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Activation of brain melanocortin 4 receptors (MC4Rs) leads to reduced food intake, increased energy expenditure,
increased insulin sensitivity, and reduced linear growth. MC4R effects on energy expenditure and glucose metabolism are
primarily mediated by the G protein Gga in brain regions outside of the paraventricular nucleus of the hypothalamus

(PVN). However, the G protein(s) that is involved in MC4R-mediated suppression of food intake and linear growth, which
are believed to be regulated primarily though action in the PVN, is unknown. Here, we show that PVN-specific loss of Ggax

and Gq1¢, which stimulate PLC, leads to severe hyperphagic obesity, increased linear growth, and inactivation of the

hypothalamic-pituitary-adrenal axis, without affecting energy expenditure or glucose metabolism. Moreover, we
demonstrate that the ability of an MC4R agonist delivered to PVN to inhibit food intake is lost in mice lacking Gg/q1a in the

PVN but not in animals deficient for Ggo. The blood pressure response to the same MC4R agonist was only lost in
animals lacking Gga specifically in the PVN. Together, our results exemplify how different physiological effects of GPCRs
may be mediated by different G proteins and identify a pathway for appetite regulation that could be selectively targeted
by Gq/q10-biased MC4R agonists as a potential treatment for obesity.
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treatment for obesity.

Introduction

Obesity is an ever-increasing public health problem, leading to
a significantly increased risk of many disorders, including dia-
betes and cardiovascular disease. Melanocortins within the
CNS activate the G protein-coupled melanocortin 4 receptor
(MC4R), leading to negative energy balance (reduced food intake,
increased sympathetic nerve activity, and energy expenditure)
and increased insulin sensitivity as well as effects on linear growth
and cardiovascular function. Inactivating MC4R mutations are
the most common cause of human monogenic obesity and lead to
several distinct physiological effects, including increased adipos-
ity, body length, and food intake and reduced energy expenditure
and peripheral insulin sensitivity (1-3). Reexpression of MC4R in
the paraventricular nucleus of the hypothalamus (PVN) of MC4R
KO (Mc4r7") mice reverses the abnormality in food intake but not
in energy expenditure, indicating that in the PVN MC4R regulates
food intake, while in CNS regions outside of the PVN, MC4R regu-
lates energy expenditure (4). Single-minded homolog 1 (SIM1) is a
transcription factor expressed in the PVN as well as the supraoptic
nucleus and amygdala. MC4R is believed to mediate its effects
on food intake and body length by inducing SIM1 expression;
as the MC4R (and MC3R) agonist melanotan II (MTII) induces
SIM1 expression in the PVN (5), SIM1 overexpression reverses
hyperphagia associated with reduced MC4R signaling (6), and
SIM1 mutations lead to hyperphagic obesity and increased linear
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Activation of brain melanocortin 4 receptors (MC4Rs) leads to reduced food intake, increased energy expenditure, increased
insulin sensitivity, and reduced linear growth. MC4R effects on energy expenditure and glucose metabolism are primarily
mediated by the G protein G_a in brain regions outside of the paraventricular nucleus of the hypothalamus (PVN). However,
the G protein(s) that is involved in MC4R-mediated suppression of food intake and linear growth, which are believed to

be regulated primarily though action in the PVN, is unknown. Here, we show that PVN-specific loss of an and G, o, which
stimulate PLC, leads to severe hyperphagic obesity, increased linear growth, and inactivation of the hypothalamic-pituitary-
adrenal axis, without affecting energy expenditure or glucose metabolism. Moreover, we demonstrate that the ability of an
MC4R agonist delivered to PVN to inhibit food intake is lost in mice lacking G, in the PVN but not in animals deficient

for G_a. The blood pressure response to the same MC4R agonist was only lost in animals lacking G_a specifically in the PVN.
Together, our results exemplify how different physiological effects of GPCRs may be mediated by different G proteins and
identify a pathway for appetite regulation that could be selectively targeted by G, w0-biased MC4R agonists as a potential

growth without affecting energy expenditure (5, 7). Furthermore,
in SIM1 mutant mice, MTII inhibition of food intake is impaired,
while MTII stimulation of energy expenditure is unaffected (5).

MC4R is known to signal through G a (encoded by GNAS), a
ubiquitously expressed G protein that mediates receptor-stimu-
lated cAMP production. Pseudohypoparathyroidism type 1a is a
monogenic obesity disorder caused by inactivating G o mutations
(8). Mice with germline or brain-specific mutation of the maternal
Gnas allele (mBrGsKO) develop severe obesity with reduced sym-
pathetic nerve activity and energy expenditure and early-onset
insulin-resistant diabetes, with no effect on food intake or body
length (9). Moreover, opposite to that in SIM1 mutant mice (5),
MTII inhibition of food intake is unaffected, while MTII stimula-
tion of energy expenditure is impaired in mBrGsKO mice (9). Mice
with G a deficiency in the PVN (mPVNGsKO) showed no signifi-
cant effects on food intake, energy expenditure, MTII responsive-
ness, or body length and no primary effects on glucose metabo-
lism (10). It therefore appears that MC4R mediates its effects
on energy expenditure and glucose metabolism via G a in CNS
regions outside of the PVN, while MC4R effects on food intake
and linear growth occur via a SIM1-dependent but G a-indepen-
dent pathway within the PVN. The concept that G o does not
mediate all of the actions of MC4R is consistent with the fact that
many MC4R mutations identified in obese patients show normal
activation of G a,/cAMP signaling (11).

