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Hypothalamic regulation of feeding and energy expenditure is a
fundamental and evolutionarily conserved neurophysiological pro-
cess critical for survival. Dysregulation of these processes, due to
environmental or genetic causes, can lead to a variety of patholog-
ical conditions ranging from obesity to anorexia. Melanocortins
and endogenous cannabinoids (eCBs) have been implicated in the
regulation of feeding and energy homeostasis; however, the inter-
action between these signaling systems is poorly understood.
Here, we show that the eCB 2-arachidonoylglycerol (2-AG) regu-
lates the activity of melanocortin 4 receptor (MC4R) cells in the
paraventricular nucleus of the hypothalamus (PVNMF) via inhibi-
tion of afferent GABAergic drive. Furthermore, the tonicity of eCBs
signaling is inversely proportional to energy state, and mice with
impaired 2-AG synthesis within MC4R neurons weigh less, are
hypophagic, exhibit increased energy expenditure, and are resis-
tant to diet-induced obesity. These mice also exhibit MC4R agonist
insensitivity, suggesting that the energy state-dependent, 2-AG-
mediated suppression of GABA input modulates PVNV*® neuron
activity to effectively respond to the MC4R natural ligands to regu-
late energy homeostasis. Furthermore, post-developmental disrup-
tion of PVN 2-AG synthesis results in hypophagia and death. These
findings illustrate a functional interaction at the cellular level
between two fundamental regulators of energy homeostasis, the
melanocortin and eCB signaling pathways in the hypothalamic
feeding circuitry.
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n recent decades, the prevalence of disorders of energy

homeostasis such as obesity has substantially increased (1-4).
These disorders are commonly associated with increased rates
of morbidity and mortality resulting in increased health care
costs and decreased quality of life (5-7). A major underlying
cause of obesity is overeating or eating in the absence of a neg-
ative energy balance due, in many instances, to a dysregulation
of energy homeostasis. Despite recent advances, our knowledge
of the physiology of feeding behavior has yielded few therapeu-
tic tools to control disorders of energy homeostasis. Only
recently, the Food and Drug Administration has approved the
use of setmelanotide, a melanocortin 4 receptor (MC4R) ago-
nist, for the treatment of severe childhood obesity caused by
POMC mutations. Cannabinoid and endogenous cannabinoid
(eCB) signaling have been heavily implicated in the regulation
of food intake and energy expenditure (8, 9). However, how
eCBs regulate hypothalamic feeding circuits in an energy state-
dependent manner is not well understood.

Numerous studies support a crucial role for MC4R signaling
in the regulation of energy balance (10-12). In particular,
work by investigators during the past two decades under-
scores a unique role of the MC4R-expressing paraventricular
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hypothalamic (PVN) neurons and downstream neuronal path-
ways in regulating energy homeostasis (13-16). Pharmacologi-
cal activation of MC4R, a Gsa-coupled receptor, results in
suppression of food intake and insulin secretion and promotion
of energy expenditure, cardiovascular activity, and lipid metab-
olism through the brainstem sympathomimetic pathways (17,
18). Mutations in the MC4R gene result in early onset severe
hyperphagic obesity, decreased energy expenditure, hyperlipid-
emia, and a profile of metabolic syndrome in rodents and
humans (10, 19). Due to its potent and unparalleled effect on
energy homeostasis, MC4R has been a major target for devel-
opment of therapeutic tools to treat obesity or cachexia
(20-22). However, many attempts to activate MC4R signaling
using orthosteric agonists have failed, mainly due to unwanted
effects (23).

An alternate approach to directly targeting MC4R signaling,
or core neurotransmitters and neuropeptides regulating these
circuits, is targeting neuromodulatory systems that “fine-tune”
activity within these circuits. Elucidating neuromodulatory
mechanisms capable of altering the MC4R-expressing PVN
(PVNMER)  neuron activity could reveal mechanisms to
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regulate food intake, energy expenditure, and opportunities for
therapeutic intervention for disorders of food intake such as
obesity. One such neuromodulatory system is the eCB system
(8, 9). eCBs are arachidonate-based neurotransmitters pro-
duced and released by the postsynaptic cell. Subsequently,
eCBs diffuse and bind to presynaptic Gia-coupled cannabinoid
receptors, mainly the CB1 receptor (CBIR), to inhibit pre-
synaptic neurotransmitter release (24). The two main eCBs
are anandamide (N-arachidonoylethanolamide, AEA) and
2-arachidonoylglycerol (2-AG), which are produced throughout
the mammalian central and peripheral nervous system. 2-AG is
synthesized by diacylglycerol lipase alpha (DAGLa«) in postsyn-
aptic neurons and is degraded by monoacylglycerol lipase
(MAGL) localized to presynaptic axon terminals (25). The
capacity of cannabinoids to regulate feeding behavior has long
been known (26, 27). However, the cellular, synaptic, and
circuit-level mechanisms by which eCBs regulate food intake
and energy homeostasis are incompletely understood.

Here, we use a variety of in vivo and ex vivo approaches com-
bining genetic and pharmacological tools to elucidate the mecha-
nism by which 2-AG signaling regulates food intake and energy
expenditure. We demonstrate that 2-AG regulates the activity of
lateral parabrachial nucleus (LPBN)-projecting PVNM“® neu-
rons via inhibition of presynaptic GABA release onto this subset
of PVNMR neurons. We further show that mice with impaired
2-AG synthesis in PVNM“R neurons are hypophagic, weigh less,
and are resistant to obesogenic and diabeteogenic challenges.
These data provide insights into the mechanisms regulating
PVNMR neuron activity and the mechanisms by which 2-AG
signaling affects feeding and energy homeostasis.

