are expressed as mean + SEM (n = 8-16 animals per experimental group; “p < 0.05 and **p < 0.01 versus vehicle

VMH). Temperature changes were calculated versus basal values.

BMP8B increased neuronal activity inthe LHA (Whittle et al., 2012),
the main hypothalamic area expressing OX. Thus, we investigated
the possible effect of BMP8B on OX expression in the LHA. Our
data showed that i.c.v. administration of BMP8B increased body
temperature (vehicle i.c.v.. —0.1°C + 0.09°C versus BMP8B
i.c.v.: 0.48°C £ 0.07°C; p < 0.001) and UCP1 protein levels in
BAT (vehicle i.c.v.: 100% + 14.6% versus BMP8B i.c.v.: 137.8%
+10.1%; p < 0.05), in association with elevated OX mRNA expres-
sion in the LHA (Figure S3A).

To gain further insight into BMP8B effects on OX expression,
we analyzed the effect of specific administration of BMP8B
in the VMH. Our data showed that, when given in that
nucleus, BMP8B also increased the mRNA levels of OX in
the LHA (Figure 4A). These results suggested that BMP8B in
the VMH acts upstream in the LHA to promote OX expression.
To elucidate the contribution of AMPK activity in the VMH to
the thermogenic effect of BMP8B, adenoviruses encoding
constitutively active AMPKa (AMPKa-CA) together with GFP or
control adenovirus expressing GFP alone (Lopez et al., 2010b;
Whittle et al., 2012; Martinez de Morentin et al., 2012, 2014;

2234 Cell Reports 16, 2231-2242, August 23, 2016

Beiroa et al., 2014) were injected stereotaxically into the VMH
of rats centrally treated with vehicle or BMP8B. Infection
efficiency was assessed by the expression of GFP in the VMH
(Figure 4B). The administration of AMPKa-CA adenoviruses
alone did not have any impact either in body temperature
change (vehicle GFP: 0.37°C + 0.14°C versus vehicle AMP-
Ka-CA: 0.3°C £ 0.11°C, non-significant) or BAT temperature
(vehicle GFP: 0.35°C + 0.21°C versus vehicle AMPKa-CA:
0.29°C + 0.15°C, non-significant). When given to BMP8B-
treated rats, constitutive activation of AMPK in the VMH reversed
the thermogenic effect of BMP8B at both whole body (Figure 4C)
and BAT levels (Figure 4D). This effect also was associated with a
reduction in the expression of OX in the LHA (Figure 4E). These
results suggest that central BMP8B action on OX expression is
mediated by the inhibition of AMPK in the VMH.

OX1R Antagonism Reversed the Thermogenic Effect of
Central BMP8B

It has been reported recently that OX1R mediates OX actions
on BAT function (Sellayah and Sikder, 2012). Thus, rats
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Figure 3. Effect of Stereotaxic Administration of BMP8B on Hypothalamic AMPK, BAT UCP1, and Browning of WAT

(A-J) The following are shown: (A and D) western blot images (left panel) and protein levels of the AMPK pathway (right panel); (B and E) western blot images (left
panel) and UCP1 protein levels in BAT (right panel); (C and F) mRNA expression of thermogenic markers in BAT; (G and |) mRNA expression of browning markers
in WAT; and (H and J) microphotographs of WAT showing UCP1 immunostaining (left panel), quantification of UCP1 staining (middle panel), and adipocyte area
(right panel) of rats receiving chronic stereotaxic administration of vehicle or BMP8B in the VMH (A-C, G, and H) or the LHA (D-F, |, and J). Data are expressed as
mean + SEM (n = 8-9 animals per experimental group; *p < 0.05, **p < 0.01, and ***p < 0.001 versus vehicle VMH).

received the OX1R antagonist SB-334867 (Jia et al., 2012)
30 min prior to BMP8B administration. SB-334867 alone had
no effect on body temperature at any examined time (2 hr
vehicle vehicle: 0.19°C + 0.08°C versus vehicle SB-334867:
0.20 + 0.07, non-significant; 4 hr vehicle vehicle: 0.40°C +
0.14°C versus vehicle SB-334867: 0.39 + 0.17, non-significant;
and 6 hr vehicle vehicle: 0.26°C + 0.13°C versus vehicle SB-
334867: 0.23 + 0.19, non-significant). However, SB-334867

significantly blunted the thermogenic effect of BMP8B at 4
and 6 hr after BMP8B treatment but only partially at 2 hr (Fig-
ure 4F), probably due to early effects independent of OX1R or
a delayed effect of the antagonist. Of note, SB-334867 did not
have any impact on the BMP8B-induced decrease in AMPK
signaling in the VMH (Figure 4G), suggesting that AMPK in
that nucleus operates upstream of OX1R signaling in this
pathway.

Cell Reports 16, 2231-2242, August 23, 2016 2235
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Figure 4. Effect of BMP8B in the VMH on OX System

(A) In situ hybridization images (left panel) and OX mRNA levels in the LHA (right panel) of rats receiving chronic stereotaxic administration of BMP8B or vehicle in
the VMH are shown.

(B) Representative immunofluorescence (20 x) with anti-GFP antibody showing GFP expression in the VMH of rats treated with adenoviruses within the VMH, is
shown.

(C-E) The (C) quantification of body temperature change, (D) thermal images (left panel) and quantification of temperature change in the skin surrounding BAT
(right panel), and (E) in situ hybridization images (left panel) and OX mRNA levels in the LHA (right panel) of rats i.c.v. treated with vehicle or BMP8B and ste-
reotaxically treated with GFP or AMPKa-CA adenoviruses within the VMH are shown.