The question remains as to what mediates MC4R actions
on food intake and linear growth in the PVN. Another G protein
besides G a could be involved, as GPCRs are known to couple to
multiple G proteins (12). G o and G, o (encoded by GNAQ and
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Figure 1. Loss of G0 and G, expression in the PVNs of PVNGq/11KO mice. (A) In situ hybridization with antisense G o, Go-, and G _o-specific probes
and a sense G a-specific probe in the PVNs of control (Gnag™" Gna1~"), PYNGq/11KO, and WT mice (original magnification, x20) (see Supplemental Table 2
for probe sequences). Hybridization with sense G, a- and G_a-specific probes also showed no significant signal (data not shown). (B) Quantitation of in situ
hybridization studies, with results expressed as percentage of WT (n = 6 per group). Our results show that in controls expression of G o but not G o is lost,
while in PVNGq/11KO mice expression of both an and G, 0 is lost. G,o. expression is unaffected in all mouse lines. *P < 0.05 by 1-way ANOVA. (C) IP, levels
(normalized to protein) in PVNs from control and PVYNGg/11KO mice after a 1-hour exposure to saline or MTII (50 nM) ex vivo (n = 6 per group). *P < 0.05 vs.

control, #P < 0.05 vs. saline by Student’s t test. Data are expressed as mean + SEM.

GNA1l, respectively) are two highly homologous ubiquitously
expressed G proteins that couple receptors to PLC, resulting in
stimulation. Neither Gq(x KO (Gnagq”") (13) nor G, a KO (Gnall”")
(14) mice develop an obvious metabolic phenotype. MC4R sig-
naling through G_, o has been documented in hypothalamic
neurons (15-17), and cultured hypothalamic neurons have been
documented to simultaneously generate both cAMP signals
(via G,a) and PLC/Ca* signals (via G_,0) (17). The dopamine
D1 receptor was shown to differentially couple to Ga and G,
in different brain regions (18). We therefore hypothesized that
G_ 0 may mediate MC4R actions on food

q/11
intake and linear growth in the PVN. In this

by in situ hybridization (Figure 1, A and B). Expression of SimlI-
Cre is relatively specific for PVN but is also expressed in the
supraoptic nucleus, the amygdala, and the anterior periventric-
ular nucleus of the hypothalamus (4). As previously reported
(14), Gnag™” Gnall”- mice were indistinguishable from WT litt-
ermates and had a normal metabolic phenotype (Supplemental
Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JC176348DS1) and therefore were used as con-
trols. The number of mutants alive at weaning was consistent
with expected Mendelian ratios.

study, we provide evidence that PVN/G_,
pathways mediate the melanocortin effects
on feeding behavior and linear growth and are
also important regulators of the hypothalamic-

pituitary-adrenal axis. el i)

Free fatty acids (mM)
Triglycerides (mg/dI)
Cholesterol (mg/dl)
Insulin (ng/ml)

Results
Generation of PVNGq/11KO mice. To study the
role of G_, o signaling in the PVN on met-

q/11
abolic regulation, we generated mice that [eptin (ng/ml)
lacked both G and G ,a in the PVN (Siml-  Adiponectin (pg/ml)

Cre Gnaq™" Gnall”~ mice, herein referred to

Table 1. Serum chemistries in female PVNGq/11KO and control mice in the fed state

Young mice (6-10 weeks of age) 0ld mice (24-28 weeks of age)

Control PVNGq/11K0 Control PVNGq/11K0
92+5 100+3 93+3 n7+3
0.50 +0.06 0.53+0.06 0.63+0.08 0.52+0.06
19+18 151+23 101+£9 mzn
95+8 132474 104+8 151+ 124
0.62 +0.08 0.75+0.12 0.61+0.07 1.88 + 0.43"
5313 78121 104 +1.5 370 +6.0*
136£10 N4+09 20718 244+48

Data are expressed as mean + SEM (n = 7-13 per group). *P < 0.05 vs. controls by Student’s t test.