Results

Food Deprivation Increases the Activity of PVNV®R Neurons via
Suppression of GABA Release. Given the central role of
PVNMER peurons in controlling energy balance, we first inves-
tigated how their activity is regulated by energy state. Utilizing
cell-attached recordings in acute brain slices from MC4R-GFP
mice we found that 16 h of fasting significantly increased action
potential (AP) firing frequency of PVNMR neurons relative
to ad libitum controls (Fig. 14). The c-fos expression also
significantly increased in the ventral subregions of PVNMCR
where most recordings were obtained (SI Appendix, Fig. S1).
GABAergic inputs from the arcuate nucleus of the hypothala-
mus are a strong regulator of PVN neuron activity (28). We
thus hypothesized that this fasting-induced increase in AP
frequency could be due to reduced GABAergic tone onto
PVNMR peurons. Using whole-cell patch clamp, we found
that fasting significantly reduced miniature Inhibitory Postsyn-
aptic Current (mIPSC) frequency recorded from PVNM©R
neurons (Fig. 1B). Numerous studies have suggested that a sub-
set of PVN neurons that project to the LPBN play a role in reg-
ulating feeding, thermogenesis, and body weight (29, 30). Thus,
we next specifically examined the effect of fasting on the
PVNMER_TPBN neurons. We performed bilateral LPBN
injections of an RFP-retrograde viral vector in MC4R-GFP
mice and recorded from double-labeled PVN neurons. The
mean AP firing frequency of PVNMCR_LPBN neurons
increased more than twofold after 16 h of fasting compared to
ad libitum-fed mice (Fig. 1C). Moreover, 2-h refeeding after an
overnight fast significantly suppressed AP firing compared to
fasted mice, although not completely to the levels observed in
ad libitum—fed mice (Fig. 1C). These results suggest that the
activity of the PVNM“R_] PBN neurons inversely correlates
with energy state.
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Endocannabinoids Mediate Food Deprivation-Induced Suppression
of GABA Input to PVNV'*® Neurons. Cannabinoid and eCB signal-
ing have been heavily implicated in the regulation of food
intake, energy homeostasis, and obesity (8, 9). Furthermore,
recent studies support the model that hypothalamic eCB signal-
ing fluctuates as a function of energy stores in mice (31). Using
mass spectrometry to quantify 2-AG in tissue samples, we
found that overnight fasting increased 2-AG levels compared to
the ad libitum-fed condition in the PVN but not amygdala
(Fig. 1D) (32). Additionally, N-oleoyl ethanolamine (OEA)
and N-palmitoyl ethanolamine (PEA) but not AEA were signif-
icantly increased by fasting in PVN but not in amygdala (S
Appendix, Fig. S2). Given that 2-AG is a prominent regulator of
GABAergic transmission in the PVN (33), we hypothesized
that the tonicity of 2-AG—CBIR signaling is enhanced after
fasting to suppress GABAergic afferent input converging onto
these neurons. We tested this hypothesis by analyzing the
effects of SR141716, a potent CB1R blocker, on the frequency
of mIPSCs in PVNM“*R Brain slices from mice that were 16
h fasted or ad libitum fed were preincubated for 1 h with
SR141716 or vehicle before performing recordings. SR141716
significantly increased the frequency of mIPSCs in PVNM©R
neurons from fasted but not ad libitum—fed mice (Fig. 1E). Fur-
thermore, the mean frequency of mIPSCs from SR141716-
treated, fasted mice was not different from that of the vehicle
or of the SR141716-treated fed mice (Fig. 1E). Given that
2-AG levels were increased in the PVN after fasting, we
hypothesized that 2-AG was responsible for this CBIR-
mediated suppression of GABA release onto PVNM™R neu-
rons after fasting. To test this, we first compared the frequency
of mIPSCs in slices from fed mice that were pretreated with
vehicle or an inhibitor of 2-AG degradation (JZL184). As
expected, enhancing 2-AG signaling by preventing its degrada-
tion resulted in suppression of PVNM“R neuron mIPSCs in sli-
ces from fed mice. We then hypothesized that the blockade of
2-AG synthesis would increase mIPSC frequency in slices from
fasted mice, similar to the effects of SR141716. Indeed, pre-
treatment with DO34, an inhibitor of the 2-AG synthesizing
enzyme DAGL, increased the mIPSC frequency in PVNM©R
neurons in overnight-fasted mice. There was no difference
between mIPSC frequency from JZL184-treated, fed mice and
DO34-treated, fasted mice (Fig. 1F). We further examined
whether 2-AG-mediated suppression of mIPSCs during fasting
would also affect the frequency of somatic APs. Similar to
Fig. 1F, we measured the effect of JZL.184 pretreatment on AP
firing frequency in slices from fed mice. JZL184 pretreatment
significantly increased AP firing frequency, compared to vehicle
pretreatment, in slices from fed mice. Furthermore, DO34 pre-
treatment of slices from fasted mice significantly suppressed
the AP frequency of PVNM®*R neurons (Fig. 1G). These find-
ings suggest that 2-AG tonically suppresses presynaptic GABA
release leading to increases in activity of PVN™“*R neurons in
the fasted state. Consistent with these findings, results from
fluorescence in situ hybridization (FISH, SI Appendix, Fig. S3)
and immunohistochemistry (IHC, SI Appendix, Fig. S4) assays
indicate that the levels of DAGLa transcripts and protein,
respectively, increase in PVNMR neurons after 24 h fasting.

Suppression of Endocannabinoid Synthesis Decreases Food Intake
after Fasting. Our data indicate that the activity of PVNM®R
neurons is highest during fasting, suggesting that their activity
could facilitate feeding and/or signal energy deficiency. Thus,
decreasing the AP firing of the PVNM“R neurons by suppress-
ing 2-AG synthesis with DO34 (i.e., maintaining high GABA
transmission) should reduce food intake in the fasted state.
Indeed, in 24 h-fasted mice, DO34 (injected intraperitoneally;
ip) significantly suppressed cumulative food intake from 12 to
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Fig. 1. Fasting increases the tonicity
of 2-AG signaling in LPBN-projecting
PVNME4R neurons to promote feeding. (A)
Scatter plots of the AP firing frequency of
PVNMR cells recorded from acute hypo-
thalamic slices from MC4R-GFP mice in ad
libitum feeding (n = 35) and after an
overnight fast (n = 43, unpaired t test).
Four to eight mice were used to record
AP activity for each experimental sub-
group presented. (B) Scatter plots of the
mIPSC frequency of PVNVR cells in ad
libitum feeding (n = 42) and after an
overnight fast (n = 47, unpaired t test).
(C) Scatter plots of the AP firing fre-
quency of PVNM®R_|PBN neurons
recorded from mice that were ad libitum
fed (n = 55, six mice), overnight fasted (n
= 55, eight mice), and overnight fasted
with 2-h refeeding (n = 62, four mice,
one-way ANOVA). (D) Fasted over fed
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antagonist (n = 30) or with vehicle. Five to 10 mice were used to record mIPSC frequency for each experimental subgroup presented (n = 47, one-way
ANOVA, Tukey's multiple comparisons test). (F) Scatter plots of the mIPSC frequency recorded from PVNMR cells from ad libitum-fed mice pretreated
with MAGL inhibitor (JZL184, n = 27) or with vehicle (n = 42) and overnight-fasted mice pretreated with DAGL inhibitor (DO34, n = 41) or with vehicle
(n = 47, one-way ANOVA, Tukey's multiple comparisons test). (G) Scatter plots of the AP firing frequency recorded from PVNM<*R cells from ad
libitum-fed mice pretreated with MAGL inhibitor (JZL184, n = 34) or with vehicle (n = 35, unpaired t test) and overnight-fasted mice pretreated with
DAGL inhibitor (DO34, n = 35) or with vehicle (n = 43, unpaired t test). (H) Cumulative food intake of 24-h—fasted wild-type mice injected ip with D034
(50 mg/kg, n = 4 cages, 19 mice), an inhibitor of DAGLq, or vehicle (n = 4 cages, 20 mice) just before the dark onset (Sidak's multiple comparisons test,
two-way ANOVA). (/) Body weight change of 24 h-fasted wild-type mice treated with icv vehicle (n = 8) or DO34 (10ug/mouse, n = 8). lcv injection of
DO34 (10 pg) also led to suppression weight gain in fasted mice. (J) Body weight change of 24 h—fasted wild-type mice treated with icv vehicle (n = 8) or
D034 (1 pg/mouse, n = 8). lcv injection of DO34 (1 pg) failed to alter weight gain in fasted mice. (K, L) Food intake (K) and weight change (L) of 24
h-fasted wild-type mice treated with icv vehicle or DO34 (1pg/mouse) and cotreated with ip vehicle or leptin (Sidak's multiple comparisons test, two-way
ANOVA for I through L). Data are presented as mean = SEM. ns indicates P > 0.05, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and

**** jndicates P < 0.0001.

72 h of refeeding (Fig. 1H). Analysis of hourly food intake indi-
cated that DO34 significantly suppressed refeeding up to 28
h compared to vehicle (SI Appendix, Fig. S5A4). Furthermore,
84 h after refeeding, DO34-treated mice significantly increased
food intake, presumably to compensate for their energy deficit
(SI Appendix, Fig. S54). Because DAGL expression is not
restricted to the CNS, we next infused DO34 centrally. Intra-
cerebroventricular (icv) injection of DO34 (10 pg) also led to
the suppression of food intake (SI Appendix, Fig. S5B) and
weight gain in fasted mice (Fig. 17). The suppressive effect of
DO34 on weight gain lasted longer than its effect on food
intake, suggesting that DO34 also promoted energy expendi-
ture. Peripheral CBIR antagonism reverses leptin resistance
and induces weight loss (34). Because leptin acts upstream of
the PVNMSR peurons, we tested whether the anorectic action
of leptin would be augmented when 2-AG signaling was cen-
trally blocked. To this end, we first identified a lower icv dose of
DO34 (1 pg) that did not alter food intake or body weight (Fig.
1J and SI Appendix, Fig. S5C). However, when we coadminis-
tered leptin with this dose of DO34, the anorectic effect of lep-
tin was potentiated (Fig. 1 K and L), suggesting a synergistic
effect between the central action of 2-AG and leptin.

