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Estrogen Drives Melanocortin Neurons To Reduce Sedentary Behavior

William C. Krause!, Ruben Rodriguez!, Bruno Gegenhuber?, Navneet Matharu®, Andreas N. Rodriguez', Adriana M. Pa-
dilla*, Candice B. Herber!, Stephanie M. Correa'®, Nadav Ahituv®, Jessica Tollkuhn®, and Holly A. Ingraham'

Estrogen depletion in both rodents and humans leads
to inactivity, unhealthy fat accumulation, and metabolic
syndrome', underscoring the conserved metabolic
benefits of estrogen signaling that inevitably decline
with aging. Here, we uncover a hypothalamic node
that integrates estrogen and melanocortin-4 receptor
(MC4R) signaling to drive episodic bursts in activity
prior to ovulation. Skirting the estrogen-dependent
gating of this node by CRISPR activation of Mc4r
reduces sedentary behavior long-term in both males
and females. Our findings expand the impact of MC4R
signaling beyond food intake regulation and rationalize
reported sex-differences in melanocortin signaling
including increased disease severity for women with
MC4R-insuffciency. This newly identified hormone-
dependent activity node illustrates the potency of
estrogen in maintaining an active lifestyle.

Rodent studies show that central estrogen receptor
alpha (ERa) activation by 17p-estradiol (E2) relaxes
homeostatic constraints to satisfy the energetic demands of
reproduction, temporarily allowing energy expenditure to
outpace energy intake’. Thus, surges in estrogen override
normal homeostatic feedback to simultaneously attenuate
food intake and increase activity’’. To address how
estrogen resets energy homeostasis, we focused on ERa
signaling in the ventrolateral ventromedial hypothalamic
nucleus (VMHVI) as a major determinant of female energy
expenditure. We identify melanocortin-4 receptor (MC4R),
which when mutated leads to human obesity®, as a direct
ERa target that is upregulated in a small subset of VMHvI k¢
neurons during proestrus or with E2. Restoring MC4R
signaling in the VMHv] of Mc4r"- null mice counteracts
weight gain and drives physical activity in females despite
their profound hyperphagia’. Bypassing E2-dependency
in this node by chemogenetic stimulation or by CRISPR-
mediated activation (CRISPRa) to raise Mc4r dosage
increases physical activity in both sexes. Notably, CRISPRa
manipulation engages this activity circuit long-term to
reduce sedentary behavior, providing an opportunity to
explore the benefits of sustained physical activity.
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To identify the pathways and precise neuronal subset that
prioritize energy utilization over storage, we asked if maxi-
mal physical activity depends solely on ERa signaling in the
adult VMHvVI. ERa was ablated in the VMHvI or in the ar-
cuate (ARC) of adult female mice using stereotaxic delivery
of AAV-Cre-GFP (VMHVIERKO ARCER®KO_Fijo. 1a). Control
female littermates received similarly targeted AAV-GFP in-
jections (VMHvI®! or ARC!) Reduced ambulatory
activity was observed in VMHVI®R*O_ but not in ARCER*KO
females during the dark cycle with a mild reduction in ther-
mogenic energy expenditure that corresponded to increased
body weight over the course of 12 weeks post-AAV injection
(Fig. 1b and Extended Data Fig 1.1). No changes in daily
food intake were noted in either VMHVIFR*O or ARCER®KO
cohorts (Fig 1b). This latter result points to the hindbrain
nucleus of the solitary tract'®, rather than the ARC™!" for
eliciting the major anorexigenic effects of estrogen. Alterna-
tively, compensatory mechanisms might mask hyperphagia
in ARCFRKO females. Ablating ERa in the ARC did lead to
a surprisingly high bone mass phenotype*. When considered
with other Cre-based genetic ERa knockout models, we con-
clude that ERa in the VMHvI is an essential driver of maxi-
mal physical activity in female mice.
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VMHUvI E2 signaling is reported to inhibit 5> AMP-activat-
ed kinase (AMPK)®, which is known to inhibit the nutrient
sensitive kinase, mMTOR (mammalian target of rapamycin).
Using ribosome phosphorylation as an established proxy
for mTOR activity'?, we tested if pS6 might increase in fe-
male mice during proestrus (high E2) or with exogenous
E2. A dramatic induction of pS6 signal was observed that
localized to VMHVIER® neurons during proestrus or follow-
ing estradiol benzoate (EB) injection into ovariectomized
(OVX) females (Fig. 1c, d). Little to no pS6 signal was de-
tected in the VMHvI®R® of females during estrus (low E2),
in females lacking ERa, or in intact males. (Fig 1¢ and Ex-
tended Data Fig 1.2), underscoring a complete dependence
on E2 and ERa for this pS6 response. Induction of pS6 by
EB in VMHvI®R* neurons occurred slowly (>2 hrs post-hor-
mone injection) pointing to a classical genomic response. In
contrast to the VMHvI, no changes in pS6 induction were
detected in adjacent ARCER* neurons (Fig 1¢), demonstrat-
ing that VMHVIER® neurons are highly sensitive to E2 and
exhibit a neuron type-specific response. Given that fasting
and other cues for energy demand reduce pS6 (and mTOR)
signaling'3, we suggest that estrogen and induction of pS6
in VMHvIER¢ neurons conveys the opposite to increase en-
ergy utilization.