as PVNGq/11KO mice), which was confirmed
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Figure 2. PVNGq/11KO mice develop hyperphagia and severe obesity. (A) Body weight curves of male (n = 6-7 per group) and female (n = 8-13 per group)
PVNGg/11KO mice and respective controls. (B) Representative image of a 24-week-old female PVYNGq/11KO mouse and a control mouse. (C-E) Body com-
position showing (C) absolute lean and fat mass, (D) fat and lean mass expressed as a percentage of body weight, and (E) body length of 24- to 28-week-
old female PVNGqg/11KO and control mice (n = 8-9 per group). (F and H) Absolute food intake and (G and I) food intake normalized to body weight in 6- to
8-week-old female PVNGg/11KO mice and controls measured at (F and G) 24°C and at (H and I) thermoneutrality (30°C) (n = 6-8 per group). (J) Resting
(Rest) and TEE and (K) total and ambulatory (Amb) motor activity at 24°C and 30°C in 6- to 8-week-old female PVNGqg/11KO and control mice (n = 8 per
group). (L) Percentage inhibition of food intake after MTIl administration, as compared to that after injection with PBS vehicle in 8- to 10-week-old female
mice (n = 6-7 per group). (M) Percentage increase in TEE (0, utilization ) at 30°C after MTIl administration, as compared to that after injection with PBS in
8- to 10-week-old female mice (n = 7 per group). Data are expressed as mean + SEM. *P < 0.05 vs. controls by Student’s t test.

As PLC is the major effector of G o and G, 0, we examined
the effect of knocking out these G proteins on PLC signaling in
the PVN. PVNs from control and PVNGq/11KO mice were iso-
lated and incubated with either PBS or MTII, and accumulation
of inositol monophosphate (IP)), a metabolite of inositol triphos-
phate (IP,), was examined in the presence of LiCl, which inhibits
the metabolism of IP, (19). Baseline IP, levels (after PBS adminis-
tration) in the PVNs from PVNGq/11KO mice were only 21% of
those present in controls (Figure 1C), consistent with G o and G ,a
being lost in the PVN. Moreover, while MTII stimulated IP, levels
7.3-fold in the PVNs from control mice, MTII incubation had no
effect on IP, levels in the PVNs from PVNGq/11KO mice (Figure
1C), indicating that a melanocortin MC3/4R agonist can stimulate
G, ,,,0/PLC signaling in the PVN.

PVNGq/11KO mice develop hyperphagia and obesity. PVNGq/
11KO mice developed severe obesity (Figure 2, A and B), with
markedly increased fat mass (Figure 2, C and D). Similar to Mc4r”~
(3) and SIM1 mutant mice (20), female mice had a greater disparity
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in body weight between mutant and control mice. Consistent with
increased adiposity, PVNGq/11KO mice also developed severe
hyperleptinemia (Table 1). Absolute lean mass was also increased,
although less strikingly than fat mass, and was decreased when
expressed as a percentage of total body weight (Figure 2D). Some
of the increase in lean mass was due to PVNGq/11KO mice having
increased body length (Figure 2E), a characteristic associated with
both MC4R (2, 3) and SIM1 (5, 7) mutations but not observed in
mBrGsKO mice (9).

At 6to 8 weeks of age, before the onset of obesity, PVNGq/11KO
mice ate significantly more than controls at both room temperature
(24°C; Figure 2, F and G) and at thermoneutrality (30°C, Figure 2,
H and I). In contrast, there were no differences in resting energy
expenditure and total energy expenditure (TEE) or activity levels
between groups at either 24°C or 30°C (Figure 2, ] and K). Similarly,
PVNGq/11KO mice also showed hyperphagia at 12 to 16 weeks of
age (Supplemental Figure 2, B and C), at a time when obesity was
established (Supplemental Figure 2A), while energy expenditure



The Journal of Clinical Investigation

RESEARCH ARTICLE

A C ) E i
120 1.2 Il Saline — 200 Il Saline
2 1004 S 104 O MTH %150 I MTH
~ £ 1 # #

E ol £ 0.8 £
E S o
8 60 £ 0.6 8. 100
° 3 # 9
= 401 8 0.44 =
3 [T o 50+
Z 20 0.2 )

0- 0.0 Control PVNGg/11KO 0" Control PVNGg/11KO

Il Control g a
B O] PUNGA/11KO ) E -
= 800 ) I Saline S Il Saline
€ 5 1.0 O MTIl I, O MTIl
% 6001 > 503 #
2 o 0.8 £
e 8 o *
£ 400 £ 0.61 o 100
Qo ° L
© S 0.4 # # 'S
£ 200 L % 509
8 0.21 ()
T o 0.0- .
’ Control mPVNGsKO Control mPVNGsKO

Figure 3. Differential effects of MTII injections in the PVNs of PVNGq/11K0 and mPVNGsKO mice. (A) Systolic BP and (B) HR in male PVNGg/11KO and con-
trol mice at 8 to 10 weeks (n = 8 per group). (C) Food intake and (E) systolic BP after injection of saline or MTIl into the PVNs of PVNGg/11KO and control mice
(n = 5-8 per group). (D) Food intake and (F) systolic BP after injection of saline or MTIl into the PVNs of mPVNGsKO and control mice (n = 5-6 per group).
Data are expressed as mean + SEM. *P < 0.05 vs. controls at baseline, #P < 0.05 vs saline by Student’s t test.

and activity levels remained unaffected (Supplemental Figure 2, D
and E). These effects on food intake and energy expenditure were
similar to those observed in SIM1 mutant mice (5) but opposite to
those observed in obese mBrGsKO mice (9).