Genetic Deletion of 2-AG Synthesis from MC4R Neurons Reduces
Food Intake and Body Weight. Since both systemic and central
suppression of 2-AG signaling reduce food intake, we
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hypothesized that mice with an MC4R neuron-specific deficit
in 2-AG synthesis would also have lower food intake and body
weight. To test this hypothesis, we generated mice with DAGL«
deleted specifically from the MC4R neurons (MC4RAPACL)
by crossing floxed-DAGLa mice with the MC4R-Cre mice
(16). The body weight of MC4R*PAS mice was significantly
lower than MC4R-Cre controls starting at 17 wk of age.
MC4RAPAGLY mice weighed ~10% less at 20 wk and 14% less
at 30 wk of age than the Cre control mice (Fig. 24).
MC4RAPACL pjce also consumed less chow per day compared
to MC4R-Cre control mice (Fig. 2B).

MCARAPAGL® pice Resist Diet-Induced Obesity. Since MC4RAPACLe
mice eat less than their control counterparts, we hypothesized that
they would be resistant to weight gain under a calorie enriched
diet. We thus placed adult male mice on highfat diet (HFD) (60%
calories from fat) for 8 wk and monitored their body weight and
food intake. With normal chow, the MC4RAPASL mice weighed
about 5 gm less than their Cre controls. After just 1 wk of ad libi-
tum HFD access, MC4R*PAS™ mice weighed about 6 grams less
than MC4R-Cre mice, and after 8 wk, the MC4R*PAS mjce
weighed about 14 gm (26%) less than their MC4R-Cre counter-
parts (Fig. 2C).

Male MC4RAPASL® mjce consumed less regular chow and
HFD (Fig. 2D). When food intake was converted to calorie
intake, MC4R*PASL mice consumed less on both regular
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Fig. 2. 2-AG signaling in hypothalamic MC4R neurons is required for regulation of body weight and homeostatic feeding. (A) Graphs indicate the body

weight of male MC4R*PACL* mice (DAGLA'™P'**:MC4R-Cre, n = 24) compared with their control (DAGLa**:MC4R-Cre, n = 23, two-way ANOVA, Sidak's
multiple-comparisons test). (B) Graphs indicate the cumulative normal chow food intake consumed in 2 wk by 24-wk-old male MC4RAPASL mice (n = 12)
and MC4R-Cre control mice (n = 12). This difference reached significant after 2 d of measurement of food intake (n = 12 each group, two-way ANOVA,
Sidak's multiple-comparisons test). (C) Graphs indicate body weight of male 24-wk-old MC4R*PAS* mice (n = 16) and MC4R-Cre (n = 19) mice on ad libi-
tum normal chow and hight-fat diet (blue shade, two-way ANOVA, Sidak's multiple-comparisons test). (D) Bar graphs indicate the mass of food taken
(fed with feeders) by 24-wk-old male MC4RAPACL mice (n = 16) and MC4R-Cre (n = 18) mice averaged over 1 wk during normal chow feeding and 1 wk
of HFD feeding (blue shade, one-way ANOVA, Tukey's multiple-comparisons test). (E) Bar graphs indicate the calories taken by male MC4R*PAS* mice (n
= 16) and MC4R-Cre (n = 18) mice averaged over 1 wk during normal chow feeding and 1 wk of HFD feeding (blue shade, one-way ANOVA, Tukey's
multiple-comparisons test). (F) Bar graphs indicate the expression of certain genes normalized to the TBP gene in hypothalamic explants by using qPCR
from MC4RAPAGY (n = 9) and MC4R-Cre mice (n = 8) after 12 wk of HFD feeding (unpaired t test). (G) Bar graphs indicate cumulative ad libitum food
intake of 34-wk-old male MC4R*PASL (n = 24) and MC4R-Cre (n = 25) mice fasted for 24 h and then injected with either DO34 or vehicle ip just before
the beginning of the dark cycle, and food intake was measured for the subsequent 11 d (two-way ANOVA, Tukey's multiple-comparisons test). (H-J) Cre-
expressing viral vector was injected into bilateral PVN in DAGL«*"%, (0 = 11) DAGLaf¥" (n = 12) and DAGL«""™ (n = 10) adult male mice and body
weight (H), food intake (/), and survival rate (J) were measured starting from 3 wk after viral injections feeding on normal chow diet and HFD for addi-
tional 6 wk (blue shade). A total 11 DAGL«"°% mice were injected with Cre containing viral vector. This group was excluded from analysis after 2 wk
of feeding HFD when n value reached less than 3 (ordinary one-way ANOVA). Data are presented as mean = SEM. ns indicates P > 0.05, * indicates P <
0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.

chow and HFD than MC4R-Cre controls. Notably, unlike the
controls, MC4R*PAGL™ mice failed to display the HFD-
induced increase in calorie intake (Fig. 2E) (35). These results
suggest a perturbation in the hypothalamic regulation of body
weight in MC4R*PAGL mice, We thus used qPCR to analyze
hypothalamic expression of genes that are involved in energy
homeostasis. Normalized values indicate significant increases in
expression of AgRP and orexin and a decrease in the expres-
sion of Kir7.1 in MC4R*PAS* mice compared to Cre counter-
parts (Fig. 2F), consistent with a negative energy balance in the
hypothalamic circuits of MC4R*PASE* mice.
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MCA4R is expressed in the periphery, most notably in the
enteroendocrine L cells (36). To rule out the potential involve-
ment of the peripheral DAGLax downstream to MC4R signaling
in energy balance parameters, we reconstituted the endogenous
MC4R expression specifically in the epithelial cells of the intes-
tine. To this end, we crossed the Villin-Cre mice to MC4R-TB
mice (13, 37), in which endogenous expression of MC4R can
be rescued by Cre-mediated deletion of a stop cassette, to gen-
erate MC4R"!! mice. The MC4R agonist a-MSH reduced the
short-circuit current (Isc) (36) when applied to the intestines
from wild-type and MC4R"" mice but not the MC4R™ mice,
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suggesting the successful rescue of the MC4R expression in the
MC4RY" mice (SI Appendix, Fig. S6A4). Re-expression of
MCH4R specifically in the gut (MC4RY") in the MC4R knockout
background did not rescue the obesity phenotype of MC4R-TB
mice in either sex (S Appendix, Fig. S6 B and C). Furthermore,
when fed HFD, the body weights of the MC4RY" mice were
not different from the MC4R-TB mice, and both groups gained
significantly more weight than the wild-type counterparts (S
Appendix, Fig. S6D). Notably, the MC4R agonist LY did not
alter the body weight of the MC4R-TB or MC4R"! mice (SI
Appendix, Fig. SOE). These results collectively suggest that
peripheral MC4R expression does not significantly contribute
to the regulation of energy balance.