(F and G) The (F) body temperature change and (G) western blot images (left panel) and protein levels of the AMPK pathway (right panel) of rats i.c.v. treated with
vehicle or BMP8B and i.c.v. treatment with the OX1R antagonist SB-334867. Data are expressed as mean + SEM (n = 8-12 animals per experimental group for the
AMPKa-CA experiments, n = 30—-40 animals per experimental group for the temperature analysis, and n = 8 animals per experimental group for the western blot
analysis for the SB-334867 experiments; *p < 0.05, **p < 0.01, and ***p < 0.001 versus vehicle VMH, vehicle GFP, or vehicle vehicle; #p < 0.05 and ##p < 0.01
versus BMP8B GFP or BMP8B vehicle). Temperature changes were calculated versus basal values. 3V, third ventricle; ME, median eminence.
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(A-D) The (A) body temperature change, (B) thermal images (left panel) and quantification of temperature change of the skin surrounding BAT (right panel), and (C
and D) western blot images (left panel) and VMH protein levels of the AMPK pathway (right panel) of Ox-null mice (OX KO) and their WT littermates, i.c.v. treated
with vehicle or BMP8B. Data are expressed as mean + SEM (n = 11-13 animals per experimental group; *p < 0.05 and **p < 0.01 versus vehicle). Temperature

changes were calculated versus basal values.

OX Mediates the Thermogenic Effect of Central BMP8B
Independently of Environmental Temperature

Afterward, we examined the effect of BMP8B on Ox-null mice
and their wild-type (WT) littermates. When given centrally,
BMP8B increased body temperature (Figure 5A) and BAT tem-
perature (Figure 5B) in WT, but not in OX knockout (KO) mice.
Notably, AMPK signaling was decreased in the VMH of both
WT (Figure 5C) and OX KO mice (Figure 5D), suggesting again
that AMPK in the VMH is upstream of OX in the LHA.

We also investigated whether the effect of OX on BMP8B-
induced thermogenesis was dependent on temperature. Our
data showed that null mice were cold intolerant when exposed
to 4°C for just 12 hr (Figure 6A). Next we analyzed the effect of
i.c.v. BMP8B on WT and OX KO animals at 23°C and 4°C. Our
data demonstrated that, while WT mice kept at 4°C had a full
thermogenic response to central BMP8B (similarly to rats; Fig-
ures 1E and 1F), OX KO mice failed to respond (Figures 6B and
6C). Those effects were associated with a similar effect in the
VMH in both genotypes, i.e., reduced pAMPK levels, after the
i.c.v. injection of BMP8B (Figures 6D and 6E). However, accord-
ingly with the temperature data, while WT mice displayed
elevated UCP1 protein levels in BAT (Figure 6F), KO mice did
not (Figure 6G). Again, these data reinforced the ideas that the
VMH-LHA circuit is essential for the central actions of BMP8B
on BAT and that OX acts downstream of AMPK in the VMH.

Glutamatergic Signaling Mediates the Thermogenic
Effect of Central BMP8B

Finally, we aimed to investigate the cellular mechanism through
which BMP8B mediates increased OX expression in the LHA. It

is known that glutamate and glutamate transporters, particular-
ity glutamate vesicular transporter 2 (VGLUT2), play a main role
in hypothalamic regulation of energy balance (Tong et al.,
2007). Therefore, we investigated whether virogenetic targeting
of VGLUT2 within the LHA, by using lentiviruses harboring a
small hairpin RNA (shRNA) against VGLUT2 (or their GFP con-
trols), might reverse the effects of BMP8B on OX expression.
Infection efficiency was assessed by decreased VGLUT2 levels
in that area (Figure 7A). Our data showed that shVGLUT2
lentiviruses totally blunted central BMP8B effects on both
core and BAT temperatures (Figures 7B and 7C). Those func-
tional readouts were associated with a normalization in the
BMP8B-induced increase in OX mRNA levels in the LHA (Fig-
ure 7D) and UCP1 protein concentration in the BAT (Figures
7E and 7F). Of note, pAMPK protein levels were reduced in
both the GFP- and the shVGLUT2-treated groups (vehicle
GFP: 100 + 18.6 versus BMP8B GFP: 42.6 + 12.3, p < 0.05;
and vehicle shVGLUT2: 100 + 10.7 versus BMP8B shVGLUT2:
62.9 + 12.5, p < 0.05), indicating that glutamatergic signaling
was acting downstream of AMPK.

DISCUSSION

Here, we report a functional link between AMPK in the VMH and
OXneurons in the LHA. Moreover, we show that the thermogenic
effect of BMP8B is mediated by the inhibition of AMPK in the
VMH, the glutamatergic signaling in the LHA, and the subse-
quent increase in OX signaling through OX1R.

BAT is a specialized tissue responsible for heat produc-
tion through non-shivering thermogenesis (NST) (Cannon and
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(A) Body temperatures of Ox-null mice (OX KO) and their WT littermates exposed to 23°C or 4°C are shown.

(B-G) The (B) body temperature change, (C) thermal images (left panel) and quantification of temperature change of the skin surrounding BAT (right panel), (D and
E) western blot images (left panel) and VMH pAMPKG. protein levels (right panel), and (F and G) western blot images (left panel) and BAT UCP1 protein levels (right
panel) of Ox-null mice (OX KO) (B, C, E, and G) and their WT littermates (B-D and F) i.c.v. treated with vehicle or BMP8B and exposed to cold for 12 hr. Data are
expressed as mean + SEM (n = 6-12 animals per experimental group; *p < 0.05, **p < 0.01, and ***p < 0.001 versus vehicle; ###p < 0.001 versus KO 23°C; and
&p < 0.05 versus WT 4°C). Temperature changes were calculated versus basal values.

Nedergaard, 2004; Morrison et al., 2014; Contreras et al., 2015).
Until recently, BAT was considered to be important only in small
or hibernating mammals and in newborn humans. Recent
studies have challenged that view by using positron emission to-
mography-computed tomography (PET-CT) scans to identify
functional BAT in adult humans (Nedergaard et al., 2007; Cypess
et al., 2009; Virtanen et al., 2009; van Marken Lichtenbelt et al.,
2009), and brown fat is now considered as a potential target or-
gan in the treatment of obesity (Villarroya and Vidal-Puig, 2013;
Contreras et al., 2015). The CNS controls BAT function through
the SNS. BAT is activated by increased firing of the sympathetic
nerves, leading to the release of noradrenaline and activation on
B3-adrenergic receptors (Cannon and Nedergaard, 2004; Con-
treras et al., 2015; Lopez et al., 2016).