Impaired anovectic rvesponse to melanocortin agonist in PVNGq/
11KO mice. We next examined the acute effects of MTII on food
intake and energy expenditure. Similar to SIM1 mutant mice (5)
and opposite to that observed in mBrGsKO mice (9), PVNGq/11KO
mice showed impaired ability to reduce food intake in response to
MTII (Figure 2L), while the ability of MTII to stimulate TEE was
maintained (Figure 2M).

MC3/4R activation of Go in the PVN has been shown to
increase sympathetic nerve activity to the cardiovascular sys-
tem and increase blood pressure (BP) and heart rate (HR) (21),
and we recently confirmed this by showing that mPVNGsKO
mice (also generated using SimI-Cre) have reduced BP and HR
(10). In contrast, BP and HR were unaffected in PVNGq/11KO
mice (Figure 3, A and B), showing that even within the PVN dis-
tinct physiological effects of MC3/4R may be mediated through
different G proteins.

To directly examine the effects of PVN-specific G a and
G,y deficiency on melanocortin-induced actions, cannulas
were placed unilaterally in mPVNGsKO and PVNGq/11KO mice
to allow direct delivery of MTII to the PVN, and its acute effects
on food intake and systolic BP were examined. The dose of
MTII was chosen based upon pilot experiments in control mice
to determine the optimal dose for inhibition of food intake. In
PVNGq/11KO mice, the ability of MTII injected into the PVN to
inhibit food intake was lost in PVNGq/11KO mice (Figure 3C),
while the ability of the same MTII injection to increase systolic
BP was unaffected (Figure 3E). As we have shown previously (10),
baseline systolic BP was lower than normal in mPVNGsKO mice

(Figure 3F). In mPVNGsKO mice, the ability of MTII injected into
the PVN to inhibit food intake was unaffected (Figure 3D), while
the ability of MTII to stimulate systolic BP was lost (Figure 3F).
These experiments directly confirm that melanocortin actions
on food intake and BP in the PVN are mediated via distinct G
protein pathways and that inhibition of food intake by melano-
cortins in the PVN is mediated by G ,a. The residual inhibition
of food intake observed in response to i.p. MTII administration
(Figure 2L) may represent the effects of the melanocortin ago-
nist on peripheral sites (e.g., the gastrointestinal tract) (22) or
other CNS sites (23, 24) or may be secondary to other metabolic
changes resulting from systemic MTII administration.

Altered glucose and cholesterol metabolism in PVNGgq/11KO
mice. Older PVNGq/11KO mice developed hyperglycemia, hyper-
insulinemia, glucose intolerance, and insulin resistance after
becoming obese (24-28 weeks of age; Figure 4, C and D, and Table
1). However, glucose metabolism and insulin action were unaf-
fected prior to the onset of obesity (6-8 weeks of age; Figure 4, A
and B, and Table 1), in contrast to Mc4r7~ (1) and mBrGsKO mice
(9), which have both been shown to develop glucose intolerance
and insulin resistance at a young age, prior to the onset of obesity.
This suggests that the primary effects of central melanocortins on
glucose metabolism are mediated by G,a rather than G, 0.

Impaired melanocortin signaling has been shown to raise
serum cholesterol levels (25). Serum cholesterol levels were sig-
nificantly elevated in both young and old PVNGq/11KO mice
(Table 1), while cholesterol levels were unaffected in 6- to 8-week-
old mBrGsKO mice (mBrGsKO, 99 + 10 mg/dl, vs. control, 91 *
11 mg/dl, n =5 per group). Serum-free fatty acid, triglyceride, and
adiponectinlevelswere unaffected in PVNGq/11KO mice (Table1).
These results suggest that central melanocortin effects on choles-

terol are mediated primarily by G, o rather than G o.
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Figure 4. Glucose metabolism and cardiovascular function in
PVNGq/11KO mice. (A and C) Glucose tolerance tests performed
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in (A) 6- to 8-week-old (n = 11-12 per group) and (C) 24- to
28-week-old female PVNGqg/11KO and control mice (n = 9-10
per group). (B and D) Insulin tolerance tests performed in (B)
6- to 8-week-old (n = 7-10 per group) and (D) 24- to 28-week-
old female PVNGq/11KO and control mice (n = 8-15 per group).
AUCs for glucose and insulin tolerance tests were significantly
different at 24 to 28 weeks (P < 0.05 by Student’s t test) but
not at 6 to 8 weeks. Data are expressed as mean + SEM.
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Altered gene expression in the PVNs of PVNGq/11KO mice. We
next examined the expression of various genes in the PVN by qRT-
PCR. In PVNGq/11KO mice, Mc4r gene expression was unaffected,
while Sim1 expression was significantly (26%) reduced (Figure 5A).
Reduced SimlI expression may be a direct effect of loss of MC4R/
G, ;0 signaling and may contribute to hyperphagic obesity and
increased linear growth, as Siml expression in the PVN has been
shown to be induced by melanocortin signaling (5) and Sim1 haploin-
sufficiency is sufficient to lead to hyperphagic obesity and increased
linear growth (5, 7). In contrast, mPVNGsKO mice showed no loss
of Sim1 expression (Figure 5B), providing further evidence that reg-
ulation of Siml by MC4R in the PVN is mediated by G_, o rather
than G a. Although it has been reported that SIM1 deficiency leads
to hyperphagic obesity via reduction of oxytocin (Oxt) expression
(26), Oxt expression in the PVNs of PVNGq/11KO mice was unaf-
fected (Figure 5A), suggesting that other mechanisms downstream
or independent of SIM1 may also be important in regulating food
intake. Except for the gene encoding corticotropin-releasing hor-
mone (Crh), whichis discussed below, we observed no other changes
in gene expression in the PVNs of PVNGq/11KO mice.