Hypophagic Effects of DAGL Inhibition and MC4R Agonists Are
Absent in MC4R*PA%* Mice. In order to confirm that the food
intake-suppressing effect of DO34 was mediated via similar
circuits as that observed in MC4RAPACGL mijce, we tested the
hypothesis that DO34 would fail to suppress food intake in
fasted MC4RAPASM  mice.  Twenty four-hour-fasted
MC4RAPAGL® and MC4R-Cre mice were injected with either
DO34 or vehicle, and food intake was measured for the subse-
quent 11 d. Analysis of cumulative food intake during the
refeeding period reveals several important findings. First,
vehicle-injected MC4RAPASL mice consumed less food than
the vehicle-injected MC4R-Cre mice (Fig. 2G), extending our
previous findings of decreased intake without fasting (Fig. 2B).
Second, the DO34-treated MC4R-Cre mice consumed signifi-
cantly less food than the vehicle-treated MC4R-Cre mice at all
time points measured (Fig. 2G), as observed previously in wild-
type mice (Fig. 1H). Importantly, the DO34-treated
MC4RAPACL® mice consumed a similar amount of food to
vehicle-treated MC4R*PAS* mice at all time points (Fig. 2G).
The occlusion of DO34-induced anorexia in MC4RAPAGH
mice indicates that the anorexigenic effect of DO34 depends on
DAGLa activity within MC4R cells (Fig. 2G). We further
examined the functionality of the MC4R neurons in
MC4RAPASL® mijce by testing the anorexigenic effects of the
MC4R selective agonist, LY2112688, on postfast refeeding
kinetics. Male 12-wk-old mice fed on normal chow were fasted
for 24 h and injected ip with LY2112688 1 h before the dark
cycle. LY2112688 failed to SUppIess food intake beyond the ini-
tial 2-h time point in MC4R*PAS mice compared to Cre con-
trols (SI Appendix, Fig. S7). These findings suggest that the
ability of MC4R activation to suppress food intake requires
2-AG synthesis from MC4R cells.

PVN-Restricted Deletion of DAGLx Results in Decreased Body
Weight, Food Intake, and Survival. Given that MC4R is expressed
widely in the brain and Cre is also constitutively expressed
throughout development in MC4R-Cre mice, DAGLa is
deleted from all MC4R neurons from very early developmental
age in MC4R*PASM™ mice (38). To exclude the possibility of
developmental effects, we investigated the impact of postdeve-
lopmental DAGLx deletion from the PVN on the regulation of
energy homeostasis. A Cre-expressing viral vector (AAV9-Cre)
was injected bilaterally into the PVN of DAGLa™¥1°* DAG-
Lo and DAGLa™"™ adult male mice. The body weights of
both DAGLa"¥™* and DAGLa"™* mice with ad libitum
access to normal chow was significantly lower than DAGLa™"/*
counterparts at 3 wk post injection (Fig. 2H). The body
weight of the DAGL&™1° group was not different from
DAGL&™™ mice. This trend continued during high-fat diet
feeding. After 6 wk of HFD, the body weights of DAGLa /"t
mice were significantly lower than DAGLo™™ counterparts
(Fig. 2H). The cumulative food intake was also significantly
lower in DAGLa™1°* and DAGLa™* mice than DAGLa™™
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counterparts (Fig. 2I). Interestingly, DAGL«™1°* mice had a
significantly lower survival rate (45%) compared to both DAG-
La™™ (85%) and DAGLa™"™ (90%) counterparts measured at
4 wk post injections; given the reduced group size, DAGLaf¥f1ox
were excluded from analysis after week 6 of HFD (Fig. 2 H-J).
Our observation suggests that hypophagia and weight loss pre-
ceded death in PVN-Cre-DAGLa™™1* mice. These findings
demonstrate that postdevelopmental deletion of PVN DAGL«
results in decreased body weight, food intake, and survival rate in
a gene dosage-dependent manner, suggesting that both PVN
DAGLa alleles are required for normal energy homeostasis. Fur-
thermore, the hypophagia and dietinduced obesity (DIO)-resis-
tance of MC4R*PAS™ mice may be mediated via actions within
the PVNM®R neurons. Postdevelopmental deletion of DAGLa is
potentially more lethal compared to the MC4R*PAS™ because
here, DAGLa was deleted from all cells in the PVN, not only
PVNMSR - Alternatively, it’s possible that embryonic deletion of
DAGLu results in developmental compensation to preserve the
function of this critical feeding circuit, as when the upstream
AgRP neurons are ablated neonatally (39, 40).

MC4RAPASL® Mice Are Resistant to Metabolic Syndrome and to
Obesogenic and Diabetogenic Challenges. We hypothesized that
the decreased body weight of MC4R*PASL™ mice could be due
to decreased adiposity. We thus analyzed the body composition
of 50-wk-old male MC4R*PAS™ mice and MC4R-Cre mice
after 12 wk of HFD feeding. MC4RAPAS™ mice had similar
lean mass but lower fat mass compared to MC4R-Cre mice.
Furthermore, MC4R*PASX mice had a higher percentage of
lean mass and lower percentage of fat compared to MC4R-Cre
mice (Fig. 3 A-C). Consistent with these findings, the serum
levels of leptin were also lower in MC4RAPASY® mice than in
MC4R-Cre counterparts (Fig. 3D). These results indicate
decreased adiposity and altered distribution of body mass in
MC4RAPAGL mice compared to MC4R-Cre controls.

To understand the molecular mechanisms underlying the
resistance of MC4RAPASM* mice to obesogenic and diabeto-
genic challenges, we performed gene expression analysis using
gRT-PCR to examine the messenger RNA (mRNA) expression
of genes that regulate lipid and glucose homeostasis in epididy-
mal and inguinal white adipose tissue (eWAT and iWAT,
respectively). In the eWAT, there were significant increases in
the expression of Fasn, ppara, scdl, and Acaca and decreases
in IL10 and TNFa in MC4R*PASM mice compared to Cre
counterparts (Fig. 3E). In iWAT, there were significant
increases in the expression of PGCla and scd1 (Fig. 3F). These
results collectively suggest increased fatty acid synthesis, adipo-
cyte “beiging,” and increased lipogenesis indicating an anabolic
state in MC4RAPASM™ mice. Liver sections stained with hematox-
ylin and eosin indicate that MC4R*PAS™ mice are resistant to
fatty liver demonstrated by significant decreases in fat vacuole
size (Fig. 3 G-I). To understand the molecular mechanisms
underlying the resistance of MC4R*PAS* mice to fatty liver, we
investigated expression of genes which play a role in metabolism
and glucose homeostasis. Analysis of liver tissue indicates a sig-
nificant increase in the expression of PCK1 and significant
decreases of ppary, Lpl, c¢d36, and FGF21 in MC4RAPAGLx
mice (Fig. 3/), suggesting a profile of improved liver function,
insulin sensitivity, and reduced inflammation under HFD feeding
in MC4R*PASM mice compared to Cre animals.

MC4RAPASL® Mice Exhibit Improved Glucose Tolerance and Insulin
Sensitivity. Consistent with decreased adiposity and lower
hepatic steatosis, fasting blood glucose and serum insulin levels
were lower in MC4R*PAGL mice than Cre mice (Fig. 3 K and
L). These findings collectively represent a profile of improved
metabolic syndrome and glucose homeostasis in the
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genic and diabetegenic challenges. (A-C)
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composition of 50-wk-old male
MC4RAPACGL (n — 8) and MC4R-Cre (n = 8)
mice after 12 wk of feeding ad libitum on
HFD by using TD-NMR systems, (A) the
absolute amount lean mass, (B) the abso-
lute amount fat mass, and (C) the absolute
mass of free body fluid (unpaired t test).
(D) Bar graphs indicate serum levels of lep-
tin in MC4R*PASY (n = 13) and MC4R-Cre
L] (n = 15) mice (unpaired t test). (E and F)
The expression of certain genes normalized
to TBP mRNA expression obtained by using
qRT-PCR in eWAT and iWAT (unpaired t
test). (G-/) Representative hematoxylin and
eosin-stained sections of liver samples and
the average fat vacuole sizes measured
from liver sections from MC4RAPACY (n =
17) and MC4R-Cre (n = 14) mice. (J) The
expression of certain relevant genes nor-
malized to TBP mRNA expression obtained
by using qRT-PCR from liver (unpaired t
test). (K and L) Bar graphs indicate fasting
blood glucose and serum insulin levels in
. MC4RAPASL (n = 16) mice and MC4R-Cre
H (n = 14) mice (unpaired t test). (M) Graphs
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eWAT mRNA
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MC4RAPACGL (n = 17) and MC4R-Cre (n =
14) mice after feeding on HFD ad libitum
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minutes