Recent data have demonstrated that central BMP8B elicits
BAT thermogenesis in females through modulation of hypotha-
lamic AMPK (Whittle et al., 2012). Of note, this mechanism is
shared by E2, which also displays a potent central thermogenic
action (Martinez de Morentin et al., 2014, 2015). Here we show
that male rats did not respond to central BMP8B administration,
which might indicate dependence on ovarian steroids, a possi-
bility that was further confirmed by using OVX rats with and
without E2 replacement. This is of relevance because it indicates
that BMP8B actions are sexually dimorphic. In this sense, it has
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been reported that BMP8B expression in BAT is regulated by es-
trogens (Grefhorst et al., 2015). Further work analyzing E2 effects
in BMP8B KO mice (Whittle et al., 2012) will help to clarify this
issue.

Within the hypothalamus, the VMH was the first hypothalamic
site to be identified as important in BAT thermogenic action (Per-
kins et al., 1981). Anatomical data also have demonstrated that
VMH neurons project to autonomic centers in the hypothalamus
and the hindbrain linked to the regulation of BAT (Lindberg et al.,
2013). Recent evidence has revealed that particular sets of cells
within the VMH, such as SF1 neurons (Kim et al., 2011; Xu et al.,
2011), and specific energy sensors, such as AMPK (Lépez et al.,
2010b, 2016; Martinez de Morentin et al., 2012, 2014; Whittle
et al., 2012; Tanida et al., 2013; Beiroa et al., 2014), control the
sympathetic firing on BAT to regulate thermogenesis and brown-
ing of WAT (Beiroa et al., 2014). The LHA, containing OX neurons,
alsois involved in thermoregulation and EE. Activation of the LHA
promotes BAT function (Cerri and Morrison, 2005), and compel-
ling evidence has shown that this effect is mediated by OX acting
on OX1R and involving direct projections from the LHA to the
raphe pallidus (RPa), a key area modulating the sympathetic
tone to brown fat (Yasuda et al., 2005; Sellayah et al., 2011; Tu-
pone et al.,, 2011; Madden et al., 2012; Sellayah and Sikder,
2012, 2014).
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Figure 7. Effect of Stereotaxic Administration of shVGLUT2 in the
LHA on BMP8B Action

(A-F) The (A) western blot images (left panel) and LHA VGLUT2 protein levels,
(B) body temperature change, (C) thermal images (left panel) and quantification
of temperature change of the skin surrounding BAT (right panel), (D) in situ
hybridization images (left panel) and OX mRNA levels in the LHA (right panel),
and (E and F) western blot images (left panels) and BAT UCP1 protein levels of
rats treated i.c.v. with vehicle or BMP8B and stereotaxically treated with GFP
or shVGLUT?2 lentiviruses within the LHA. Data are expressed as mean + SEM
(n=6-9 animals per experimental group; *p < 0.05, **p < 0.01, and ***p < 0.001
versus GFP (A) or vehicle GFP (E); ##p < 0.01 and ###p < 0.001 versus BMP8B
GFP). Temperature changes were calculated versus basal values.

In spite of this evidence, it was totally unclear whether AMPK in
the VMH and OXin the LHA are part of the same functional link or
they exert their thermogenic actions separately. Anatomical data
supported the hypothesis of an interconnected pathway,
because it was known that VMH efferents project to the LHA
and provide passing innervation on their way to their target areas
(Lindberg et al., 2013). To address that possibility, we investi-
gated the central thermogenic effect of BMP8B, which is associ-
ated with (1) decreased AMPK function in the VMH; (2) increased
activity in RPa, inferior olive (10), and sympathetic tone; and (3)
neuronal activation within the LHA (Whittle et al., 2012). Our
data showed that administration of BMP8B within the VMH reca-
pitulated the effect of its central (i.c.v.) administration (Whittle
etal., 2012), namely feeding-independent weight loss, increased

EE and BAT thermogenesis, and reduced RQ, in association with
reduced AMPK signaling in the VMH and elevated BAT UCP1
protein content as well as browning of WAT. None of these out-
comes was observed when BMP8B was specifically delivered
into the LHA, which excluded its direct effect at this level.

Interestingly, the thermogenic effect of both central and VMH-
specific BMP8B administration correlated with increased OX
expression in the LHA. Considering that OX also is known to
stimulate thermogenesis through the RPa-SNS route (Tupone
et al., 2011), we investigated its potential link with the BMP8B-
AMPK pathway. We observed that both the thermogenic effect
of BMP8B and the elevation of OX mRNA expression were totally
absent when BMP8B was given in combination with adenoviral
particles encoding AMPKa-CA, indicating that AMPK in the
VMH was acting upstream of OX neurons in the LHA. Impor-
tantly, the above effects were reversed by pharmacological
blockage of OX1R and were totally absent when BMP8B was
centrally delivered in OX KO mice, even in a cold environment,
which confirmed again AMPK’s upstream position in this
network.

To gain further insight into this central pathway, we investi-
gated the cellular mechanism regulating OX expression by
BMPS8B. It is known that glutamate transporters, particularity
VGLUT2, are highly expressed in the hypothalamus, including
OX neurons (Ziegler et al., 2002; Rosin et al., 2003), and play a
main role in the regulation of energy balance (Tong et al.,
2007). Therefore, we hypothesized a possible link with BMP8B
effects on OX neurons in the LHA. To check that possibility, we
knocked down VGLUT2 in the LHA using lentiviruses harboring
an shRNA. Notably, VGLUT2 inhibition totally blunted BMP8B’s
effects on temperature, OX expression in the LHA, and UCP1
expression in BAT. Whether VGLUT2 in AMPK-expressing neu-
rons mediates this effect is unclear. However, it has been re-
vealed recently, by using conditional viral tracing, that SF1 neu-
rons, a major cell population inside the VMH, project and
terminate in the LHA (Lindberg et al., 2013), which may provide
an anatomical basis for the interaction of AMPK(VMH)-gluta-
mate-OX(LHA).