To directly answer whether MTII can stimulate Siml and Crh
gene expression and whether this action is mediated by G_, 0,
expression of these genes in the PVN were examined 2 hours after
i.p. administration of PBS or MTII (5 mg/kg). In this experiment,
baseline (after PBS administration) SimI and Crh mRNA levels were
reduced by 40% and 48%, respectively, in PVNGq/11KO mice (Fig-
ure 5, C and D), confirming our original findings. MTII administra-
tion increased Siml and Crh mRNA levels by 38% and 75%, respec-
tively, in controls, while MTII had no effect in PVNGq/11KO mice
(Figure 5, C and D). These results show that MC4R activation leads
to induction of SimI and Crh expression ina G_,,,a-dependent man-
ner. In contrast, Oxt gene expression was unaffected by MTII and
was similar in control and PVYNGq/11KO mice (Figure 5E).

Impaired hypothalamic-pituitary-adrenal axis in PVNGq/11KO
mice. Expression of the Crh gene, another gene that is upregu-
lated by MC4R activation (27), was significantly (30%) reduced in

jci.org  Volume126  Number1 January 2016

and corticosterone release at 1 hour after injection of
insulin observed in control mice was significantly blunted
in PVNGq/11KO mice (Figure 6), consistent with dysregulation of
the hypothalamo-pituitary-adrenal axis at the level of the CNS.
AAV-Cre-mediated G, o signaling deficiency in the PVN leads to
hyperphagic obesity. As Siml expression, which was used to drive
Cre expression in PVNGq/11KO mice, is not limited to the PVN,
we generated mice with G | a deficiency specifically in the PVN by
bilateral stereotaxic injection of adeno-associated virus-express-
ing Cre (AAV-Cre-GFP) into the PVNs of Gnag"? Gnall”- mice to
generate AAV-PVNGq/11KO mice. The same mice injected with
AAV-GFP were used as controls. The injection sites were verified
by fluorescence imaging (Figure 7A), and AAV-Cre-GFP injection
led to an approximately 84% reduction in the PVN Grnag mRNA
(Figure 7B). By 10 weeks after injection, AAV-PVNGq/11KO mice
developed severe obesity with a 2-fold increase in body weight
relative to that of controls (Figure 7C), associated with significant
hyperphagia (Figure 7D, 33% increase in food intake), which was
measured at 4 weeks after injection (22% increase in body weight,
data not shown). Similar to that in PVNGq/11KO mice, AAV-
PVNGq/11KO mice also showed marked reductions in the PVN
Siml and Crh mRNA levels, with no change in Mc4r mRNA levels
(Figure 7B). As a control, we also knocked out Gnaq and Gnall in
the basomedial amygdala (BMA), another region in which Sim1 is
expressed, by bilateral stereotaxic injection of AAV-Cre-GFP into
this region in Gnagq! Gnall”~ mice, which led to an 80% reduction
in G o expression (Supplemental Figure 3, A and B). This manip-
ulation produced no effect on either body weight or food intake
(Supplemental Figure 3, C and D).

Discussion

While it has been recently established that MC4R-expressing neu-
rons in the PVN (PVNMC4) primarily mediate their anorectic effect
via excitatory (glutaminergic) inputs to the lateral parabrachial
nucleus (28, 29), the signaling mechanisms by which MC4R acti-
vation leads to neuronal activation in these PVN neurons has not
been established. MC4R is well known to couple to G o. However,
we have shown that G a deficiency in either the whole brain (9) or
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Figure 5. Reduced Sim1 and Crh expression in PVNGq/11KO mice. (A and B) PVN mRNA levels of various genes in (A) 8- to 10-week-old female
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in the PVN (10) has no significant effect on food intake. Moreover,
many MC4R mutations associated with human obesity do not alter
MC4R signaling through G a (11), implicating an alternate signal-
ing pathway. Although it has been recently shown that MC4Rs in
PVN neurons can activate a inwardly rectifying potassium channel
(Kir7.1) via a G protein-independent mechanism (30), the role of
this pathway in regulation of food intake and the identification of
the specific PVNM®® neuron population in which this pathway is
operant has not been established. Studies have also established
that MC4Rs are capable of activating Ca* signaling, presumably
via G aand G0, in cultured cell systems, including hypothalamic
cells (15-17). We now show using an assay measuring IP, accu-
mulation that a melanocortin MC3/4R agonist can induce PLC
activity in the PVNs of control mice and that this effect requires
G, as IP, induction by MTII is absent in PVNGq/11KO mice.
Our results, however, do not fully rule out the possibility that PLC
activation by MC4R occurs via an indirect mechanism rather than
through direct activation of G_,,,c.