for 12 wk. Blood glucose levels were repet-
itively measured for 5 h following single ip

injections of 2 gm/kg of body weight. (two-way ANOVA, Sidak's multiple-comparisons test). (N) The bar graphs indicate the AUC of blood glucose levels
within the 4 h post glucose injections from experiment in M (unpaired t test). (O) Graphs indicate insulin tolerance testing performed in the same group
of mice as in M showing blood glucose levels measured up to 3 h post ip injections of insulin 1 U/kg (two-way ANOVA, Sidak's multiple-comparisons test).
(P) Bar graphs indicate the AUC of blood glucose levels within 3 h post insulin injections from experiments in O (unpaired t test). Data are presented as
mean *+ SEM. ns indicates P > 0.05, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and **** indicates P < 0.0001.

MCA4RAPACLY mice. We next tested the hypothesis that the
MC4RAPAGLY mice are more glucose tolerant than Cre con-
trols by conducting a glucose tolerance test (GTT). Blood glu-
cose levels measured post glucose injection were significantly
lower in MC4R*PAS™ mice than Cre mice (Fig. 3M). Further-
more, the area under the curve (AUC) of blood glucose indi-
cates that MC4RAPACL® mice had significantly lower blood glu-
cose levels than that Cre mice (Fig. 3N), suggesting that
MC4RAPAGLY mice are more glucose tolerant than Cre con-
trols. We next tested the hypothesis that MC4RAPAGL* mice
are more insulin sensitive than Cre controls by performing ip
insulin tolerance test (ITT). We measured blood glucose levels
up to 3 h post ip injection of insulin 1 U/kg. Blood glucose lev-
els were significantly lower in MC4R*PASY mijce than Cre
control mice at multiple time points (Fig. 30). Furthermore,
the AUC of blood glucose levels was lower in MC4R*PAGL
mice than Cre animals (Fig. 3P), confirming the increased sen-
sitivity of peripheral tissues to insulin.

Genetic Deletion of 2-AG Synthesis in MC4R Neurons Increases
Energy Expenditure and Cardiovascular Function. Since defective
2-AG synthesis in MC4R neurons results in hypophagia,
decreased body weight, and resistance to HFD, we hypothe-
sized that energy expenditure could also be higher in
MC4RAPAGLY mice compared to MC4R-Cre counterparts. We
thus measured energy expenditure using indirect calorimetry by
placing chow-fed mice in metabolic chambers at ambient tem-
peratures. After two habituation days, two light and dark cycles
were analyzed (Fig. 44). The AUC from two dark and two light
cycles indicates that energy expenditure is significantly higher
in MC4RAPACT® mice than MC4R-Cre controls during the
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dark cycle but not the light cycle (Fig. 4 4 and B). We next con-
ducted the analysis of covariance (ANCOVA) to compare val-
ues of energy expenditure normalized to the animals’ lean body
mass between MC4R-Cre and MC4R*PAS* groups. Our anal-
ysis indicated that the slopes of energy expenditure were signifi-
cantly different between MC4R-Cre and MC4R*PASM mice in
the dark cycle but not light cycle (fig. 4 C and D). The higher
energy expenditure in MC4R*PAS* mice is consistent with the
prolonged suppression of weight gain observed after central
DO34 infusion in wild-type mice (Fig. 1/) and could be, at least
in part, due to increased thermogenesis.

In rodents, brown adipose tissue (BAT) is the main source of
nonshivering thermogenesis. We investigated expression of
BAT genes that regulate thermogenesis. Normalized gene
expression values in BAT indicate significant increases in the
expression of Prdm16, Elov13, cidea, cox7al, and Mcad genes
in MC4R“PASM™ mice compared Cre controls (Fig. 4E).
Increases in cidea, prdml6, and elovi3 expression suggest
increases in thermogenesis machinery or “beiging” genes.
Increases in mcad and cox7 expression suggest increases in
B-oxidation in BAT. Collectively, this profile is consistent with
an increased BAT-mediated thermogenesis contributing to the
increased energy expenditure observed in MC4RAPAS pjce,
In agreement with results of thermogenesis and BAT gene
expression profile, BAT UCP1 protein was also found more
abundant in MC4R*PAS™® mice compared Cre controls (Fig. 4
F and G).

Consistent with the MC4R-mediated increases in sympa-
thetic output and energy expenditure, activation of MC4R
increases mean arterial pressure (41), while antagonizing
MC4R by icv administration of SHU9119 or AgRP reduces
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mean arterial pressure and heart rate (42). Furthermore,
MC4R knockout mice and humans with MC4R heterozygous
mutations are protected against hypertension despite increased
body weight and hyperlipidemia (43). We thus hypothesized
that cardiovascular function is dysregulated in MC4RAPAGL®
mice. To test this hypothesis, we measured the systolic and dia-
stolic pressure as well as pulse rate of these mice by using a
noninvasive tail cuff. Results indicate that systolic and diastolic
blood pressure as well as pulse rate are higher in MC4RAPAGLe
mice than Cre controls (Fig. 4 H-J). Overall, this indicates
increased cardiovascular activity in MC4R*PAS™* mice.

MC4R*PAS'™ Mice Exhibit Elevated Basal Levels of Anxiety and a
Thermogenic Response to Stress. A role of MC4R in mediating
various aspects of stress has been shown in rodents (44). For
example, injection of an MC4R agonist induces grooming in
rodents (45). A role of eCBs mediating stress through various
neuronal pathways has also been shown (46). We hypothesized
that 2-AG released from MC4R neurons represents a signaling
pathway that mediates anxiety-related behavioral responses. To
test this, we compared the performance of MC4R*PAS™* and
Cre mice in the Elevated Zero Maze (EZM), Open Field Test
(OFT) and Tail Suspension Test (TST). Our data indicate that
MC4RAPAGL® mice traveled a greater distance and spent more
time in the closed arm and spent less time in the open arm and
had less visits to the open arm in the EZM compared to Cre
controls (Fig. 5 A-D). In the OFT, the MC4R*PASL* mice trav-
eled a greater distance and spent more time in the periphery
than in the center. Within the periphery, they had greater dis-
tance to the center and traveled less in the center, traveled
faster while in the center, and had higher freezing score
compared to Cre controls (Fig. 5 E-J). Additionally, the
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MC4RAPACLY mice were immobile for a longer duration in
total than Cre mice in the TST (Fig. 50). Collectively, these
data suggest increased levels of anxiety in MC4RAPASL mice.

Genetic Deletion of 2-AG Synthesis from MC4R Neurons Increases
Locomotion. MC4R mediates locomotive activity and MC4R
null mice display decreased physical activity associated with
hypometabolism compared to their weight-matched controls
(47). We examined whether locomotion is different between
MC4RAPAGLY mice and Cre controls. In the OFT, the
MC4RAPAGLY mice traveled longer distance in total, had higher
mean and maximal speed, and had more center-periphery cross-
ings than Cre mice (Fig. 5 K-N). We also measured home cage
locomotion using the Promethion system, which uses beam
breaks in the three x-, y-, and z-axes. We observed that the
MC4RAPACE® mice displayed higher beam breaks in x- and
y-axes in both light and dark cycles than Cre mice (Fig. 5P).
Beam breaks in the z-axis were not significantly different
(Fig. 50). Overall, these data suggest that genetic impairment
of 2-AG synthesis in MC4R neurons enhances locomotor
activity, consistent with the increase in energy expenditure
described herein.

