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EATING DISORDERS

The melanocortin-3 receptor is a pharmacological
target for the regulation of anorexia
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Ablation of hypothalamic AgRP (Agouti-related protein) neurons is known to lead to fatal anorexia, whereas their
activation stimulates voracious feeding and suppresses other motivational states including fear and anxiety. De-
spite the critical role of AGRP neurons in bidirectionally controlling feeding, there are currently no therapeutics
available specifically targeting this circuitry. The melanocortin-3 receptor (MC3R) is expressed in multiple brain
regions and exhibits sexual dimorphism of expression in some of those regions in both mice and humans. MC3R
deletion produced multiple forms of sexually dimorphic anorexia that resembled aspects of human anorexia nervosa.
However, there was no sexual dimorphism in the expression of MC3R in AgRP neurons, 97% of which expressed
MC3R. Chemogenetic manipulation of arcuate MC3R neurons and pharmacologic manipulation of MC3R each
exerted potent bidirectional regulation over feeding behavior in male and female mice, whereas global ablation
of MC3R-expressing cells produced fatal anorexia. Pharmacological effects of MC3R compounds on feeding were
dependent on intact AgRP circuitry in the mice. Thus, the dominant effect of MC3R appears to be the regulation
of the AgRP circuitry in both male and female mice, with sexually dimorphic sites playing specialized and subor-
dinate roles in feeding behavior. Therefore, MC3R is a potential therapeutic target for disorders characterized by
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anorexia, as well as a potential target for weight loss therapeutics.

INTRODUCTION

AgRP (Agouti-related protein) neurons reside exclusively in the ar-
cuate nucleus (ARH) of the hypothalamus where they sense energy
stores in adipose tissue (1, 2) via the direct and indirect action of the
hormone leptin on these cells (3, 4). A decrease in leptin activates
these GABA (y-aminobutyric acid)-releasing (GABAergic) neurons
(4, 5), which project to multiple regions involved in metabolic
regulation and behavior, including other cell types in the ARH,
paraventricular nucleus of the hypothalamus (PVN), ventral teg-
mental area, parabrachial nucleus, amygdala, nucleus accumbens,
and paraventricular nucleus of the thalamus, resulting in both the
stimulation of food intake (1, 6) and the suppression of competing
motivational states, including anxiety, fear, and alarm (7-10). AgRP
neurons are known to be essential for feeding behavior, because ab-
lation of this small number of cells produces fatal anorexia (11);
conversely, optogenetic (12) or chemogenetic (13) activation of these
cells produces profound hyperphagia, even when animals are fully
sated or confronted with stimuli producing anxiety or fear (8, 9).
These data showing bidirectional control of feeding suggest that a
pharmacological target for the control of AgRP circuitry might have
utility both in obesity and disorders of anorexia such as anorexia
nervosa, cancer anorexia, and aging anorexia. Despite the importance
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of AgRP neurons for feeding behavior and the potential pharmacological
utility of compounds targeting AgRP circuitry, there are currently
no approved therapeutics targeting this system.

We previously demonstrated that the melanocortin-3 receptor
(MC3R) is expressed presynaptically in AgRP projections to
melanocortin-4 receptor (MC4R) neurons in the PVN (14), where it
acts to regulate the release of GABA from AgRP neurons onto MC4R
target sites. The MC3R also appears to regulate GABA release from
AgRP neurons onto proopiomelanocortin (POMC) cells in the
ARH (15). However, the receptor is widely expressed in the central
nervous system (CNS) (16) and was previously reported to be ex-
pressed in about 50% of both the orexigenic AgRP neurons and the
anorexigenic POMC neurons of the ARH (17). Early reports using
a melanocortin peptide agonist with 20 to 100x specificity for the MC3R
versus MC4R were equivocal, with low doses stimulating food in-
take and higher doses inhibiting food intake (18). However, potent
and specific MC3R agonists (19) and antagonists (20) have only re-
cently been reported and have not yet been tested in vivo. Therefore,
the net effect of MC3R activation or inhibition on feeding behavior
and the specific cell types and circuits involved in MC3R-mediated
effects on feeding are unknown.

Although some basic mapping of MC3R-positive cells has been
reported (16), the neurochemical identity of MC3R neurons is largely
unknown, and despite the role of the receptor at the intersection of
sex/reproductive state and energy homeostasis (14, 21), nearly all of
the reported neuroanatomy and physiology is from male animals. In
this study, we characterized the distribution of MC3R cells by light-
sheet microscopy and single-cell sequencing as well as the sexually
dimorphic expression of the receptor in key hypothalamic nuclei and
cell types using quantitative RNA fluorescence in situ hybridization
(FISH). Using genetic, pharmacological, and in vivo imaging approaches,
we examined the role of the MC3R in mouse models of anorexia and
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characterized the nonsexually dimorphic dominance of orexigenic
ARH MC3R neurons in the bidirectional control of food intake.

RESULTS

MC3R expression is abundant and sexually dimorphic

in discrete hypothalamic cell types

To evaluate the distribution of MC3R expression throughout the
mouse hypothalamus, we used whole-brain tissue clearing and
light-sheet imaging to visualize hypothalamic neurons labeled with
Td-Tomato fluorescence through MC3R-Cre targeting. Analysis of
the hypothalamus in optically cleared brains revealed at least a few
distinctly labeled MC3R-positive neurons in each major region of the
hypothalamus, rostrally extending from the preoptic region (Fig. 1,
A to D) through premammillary regions of the hypothalamus
(movie S1). However, dense clusters of MC3R-positive neurons
were present in hypothalamic nuclei implicated previously in the
regulation of food intake, including the ventromedial and dorsomedial
hypothalamic nuclei. Particularly high densities of labeled neurons
were located in the dorsomedial component of the ventromedial
hypothalamic nucleus (Fig. 1D) and ARH, which contained a high
density of labeled neurons throughout the rostrocaudal extent of the
nucleus (Fig. 1, A, B, and D, and movie S2). Mc3r exhibited broader
expression throughout the medial basal hypothalamus, whereas
Mc4r expression was lower and more localized to the ventral-lateral
region of the ventromedial hypothalamus (Fig. 1E).

Next, we used multiplex FISH to compare Mc3r expression in male
and female mice. A number of notable sexual dimorphisms were
apparent. First, Mc3r mRNA expression in the ARH in male mice
was about twice (7731 + 887 versus 4128 + 460 spots) that observed
in females, both in terms of overall abundance and in numbers of
labeled cells (Fig. 1, F to H). Quantification of Mc3r-positive ARH
neurons in male and female mice demonstrated that the difference
resided entirely in an undefined set of non-Pomc, non-Agrp neurons
expressing Mc3r (Fig. 1H). Because kisspeptin (KissI) neurons present
in the ARH influence the reproductive neuroendocrine axis and may
function differently in males and females (22), we reasoned that these
neurons may be a portion of the undefined set of non-Pomc, non-
Agrp neurons exhibiting sexually dimorphic expression of Mc3r in
the ARH. We observed that a higher percentage of KissI neurons in
males expressed Mc3r compared with females (Fig. 1, I and J). We
also characterized Mc3r expression in a well-known sexually dimor-
phic hypothalamic nucleus, the anteroventral periventricular nucleus
of the preoptic region (AVPV), and observed twice the amount
(1624 £ 152 versus 827 + 117 spots) of Mc3r mRNA in female mice
compared with males (Fig. 1, K to L). To determine whether MC3R
was also sexually dimorphic in humans, we examined the GTEx
(Genotype-Tissue Expression project) human transcriptomic data-
set to measure male and female MC3R expression in the human
hypothalamus. MC3R abundance exhibited a 300% increase in male
versus female hypothalamus, indicating that MC3R exhibits sexual-
ly dimorphic expression patterns in the human hypothalamus
(table S1). In contrast to MC3R, other human genes encoding the
central melanocortin receptors and ligands exhibited only modest
sexually dimorphic abundance in the GTEx dataset, suggesting that
MC3R may exert a unique sexually dimorphic role within the hu-
man central melanocortin system (table S1).