In addition, we showed that loss of Go and G a in SIM1
neurons leads to hyperphagic obesity in PVNGq/11KO mice
and confirmed that these effects on food intake and body
weight result specifically from loss of G_,a in PVN neurons
by direct injection of AAV-Cre-GFP into the PVNs of Grag'"
Gnall”~ mice. In contrast, similar injection of AAV-Cre-GFP
into the BMA, another region containing SIM1 neurons, had
no effect on energy balance. This coincides with recent studies
confirming that MC4R actions on feeding in the CNS are pri-
marily restricted to the PVN (28). We further established that
G, ;o mediates the regulation of food intake by MC4R in the
PVN by showing that direct injection of MTII into the PVNs of
PVNGq/11KO mice failed to elicit an anorectic effect, while
the anorectic effect of MTII injection into the PVNs was main-
tained in mPVNGsKO mice. As a control, MTII injection into the

PVNs of PVNGq/11KO mice was still able to elicit a rise in BP, an
action that was shown previously to be mediated via G a (10, 21),
while the ability of MTII injection into the PVN to raise BP was
lost in mPVNGsKO mice.

Evidence for an important role for MC4R-dependent PLC/
Ca? signaling in PVN neurons in feeding regulation has also been
reported in mice with knockout of the K*-dependent Na*/Ca*
exchanger NCKX4, which develop a hypophagic phenotype that
is dependent upon MC4R/PLC/Ca? signaling in PVN neurons
(17). The reduced expression of Sim1 in the PVNs of PVNGq/11KO
mice and the inability of SimI to be stimulated by MTII, an effect
that was observed by us and by others (5), provide evidence that
SIM1, a a transcription factor in the PVN known to be involved in
feeding behavior (6, 7), is a downstream target of melanocortin
signaling that is mediated by G_ .

While we have not established whether the distinct actions
of PVN MC4R/G_,a signaling on feeding behavior and PVN
MC4R/G_a actions on cardiovascular function are occurring
within the same cell or in different cell populations, it is more
likely the latter, as it has been shown that PVNMC*® neurons
involved in feeding regulation project directly to the lateral para-
brachial nucleus, with no other collateralization (29). Likewise,
itis also unknown whether the effects resulting from loss of PVN
G, ;0 that we observed on food intake versus linear growth or
cholesterol metabolism are occurring in the same cell or in dis-
tinct neuron populations. PVNM®R neurons that regulate feeding
are within a subset of NOS1-expressing neurons (31) that are dis-
tinct from Oxt-expressing neurons (28, 29, 31). These findings,
as well as other evidence (32), suggest that Oxt-expressing neu-
rons in the PVN do not play a significant role in the regulation
of food intake, while other studies implicate these neurons in
regulation of food intake (33). Our observations that Oxt expres-
sion in the PVN was unaffected in PVNGq/11KO mice, despite
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Figure 6. Impaired hypothalamic-pituitary-adrenal axis in PVNGq/11KO
mice. (A) Serum ACTH and (B) corticosterone levels in female 16- to 20-week-
old PVNGqg/11KO mice at baseline (0900, fed) and 1 hour after insulin admin-
istration (0.75 mlU/g, i.p.). Data are expressed as mean + SEM (n = 5-8 per
group). *P < 0.05 vs. controls, #P < 0.05 vs. basal by Student’s t test.

a clear hyperphagic phenotype, and that MTII administration
did not affect Oxt expression in control mice are more consis-
tent with Oxt probably not playing a major role in regulation of
food intake by melanocortins. Further studies will be required
to delineate the specific neuronal populations within the PVN in
which MC4R/G_, a plays an important role.

We have also observed that loss of G a in the PVN leads to
significantly reduced PVN Crh mRNA expression, impaired acti-
vation of the hypothalamic-pituitary-adrenal axis, and adrenal
insufficiency. We directly confirmed in control mice that MTII
administration leads to induction of Crh expression and that
this induction is absent in PVNGq/11KO mice. It is unlikely that
CRH deficiency contributes to obesity in PVNGq/11KO mice, as
CRHKO mice have normal food intake and body size (34, 35),
and recent studies suggest that CRH-expressing neurons in the
PVN are not involved in feeding behavior (28, 29). Other GPCRs
in addition to MC4R may also couple to G, @ and be important
in regulating Crh expression in the PVN, as corticosterone levels
have been reported to be unaffected in Mc4r”/" mice (3).