Transcriptional profiling was then used to identify candi-
date signaling pathways that contribute to VMHvI E2-me-
diated activity. Among the 287 differentially expressed
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genes (DEGs), significantly enriched pathways included
peptidergic signaling (R-MMU-375276), abnormal mam-
malian energy expenditure (MP: 0005450) and food intake
(MP: 0005449) phenotypes (Fig. 2a and Extended Data
Table 1). In particular, EB affected expression of sever-
al metabolically relevant neuropeptide receptors, including
Mc4r, Nmur2, Npylr, and Ghsr, as well as known estrogen
and/or sex-dependent genes (Cckar, Grebl, Pgr*'*). Two of
these receptors, MC4R!>!¢ and NMUR2!" affect locomotor
behavior. Expression of Mc4r and Nmur2 was induced by
E2, and during proestrus (P), but was near absent during es-
trus (E) and in intact males (Fig 2b, ¢ and Extended Data
Fig 2.1). High-resolution mapping of ERa-chromatin inter-
actions by CUT&RUN (Cleavage Under Targets and Release
Using Nuclease)'®!” demonstrated hormone-dependent ERa
recruitment to the Mc4r promoter and to the Nmur2 3> UTR
in mice treated with EB (Fig 2d and Extended Data Fig
2.1). Taken together, these data establish a direct molecular
link between estrogen and MC4R signaling.

While Mc4r expression is reported in the VMH?*?'| little
is known about its role in this brain region*. Using Mc4r-
t2a-Cre;Ail4"* mice to mark MC4R neurons®, we observed
a complete concordance of Mc4r and ERa in the VMHvI.
These VMHVI ERYMER peyrons represent ~40% of the broader
VMHyvIERe population (Fig. 2e,f). In contrast to the VMHVI,
the medial amygdala (MEA) contains many more MEAM®R
neurons lacking ERa. Induction of Mc4r in the MEA during

Fig. 1. VMHvI neurons maintain energy
expenditure in adult females and are
highly sensitive to estrogen. a, Con-
trol and spatially restricted ERa knock-
out mice were generated by stereotaxic
delivery of AAV2-GFP or AAV2-Cre-GFP
to the VMHvI or the ARC of Esr1™" adult
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females were less active during the dark
phase (RM 2-way ANOVA interaction ef-
fect Fu15=4.548, P=0.0499, post hoc:
P=0.0014) and heavier (unpaired 2-tailed
t test f4=2.365, P=0.0310) than con-
trols. ¢, Increased ribosome phosphory-
lation (pS6%447, green) observed during
proestrus localized to ERa neurons (ma-
genta) in the VMHVI. d, Treatment of OVX
female mice with estradiol benzoate (EB)
significantly increased pS6 staining in VM-
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ARC t7=1.562, P=0.1622).