Given the dense expression of Mc3r in the ARH and the impor-
tance of this region for regulating feeding, we next used multiplex

Sweeney et al., Sci. Transl. Med. 13, eabd6434 (2021) 21 April 2021

FISH to quantitatively define Mc3r expression in the orexigenic Agrp
neurons and the anorexigenic Pomc neuronslocated in the ARH. Con-
sistent with previous findings, we found that Mc3r was expressed in
both Agrp and Pomc neurons (16, 17) in addition to other cell types
(Fig. 1M). However, Mc3r was expressed at a greater frequency and
abundance in orexigenic Agrp neurons relative to anorexigenic Pomc
neurons (Fig. 1, N to P). Whereas previous reports suggested that
50% of Agrp neurons expressed Mc3r (17), we found that about 97% of
Agrp neurons contained Mc3r mRNA in both male and female mice
(Fig. IN). Furthermore, Mc3r mRNA was expressed at over twice the
amount in Agrp neurons as in Pomc neurons (Fig. 1, O and P).

Although Mc3r was densely expressed in Agrp neurons, and Pomc
neurons to a lesser degree, a large proportion of ARH Mc3r neurons
did not express either Agrp or Pomc. To determine the identity of
the other ARH cell populations expressing Mc3r, we analyzed the
gene expression profile of the Mc3r-expressing cells in a previously
published (23) ARH single-cell transcriptomic dataset. We identi-
fied 10 distinct clusters of Mc3r-expressing neurons in the ARH
(figs. S1 and S2); KissI expression was primarily found in the Tac2
cluster. Consistent with our previous data, two of these clusters
were marked by Agrp expression, and one cluster was characterized
as Pomc-expressing neurons (figs. S1 and S2). However, we also
identified Mc3r expression in the recently characterized orexigenic
non-Agrp, VGAT (Slc32al)-expressing neurons (clusters 1, 3, 6,
and 7; figs. S1 and S2) (24), the orexigenic tyrosine hydroxylase (Th)-
expressing neurons (cluster 3; figs. S1 and S2) (25), and the recently
characterized orexigenic Pnoc neurons (figs. S1 and S2) (26). Mc3r
expression was also observed to a lesser degree in the anorexic ARH
vGLUT?2 (Slc17a6) neurons (27). Thus, in addition to dense expression
in Agrp neurons, Mc3r expression was also observed in multiple dis-
tinct orexigenic cell types in the ARH.

Because single-cell approaches may only capture a portion of all
ARH Mc3r neurons, we performed additional RN Ascope FISH analy-
sis to quantitatively determine Mc3r expression in the key orexigenic
cell types in the ARH, including somatostatin (Sst), oxytocin recep-
tor (Oxtr), Th, and Slc32al neurons (fig. S3). We found that about
89% of Sst, 77% of Oxtr, 74% of Th, and 74% of Slc32al neurons in
the ARH expressed Mc3r (fig. S3). Thus, Mc3r is highly expressed in
multiple orexigenic cell types in the ARH, and Agrp neurons exhib-
it the highest percentage of coexpression of Mc3r.

MC3R knockout mice exhibit enhanced anorexia

and anxiety-like behavior

Because the central melanocortin system is well known to regulate
feeding (1) and we found that MC3R exhibited sexually dimorphic
expression within hypothalamic feeding and behavioral centers, we
next sought to determine whether MC3R could have sexually di-
morphic effects on feeding behavior. Given the observed sexual di-
morphisms in the prevalence of neuropsychiatric eating disorders,
we chose to examine the effects of MC3R on a variety of stress-
induced anorexia paradigms in male versus female mice. First, we
performed social-isolation anorexia experiments to evaluate an-
orexic behavior in response to the persistent psychological stressor
of social isolation. No difference in food intake or body weight was
observed between group-housed MC3R knockout (KO) and wild-
type (WT) mice before social isolation (Fig. 2A). However, upon
single housing, both male and female MC3R KO mice consumed
comparably less food (Fig. 2, B to E) and lost more weight than WT
littermate control mice (Fig. 2F).
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Fig. 1. MC3R expression is abun-
dant and sexually dimorphic
in the mouse AVPV and ARH.
(A) Three-dimensional render-
ing of the hypothalamus of a
male MC3R-Cre-Rosa26-tdTomato
brain viewed in the sagittal plane.
Scale bar, 100 um. (B) Ventral view
of MC3R-positive neurons in the
mediobasal hypothalamus. Scale
bar, 100 um (V3; third ventricle).
(€) Coronal view of MC3R labeling
in the AVPV [anterior-posterior
(AP)=0.26 mm]. Scale bar, 200 um.
AC, anterior commisure. (D) Coro-
nal view of MC3R labeling in the
ARH (AP =-1.70 mm). Scale bar,
200 um. (E) Low-magnification im-
age of Mc3r mRNA (green), Mc4r
mRNA (red), and 4',6-diamidino-
2-phenylindole (DAPI) (blue) inthe
ARH and ventromedial hypothal-
amus (VMH) (AP=-1.82 mm). Scale
bar, 100 um. High-magnification
inset illustrates Mc3r and Mc4r
expression in ARH neurons. Scale
bar, 10 um. (F) RNAscope analysis
of Mc3r mRNA expression in the
ARH in male (left) and female
mice (middle) (AP =-1.70 mm).
Scale bar, 50 um. (G) Mc3r mRNA
abundance (=6 male and 6 female
mice). Student’s unpaired t test,
**P <0.01. (H) Distribution of Mc3r-
positive cells containing Pomc,
Agrp, or only Mc3r. (1) RNAscope
analysis of Mc3r (green) expres-
sion in Kiss1 neurons (red) in the
ARH in male (left) and female mice
(right) (AP =-1.58 mm). Scale bar,
50 um. (J) Percentage of Kiss1
neurons expressing Mc3r in the
ARH (n =6 male and 6 female
mice). Student’s unpaired t test,
**¥%P < 0.001. (K) RNAscope anal-
ysis of Mc3r mRNA expression in
the anteroventral periventricu-
lar area in male (left) and female
mice (middle) (AP =0.26 mm).
Scale bar, 50 um. (L) Mc3r mRNA
as abundance (n=6 male and
n=6female mice). Student’s un-
paired t test, **P < 0.01. (M) Low-
magnification image of Mc3r
(green), Agrp (red), and Pomc (blue)
mRNA labeling in the ARH (left)
(AP =-1.70 mm). Scale bar, 50 um.
Right: High-magnification images
illustrating Mc3r expression in
Agrpand Pomc neurons. Scale bars,
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Fig. 2. Sexually dimorphic anorexia in the MC3R KO mouse. (A) Body weight (BW) of WT and MC3R KO mice used in social isolation-induced anorexia experiments
(n=7 cages per group; 4 males and 3 females). (B and C) Food intake in male and female WT and MC3R KO mice after single housing [n = 5 mice for WT group and n=7 MC3R
KO mice in (B), n=10 WT mice and n=9 MC3R KO mice in (C)]. (D and E) Cumulative food intake in male and female WT and MC3R KO mice after social isolation [n =5 mice
for WT group and n =7 MC3R KO mice in (D), n=10 WT mice and n=9 MC3R KO mice in (E)]. (F) Change in body weight in male and female WT and MC3R KO mice after
social isolation (n =12 WT male and 13 WT female mice, and n =12 male MC3R KO and 11 female MC3R KO mice). (G) Change in body weight 24 hours after restraint stress
(n=15 male mice for no restraint WT group, n = 16 male mice for no restraint MC3R KO group, n = 15 male mice for restraint WT group, n = 19 male mice for restraint MC3R
KO group). (H) Food intake in male WT and MC3R KO mice after restraint stress. Data points represent individual cages. Food intake was calculated by dividing food intake
for the cage by the number of mice in the cage (n =8 cages for MC3R KO group and n =4 cages for WT group). (1 and J) Change in body weight during chronic daily restraint
stress in WT and MC3R KO males (I) and females (J) [n =8 WT mice and n =9 MC3R KO mice in (I), n =7 WT mice and n=11 MC3R KO mice in (J)]. (Kand L) Time in center (K)
and latency to eat (L) during novelty-suppressed feeding (NSF) tests. (M) Chart showing percentage of mice in each group that did not eat during testing (aphagic
episodes) [n =13 male WT mice, n =20 female WT mice, n =13 MC3R KO males, and n =20 MC3R KO females for (K) to (M)]. (N) Heat plot showing amount of time spent in
each area of the open field for WT and MC3R KO mice during NSF testing. Data are represented as means + SEM. (A), (F), and (H) analyzed by unpaired Student’s t test;
(Q) to (B), (G), and (1) to (L), by two-way analysis of variance (ANOVA) with Sidak’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001. n.s., not significant.
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Although we did not detect a sexually dimorphic effect in re-
sponse to social-isolation anorexia, we did identify two assays in
which deletion of the MC3R produced sexually dimorphic responses.
First, in restraint stress—induced anorexia experiments, male MC3R
KO mice consumed less food than WT mice and lost more body
weight than WT littermates after a single acute restraint stress
(Fig. 2, G and H). Furthermore, during continued daily restraint,
male, but not female, MC3R KO mice displayed an enhanced
stress-induced reduction in body weight (Fig. 2, I and J). We next
performed novelty-suppressed feeding (NSF) assays in male and fe-
male MC3R KO and WT mice, in which animals fasted overnight
are examined because they must enter into the center of an open
field to consume a food pellet. This assay examines the interaction
between hunger drive and a competing motivation state, the fear
and anxiety resulting from entering into the center of the open field.
We did not observe any differences in food-seeking or anxiety-related
behavior in male mice, although a trend toward increased anxiety-
related behavior was observed in male MC3R KO mice (Fig. 2,
K to M). In contrast, female MC3R KO mice displayed a severe anxiety/
food avoidance phenotype characterized by reduced latency to en-
ter the food zone, reduced time in the food zone, and reduced time
eating (Fig. 2, K to N, and fig. S4). Furthermore, 80% of female
MC3R KO mice exhibited aphagic episodes during testing, in con-
trast to only 7.7% of male mice (Fig. 2L), representing a sexually
dimorphic form of anorexia like that observed in anorexia nervosa,
in which 90% of cases are in females (28). These findings indicate
that MC3R KO mice exhibit distinct sexually dimorphic anorexia
phenotypes in both male and female mice, along with a nondimor-
phic anorexic response to social isolation.