In summary, MC4R activation mediates its diverse physio-
logical effects via different pathways either within the same or in
different CNS regions. The results of our prior and present studies
indicate that, within the PVN, MC4R effects on food intake, linear
growth, cholesterol metabolism, and SimI and Crh gene expression
are mediatedby G_, o, while MC4R effects on HR and BP are medi-
ated via G a (Supplemental Figure 4) (9, 10). Outside of the PVN,
MC4R mediates its effects on energy expenditure and glucose
metabolism via G_a. Although we focused on MC4R, disruption
of other GPCR/G,_,,,a pathways in the PVN (and other SimlI-Cre-
expressing sites) is also likely to contribute to the effects observed
in PVNGq/11KO mice. For example, bombesin receptor subtype 3

is expressed in the PVN, couples to G_,,,a, suppresses food intake,
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and may control Crh expression (36, 37). The PVNGq/11KO model
will be very useful to explore the role of other G_,,0-mediated path-
ways in metabolic regulation and neuroendocrine function. We
believe that our findings identify a new potential therapeutic target
for obesity, as a biased MC4R agonist that activates G_,,,o but not
G.o has the potential to suppress appetite, without the untoward

cardiovascular effects observed with nonselective agonists (38).

Methods

Mice. Gnagq floxed mice (39) were crossed to the Gnall”- (14) and
SimI-Cre mice (4) to generate PVNGq/11KO mice (SimI-Cre Gnag™'
Gnall”/~ mice). Gnaq™" Gnall”~ littermates were used as controls, as
we showed that these mice had no metabolic phenotype (Supplemen-
tal Figure 2). mPVNGsKO mice were generated by mating SimI-Cre
and maternal Gnas”~ mice as previously described (10). All mice were
backcrossed onto a C57BL/6] background for 6 generations. Animals
were maintained on a 12-hour-light/12-hour-dark cycle (with light
from 0600 hours to 1800 hours) and standard pellet diet (NIHO7,
5% fat by weight).

In situ hybridization. In situ hybridization of coronal brain slices
was performed as previously described (9) using sense and antisense
mRNA probes for Gnas, Gnaq, and Gnall (probe sequences for Gnas,
Gnag, and Gnall are shown in Supplemental Table 2). After hybridiza-
tion, slices were exposed to NTB2 emulsion for 3 to 10 days and then
counterstained with hematoxylin and eosin. Signals were quantified in
dark-field images with Image-Pro Plus software (Media Cybernetics).

IP, determination. Mice were sacrificed, and PVNs were quickly col-
lected and incubated in DMEM containing 4.5 g/1 D-glucose (Gibco),
1% BSA (fatty acid-free, Sigma-Aldrich), and 50 mM LiCl for 2 hours
at 37°C. PBS or MTII (50 nM final concentration) was then added and
incubated for another 1 hour before the tissues were homogenized for
the IP, assay (Cisbio Bioassays). Data were normalized to protein con-
tent (BCA Protein Assay, Thermo Scientific).

Food intake, body composition, and metabolic studies. Body compo-
sition was measured with the Echo3-in1 NMR analyzer (Echo Medical
Systems). To measure food intake, mice were pair caged and allowed
to acclimate for 1 week prior to measurement of food intake during
the subsequent 2 weeks. O, consumption was measured at 24°C and
30°C, each over a 24-hour period in a CLAMS system (Columbus
Instruments, 2.5-1 chambers with plastic floors, using 0.6 1/min flow
rate, 1 mouse per chamber). Motor activity (total and ambulatory) was
simultaneously measured by infrared beam interruption. Resting O,
consumption was calculated as the mean of the points with less than 6
ambulating beam breaks per minute. Prior to these studies, mice were
acclimated for 1 day in the metabolic chamber at room temperature.

MTII injections. Mice were caged singly and acclimated with 3
daily i.p. injections of PBS. To study the effects on food intake, mice
received MTII (5 mg/kg, i.p.) or PBS (200 pl) on separate days 30 min-
utes before lights out, and food intake was measured for 3.5 hours in
the dark. For energy expenditure, mice were placed in indirect calo-
rimetry chambers for 24 hours at 30°C. On the following day, while
still maintained at 30°C, mice received either MTII (10 mg/kg, i.p.)
or PBS at 1200 hours (12 PM). Total O, consumption was measured at
between 1300 and 1500 hours (1 to 3 PM).

Glucose and insulin tolerance tests. For glucose tolerance tests,
overnight-fasted mice received glucose (2 g/kg i.p.), and glucose
was measured in blood drawn from tail veins at indicated time points
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with a glucometer (Contour, Bayer). For insulin tolerance tests, mice
were fasted for 5 hours prior to administration of insulin (Humulin,
0.75 mIU/g, i.p.; Eli Lilly).

Serum chemistries. Glucose was measured with a glucometer (Con-
tour, Bayer). Triglycerides were measured with Triglyceride (GPO)
Liquid Reagent (Pointe Scientific). Free fatty acids were measured
with the Half Micro Test (Roche). Total cholesterol was measured with
Infinity Cholesterol Reagent (Thermo Scientific). Insulin, leptin, and
adiponectin were measured using radioimmunoassay kits (Sensitive
Rat Insulin RIA Kit, Mouse Leptin RIA Kit, and Mouse Adiponectin
RIA Kit, respectively; Millipore). ACTH and corticosterone were mea-
sured by ELISA with kits obtained from MD Bioproducts and Enzo
Life Science, respectively.