These results are of relevance for several reasons. First, they
uncover a physiological hypothalamic network governing energy
homeostasis, which might be of relevance for therapeutic ap-
proaches. In this sense, it is important to highlight that the orig-
inal theories explaining the central control of energy balance
were based on a Dual Centre Hypothesis (Hecherington and
Ranson, 1942; Anand and Brobeck, 1951). In that model, feeding
was controlled by two hypothalamic areas: the LHA hunger cen-
ter and the VMH satiety center. Lesions of the LHA decreased
food intake and eventually led to starvation and death.
Conversely, lesions of the VMH (and the neighboring mediobasal
area) resulted in obesity. The present results do not show an
impact on feeding, but this VMH (AMPK), glutamate and LHA
(OX) pathway provides the molecular basis for the interplay
and balance between these two major areas in the dynamic con-
trol of other key aspect of the energy balance equation, namely
EE. Second, the sexual dependency of the thermogenic effect
of BMP8B, and in particular the relevance of endogenous
ovarian steroids in the modulation of BMP8B thermogenic ac-
tions, might be of clinical relevance, considering the different
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thermogenic adaptation observed in women and men (Palmer
and Clegg, 2015; Mauvais-Jarvis, 2015). Third, OXs are highly
pleiotropic peptides (Tsujino and Sakurai, 2009; Lopez et al.,
2010a; Gao and Horvath, 2014), one of their most important
functions being the regulation of arousal and sleep-wake cycle;
actually, the lack of OXs or impaired OXR signaling leads to
narcolepsy in several animal models (such as mice, rats, and
dogs) and humans (Chemelli et al., 1999; Lin et al., 1999; Nishino
et al., 2000; Gerashchenko et al., 2001). The fact that BMP8B
increased OX expression opens up the possibility that it may
have a potential role in the modulation of sleep patterns. We
did not address that possibility specifically, but our data show
that chronic treatment with BMP8B, specifically within the
VMH, tended to increase LA, which may be related to an in-
crease in the arousal state of the animals.

In summary, this study demonstrates that BMP8B modulates
energy homeostasis and, more precisely, thermogenesis, via
a well-defined hypothalamic pathway involving a VMH-LHA
interplay, and it uncovers a functional connection among
AMPK in the VMH, glutamatergic signaling, and OX in the LHA.
Our results show that two important brain mediators of BAT
thermogenesis act in a coordinate network. Whether this
mechanism is exclusive for BMP8B or it mediates the effect of
other thermogenic factors, such as leptin, thyroid hormones,
estradiol, glucagon-like peptide-1, or nicotine, is currently un-
known. However, considering that (1) all these factors share
the same VMH AMPK-SNS-BAT axis (Lopez et al., 2010b,
2016; Martinez de Morentin et al., 2012, 2014; Whittle et al.,
2012; Tanida et al., 2013; Beiroa et al., 2014; Contreras et al.,
2015), (2) some of them also modulate the neuronal activity in
RPa and IO (Lopez et al., 2010b; Martinez de Morentin et al.,
2014), and (3) some regulate OX expression (Lopez et al,
2000; Kane et al., 2000; Porkka-Heiskanen et al., 2004; Pasu-
marthi et al., 2006), it is tempting to speculate that the
AMPK(VMH)-glutamate-OX(LHA)-SNS-BAT axis may be a ca-
nonical mechanism to regulate BAT metabolism, with patho-
physiological implications in obesity and metabolic disorders.

EXPERIMENTAL PROCEDURES

Animals

Adult female and male Sprague-Dawley rats (200-250 g, Animalario General
USC), adult female null Ox/Hcrt mice (orexin/hypocretin; B6.129S6-
Hecrttm1Ywa/J, 8-10 weeks old, The Jackson Laboratory), and their WT litter-
mates were used. The animals were housed with an artificial 12-hr light
(8:00 a.m. to 8:00 p.m.)/12-hr dark cycle, under controlled temperature
and humidity conditions, and they were allowed free access to standard lab-
oratory chow and tap water. During all experimental approaches, the animals
were monitored daily for food intake and body weight changes. The experi-
ments were performed in agreement with the International Law on Animal
Experimentation and were approved by the USC Ethical Committee (Project
ID 15010/14/006).

Experimental Models

Ovariectomy and estradiol replacement, i.c.v. and nucleus-specific treat-
ments, and stereotaxic microinjection of adenoviral and lentiviral vectors
were performed as described previously (Nogueiras et al., 2007; Lopez
et al., 2008, 2010b; Whittle et al., 2012; Martinez de Morentin et al., 2012,
2014, 2015; Alvarez—Crespo et al., 2013; Imbernon et al., 2013; Contreras
et al., 2014; Beiroa et al., 2014; Folgueira et al., 2016). See the Supplemental
Experimental Procedures for detailed protocols.
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Sample Processing and Analytical Methods

Sample processing, EE, LA, RQ, and nuclear magnetic resonance (NMR)
analyses; temperature measurements; in situ hybridization; western blotting;
real-time PCR; and immunohistochemistry were performed as described pre-
viously (Lopez et al., 2008, 2010b; Whittle et al., 2012; Martinez de Morentin
et al., 2012, 2014; Varela et al., 2012; Alvareszrespo et al., 2013; Contreras
et al., 2014; Beiroa et al., 2014; Folgueira et al., 2016). See the Supplemental
Experimental Procedures for detailed protocols.

Statistical Analysis

Data are expressed as mean + SEM. The mRNA and protein data were ex-
pressed in relation (%) to control (vehicle-treated) rats. Error bars represent
SEM. Statistical significance was determined by Student’s t test when two
groups were compared or ANOVA and post hoc two-tailed Bonferroni test
when more than two groups were compared (p < 0.05 was considered
significant).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
three figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2016.07.045.

AUTHOR CONTRIBUTIONS

L.M,, P.S.-C., C.C,, I.G.-G., and N.M.-S. performed the in vivo experiments
(hormonal, drug, and viral treatments); the analytical methods (in situ
hybridization, western blotting, real-time gqPCR, and hormone measurements);
and the analysis of temperature, EE, RQ, LA, and NMR, as well as analyzed
and collected the data. R.G. performed the immunohistochemistry. L.M.,
P.S.-C.,C.D.,R.N,, M.T.-S., and M.L. designed the experiments and analyzed,
discussed, and interpreted the data. L.M., P.S.-C., and M.L. made the figures.
M.L. developed the hypothesis, coordinated and directed the project, and
wrote the manuscript. All authors reviewed and edited the manuscript and
had final approval of the submitted manuscript.