To separately determine the contribution of MC3R signaling to
hunger sensing and anxiety, respectively, we performed fast-induced
refeeding experiments and anxiety-related behavior experiments in
MC3R KO and WT mice. Consistent with the defective fast-induced
refeeding observed in male MC3R KO mice (14), female MC3R KO
mice displayed an impairment in fast-induced refeeding, with cu-
mulative food intake and body weight gain remaining lower in the
MC3R KO mice for multiple days after fasting (fig. S5). To deter-
mine whether MC3R KO mice displayed defective anxiety-related
behavior in the absence of hunger or food-related perturbations, we
next measured anxiety-related behavior in male and female ad libitum-
fed MC3R KO and WT mice. In the elevated plus maze (EPM) test
of anxiety-related behavior, MC3R KO mice spent less time in the

open arms and entered the open arms less frequently during testing
(fig. S6, A to C). In the open-field test (OFT) of anxiety-related behav-
ior, MC3R KO mice spent less time in the center and traveled less
distance in the center of the open field, indicating increased anxiety-
related behavior (fig. S6). However, we note that elevated basal anxiety
in the EPM and OFT only achieved significance in male mice (fig. S6).
Increased anxiety-related behavior was also observed in the EPM test
in male mice for a second MC3R KO mouse strain (MC3R TB/TB;
fig. S7). Therefore, MC3R KO mice display both defective hunger
sensing and increased anxiety-related behavior.

ARH MC3R neurons bidirectionally regulate feeding
and anxiety
Because we identified MC3R expression in multiple orexigenic and
anorexigenic cell types (Fig. 1 and figs. S1 to S3), we next tested the
net effect of MC3R-expressing neurons on feeding behavior by using
a genetic approach to ablate MC3R-expressing cells in adult mice.
To this end, we expressed the diphtheria toxin (DT) receptor in
MC3R neurons by breeding MC3R-Cre mice to Rosa26-LSL-iDTR
mice (MC3R-DTR mice). In response to DT treatment (50 ug/kg),
we observed a reduction in body weight in both male and female
mice (Fig. 3A). Male mice continued to lose weight out to 19 days
after DT injection, at which point the experiment had to be termi-
nated because of animal welfare concerns (Fig. 3A). At days 30 to
32, male mice that received DT lost 28% and female mice lost
11% of their original body weight (Fig. 3B); at that same time point,
a ~50 and ~28% reduction in food intake was observed in male and
female mice, respectively (Fig. 3C). Although MC3R is expressed in
both orexigenic and anorexigenic cell types, these results resemble
previous reports ablating AgRP neurons (11), suggesting that AgRP
neurons exhibit a major role in communicating the downstream
effects of MC3R. Although female MC3R neuron-ablated mice
exhibited an anorexic response and lost weight after DT injection,
female mice did not continue to lose weight after the first week of
DT treatment; however, we did not quantitate the efficacy of MC3R
neuronal ablation in these experiments. Therefore, despite MC3R
expression in multiple brain regions and cell types, the net effect of
MC3R neuron ablation largely resembles the starvation phenotype
observed upon AgRP neuron ablation (11).

Our findings thus far, along with previous reports (18, 29), sug-
gested that the net effect of MC3R neurons in both male and female
mice may be to stimulate feeding. However, we also found a large
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Fig. 3. Ablation of MC3R neurons leads to anorexia and starvation. (A) Change in body weight after diphtheria toxin (DT)-mediated ablation of MC3R neurons.
(B) Change in body weight after DT injections in combined male and female MC3R-Cre mice (n =5 DT females, n=6 DT males, and n =4 WT males). (C) Daily food intake
after DT or vehicle (VHC) injection to male MC3R-Cre DTR transgene and female MC3R-Cre DTR transgenic mice. Data presented as means + SEM ANOVA, ***P < 0.001.
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population of non-AgRP, non-POMC, MC3R-expressing neurons in
the ARH in other recently identified orexigenic ARH cell types, which
may contribute to a potential feeding effect. Therefore, we used viral-
mediated chemogenetic approaches to specifically manipulate the
MC3R-containing neurons in the ARH by stereotaxically targeting
an adeno-associated virus (AAV) viral vector expressing the DREADD