Since MC4R*PAS™ mice exhibited higher energy expendi-
ture than Cre mice, we next examined whether stress could
augment energy expenditure in MC4R*PASM mice. We used
Promethion indirect calorimetry to measure the energy expen-
diture of MC4R*PAS™ and Cre control mice before and 3 d
after a 30-min-per-day restraint stress (RS). We observed that
3 d of RS significantly increased enerézf expenditure in both the
light and dark cycles in MC4R*PAS™ but not in Cre controls
(Fig. 5 R-T). We also subjected mice to 30 min RS for 9 d from
day 2 to 10 and monitored body weight and food intake for
47 d. We observed that RS induced hypophagia and weight loss
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in both groups. The extent of weight lost was significantly less
in MC4R*PASM mice than Cre controls (Fig. 5 U and V).
Additionally, during recovery from RS, MC4R*PAGL® mice
were unable to regain their original body weight as the
Cre mice do. The normalized weight in MC4RAPAGH
mice remained significantly lower than Cre mice post RS
(Fig. 5 U and V). The cumulative food intake measured after
RS was significantly lower in MC4R*PASL* mice than Cre mice
(Fig. 5W).

Since stress activates the hypothalamic—pituitary—adrenal
(HPA) axis and the MC4R*PASM* mice exhibit heightened level
of anxiety in baseline state and an increased thermogenic
response to stress, we next examined whether stress would have
differential effects on HPA axis activation in MC4R*PAS™® and
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unstressed

significantly different from day 25 to 40
(multiple t test) in MC4RAPASL® and Cre
mice. (X) The serum corticosterone levels
. in the basal unstressed condition at 8 AM
and 1 wk later after 10 min RS from
MC4RAPAGL® (n = 23) and MC4R-Cre (n =
25) mice (unpaired t test). Data are pre-
sented mean *= SEM. ns indicates P >
0.05, * indicates P < 0.05, ** indicates P <
0.01, *** indicates P < 0.001, **** indi-
cates P < 0.0001.
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Cre mice. We measured serum corticosterone levels at 8 AM,
when the serum corticosterone levels are low in the basal
unstressed condition, and again 30 min after a 10-min RS.
MC4RAPAGL® and Cre mice did not differ in either basal or
RS-induced serum corticosterone levels (Fig. 5X).

Discussion

Effects of cannabis and cannabinoids on stimulating appetite
have long been known. Despite the centuries-long use of canna-
binoids by humans, the cellular, synaptic, and circuit-level
mechanisms by which eCBs regulate food intake and energy
homeostasis are still incompletely understood (48%. To fill this
gap, we examined the effects of fasting on PVNM“*R and spe-
cifically PVNM““R_LPBN neuron activity and their energy
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state—-dependent regulation by eCB signaling. Our study dem-
onstrates that fasting increases AP firing of PVNM“R 1 PBN
neurons and increases tonic 2-AG-mediated inhibition of
GABAergic transmission onto PVNMR neurons. Levels of
PVN 2-AG and tonicity of 2-AG-CBI1R synaptic signaling
are maximal during fasting and collapse in satiation, thus
inversely correlating with energy state. Since the firing rate of
PVN neurons is affected by GABAergic input from multiple
nuclei including arcuate nucleus AgRP neurons, dorsomedial
hypothalamus, and the bed nucleus of the stria terminalis, we
propose that fasting-induced augmentation of tonic 2-AG sig-
naling plays a critical role in the disinhibition of PVNM®*R and
specifically PVNMSR _.1 PBN neurons and facilitates initiation
of feeding. If fasting-induced increases in 2-AG release stimu-
lates food intake, disruption of this signaling should result in
decreased food intake and body weight. Indeed, mice with
impaired 2-AG synthesis within MC4R neurons are lean, hypo-
phagic, and resistant to HFD-induced weight gain and meta-
bolic syndrome. These observations are consistent with mid- to
late-onset lean phenotypes observed in AgRP gene deletion,
AgRPEABA neuron ablation (39, 40), and in DAGL« and
CBIR knockout (KO) mice (49, 50). These data provide com-
pelling evidence that 2-AG signaling at PVNM*R neuron affer-
ent GABAergic synapses is an important mechanism regulating
food intake and energy homeostasis.

Leptin functions as the main adipostatic factor in mammals
and acts in part by modulating the AgRP-MC4R circuitry as an
upstream signal (51). MC4R itself in our model is upstream of
DAGLua signaling. Suppression of food intake by systemic
blockade of 2-AG synthesis by ip injection of DO34 could occur
through peripheral CBIR signaling. Also, the lean phenotypes
observed in MC4R*PASL® mice could be due to expression of
MCH4R in the periphery (36). Indeed, peripheral-to-central sig-
naling pathways have been suggested to link endocannabinoids
to the regulation of food intake and energy metabolism
(52-54), and peripheral CB1R inverse agonism leads to leptin
sensitization (34, 55). However, we show that central adminis-
tration of DO34 suppresses food intake and weight gain.
Furthermore, a subthreshold dose of icv DO34 was able to
potentiate the anorectic effect of leptin, indicating that central
2-AG is sufficient to mediate the effects of systemic DO34 and
that central 2-AG can also potentiate leptin signaling. Because
MCH4R is also expressed in the periphery, predominantly in the
gut, we also tested the role of MC4R in the gut endothelium
in energy balance by reconstituting MC4R expression in an
otherwise MC4R null background. Gut-restricted MC4R
re-expression did not affect the body weight or food intake of
the animals compared to MC4R global knockouts. Combined
with the other results in our study, we conclude that the pheno-
type observed in the MC4R*PACL* mice is very likely due to its
central effects. Because diet-induced obesity leads to hyperlep-
tinemia and central leptin resistance, DAGLa inhibition stands
as a promising weight loss approach in obesity, although its
potential side effects on mood states will need to be evaluated.
The leaner phenotype of the MC4R*PASM mice is in agree-
ment with our finding that central inhibition of DAGL activity
with DO34 potentiated leptin sensitivity. Thus, both peripheral
and central components appear to mediate the physiological
outcome of CB1R antagonism.

Our electrophysiological data suggest that 2-AG synthesized
by PVNMR neurons is a critical regulator of their activity.
Deletion of DAGL« from all MC4R neurons (MC4RAPAGH
mice) or from all PVN neurons (injection of Cre-expressing
virus into PVNs of adult DAGLa¥f1°%) decreased food intake
and body weight on standard diet and increased resistance to
adiposity on HFD. These findings suggest that the hypophagia
and DIO-resistance of MC4R*PAC™ mice are at least partially
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mediated via actions within PVN neurons. We cannot, however,
exclude the possibility that MC4RPAS™* deletion from neurons
in nucleus accumbens also contributes to the absence of HFD-
induced hyperphagia in MC4R*PASL mice (56).

The location of MC4R neurons that regulate energy expen-
diture is controversial, and recent studies suggest that distinct
MC4R-expressing brain sites regulate food intake versus energy
expenditure (13, 16, 57-59). Consistent with the phenotype of
MC4RAPACLE pyjce, deletion of CBIR from Sim1, CaMKIla-,
SF1 neurons, or the ventromedial nucleus of the hypothalamus
increases energy expenditure (27, 60, 61). Despite these find-
ings, it remains unclear whether 2-AG released from PYNMC4R
neurons mediates the increased energy expenditure in
MC4RAPAGLe 1t is possible that 2-AG in PVN—NTS neurons
mediate this effect. For example, activation of PVN“RH pey-
rons that project to the NTS increases energy expenditure (62).
Alternatively, the sympathetic preganglionic IML neurons,
which also express DAGLa, may be the site of action, as they
express MC4R and their activation increases energy expendi-
ture ‘\557, 58, 63, 64). It is likely that DAGLa expressed in
IMLM@R_iBAT also regulates energy expenditure (16, 57,
58); however, this hypothesis remains to be tested.