ACKNOWLEDGMENTS

The research leading to these results received funding from the European
Community’s Seventh Framework Programme (FP7/2007-2013) under
grant agreement 281854 the ObERStress project (M.L.), Junta de Andalucia
(M.T.-S., P08-CVI-03788 and P12-FQM-01943), Xunta de Galicia (M.L.,
2015-CP079; and R.N., 2015-CP080 and PIE13/00024), MINECO co-funded
by FEDER (C.D., BFU2014-55871-P; R.N., BFU2015-70664-R; M.T.-S.,
BFU2014-57581-P; and M.L., SAF2015-71026-R and BFU2015-70454-
REDT/Adipoplast). I.G.-G. is a recipient of a fellowship from Ministerio de
Educacion, Cultura y Deporte (FPU12/01827). CIBER de Fisiopatologia de la
Obesidad y Nutricién is an initiative of ISCIII. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Received: August 7, 2015
Revised: June 16, 2016
Accepted: July 15, 2016
Published: August 11, 2016

REFERENCES

Alvarez-Crespo, M., Martinez-Sanchez, N., Ruiz-Pino, F., Garcia-Lavandeira,
M., Alvarez, C.V., Tena-Sempere, M., Nogueiras, R., Diéguez, C., and Lopez,
M. (2013). The orexigenic effect of orexin-A revisited: dependence of an intact
growth hormone axis. Endocrinology 754, 3589-3598.

Anand, B.K., and Brobeck, J.R. (1951). Localization of a “feeding center” in the
hypothalamus of the rat. Proc. Soc. Exp. Biol. Med. 77, 323-324.

Beiroa, D., Imbernon, M., Gallego, R., Senra, A., Herranz, D., Villarroya, F.,
Serrano, M., Ferng, J., Salvador, J., Escalada, J., et al. (2014). GLP-1 agonism


http://dx.doi.org/10.1016/j.celrep.2016.07.045
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref1
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref2
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref3
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref3

stimulates brown adipose tissue thermogenesis and browning through hypo-
thalamic AMPK. Diabetes 63, 3346-3358.

Bowers, R.R., Kim, J.W., Otto, T.C., and Lane, M.D. (2006). Stable stem cell
commitment to the adipocyte lineage by inhibition of DNA methylation: role
of the BMP-4 gene. Proc. Natl. Acad. Sci. USA 103, 13022-13027.

Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function and
physiological significance. Physiol. Rev. 84, 277-359.

Cerri, M., and Morrison, S.F. (2005). Activation of lateral hypothalamic neurons
stimulates brown adipose tissue thermogenesis. Neuroscience 135, 627-638.

Chemelli, R.M., Willie, J.T., Sinton, C.M., EImquist, J.K., Scammell, T., Lee, C.,
Richardson, J.A., Williams, S.C., Xiong, Y., Kisanuki, Y., et al. (1999). Narco-
lepsy in orexin knockout mice: molecular genetics of sleep regulation. Cell
98, 437-451.

Contreras, C., Gonzalez-Garcia, |., Martinez-Sanchez, N., Seoane-Collazo, P.,
Jacas, J., Morgan, D.A., Serra, D., Gallego, R., Gonzalez, F., Casals, N., et al.
(2014). Central ceramide-induced hypothalamic lipotoxicity and ER stress
regulate energy balance. Cell Rep. 9, 366-377.

Contreras, C., Gonzélez, F., Ferng, J., Diéguez, C., Rahmouni, K., Nogueiras,
R., and Lépez, M. (2015). The brain and brown fat. Ann. Med. 47, 150-168.
Cypess, A.M., Lehman, S., Williams, G., Tal, |., Rodman, D., Goldfine, A.B.,
Kuo, F.C., Palmer, E.L., Tseng, Y.H., Doria, A., et al. (2009). Identification
and importance of brown adipose tissue in adult humans. N. Engl. J. Med.
360, 1509-1517.

Fliers, E., Klieverik, L.P., and Kalsbeek, A. (2010). Novel neural pathways for
metabolic effects of thyroid hormone. Trends Endocrinol. Metab. 27, 230-236.

Folgueira, C., Beiroa, D., Callon, A., Al-Massadi, O., Barja-Fernandez, S.,
Senra, A., Ferng, J., Lépez, M., Dieguez, C., Casanueva, F.F., et al. (2016). Ur-
oguanylin action in the brain reduces weight gain in obese mice via different
efferent autonomic pathways. Diabetes 65, 421-432.

Gao, X.B., and Horvath, T. (2014). Function and dysfunction of hypocretin/
orexin: an energetics point of view. Annu. Rev. Neurosci. 37, 101-116.
Gerashchenko, D., Kohls, M.D., Greco, M., Waleh, N.S., Salin-Pascual, R., Kil-
duff, T.S., Lappi, D.A., and Shiromani, P.J. (2001). Hypocretin-2-saporin le-
sions of the lateral hypothalamus produce narcoleptic-like sleep behavior in
the rat. J. Neurosci. 21, 7273-7283.

Grefhorst, A., van den Beukel, J.C., van Houten, E.L., Steenbergen, J., Visser,
J.A., and Themmen, A.P. (2015). Estrogens increase expression of bone
morphogenetic protein 8b in brown adipose tissue of mice. Biol. Sex Differ.
6,7.

Hecherington, A., and Ranson, S. (1942). The spontaneous activity and food
intake of rats with hypothalamic lesions. Am. J. Physiol. 136, 609-617.
Huang, H., Song, T.J., Li, X., Hu, L., He, Q., Liu, M., Lane, M.D., and Tang, Q.Q.
(2009). BMP signaling pathway is required for commitment of C3H10T1/2
pluripotent stem cells to the adipocyte lineage. Proc. Natl. Acad. Sci. USA
106, 12670-12675.

Imbernon, M., Beiroa, D., Vazquez, M.J., Morgan, D.A., Veyrat-Durebex, C.,
Porteiro, B., Diaz-Arteaga, A., Senra, A., Busquets, S., Velasquez, D.A,,
et al. (2013). Central melanin-concentrating hormone influences liver and adi-
pose metabolism via specific hypothalamic nuclei and efferent autonomic/
JNK1 pathways. Gastroenterology 744, 636-649.e6.