(designer receptor exclusively activated by designer drugs) activator
hM3Dq in a Cre-dependent manner to the ARH in MC3R-Cre mice
(Fig. 4A; male and female mice are pooled in each experiment in Fig. 4
and figs. S9 and S10, unless otherwise indicated) (30). We observed
dense Fos expression specifically in ARH-MC3R neurons after injec-
tions of the DREADD agonist clozapine N-oxide (CNO), indicating that
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Fig. 4. ARH MC3R neuron activation increases feeding and reduce anxiety. (A) Representative image showing expression of hM3Dg-mCherry and cFos in the ARH of
an MC3R-Cre mouse after intraperitoneal injections of CNO or saline. Scale bar, 500 um. Zoomed-in images of hM3Dg-mCherry and cFos expression are shown in the right
column. Scale bar, 50 um. (B) Quantification of the number of cFos-positive cells in response to CNO injection (n =4 per group). (C) Cumulative food intake after a single
CNO (0.1 mg/kg) or saline injection in mice transfected with hM3Dg-mCherry in ARH MC3R neurons (n =8 male mice in saline and CNO groups). (D) Twenty-four-hour
food intake after CNO injection in mice expressing hM3Dq, hM4Di, or control mCherry in ARH MC3R neurons (n=6 male mice in hM3Dq group, n=15 male mice in
mCherry group, and n=7 male mice in hM4Di group). (E) Cumulative food intake in response to CNO in MC3R-Cre mice transfected with hM3Dg-mCherry in ARH or lit-
termate control mice (n =6 male mice for hM3Dq group and n =15 male mice for WT group). b.i.d. (twice daily). (F) Change in body weight after twice daily administration
of CNO to hM3Dg-mCherry-transduced or littermate control mice (n =6 male mice for hM3Dq group and n= 15 male mice for WT group). (G) Cumulative food intake
after twice daily CNO administration to mice transduced with hM4Di-mCherry in ARH-MC3R neurons or WT control littermate mice (n =6 male mice for WT group and
n =7 male mice for hM4Di group). (H) Change in body weight after twice daily administration of CNO (n =6 male mice for WT group and n=7 male mice for hM4Di
group). (I and J) Time in the open arms (I) and in the center of the open field (J) during behavioral testing (n =11 male mice for WT group and n=11 male mice for
hM3Dq group). (K) Heat plot showing average amount of time spent in each area of the open field for WT and hM3Dg-transduced mice. Data shown from time 0 to
1 min 25 s. (L and M) Time in the open arms (L) and in the center (M) during EPM and OFT in mice targeted with hM4Di in ARH-MC3R neurons (n = 14 male mice for WT
group and n =15 male mice for hM4Di group). (N) Heat plot showing average amount of time spent in each area of the open field for WT and hM4Di-transduced mice.
Data shown from time 0 to 1 min 2 s. Data shown as means + SEM CNO (0.1 mg/kg, ip) was administered 30 min before behavioral testing in all mice. Data show com-
bined male and female mice. Similar results were obtained in both male and female mice (see fig. S8). Data analyzed with Student’s unpaired t test (B, I, J, L, and M),
two-way ANOVA with Sidak’s post hoc test (C, E, F, G, and H), or one-way ANOVA (D). *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.
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the DREADD approach efficiently activated ARH-MC3R neurons
(Fig. 4B). Consistent with previous acute experiments (14), chemo-
genetic activation of ARH MC3R neurons robustly stimulated food
intake, whereas chemogenetic inhibition of these neurons suppressed
daily feeding (Fig. 4, C and D). Similar DREADD-mediated effects
on feeding were observed in both male and female mice (fig. S8). To
evaluate the long-term effects of manipulating ARH MC3R neurons,
we injected CNO twice daily to mice (Fig. 4, E and F) transduced with
hM3Dq or control mCherry virus in ARH MC3R neurons. Chronic
stimulation of ARH MC3R neurons stimulated feeding and in-
creased body weight (Fig. 4, E and F). However, continued CNO
administration did not produce further increases in body weight
beyond the first 3 days of treatment (Fig. 4F). Similar diminished
effects of continued chemogenetic activation have been previously
reported for ARH AgRP neurons, suggesting a limitation of chemo-
genetic activation approaches, perhaps due to receptor desensitization
to CNO (13, 31). No change in food intake or body weight was ob-
served after CNO injections in littermate control mice (fig. S9). We
next used inhibitory DREADD:s to selectively inhibit the activity of
ARH-MC3R cells. Inhibition of ARH-MC3R neurons continuously
reduced both food intake and body weight after twice daily admin-
istration of CNO for 4 days (Fig. 4, G and H); no effect on body
weight was observed in WT-littermate control mice after CNO in-
jections (Fig. 4H). Together, our results indicate that ARH-MC3R
neurons can bidirectionally regulate both feeding and body weight.

Activation of AgRP neurons reduces anxiety-related behaviors
(7, 32), whereas activation of POMC neurons has been reported to
increase anxiety-related and aversive behaviors (33). Furthermore,
MC3R KO mice exhibited enhanced anxiety-related behavior (figs.
S6 and S7). Because we previously confirmed that activation of
ARH-MC3R neurons increases feeding and body weight, we next tested
whether selective activation or inhibition of ARH-MC3R neurons
modulates anxiety-related behavior. In the EPM and OFT, acute che-
mogenetic activation of ARH-MC3R neurons increased both time
in the open arms in the EPM test and time in the center in the OFT
in both male and female mice, indicating reduced anxiety-related
behavior (Fig. 4, I to K). No differences in locomotion were detected
in the EPM or OFT after activation of ARH-MC3R neurons, indi-
cating that the observed effects on anxiety-related behavior were
not secondary to altered locomotion (fig. S10). We next examined
anxiety-related behavior after selective inhibition of ARH-MC3R
neurons using inhibitory DREADDs. In the EPM and OFT, inhibi-
tion of ARH-MC3R neurons reduced time spent in the open arms
and time spent in the center, respectively, indicating increased
anxiety-like behavior (Fig. 4, L to N). No differences in locomotion
were detected in the EPM or OFT after inhibition of ARH-MC3R
neurons, indicating that these changes were not secondary to changes
in locomotion (fig. S10).

MC3R-specific agonists increase feeding and reduce

anxiety in mice

Although ablation of MC3R-containing cells (Fig. 3) and collective
regulation of ARH MC3R neurons using DREADDs (Fig. 4) both
produced potent effects on feeding, MC3R is expressed in dozens of
sites in the CNS (16) and in multiple ARH cell types, all of which
may be presumably modulated by administration of MC3R-specific
compounds. Thus, we sought to test whether pharmacological reg-
ulation of MC3R throughout the brain would recapitulate the feed-
ing effects observed upon collective DREADD activation of all ARH

Sweeney et al., Sci. Transl. Med. 13, eabd6434 (2021) 21 April 2021

MC3R neurons. Previously, the MC3R agonist p-Trp-8-y-melanocyte-
stimulating hormone was shown to stimulate food intake at lower
doses and inhibit food intake at higher doses (18); the latter re-
sponse was shown to be mediated by the MC4R, resulting from the
modest specificity of the peptide for the MC3R. Recently, more po-
tent and specific MC3R compounds have been reported but not yet
tested in vivo (19, 20), including a potent MC3R-specific antagonist
(20). Administration of an MC3R-specific agonist, referred to here
as compound 18 [C18; 5 g, intracerebroventricularly (icv)] (19),
produced profound hyperphagia, stimulating food intake by over
50% 6 hours after administration and increasing 24-hour food in-
take and body weight after a single injection (Fig. 5, A to C, and fig.
S11; male mice are shown in Fig. 5 unless otherwise noted). Similar
effects on feeding were observed in both male and female mice (fig.
S$12), and no effect on feeding was observed in MC3R KO mice
treated with C18 (Fig. 5, D and E).

To determine how pharmacological stimulation of MC3R affects
meal structure, energy expenditure, locomotion, and nutrient parti-
tioning, we performed indirect calorimetry on a separate cohort of
mice after acute intraperitoneal administration of C18. Consistent
with previous findings, C18 administration increased food intake
by increasing meal frequency (Fig. 5G); no difference in meal size
was noted (Fig. 5H). Furthermore, no differences were detected in
feed efficiency, energy expenditure, oxygen consumption, locomotion,
or respiratory exchange ratio/nutrient partitioning after C18 adminis-
tration (fig. S13). Melanocortin compounds have previously been shown
to exhibit on-target pressor effects, and MC3R stimulation had no
effect on heart rate, blood pressure, or activity as assessed by telemetry;
however, we did note a transient decrease in heart rate and blood
pressure in a subset of mice after C18 administration (fig. S14). We
tested the effects of chronic MC3R stimulation on body weight by
implanting subcutaneous mini pumps containing either vehicle or
C18 (10 mg/kg per day for 6 days) into a cohort of WT mice. Mini-
pump administration of C18 increased body weight relative to vehicle-
treated mice, and this effect was primarily associated with a blockade
of surgery-induced weight loss on the day after mini-pump implan-
tation (Fig. 5]). Thus, MC3R-specific agonists represent a strategy
to promote food intake and weight gain.