Consistent with the findings from global CB1R and DAGL«x
knockout mice (49, 50), post-developmental deletion of PVN
2-AG signaling led to shortened life span in our study. Hypo-

hagia and weight loss preceded death in PVN-Cre-DAGLa™
°X mice, but the cause of increased mortality is unclear. Dis-
ruption of both energy balance and cardiovascular function
may increase the death rate in PVN-Cre-DAGL&™®¥1°* mice.
Consistent with the disrupted postfast refeeding response,
administration of the selective MC4R agonist, LY2112688,
failed to evoke an anorexigenic response in MC4R*PASL mice
compared to control animals. Assuming intact MC4R signaling,
a lack of response to LY2112688 in MC4R*PAGL mice sug-
gests that the ability of MC4R activation to suppress food
intake is mediated via inhibition of 2-AG synthesis from MC4R
PVN cells. Thus, we postulate that the MC4R neuron-specific
ablation of 2-AG production results in a relatively high
GABAergic tone and reduced AP firing of PVNMSR neurons
and an occlusion of the effects of MC4R activation (65).

MC4RAPAGL pice, like global CBIR and DAGL« knockout
mice (49, 50), are lean and resistant to metabolic syndrome. We
show here that this is in large part due to increased energy
expenditure associated with increases in the BAT-mediated
thermogenesis machinery and f-oxidation as well as increased
physical activity. Analysis of the hypothalamus indicates sig-
nificant increases in expression of AgRP and Orexin and
decreased Kir7.1, suggesting a state of negative energy balance
in the hypothalamic circuits of MC4RAPASL* mice. Diet-
induced obesity attenuates AgRP expression, likely as a conse-
quence of hyperleptinemia; therefore, the increased AgRP
expression we detected in the MC4RAPASL* mice is consistent
with their leaner phenotype. Additionally, WAT analysis indi-
cates increased fatty acid synthesis, adipocyte “beiging,” and
increased lipogenesis suggesting an anabolic state, and liver
analysis indicates improved liver function. In fact, increased
activation of B-adrenergic signaling and p-oxidation has been
shown to mediate the effects of chronic administration of rimo-
nabant on induction of a negative energy balance (66). Further-
more, CBIR signaling in NTS sympathetic neurons has been
documented, and transgenic mice lacking CB1R expression in
these neurons display a lean phenotype, enhanced thermogene-
sis, and lipid oxidation (60). Thus, these findings suggest a
profile of improved liver function, insulin sensitivity, reduced
inflammation, and lower body weight under HFD feeding in
MC4RAPAGL mice compared to controls.
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MC4RAPACL mice display elevated anxiety-like behavior.
MC4R and CBIR signaling have been implicated in various
aspects of anxiety (46, 67). Specifically, CBIR in Siml-
expressing neurons exerts tonic control on unconditioned anxi-
ety, cued-fear expression, and locomotor reactivitz, both with
and without stress (68). We show here that MC4R*PASM® mice
exhibit increased anxiety-like and depressive-like behaviors,
suggesting that 2-AG released from MC4R neurons serves an
anxiolytic- and antidepressant-like function under physiological
conditions.

We show here the functional interaction between two funda-
mental regulators of central energy homeostasis: the melano-
cortin and eCB systems. The intersection of these two pathways
in hypothalamic feeding circuits could help elucidate therapeu-
tic strategies to address a spectrum of metabolic diseases from
anorexia to obesity. Pharmacological activation of MC4R sig-
naling reduces food intake and promotes energy expenditure,
cardiovascular activity, and lipid metabolism (17, 18). MC4R
signaling has long been a target for development of therapeutic
tools to treat obesity and eating disorders (20-22, 69). How-
ever, many attempts to activate MC4R signaling using orthos-
teric agonists have failed mainly due to unwanted, site-specific
pressor effects (23). Our data suggest that the GABAergic
input onto PVNM®R neurons is an important regulator of AP
firing of these cells and that mechanisms regulating GABA
transmission upstream of PVNM*R neurons could be targeted
to indirectly regulate PVNM“R peurons and, thereby, energy
homeostasis. Elucidating approaches to modulate PVNMS#R
neuron activity (e.g., through GABA inputs) could reveal
opportunities for therapeutic intervention for metabolic
disorders.

The effectiveness of such a potential tool is supported by the
reduced efficacy of LY2112688 in MC4R*PASL mice, which
are a model of presynaptic GABA-mediated dysregulation of
PVN neurons. Thus, our work identifies DAGL« as a possible
target for the treatment of obesity. CB1 receptor blockade
(which prevents the cellular actions of both 2-AG and ananda-
mide) has been previously shown to effectively reduce obesity
in humans. Unfortunately, the CB1 receptor antagonist Rimo-
nabant also elicited adverse neuropsychiatric effects, which led
to its ultimate removal from clinical use (70). Specifically tar-
geting 2-AG but not anandamide signaling may result in fewer
adverse psychiatric effects while maintaining substantial meta-
bolic efficacy; however, this remains to be further tested.

Experimental Procedure

Animal Models. All animal care and experimental procedures
were approved by Vanderbilt University Medical Center Insti-
tutional Animal Care and Use Committee. Mice were main-
tained in a pathogen-free environment with ad libitum access
to food and water, constant temperature, and humidity on a
12hr/12hr light/dark cycle unless otherwise specified. All mice
were on a C57BL/6J background and the origin of each genetic
strain is as indicated.

Hypothalamic Slice Electrophysiology. MC4R-GFP mice were
deeply anesthetized with isoflurane and transcardially perfused
with ice-cold and oxygenated cutting solution consisting of
the following (in mM ): 93 N-Methyl-D-glucamine, 2.5 KCL,
20 Hepes, 10 MgSO,4-7H20, 1.2 NaH,PO,, 0.5 CaCI2-2H20, 25
glucose, 3 Na*-pyruvate, 5 Na*-ascorbate, and 5 N-acetylcysteine.
Slices were transferred to a holding chamber containing oxy-
genated artificial cerebrospinal fluid (aCSF; 24 °C) consisting of
the following (in mM): 126 NaCl, 3.1 KCI, 1.2 MgSO,-7H20,
2.0 CaCI2-6H20, 1 NaH,PO,, 26 NaHCO3, 10 glucose,
3 Na'-pyruvate, and 1 Na*-ascorbate. All drugs, except
LY2112688, were stored in dimethyl sulfoxide (DMSO) stocks
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and then included in aCSF containing 1:2,000 (weight/volume)
Bovine Serum Albumin (Thermo Fisher Scientific) and <
1:2,000 (volume/volume) DMSO. Drugs were bath applied to
the slice via the perfusion system (for extracellular applica-
tions) to perform recordings. LY2112688 was stored in
saline stocks.

In this study, we examined effects of drugs on the AP firing
as well as mIPSC frequency. The AP firing was recorded by
using loosely sealed (1.8 to 2.2 MQ), large extracellular pipettes
filled with the aCSF in the extracellular mode (71). To record
mIPSCs, MC4R-GFP neurons were voltage clamped and held
around —70 mV in whole-cell configuration using borosilicate
glass pipettes of 2 to 4 MQ resistance when filled with internal
solution containing the following (in mM): with 121 CsCl,
4 MgCl, 3 EGTA, 10 Hepes, 0.3 CaCl2, 4 NaATP, 0.3 NaGTP,
14 creatinine phosphate, pH ~7.25 adjusted with CsOH, and
osmolality of 295 to 300 mosmol/kg. Data were acquired at 10
kHz using a MultiClamp 700A amplifier (2,000x gain, —3-dB
filter freq: 5 kHz) and Clampex 10.0.1 software (Axon Instru-
ments, Union City). GraphPad Prism 6.0 (Graphpad Software,
Inc., San Diego) and Excel 2010 (Microsoft, Bellevue) were
used for data analysis. Statistical tests used included unpaired
t test, repeated-measures (RM) one-way ANOVA, and RM
two-way ANOVA as indicated.