Jia, X., Yan, J., Xia, J., Xiong, J., Wang, T., Chen, Y., Qi, A,, Yang, N., Fan, S.,
Ye, J., and Hu, Z. (2012). Arousal effects of orexin A on acute alcohol intoxica-
tion-induced coma in rats. Neuropharmacology 62, 775-783.

Kane, J.K., Parker, S.L., Matta, S.G., Fu, Y., Sharp, B.M., and Li, M.D. (2000).
Nicotine up-regulates expression of orexin and its receptors in rat brain. Endo-
crinology 741, 3623-3629.

Kim, K.W., Zhao, L., Donato, J., Jr., Kohno, D., Xu, Y., Elias, C.F., Lee, C.,
Parker, K.L., and Elmquist, J.K. (2011). Steroidogenic factor 1 directs pro-
grams regulating diet-induced thermogenesis and leptin action in the ventral
medial hypothalamic nucleus. Proc. Natl. Acad. Sci. USA 108, 10673-10678.
Kuo, M.M., Kim, S., Tseng, C.Y., Jeon, Y.H., Choe, S., and Lee, D.K. (2014).
BMP-9 as a potent brown adipogenic inducer with anti-obesity capacity. Bio-
materials 35, 3172-3179.

Lin, L., Faraco, J., Li, R., Kadotani, H., Rogers, W., Lin, X., Qiu, X., de Jong,
P.J., Nishino, S., and Mignot, E. (1999). The sleep disorder canine narcolepsy
is caused by a mutation in the hypocretin (orexin) receptor 2 gene. Cell 98,
365-376.

Lindberg, D., Chen, P., and Li, C. (2013). Conditional viral tracing reveals that
steroidogenic factor 1-positive neurons of the dorsomedial subdivision of the
ventromedial hypothalamus project to autonomic centers of the hypothalamus
and hindbrain. J. Comp. Neurol. 527, 3167-3190.

Lépez, M., Seoane, L., Garcia, M.C., Lago, F., Casanueva, F.F., Sefaris, R.,
and Diéguez, C. (2000). Leptin regulation of prepro-orexin and orexin receptor
mRNA levels in the hypothalamus. Biochem. Biophys. Res. Commun. 269,
41-45

Lopez, M., Lage, R., Saha, A.K., Pérez-Tilve, D., Vazquez, M.J., Varela, L.,
Sangiao-Alvarellos, S., Tovar, S., Raghay, K., Rodriguez-Cuenca, S., et al.
(2008). Hypothalamic fatty acid metabolism mediates the orexigenic action
of ghrelin. Cell Metab. 7, 389-399.

Lopez, M., Tena-Sempere, M., and Diéguez, C. (2010a). Cross-talk between
orexins (hypocretins) and the neuroendocrine axes (hypothalamic-pituitary
axes). Front. Neuroendocrinol. 37, 113-127.

Lépez, M., Varela, L., Vazquez, M.J., Rodriguez-Cuenca, S., Gonzélez, C.R.,
Velagapudi, V.R., Morgan, D.A., Schoenmakers, E., Agassandian, K., Lage,
R., et al. (2010b). Hypothalamic AMPK and fatty acid metabolism mediate thy-
roid regulation of energy balance. Nat. Med. 76, 1001-1008.

Lopez, M., Alvarez, C.V., Nogueiras, R., and Diéguez, C. (2013). Energy bal-
ance regulation by thyroid hormones at central level. Trends Mol. Med. 19,
418-427.

Lépez, M., Nogueiras, R., Tena-Sempere, M., and Diéguez, C. (2016). Hypo-
thalamic AMPK: a canonical regulator of whole-body energy balance. Nat.
Rev. Endocrinol. 12, 421-432.

Madden, C.J., Tupone, D., and Morrison, S.F. (2012). Orexin modulates brown
adipose tissue thermogenesis. Biomol. Concepts 3, 381-386.

Martinez de Morentin, P.B., Whittle, A.J., Ferng, J., Nogueiras, R., Diéguez, C.,
Vidal-Puig, A., and Lopez, M. (2012). Nicotine induces negative energy bal-
ance through hypothalamic AMP-activated protein kinase. Diabetes 67,
807-817.

Martinez de Morentin, P.B., Gonzélez-Garcia, |., Martins, L., Lage, R., Fernan-
dez-Mallo, D., Martinez-Sanchez, N., Ruiz-Pino, F., Liu, J., Morgan, D.A., Pi-
nilla, L., et al. (2014). Estradiol regulates brown adipose tissue thermogenesis
via hypothalamic AMPK. Cell Metab. 20, 41-53.

Martinez de Morentin, P.B., Lage, R., Gonzélez-Garcia, I., Ruiz-Pino, F., Mar-
tins, L., Fernandez-Mallo, D., Gallego, R., Ferng, J., Sefaris, R., Saha, A.K,
et al. (2015). Pregnancy induces resistance to the anorectic effect of hypotha-
lamic malonyl-CoA and the thermogenic effect of hypothalamic AMPK inhibi-
tion in female rats. Endocrinology 756, 947-960.

Mauvais-Jarvis, F. (2015). Sex differences in metabolic homeostasis, diabetes,
and obesity. Biol. Sex Differ. 6, 14.

Modica, S., and Wolfrum, C. (2013). Bone morphogenic proteins signaling in adi-
pogenesis and energy homeostasis. Biochim. Biophys. Acta 718371, 915-923.

Morrison, S.F., Madden, C.J., and Tupone, D. (2012). An orexinergic projection
from perifornical hypothalamus to raphe pallidus increases rat brown adipose
tissue thermogenesis. Adipocyte 7, 116-120.

Morrison, S.F., Madden, C.J., and Tupone, D. (2014). Central neural regulation
of brown adipose tissue thermogenesis and energy expenditure. Cell Metab.
19, 741-756.

Nedergaard, J., Bengtsson, T., and Cannon, B. (2007). Unexpected evidence
for active brown adipose tissue in adult humans. Am. J. Physiol. Endocrinol.
Metab. 293, E444-E452.