Because MC3R KO mice exhibited increased anxiety-like behav-
ior and ARH MC3R neurons bidirectionally regulate anxiety-related
behavior, we next tested the effects of acute MC3R stimulation on
anxiety. Administration of C18 (5 ug, icv) increased the time spent
in the open arms during the EPM test, with similar results observed
in both male and female mice (Fig. 5K). No difference in locomo-
tion was detected between vehicle and C18 treatment groups, indi-
cating that the observed effects on anxiety-related behavior were
not secondary to changes in locomotion (Fig. 5L). Therefore, MC3R
agonists both stimulate feeding and reduce anxiety-related behavior,
recapitulating the effects observed after chemogenetic stimulation
of ARH MC3R neurons.

MC3R-specific antagonists suppress feeding in mice

Because MC3R stimulation promoted feeding, we next used a recently
published MC3R-specific antagonist, referred to here as compound
11 (C11; 5 ug, icv) (20), to test the effect of MC3R inhibition on
feeding behavior. C11 administration profoundly suppressed feed-
ing, producing a nearly fourfold decrease in 6-hour food intake rel-
ative to vehicle-treated mice (Fig. 6, A and B, and fig. S11; male mice
are shown in Fig. 6 unless otherwise noted) and reduced 24-hour
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food intake and body weight (Fig. 6, B and C, and fig. S11). Similar
results were obtained with female mice (fig. S12). No change in food
intake was observed after C11 treatment in MC3R KO mice, indi-
cating that the anorexic effects of C11 were specific to inhibition of
MC3R (Fig. 6, D and E).

Because inhibition of MC3R resulted in anorexia and MC3R KO
mice exhibit enhanced behavioral anorexia, we tested whether inhi-
bition of MC3R could enhance anorexic responses to pharmacological
anorexia. We administered liraglutide, a glucagon-like peptide-1
receptor agonist and obesity therapeutic (34), to WT and MC3R KO
(TB/TB) mice (mixed data from male and female mice; fig. S15). No
difference in food intake was observed between WT and MC3R KO
(TB/TB) mice in response to control saline injections (fig. SI5A).
However, acute administration of liraglutide produced a greater

Sweeney et al., Sci. Transl. Med. 13, eabd6434 (2021) 21 April 2021

inhibition of food intake in MC3R KO than WT mice (fig. S15B).
The enhanced anorexic response to a single injection of liraglutide
lasted for at least 10 days after a single treatment, with daily food
intake remaining lower in MC3R KO (TB/TB) mice for 6 days after
liraglutide treatment (fig. S15B).

Although both WT and MC3R KO (TB/TB) mice lost weight in
response to liraglutide treatment, MC3R KO (TB/TB) mice exhibit-
ed a greater and more sustained weight loss and reduction of food
intake with repeated doses of liraglutide (fig. S15C). Upon cessation
of liraglutide treatment, WT mice returned to their baseline body
weight and food intake 24 hours after treatment, whereas MC3R KO
(TB/TB) mice maintained a lower body weight for at least 1 week
(fig. S15, C and D). These results indicate that genetic deletion of
MC3R results in an enhanced anorexic response to pharmacological
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(DMSO, 500 nl) or C11 (5 pg, 500 nl) in MC3R KO mice [n = 8 male mice for both vehicle and C11 groups in (D) and (E)]. (F) Food intake after acute liraglutide administration
[0.2 mg/kg, subcutaneously (sc)] during coadministration of vehicle (500-nl DMSO, icv), or C11 (500 nl in DMSO, icv). (G) 24-hour change in body weight after acute coad-
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ed measures two-way ANOVA and Sidak’s post hoc test. Data in (B), (C), (E) (F), and (G) were analyzed with unpaired Student’s t test. *P < 0.05, **P < 0.01, and ****P < 0.001.

anorexia, suggesting that MC3R antagonism may both facilitate
weight loss and inhibit weight regain.

We next tested whether pharmacological inhibition of MC3R
enhanced liraglutide-induced anorexia. Consistent with previous
results, liraglutide reduced food intake and body weight (Fig. 6,
F and G). Furthermore, coadministration of C11 enhanced the
acute anorexic and weight loss effects of liraglutide (Fig. 6, F and G).

We previously observed that MC3R KO mice exhibit a sexually
dimorphic anorexia phenotype in the NSF test. To test whether
acute pharmacological inhibition of MC3R produced the same
anxiogenic and anorexic effects as genetic removal of MC3R, we re-
peated NSF assays in male and female mice after administration of
the MC3R antagonist C11 or vehicle. Acute administration of C11
increased latency to feeding but did not alter total time eating or
locomotion (fig. S16). Therefore, MC3R inhibition suppresses feed-
ing without recapitulating the enhanced food avoidance phenotype
observed in MC3R KO mice.

In addition to enhanced anorexia, MC3R KO mice displayed an
impaired orexigenic response to fasting, gaining less weight than
WT mice after refeeding. To test whether pharmacological inhibi-
tion of MC3R could also suppress the orexigenic drive associated
with hunger, we administered the MC3R antagonist C11 once daily for
3 days after an overnight fast and found that daily administration of

Sweeney et al., Sci. Transl. Med. 13, eabd6434 (2021) 21 April 2021

C11 reduced body weight gain (Fig. 6H). Together, these findings
indicate that MC3R inhibition can enhance anorexic stimuli while
also reducing the magnitude of orexigenic stimuli.

AgRP circuitry is required for the feeding effects
of MC3R compounds
Although pharmacological stimulation of MC3R and chemogenetic
activation of ARH MC3R neurons both robustly stimulated feed-
ing, we sought further data to test the hypothesis that these effects
require AgRP neural circuitry. First, we used a chemogenetic inhi-
bition approach to selectively inhibit AgRP neurons before MC3R
agonist administration (Fig. 7, A and B; data in Fig. 7 generated
using male mice). Consistent with our previous findings, stimula-
tion of MC3R with C18 increased food intake (Fig. 7C). However,
prior chemogenetic inhibition of AgRP neurons blocked the ability
of C18 to increase food intake, indicating that functional AgRP cir-
cuitry is required for the acute orexigenic effects of MC3R stimula-
tion. Chemogenetic inhibition of AgRP neurons did not affect acute
baseline feeding in ad libitum-fed mice (Fig. 7C). Thus, the observed
effects are unlikely to be secondary to anorexic effects of AgRP neu-
ron inhibition.

To further test the role of MC3R in AgRP neurons in the biological
response to MC3R compounds, we created mice in which MC3R is
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Fig. 7. MC3R-specific compounds regulate feeding via AgRP circuitry. (A and B) Schematic of experimental strategy to express inhibitory DREADD virus in hypothalam-
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expressed only in AgRP neurons by crossing AgRP-Cre mice with
MC3R KO (TB/TB) mice [AgRP-MC3R knockin (KI) mice] (Fig.
7D). FISH analysis confirmed selective restoration of MC3R ex-
pression in AgRP neurons, with MC3R expression absent in all oth-
er cell types and brain regions examined (Fig. 7D). Administration
of the MC3R agonist C18 increased feeding in AgRP-MC3R KI
mice (Fig. 7E), whereas administration of the MC3R antagonist C11
suppressed feeding (Fig. 7F). To quantify the relative contribution
of AgRP neurons to the effects of MC3R-specific compounds, we
compared the relative effects of these compounds in WT and AgRP-
MC3R KI mice. Pharmacological stimulation and inhibition of
MC3R produced similar increases and decreases, respectively, in
food intake in both WT and AgRP-MC3R Kl mice (fig. S17). There-
fore, the acute feeding effects of MC3R compounds appear to be
largely reconstituted by reexpression of the MC3R solely in AgRP
neurons.