Microdissection and real-time quantitative RT-PCR. Mice were anes-
thetized and sacrificed by decapitation, and brains were immediately
flash frozen on dry ice. PVN and MBA were collected by micropunching
of brain slices (100 um) from bregma -0.56 mm to -0.96 mm for PVN
and bregma -0.94 to -1.34 for MBA (35). Total RNA was extracted using
NucleoSpin RNA XS (Clontech) and treated with DNAse I (Invitrogen) at
room temperature for 15 minutes. Reverse transcription was performed
using MultiScribe RT (Applied Biosystems). Gene expression levels
were measured by real-time quantitative RT-PCR (MxP3000; Strata-
gene). PCR reactions included cDNA (20-40 ng of initial RNA sample),
50-100 nM primers, and 10 pl of 2x SYBR Green Master Mix (Roche)
and were performed in a total volume of 20 pl. Standard curves were
simultaneously generated with serial dilutions of cDNA, ranging from 1
to 100 ng, and results were normalized to B-actin mRNA levels in each
sample, which were determined simultaneously by the same method.
Specificity of each RT-PCR product was checked by its dissociation curve
and the presence of a single band of the expected size on acrylamide gel
electrophoresis. Primer sequences are provided in Supplemental Table 1.

BP and HR measurements. Systolic BP and HR were measured with
a BP-2000 Specimen platform (Visitech). Prior to measurement, mice
were acclimated by being placed in the apparatus daily for 7 days.

Stereotaxic microinjection of AAV. 6- to 8-week-old female Gnag""
Gnall”~ mice were bilaterally injected with 50 nl of either AAV2-
CMV-PI-eGFP-WPRE-bGH (AAV-GFP; 6.92 x 10" genomic copies/ml)

or AAV2-CMV-HI-GFP-CRE-WPRE-SV40 (AAV-Cre-GFP; 5.5 x 10%
genomic copies/ml) (catalog AV-2-PV0101 and catalog AV-2-PV-2004,
respectively, Penn Vector Core) into the PVN (bregma: anterioposte-
rior, -0.82 mm; mediolateral, +0.2 mm; dorsoventral, -4.8 mm), using
a stereotaxic apparatus. Similarly, 100 nl of either AAV was bilaterally
injected into the BMA (bregma: anterioposterior, -0.9 mm; medi-
olateral, +2.3 mm; dorsoventral, -5.37 mm) in separate sets of Gnag™"
Gnall”- mice. Surgery was performed under isoflurane anesthesia (5%
induction, 1.5%-2.5% maintenance via inhalation), and body tem-
perature was maintained at 37°C throughout the procedure. Topical
lidocaine (0.1 ml of 2% solution) was injected along the midline of the
scalp before an incision was made to access the skull. Two burr holes
were drilled at the bilateral coordinates, as mentioned above, using a
drill (model 1474, David Kopf Instruments). Infusions were made via
pulled borosilicate glass micropipette with a tip outer diameter of 30 to
50 um. The micropipette was connected to a pneumatic pump (Picos-
pritzer III, Parker Hannifin Precision Fluidics Division), and the AAVs
were infused with short air puffs (each puff, 5 ms) at 10 to 20 psi until
the 50-nl volume was infused. Infusions were made over a period of 10
minutes, and the micropipette was left in place for 5 minutes to prevent
backflow. After withdrawing the pipette slowly out of the injection site,
skull holes were sealed with bone wax and incisions were closed with
7-mm wound clips (Roboz Surgical Instruments Co. Inc). Mice were
injected with Banamine (2.2 mg/kg s.c.) to reduce inflammation.

PVN injections of MTII. 6- to 8-week-old female PVNGq/11KO
and mPVNGsKO mice and their respective littermate controls were
implanted with sterile unilateral 26-gauge stainless steel guide can-
nulas on their right sides (coordinates 0.2 mm lateral, 0.82 mm pos-
terior to the bregma, and 4.13 mm below the skull) and anchored
with the help of jeweler’s screws, cyanoacrylate, and dental cement
(Plastics One). Incisions were closed, and a dummy cap was screwed
onto the cannula to prevent from contamination or blockage. One
week after surgery, mice were acclimated to handling and injections
with PBS for 3 consecutive days before testing the effect of MTII
on either food intake or BP. To study effects on food intake, 200 nl
MTII (33 pmol) or PBS was injected into the PVN via an internal can-
nula connected to a 10-pl syringe with PE tubing that extended 0.5
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mm below the tip of the guide cannula 1 hour before lights out, and
food intake was measured for 3.5 hours in the dark. The same set of
mice was tested for MTII’s effect on BP after 1 week of acclimation
to the procedure; the same volume and dosage of MTII or PBS used
in food intake study was injected into the PVN 2 hours before sys-
tolic BP was measured.

Statistics. All data are expressed as mean * SEM and were analyzed
by 2-tailed Student’s ¢ test or 1-way ANOVA using Prism 4 (GraphPad),
with differences considered significant at P < 0.05.

Study approval. All animal studies were approved by the Animal
Care and Use Committee of the NIDDK.
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