Nishino, S., Ripley, B., Overeem, S., Lammers, G.J., and Mignot, E. (2000). Hy-
pocretin (orexin) deficiency in human narcolepsy. Lancet 355, 39-40.
Nogueiras, R., Wiedmer, P., Perez-Tilve, D., Veyrat-Durebex, C., Keogh, J.M.,
Sutton, G.M., Pfluger, P.T., Castaneda, T.R., Neschen, S., Hofmann, S.M.,
et al. (2007). The central melanocortin system directly controls peripheral lipid
metabolism. J. Clin. Invest. 117, 3475-3488.

Cell Reports 16, 2231-2242, August 23, 2016 2241

OPEN

ACCESS
Cell



http://refhub.elsevier.com/S2211-1247(16)30976-7/sref3
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref3
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref4
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref4
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref4
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref5
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref5
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref6
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref6
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref7
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref8
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref9
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref9
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref10
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref11
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref11
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref12
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref13
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref13
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref14
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref15
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref16
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref16
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref17
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref17
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref17
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref17
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref18
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref19
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref20
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref21
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref22
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref23
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref24
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref25
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref26
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref27
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref28
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref29
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref29
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref29
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref30
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref30
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref30
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref31
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref31
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref32
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref32
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref32
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref32
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref33
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref33
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref33
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref33
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref34
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref34
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref34
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref34
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref34
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref35
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref35
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref36
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref36
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref37
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref37
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref37
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref38
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref38
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref38
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref39
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref39
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref39
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref40
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref40
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref41
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref41
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref41
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref41

OPEN

ACCESS
Cell

Palmer, B.F., and Clegg, D.J. (2015). The sexual dimorphism of obesity. Mol.
Cell. Endocrinol. 402, 113-119.

Pasumarthi, R.K., Reznikov, L.R., and Fadel, J. (2006). Activation of orexin
neurons by acute nicotine. Eur. J. Pharmacol. 535, 172-176.

Perkins, M.N., Rothwell, N.J., Stock, M.J., and Stone, T.W. (1981). Activation
of brown adipose tissue thermogenesis by the ventromedial hypothalamus.
Nature 289, 401-402.

Porkka-Heiskanen, T., Kalinchuk, A., Alanko, L., Huhtaniemi, I., and Stenberg,
D. (2004). Orexin A and B levels in the hypothalamus of female rats: the effects
of the estrous cycle and age. Eur. J. Endocrinol. 150, 737-742.

Qian, S.W.,, Tang, Y., Li, X., Liu, Y., Zhang, Y.Y., Huang, H.Y., Xue, R.D., Yu,
H.Y., Guo, L., Gao, H.D., et al. (2013). BMP4-mediated brown fat-like changes
in white adipose tissue alter glucose and energy homeostasis. Proc. Natl.
Acad. Sci. USA 110, E798-E807.

Rosin, D.L., Weston, M.C., Sevigny, C.P., Stornetta, R.L., and Guyenet, P.G.
(2003). Hypothalamic orexin (hypocretin) neurons express vesicular glutamate
transporters VGLUT1 or VGLUT2. J. Comp. Neurol. 465, 593-603.

Schneeberger, M., Gomis, R., and Claret, M. (2014). Hypothalamic and brain-
stem neuronal circuits controlling homeostatic energy balance. J. Endocrinol.
220, T25-T46.

Schulz, T.J., and Tseng, Y.H. (2009). Emerging role of bone morphogenetic
proteins in adipogenesis and energy metabolism. Cytokine Growth Factor
Rev. 20, 523-531.

Sellayah, D., and Sikder, D. (2012). Orexin receptor-1 mediates brown fat
developmental differentiation. Adipocyte 7, 58-63.

Sellayah, D., and Sikder, D. (2014). Orexin restores aging-related brown
adipose tissue dysfunction in male mice. Endocrinology 755, 485-501.

Sellayah, D., Bharaj, P., and Sikder, D. (2011). Orexin is required for brown
adipose tissue development, differentiation, and function. Cell Metab. 74,
478-490.

Stanley, S., Pinto, S., Segal, J., Pérez, C.A., Viale, A., DeFalco, J., Cai, X., Heis-
ler, L.K., and Friedman, J.M. (2010). Identification of neuronal subpopulations
that project from hypothalamus to both liver and adipose tissue polysynapti-
cally. Proc. Natl. Acad. Sci. USA 107, 7024-7029.

Tang, Q.Q., Otto, T.C., and Lane, M.D. (2004). Commitment of C3H10T1/2
pluripotent stem cells to the adipocyte lineage. Proc. Natl. Acad. Sci. USA
101, 9607-9611.

Tanida, M., Yamamoto, N., Shibamoto, T., and Rahmouni, K. (2013). Involve-
ment of hypothalamic AMP-activated protein kinase in leptin-induced sympa-
thetic nerve activation. PLoS ONE 8, €56660.

Teske, J.A., Levine, A.S., Kuskowski, M., Levine, J.A., and Kotz, C.M. (2006).
Elevated hypothalamic orexin signaling, sensitivity to orexin A, and sponta-
neous physical activity in obesity-resistant rats. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 297, R889-R899.

Tong, Q., Ye, C., McCrimmon, R.J., Dhillon, H., Choi, B., Kramer, M.D., Yu, J.,
Yang, Z., Christiansen, L.M., Lee, C.E., et al. (2007). Synaptic glutamate
release by ventromedial hypothalamic neurons is part of the neurocircuitry
that prevents hypoglycemia. Cell Metab. 5, 383-393.

2242 Cell Reports 16, 2231-2242, August 23, 2016

Townsend, K.L., Suzuki, R., Huang, T.L., Jing, E., Schulz, T.J., Lee, K., Tanigu-
chi, C.M., Espinoza, D.O., McDougall, L.E., Zhang, H., et al. (2012). Bone
morphogenetic protein 7 (BMP7) reverses obesity and regulates appetite
through a central mTOR pathway. FASEB J. 26, 2187-2196.