Sweeney et al., Sci. Transl. Med. 13, eabd6434 (2021) 21 April 2021

MC3R stimulation inhibits PYN MC4R neurons in vivo

We previously demonstrated using slice electrophysiology that
MC3R regulates presynaptic release of GABA from AgRP neuronal
terminals projecting to PVN MC4R neurons (14). On the basis of
this finding, and the dependence of MC3R-specific compounds on
intact AgRP circuitry (Fig. 7), we hypothesized that pharmacologi-
cal stimulation of MC3R may engage presynaptic MC3R on AgRP
projections in PVN, leading to release of GABA onto PVN MC4R
neurons, inhibition of these neurons, and stimulation of food in-
take. To determine the in vivo effect of MC3R stimulation on PVN
MCA4R neurons, we targeted viral vectors expressing the genetically
encoded calcium indicator GCAMP6s in a Cre-dependent manner
to the PVN in MC4R-Cre mice. A gradient refractive index lens was
positioned directly above the PVN, which was connected to a min-
iaturized head-mounted microscope for recording neuronal dynam-
ics in individual PVN MC4R-expressing neurons (Fig. 8, A and B;
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data in Fig. 8 generated using male mice). Both peripheral adminis-
tration of the MC3R agonist C18 [Fig. 8C; 10 mg/kg, intraperito-
neally (ip)], and intra-PVN administration of C18 (Fig. 8D) increased
food intake. No change in calcium signal was detected after a con-
trol saline injection (Fig. 8E and movie S3). Conversely, peripheral
administration of an orexigenic dose of the MC3R agonist C18
(Fig. 8C and movie S4) reduced the activity of PVN MC4R neurons
(Fig. 8, Fand G). In total, about 75 percent of PVN MC4R neurons
were inhibited by C18 treatment, whereas 15% increased their ac-
tivity, and 10% exhibited no change in activity (Fig. 8H). Together,
these findings (Figs. 7 and 8) support a model in which MC3R agonists
increase food intake by stimulating GABA release from presynaptic
AgRP neuronal terminals onto PVN MC4R neurons (fig. S18).

DISCUSSION
The MC3R exhibits dense expression in multiple medial basal hy-
pothalamic structures, including the ARH. The overall distribution
of MC3R neurons observed in this study corresponds well with pre-
vious descriptions (16). However, the MC3R was originally report-
ed to be expressed in only 50% of orexigenic AgRP neurons (17). In
contrast with these findings, we show here that nearly 100% of Agrp
neurons express Mc3r in both male and female mice. This increased
detection is likely due to the enhanced sensitivity afforded by RNA-
scope FISH technology. We also demonstrate that the Mc3r exhibits
sexually dimorphic expression in multiple hypothalamic nuclei. For
example, although the number of Mc3r-positive ARH Agrp and Pomc
neurons was similar in female and male mice, there was a large sexual
dimorphism in the ARH overall, with more Mc3r-positive cells and
more Mc3r mRNA in males. In contrast, we report a much greater
number of Mc3r neurons in the AVPV of female versus male mice, demon-
strating the complexity of the sexually dimorphic MC3R circuitry.
Although we observed no differences in DREADD-mediated
and pharmacologically mediated effects on feeding between male
and female mice, we noted profound sexual dimorphisms in MC3R
KO mice when we examined the effects of behavioral stressors on
food intake. Compared to WT mice, both male and female MC3R
KO mice exhibited enhanced anorexia after social isolation, where-
as only male MC3R KO mice exhibited enhanced anorexia after re-
straint. In contrast, female MC3R KO mice exhibited an enhanced
anorexic response in the NSF test, although a less pronounced phe-
notype was also observed in male MC3R KO mice. This assay mea-
sures the competition between two motivational states, hunger and
the fear and anxiety associated with entrance to the center of an
open field. Female MC3R KO mice exhibited a more profound be-
havioral phenotype in this assay, suggesting that the MC3R KO
mouse may model the sexually dimorphic effects of anxiety on feed-
ing in the face of hunger, a model that shares some characteristics
with anorexia nervosa, such as food avoidance and elevated anxiety.
Further work is clearly necessary to provide a detailed map of the
specific neural circuitry contributing to the sex differences observed
in stress-induced anorexia in the MC3R KO mouse. Additional
studies will also be necessary to fully dissect the relative contribu-
tion of anxiety versus defective hunger sensing in the sexually di-
morphic behaviors observed in the absence of MC3R. This is of
particular importance because human eating disorders exhibit sexual
dimorphism, with 90 to 95% of anorexia nervosa cases being ob-
served in females (35, 36), whereas 60% of avoidant-restrictive food
intake disorder cases are reported in males (37).
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Although MC3R is expressed in multiple cell types in the ARH,
data presented here demonstrate that the net effect of activation or
inhibition of ARH MC3R neurons on feeding and anxiety resem-
bles AgRP neuronal manipulation in both male and female mice.
Consistently, pharmacological manipulation of the MC3R bidirec-
tionally regulated feeding, with MC3R agonists stimulating feeding
and MC3R antagonists suppressing feeding. Furthermore, despite
the presence of MC3R in POMC neurons and other anorexic neu-
ronal populations such as the paraventricular nucleus of the thalamus
(14, 38), ablation of all MC3R-containing cells produced an anorex-
ia and starvation phenotype, clearly demonstrating the dominant
effect of MC3R in orexigenic cell types. The findings presented here
parallel, across the entire MC3R circuitry, recent data showing the
dominance of the orexigenic activity of AgRP neurons over anorex-
igenic POMC neurons (39). Further anatomical and physiological
findings demonstrate that whereas AgRP neurons project to, and
directly inhibit, POMC neurons via the release of GABA, POMC
neurons do not send projections to the AgRP cell bodies (15, 40-42).
Thus, although MC3R is expressed in multiple cell types, and we
cannot exclude MC3R-mediated effects via POMC and other ARH
MC3R populations for behaviors beyond feeding, the dominant ef-
fect of MC3R manipulation on feeding is mediated by AgRP neu-
rons. The MC3R circuitry may be thought of as a bipartite system,
with the dominant AgRP MC3R neurons projecting to, and inhibit-
ing, most secondary MC3R neurons [such as POMC neurons (39)]
that provide specialized inputs to energy homeostasis, such as the
sexually dimorphic circuits characterized here that may communi-
cate information about reproductive state or status to the control of
energy homeostasis.

The MC3R is thus a promising pharmacological target for the
bidirectional control of energy homeostasis. This potential target
may have applications to both obesity and weight loss and to eating
disorders such as anorexia nervosa or cachexia, particularly given
the ability of MC3R neuron activation and agonist administration
to increase feeding and decrease anxiety. Consistent with this no-
tion, MC3R KO mice are hypersensitive to remarkably diverse an-
orexigenic stimuli including cancer cachexia (43, 44), social isolation,
restraint stress, and liraglutide administration. MC3R KO mice also
exhibit impaired orexigenic responses to negative energy balance
(14), with a marked impairment in refeeding after an overnight fast
(14). The enhanced anorexia and impaired orexigenic drive ob-
served in the MC3R KO mouse were not solely produced by devel-
opmental effects because pharmacological inhibition of MC3R both
enhanced the anorexic response to liraglutide and suppressed the
orexigenic response to fasting. Therefore, pharmacological inhibi-
tion of MC3R may provide an approach to enhance anorexic responses
and also inhibits the normal hunger drive and neuroendocrine re-
sponses associated with negative energy balance. This combination
of effects may be particularly useful for promoting weight loss in the
context of dieting.