LY2112688, a-MSH Analog, and D034 Administration. The experi-
mental groups were as follows: C57 wild-type (from Jackson
Laboratory), MC4RAPACLE and MC4R-Cre mice. All mice of
each genotype were divided into two subgroups, and each sub-
group was given either vehicle (equal volume) or 5 mg/kg
LY2112688 (LY) in saline or 50 mg/kg DO34 in a 1:1:18 of eth-
anol: Kolliphor: saline solution at 10 mL/kg injections ip half
an hour before beginning of the dark phase.

Chronic LY2112688 Infusions. For chronic LY infusions, Alzet
osmotic pumps filled with LY were implanted in the subcutane-
ous space of the mice under isofluorene anesthesia. The body
weight of the mice weas followed postsurgery for 2 wk.

Surgeries for Viral Injections. Mice were initially anesthetized
with 5% isoflurane and then transferred to the stereotax (Kopf
Instruments, Tujunga) and kept under 2% isoflurane anesthe-
sia. For all surgeries, we used a motorized digital software
(NeuroStar; Stoelting Co., Wood Dale) to guide a 10-pL micro-
injection syringe (Hamilton Co., Reno) driven by a Micropump
Controller (World Precision Instruments, Sarasota). Virus (450
to 600 pL) was delivered bilaterally into the PVN [anteroposte-
rior: —0.75, mediolateral (ML): =*0.35, and dorsoventral
(IDV): 4.8] or LPBN (anteroposterior: —5.2, ML: = 1.35, and
DV: 3.50).

RS. Mice were brought into the restraint room and subjected to
restraint in well-ventilated 50-mL tubes (plus 4-cm-long, easily
removable middle tubes, which were slipped over the tail to
restrict movement (between 9 and 11 AM) (72).

Behavior. All behavior was analyzed via ANY-maze (Stoelting,
Wood Dale) software. All statistical tests are reported in the
figure legends.

Viruses and Reagents. For deletion of DAGL« from PVN cells,
AAV9-pENN-hSyn-HI-eGFP-Cre-WPRE-SV40 (Catalog no.
105540) (350 pL) was injected into bilateral PVNs. For electro-
physiological interrogation of the LPBN-projecting PVN neu-
rons, AAV2-CMV-RFP (Vector Biolabs) (250 pL) was injected
into bilateral LPBNs of MC4R-GFP mice. SR141716 was
obtained from NIDA Drug Supply Program, DO34 was
obtained from Glixx Laboratories (Hopkinton), and JZL184
was obtained from Cayman Chemical (Ann Arbor). The
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a-MSH analog, LY2112688, was obtained from Bachem (Bachem
Laboratories).

Indirect Calorimetry. The Promethion SABLE system was used
for indirect calorimetry. Mice were acclimated to the new cages
for 3 d while fed ad libitum with normal chow. Mice were sub-
jected to RS, as indicated. Food and water intake, locomotion,
O, consumption, and CO, production were monitored continu-
ously throughout the study.

GTT and ITT. The blood glucose levels were measured using a gluc-
ometer. The tail vein is pricked at its end with bleeding lancet or
needle, and a small volume of blood is collected to the glucose
strips placed in a glucose meter. To perform intraperitoneal (ip)
GTT, mice were given single ip injections of 2 gm/kg of body
weight glucose followed by repeated blood glucose measurements
at minutes 20, 40, 60, 80, 100, 120, 140, 180, 210, 230, and 440
post injection. To conduct ip ITT. we measured blood glucose lev-
els up to 3 h post ip injections of insulin 1 U/kg, at 15, 30, 45, 60,
75, 90, 120, 150, and 180 min.

Blood Pressure Measurement. The noninvasive mouse blood pres-
sure measurement methodology (Kent Scientific) consists of
utilizing a tail-cuff placed on the tail to occlude the blood flow.
Upon deflation, noninvasive blood pressure sensors placed dis-
tal to the occlusion cuff can accurately and safely measure sys-
tolic and diastolic blood pressure as well as pulse rate in mice.

Body Composition. Whole-animal body composition analysis was
performed by using the TD-NMR system Minispec Model
mq7.5 (7.5 mHz; Bruker Instruments,) which is a benchtop-
pulsed 7 T NMR system. The instrument gives lean-mass, fat-
mass, and fluid-mass values.

Gene Expression Analysis Using q-PCR. Total RNA was isolated
using TRIzol Reagent (Invitrogen) from frozen tissues. A total
1 pg of RNA was converted to complementary DNA (cDNA)
(cDNA reverse transcription kit, Invitrogen) and used to screen
expression levels of the listed genes. Reactions were amplified
in an ABI Prism 7500 FAST sequence detector (Applied Bio-
systems) and acquired data were analyzed using the AACt
method to determine the expression level of each transcript
normalized to the expression level of the housekeeping gene,
TATA box binding protein (TBP).

Corticosterone Measurements. Blood was collected from tail-vein
pricks to obtain serum. If stressed, blood was collected in 20
to 30 min post RS. Enzyme-linked immunosorbent assay
(ELISA) technique was used to measure corticosterone levels
in the serum collected from mice by Corticosterone ELISA kit,
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Enzo Life Sciences, Inc, (ADI-900-097), as recommended by
the manufacturer.

Liquid Chromatography with Tandem Mass Spectrometry Detection
of Lipids. Mice underwent cervical dislocation immediately fol-
lowed by decapitation. The brain was quickly removed, placed
in a brain matrix, and covered with ice cold aCSF. One to two-
mm-thick coronal sections containing the target brain regions
were frozen on a metal block in dry ice. Dissections were per-
formed on the frozen tissue to produce amygdala- and hypo-
thalamus—enriched samples using a 1- or 2-mm diameter metal
micropunch. Samples were stored at —80°C until extraction.
Liquid Chromatography with Tandem Mass Spectrometry
detection of endocannabinoids and arachidonic acid was per-
formed as previously described with minor modifications (73).

Fluorescent In Situ Hybridization for MCR4 and DAGLa mRNA. Vari-
ous mRNA species expressed by PVN neurons were visualized
with a variation of FISH using hybridized chain reaction ver-
sion 3 method (Molecular Instruments). The probe sets
directed against GAPDH, MCR4, and DAGLa mRNA were
designed from sequence information from their respective
mouse RefSeq mRNA IDs. The methodology was conducted as
described previously (74).

IHC. Adult MC4R-GFP mice were perfused transcardially with
cold 0.9% saline followed by cold fixative (4% paraformalde-
hyde in borate buffer, pH 9.5). The tissue sections were then
incubated for 48 h with guinea pig anti-DAGL« (Mackie Labo-
ratory, Indiana University; Bloomington), chicken anti-GFP
(Aves Labs), and rabbit anti-cFos (Cell Signaling) primary anti-
bodies. Following primary antibody incubation, sections were
rinsed several times in 0.02 M potassium phosphate buffers and
then incubated for 2 h at room temperature in the same block-
ing buffer containing secondary antibodies conjugated with the
following Alexa-Fluor fluorochromes: goat anti-guinea pig 568,
goat anti-chicken 488, and goat anti-rabbit 647 (Life Technolo-

gies) (75).
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research community.
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