Townsend, K.L., An, D., Lynes, M.D., Huang, T.L., Zhang, H., Goodyear, L.J.,
and Tseng, Y.H. (2013). Increased mitochondrial activity in BMP7-treated
brown adipocytes, due to increased CPT1- and CD36-mediated fatty acid up-
take. Antioxid. Redox Signal. 19, 243-257.

Tseng, Y.H., Kokkotou, E., Schulz, T.J., Huang, T.L., Winnay, J.N., Taniguchi,
C.M., Tran, T.T., Suzuki, R., Espinoza, D.O., Yamamoto, Y., et al. (2008). New
role of bone morphogenetic protein 7 in brown adipogenesis and energy
expenditure. Nature 454, 1000-1004.

Tsujino, N., and Sakurai, T. (2009). Orexin/hypocretin: a neuropeptide at the
interface of sleep, energy homeostasis, and reward system. Pharmacol.
Rev. 61, 162-176.

Tupone, D., Madden, C.J., Cano, G., and Morrison, S.F. (2011). An orexinergic
projection from perifornical hypothalamus to raphe pallidus increases rat
brown adipose tissue thermogenesis. J. Neurosci. 37, 15944-15955.

van Marken Lichtenbelt, W.D., Vanhommerig, J.W., Smulders, N.M., Dros-
saerts, J.M., Kemerink, G.J., Bouvy, N.D., Schrauwen, P., and Teule, G.J.
(2009). Cold-activated brown adipose tissue in healthy men. N. Engl. J. Med.
360, 1500-1508.

Varela, L., Martinez-Sanchez, N., Gallego, R., Vazquez, M.J., Roa, J., Gan-
dara, M., Schoenmakers, E., Nogueiras, R., Chatterjee, K., Tena-Sempere,
M., et al. (2012). Hypothalamic mTOR pathway mediates thyroid hormone-
induced hyperphagia in hyperthyroidism. J. Pathol. 227, 209-222.

Villarroya, F., and Vidal-Puig, A. (2013). Beyond the sympathetic tone: the new
brown fat activators. Cell Metab. 77, 638-643.

Virtanen, K.A., Lidell, M.E., Orava, J., Heglind, M., Westergren, R., Niemi, T.,
Taittonen, M., Laine, J., Savisto, N.J., Enerbé&ck, S., and Nuutila, P. (2009).
Functional brown adipose tissue in healthy adults. N. Engl. J. Med. 360,
1518-1525.

Whittle, A.J., Carobbio, S., Martins, L., Slawik, M., Hondares, E., Vazquez,
M.J., Morgan, D., Csikasz, R.l., Gallego, R., Rodriguez-Cuenca, S., et al.
(2012). BMP8B increases brown adipose tissue thermogenesis through both
central and peripheral actions. Cell 7149, 871-885.

Xu, Y., Nedungadi, T.P., Zhu, L., Sobhani, N., Irani, B.G., Davis, K.E., Zhang, X.,
Zou, F., Gent, L.M., Hahner, L.D., et al. (2011). Distinct hypothalamic neurons
mediate estrogenic effects on energy homeostasis and reproduction. Cell
Metab. 74, 453-465.

Yasuda, T., Masaki, T., Kakuma, T., Hara, M., Nawata, T., Katsuragi, I., and
Yoshimatsu, H. (2005). Dual regulatory effects of orexins on sympathetic nerve
activity innervating brown adipose tissue in rats. Endocrinology 146, 2744-
2748.

Yeo, G.S., and Heisler, L.K. (2012). Unraveling the brain regulation of appetite:
lessons from genetics. Nat. Neurosci. 15, 1343-1349.

Ziegler, D.R., Cullinan, W.E., and Herman, J.P. (2002). Distribution of vesicular
glutamate transporter mRNA in rat hypothalamus. J. Comp. Neurol. 448,
217-229.


http://refhub.elsevier.com/S2211-1247(16)30976-7/sref42
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref42
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref43
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref43
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref44
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref44
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref44
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref45
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref45
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref45
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref46
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref46
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref46
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref46
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref47
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref47
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref47
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref48
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref48
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref48
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref49
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref49
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref49
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref50
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref50
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref51
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref51
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref52
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref52
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref52
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref53
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref53
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref53
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref53
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref54
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref54
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref54
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref55
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref55
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref55
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref56
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref56
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref56
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref56
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref57
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref57
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref57
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref57
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref58
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref58
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref58
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref58
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref59
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref59
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref59
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref59
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref60
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref60
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref60
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref60
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref61
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref61
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref61
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref62
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref62
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref62
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref63
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref63
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref63
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref63
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref64
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref64
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref64
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref64
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref65
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref65
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref66
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref66
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref66
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref66
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref67
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref67
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref67
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref67
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref68
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref68
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref68
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref68
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref69
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref69
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref69
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref69
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref70
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref70
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref71
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref71
http://refhub.elsevier.com/S2211-1247(16)30976-7/sref71

	A Functional Link between AMPK and Orexin Mediates the Effect of BMP8B on Energy Balance
	Introduction
	Results
	The Thermogenic Effect of Central BMP8B Is Sexually Dimorphic
	The Thermogenic Effect of Central BMP8B Is Independent of Environmental Temperature
	BMP8B in the VMH, but Not in the LHA, Induces Negative Energy Balance
	BMP8B in the VMH, but Not in the LHA, Increases Temperature and EE
	BMP8B in the VMH, but Not in the LHA, Regulates Hypothalamic AMPK, the Expression of Thermogenic Markers in BAT, and Browni ...
	Central BMP8B Increases OX Expression in the LHA through AMPK in the VMH
	OX1R Antagonism Reversed the Thermogenic Effect of Central BMP8B
	OX Mediates the Thermogenic Effect of Central BMP8B Independently of Environmental Temperature
	Glutamatergic Signaling Mediates the Thermogenic Effect of Central BMP8B

	Discussion
	Experimental Procedures
	Animals
	Experimental Models
	Sample Processing and Analytical Methods
	Statistical Analysis

	Supplemental Information
	Author Contributions
	Acknowledgments
	References