The limited chronic drug studies presented here highlight the
need for additional work to determine the efficacy of long-term ma-
nipulation of the MC3R. Further studies should also address the po-
tential for adverse side effects, such as increased anxiety or aversion,
after chronic MC3R inhibition, and should also examine the effects
of both MC3R agonists and antagonists on cardiovascular functions,
given the well-documented pressor effects of MC4R agonists.

In conclusion, the findings presented here demonstrate that
the MC3R is a promising drug target to regulate feeding. With three
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the utility of inhibiting MC3R in both
sexes for promoting weight loss; identi-
fy MC3R agonism as a potential thera-
peutic strategy to increase feeding and
weight gain while reducing anxiety for
the treatment of diverse forms of eating
disorders; and identify the MC3R KO
mouse as a model for studying sexually
dimorphic effects of anxiety on feeding
in the face of hunger, as seen in diseases
such as anorexia nervosa.
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MATERIALS AND METHODS

Study design

In this study, we used neuroanatomi-
cal characterization, genetic modeling,
DREADD technology, peptide admin-
istration, and in vivo endomicroscopy
to study the role of MC3R and MC3R-
. expressing neurons in the regulation of
feeding behavior. All experiments were
conducted in the inbred C57BL/6] mouse

N
1

o
1

@ S . . .
& Q\‘@ strain because this strain is the most com-
& ,\e& monly used mouse strain for the study
d\‘b\ of feeding behavior and energy homeo-

stasis. This animal model appears to be
valid for the study of human melano-
cortin signaling because phenotypes re-
sulting from defects in melanocortin
signaling in humans are well replicated
in this mouse strain. Animals were ran-
domized in all experiments, and where
possible (for example, in pharmacological
experiments), experiments were conduct-
ed with the investigator blinded regard-
ing the treatment. Data for all graphs
are found in data file S2. All experi-
ments were previously approved by the
University of Michigan and Vanderbilt
University Institutional animal care and
use offices (Institutional Animal Care
and Use Committee).

C18

(D) Four-hour food intake after administration of vehicle (aCSF) or C18 (5 ng, 300 nl) into paraventricular hypothalamus

(n=7 male mice). (E) Change in fluorescence after intraperitoneal administration of saline (n =3 male mice and
31 neurons). (F) Change in fluorescence after intraperitoneal administration of the MC3R agonist C18 (10 mg/kg, ip)
(n=3 male mice and 39 neurons). (G) Heat plot showing real-time change in fluorescence activity in a representative
mouse during baseline and after administration of C18. (H) Pie chart showing distribution of neuronal responses after
saline (left) or C18 administration (right). Data presented as means = SEM in (C) to (F). (D) to (F) analyzed with paired
Student’s t test. (C) analyzed with Student’s unpaired Student’s t test. *P < 0.05, ****P < 0.001.

recent U.S. Federal Drug Administration approvals of melanocortin-
based peptide therapeutics (Scenesse, Vyleesi, and Imcivree), it is
now clear that melanocortin peptides can make safe and effective
drugs (45-50). Further peptide or small-molecule drug develop-
ment, however, will be needed to test the clinical applications of
MC3R modulation described here and to determine whether these
compounds can be safely administered in humans. Together, the
anatomical, pharmacological, and genetic data presented here support
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Animals

Experiments were performed on adult
(8- to 12-week-old) male and female
mice. For all feeding and behavioral
assays, mice were matched for gender,
age, and body weight. Gender differ-
ences in behavioral assays are depicted
in either the main text or the extended figures. All mice were
group-housed on a 12-hour light/12-hour dark cycle and provided
ad libitum access to food (5LOD, abDiet) and water before stereo-
taxic surgeries or behavioral experiments. All mice were group
housed for behavioral experiments (OFT, EPM, and NSF tests).
For feeding assays, mice were single-housed for at least 2 weeks
before starting feeding measurements. Mouse strains used in this
study included C57BL/6] (the Jackson laboratory), AgRP-ires-Cre
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(the Jackson laboratory), MC4R-Cre (the Jackson laboratory),
MC3R-KO (bred in-house), MC3R loxTB/TB (the Jackson lab-
oratory), and MC3R-Cre. MC3R-Cre mice were created by the
Vanderbilt Transgenic Mouse Resource and were previously de-
scribed (14). As reported (14), dual RNA FISH was used to vali-
date that Cre-expressing cells also expressed Mc3r mRNA in the
adult. All mice were bred and maintained on a C57/BL6]J back-
ground except for AgRP-ires-Cre mice that were maintained on a
mixed background.

Social isolation-induced anorexia

Daily body weight and food intake was recorded from group-housed
mice (two to five mice per cage). Food intake was calculated by di-
viding the daily food intake by the number of mice in each cage.
After 2 to 5 days of daily food intake and body weight measurements,
all mice were individually housed in the early afternoon (12 p.m.).
Acute food intake as well as daily food intake and body weight were
recorded at 1, 2, and 4 hours after single housing.

Restraint stress-induced anorexia

Restraint stress—induced anorexia experiments were performed on
group-housed mice (two to five mice per cage). Before beginning
restraint, daily food intake and body weight was recorded for 5 days
(baseline). Food intake was calculated in group-housed mice by av-
eraging the food intake for the cage and dividing by the number of
mice in the cage. Food and water were removed from each cage for
30 min daily from 12 p.m. to 12:30 p.m. to account for the time that
mice are without food and water during restraint stress. After base-
line measurements, mice were restrained daily for 30 min in 50-ml
conical tubes from 12 p.m. to 12:30 p.m. Daily food intake and body
weight was measured at 12 p.m. After 5 days of restraint, food in-
take and body weight was measured in the same fashion as the base-
line period to test for rebound effects after restraint.

Anxiety behavior assays

Anxiety behavioral assays were performed in the following order
with 2 to 4 days separated between each anxiety assay: EPM, OFT,
and NSF tests. All behavioral assays were performed during the
light cycle between 10 a.m. and 5 p.m. OFT and EPM testing were
performed in ad libitum fed—-mice with one exception. Chemoge-
netic inhibition assays (EPM and OFT) were performed on mice
fasted overnight (6 p.m. to 10 a.m.) to evaluate inhibition of ARC-
MC3R neurons during a time when these cells are expected to
be most active (after a fast). For all chemogenetic anxiety assays,
CNO was administered 30 min before behavioral testing. For C18
administration, compound was administered 20 min before test-
ing (5 ug, icv).

Open-field test

During testing, mice were placed in the corner of a 50 cm by 50 cm
open-field chamber. The center of the arena was marked as the
25 cm by 25 c¢m area in the center of the open field. Exploratory
activity was recorded for 5 min using ANYmaze software (Stoelting).
Time in the center, entries to the center, and total distance traveled
were automatically recorded with video tracking software. For
DREADD-mediated assays, all mice were administered CNO on the
day of testing. Differences in open-field activity between DREADD-
transduced mice and WT littermates were compared on testing day
in response to CNO treatment.

Sweeney et al., Sci. Transl. Med. 13, eabd6434 (2021) 21 April 2021

Elevated plus maze

To perform EPM tests, mice were initially placed into the closed arm
of the EPM arena. The arena consisted of two 50-cm-long arms.
One arm was enclosed by walls, whereas the other arm was open.
Activity in the maze was recorded for 5 min using animal tracking
software (ANYmaze, Stoelting). Latency to enter the open arms,
total distance traveled, entries to open arms, time in open arms, and
distance traveled in the open arms were automatically calculated
using tracking software. Treatment schedules for the EPM were
identical to those described for the OFT.

NSF test

Before testing, mice were fasted overnight (6 p.m. to 10 a.m.). NSF
testing was performed in the open-field arena described above. Briefly,
a single pellet of palatable high-fat food (3 to 4 g) was placed in the
center of the open field. All mice were placed in the corner of the
open field, and their activity was automatically scored for 10 min
using animal tracking software. Latency to eat the food was manu-
ally recorded during testing. Feeding was scored as five consecutive
seconds of chewing on the food. Animals were determined to exhib-
it aphagia if no eating was observed during the 10 min of testing.
For pharmacological administration of C11, C11 was administered
20 min before testing (5 ug, icv).

Deletion of MC3R neurons for in vivo study

Heterozygous MC3R-Cre mice (B6.12954-Mc3rtm1Cone/J; stock
no. 007809) were crossed to homozygous R26-LSL-iDTR; (stock
no. 007900). The offspring that were positive for one copy of Cre and
one DTR gene were selected to study deletion of MC3R-expressing
neurons and food intake. MC3R-Cre”’~_DTR""" offspring was used
as control. Mice were then singly housed and acclimated to han-
dling and injections. They were then injected twice intraperitoneal-
ly with DT (50 pg/kg) or phosphate-buffered saline at days 1 and
3. Food intake and body weight were then monitored for the pe-
riod of study.

Stereotaxic viral injections and cannula placement
For stereotaxic surgical procedures, mice were anesthetized with
isoflurane and placed in a stereotaxic frame (Kopf). A micro-precision
drill was used to drill a small burr-hole directly above the viral
injection or cannula insertion point, and dura was removed. AAV
viral vectors were injected into the ARH using a micromanipulator
(Narishige) attached to a pulled glass pipette. For chemogenetic ac-
tivation experiments, virus was unilaterally injected, whereas bilat-
eral injections were performed for chemogenetic inhibition. Viral
injection coordinates for the ARH were as follows: A/P, —1.5 mm
(from bregma); M/L, 0.2 mm; and D/V, 5.8 mm (from surface of
brain). Viral coordinates for the PVN were as follows: A/P, —0.8 mm
(from bregma); M/L, 0.3 mm; and D/V, —4.75 mm (from the surface
of the brain). AgRP-Cre mice were injected in the ARH coordinates
described above with 250 nl of virus, whereas MC4R-Cre mice were
injected into PVN with 500 nl of virus. Virus was injected at a rate
of 50 nl/min. After viral injection, the glass pipette was left in place
for an additional 5 min to prevent leaking of virus outside the targeted
brain region. To target Cre-dependent viral vectors to the ARH of
MC3R-Cre mice, 20 nl of virus was injected at a rate of 5 nl/min.
For pharmacological assays, an injection cannula was inserted into
the lateral ventricle (LV) or paraventricular hypothalamus. Cannu-
las were inserted at the following coordinates: A/P, —0.4 mm; M/L,
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1.0 mm; and D/V, 2.0 mm (LV) or: A/P, —0.7 mm; M/L, 0.2 mm;
and D/V, 4.5 mm (PVN). Cannulas were attached to the skull using
Metabond. Two weeks was allotted after surgery to allow for viral
expression and the mice to recover from surgical procedures.

Feeding behavior assays

All behavioral assays were performed on ad libitum-fed mice, un-
less otherwise noted in the main text and figure legends. Mice were
single-caged for at least 1 week before starting feeding assays. Feed-
ing assays were performed during the light period.

DREADD feeding assays

To evaluate the effects of DREADD-mediated manipulation of
ARH-MC3R neurons on feeding and body weight, we first habitu-
ated mice to twice daily vehicle injections (intraperitoneally with
saline, 200 ul). After habituation, we administered the DREADD
agonist CNO (0.1 mg/kg, 200 pl, ip) twice daily. Injections were per-
formed at 10 a.m. and 6 p.m. Food intake was measured twice daily
(10 a.m. and 6 p.m.) during chronic intraperitoneal injection exper-
iments. Body weight was measured daily at 10 a.m. immediately be-
fore administering CNO or saline.

MC3R agonist and antagonist feeding assays

For peripheral administration of C18, mice were first habituated to
vehicle injections (intraperitoneally with saline, 200 ul) for two to
four consecutive days. After habituation and consecutive days of sta-
ble food intake in response to saline injections, C18 was administered
(10 mg/kg in 200-pl saline, ip). Food intake was measured after drug
or vehicle administration by carefully removing food from the food
hopper and weighing on a scale. Cages were changed daily during
acute feeding assays to prevent spillage of food from the food hopper.

For central administration of MC3R agonist compounds, we
first administered vehicle injections [500-nl artificial cerebrospinal
fluid (aCSF)] for two to four consecutive days to habituate mice to
handling and injection. After consecutive days of stable food intake
in response to vehicle, we administered the MC3R agonist C18
(5 ng, 500-nl aCSF). Food intake was measured at ascending time
points after vehicle or C18 injections. Central administration of C11
was performed in the same manner as C18 administration except
dimethyl sulfoxide (DMSO) was used as vehicle.

For fast-induced feeding assays, mice were fasted overnight (6 p.m.
to 12 p.m.) and changed to a fresh cage immediately before fasting.
For MC3R KO or WT mice, food was added after an overnight fast,
and food intake or body weight was monitored as described above.
For pharmacological inhibition of after an overnight fast, C11 was
administered (5 pg, icv) 20 min before reintroducing food into the
cage, and food intake and body weight were monitored as described
above. C11 was administered as previously described on days 2 and
3 and body weight was recording daily immediately before C11 or
vehicle administration.

Statistical analysis

After all DREADD viral injections and behavioral experiments, all
mice were perfused and location of viral injections or GRIN lens
were verified via florescence imaging. Animals with no viral expression
or no expression in the ARH were excluded from analysis. Specific
statistical analysis is outlined in the figure legends and data file S1.
All data were analyzed with GraphPad software. R (v.4.0.0) was used
for single-cell RNA sequencing analyses. Data that were normally
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distributed were analyzed with parametric tests, and data that were
not normally distributed were analyzed with nonparametric alter-
native tests (see the supplementary statistical section for further
details). P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/590/eabd6434/DC1

Materials and Methods

Fig. S1. Clustering of ARH-ME MC3R neurons.

Fig. S2. Expression pattern of neuropeptides in ARH-ME MC3R neuronal subclusters.

Fig. S3. Mc3r coexpression in several orexigenic cell types in the ARH.

Fig. S4. MC3R KO mice consume less food during NSF assay.

Fig. S5. Female MC3R KO mice exhibit defective fast-induced refeeding.

Fig. S6. MC3R KO mice exhibit increased anxiety-related behavior.

Fig. S7. MC3R TB/TB mice show elevated anxiety-like behavior in the EPM test.

Fig. S8. DREADD-mediated activation of ARH MC3R neurons increases feeding in male and
female mice.

Fig. S9. CNO administration does not affect food intake in WT mice.

Fig. S10. Manipulation of ARH MC3R neurons does not affect locomotion in the EPM and OFT.
Fig. S11. Paired analysis of feeding effects of MC3R-specific compounds.

Fig. S12. Pharmacological manipulation of MC3R affects feeding in male and female mice.
Fig. S13. MC3R stimulation does not alter energy expenditure, movement, or

nutrient partitioning.

Fig. S14. MC3R stimulation does not alter heart rate, blood pressure, or activity.

Fig. S15. Inhibition of MC3R enhances pharmacological anorexia.

Fig. S16. MC3R antagonism does not affect anxiety-like behavior or food avoidance in the
NSF test.

Fig. S17. Effects of MC3R compound administration in WT and AgRP-MC3R Kl mice.

Fig. S18. Model for MC3R-mediated effects on feeding.

Fig. $19. MC3R circuit model.

Table S1. Sexually dimorphic expression of MC3R in humans.

Data file S1. Supplementary statistical section.

Data file S2. Raw data.

Movie S1. Three-dimensional visualization of MC3R neuronal distribution in the hypothalamus.
Movie S2. Scrolling resampling of the same three-dimensional dataset shown in movie S1in
the coronal plane.

Movie S3. In vivo neuronal activity of PVYN MC4R neurons after a control saline injection.
Movie S4. In vivo neuronal activity of PYN MC4R neurons after injection of C18 (10 mg/kg, ip).
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