Dark Light  Dark

e pS6* Neurons
807

kK

#

N A O
o o

# in VMHvl/side
o

o

# in ARC/side


https://doi.org/10.1101/794792
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/794792; this version posted October 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY-NC-ND 4.0 International license.

bioRyiv

THE PREPRINT SERVER FOR BIOLOGY

ARTICLE PREPRINT

proestrus is also substantially weaker (Fig 2g). No overlap a_ b Mc4r
was observed in two other regions of interest, including % <7 ol * - A
the paraventricular hypothalamus (PVH), a primary site im' £ %
that couples MC4R with its metabolic effects, and the lat- = 5 JOprisguMedr = -
eral hypothalamic area (LHA) that harbors a small subset < 4§ B —
of LHAMSRMER neyrons linked to increased locomotor . DB
activity?*. Collectively, these data establish that Mc4r ex- T2 Log,(Fold Chanf;e) @ & )',a"
pression is tightly synchronized with the estrous cycle in Cc Mcdr —
a small subset of energy expenditure-promoting VMHvI ) 8 o Mc4r
female neurons. §° .. H e

Given the robust induction of Mc4r in the VMHVI by es- ; ; &= é § \ g ,/)
trogen and the known sex-differences in Mc4r knockout/ 2 oL g 2 L e
loss-of-function mutations in mice'®? and humans®, we VehEB E P of [a] VMHVI -
wished to know if the functional outputs of VMHvIM® Esrt Nmur2 3 L&
neurons were restricted to females. Initially, Cre-depen- 92 NS i X & 3V o
dent expression of stimulatory DREADDs (hM3Dq) was I £ 3 2| S
used to activate VMHvVIM®® neurons. Bilateral delivery ;1 E@ 2 @ % .
of AAV-hM3Dg-mCherry into the VMHVI of both Mc4r- 2 0 £ (1) S § 3V _o’
t2a-Cre+ (Fig 3a) and Cre-negative littermates resulted EPJ EPd —
in significant clozapine-n-oxide (CNO)-induced activity d

chr18:66,856,238-66,861,680 . 1kb

in DREADD-expressing VMHvIM@R:MDa females and
males injected during the light cycle (ZT3-11), corre-
sponding to their inactive period (Fig. 3b). Distance trav-
eled 5 hrs post-CNO injection (PI) jumped significantly
(~700-800%) in both sexes accompanied by a significant
drop in sedentary behavior (Extended Data Fig 3.1); with
total distance traveled in females exceeding that of males
(~1.7 fold). Consistent with the minimal role of VMHVI in
food intake, CNO failed to increase or decrease food con-
sumption in the light and dark stages, respectively.

To determine if DREADD-dependent activity of VM-
HvIM*R neurons was capable of producing weight loss in
the face of overnutrition or high-fat diet (HFD), VMH-
VIMCRAMIDG and VMHVI®® control females were simul-
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taneously fed HFD and chronically exposed to CNO in -~ 8 UL
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VMHyvIMeR:M3DA neyrons elicited a sustained increase in e b
ambulatory activity (Extended Data Movie 3.2) and an % v 0

initial precipitous drop in body weight of 12% (Fig 3e). = . |
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Figure 2. Mc4r is an estrogen-responsive gene in the VMHvI marking a distinct subset of VMHVIER#MC4R neurons. a, Transcrip-
tional profiling of the VMHvI from vehicle and EB treated female mice identified 287 DEGs (Benjamini-Hochburg adjusted P<0.05),
including a significantly enriched subset of peptidergic receptors (red). b, q°PCR and ISH confirmed EB-dependent upregulation of Mc4r
in the VMHvI (unpaired 2-tailed t test #(6)=6.519, P=0.0006). ¢, gPCR analysis of the indicated target genes in VMHUVI isolated from
estrus females (E), proestrus females (P), and males (J) (1-way ANOVA: Mc4r F;14=6.428, P=0.0105, post hoc: E vs P P=0.0163 and
P vs & P=0.0189; Nmur2 F15=8.469, P=0.0035, post hoc: E vs P P=0.0454 and P vs & P=0.0030; Esr1 F)=10.18, P=0.0031, post
hoc: E vs & P=0.0033 and P vs & P=0.0374). d, CUT&RUN genome browser track showing EB-induced ERa binding at Mc4r promoter
in sub-cortical brain regions collected from vehicle and EB (5 ug) treated gonadectomized mice. The summit of the peak corresponds
with an ERE half-site. e and f, Images from Aj14Me#-2a-Cre female mice showing ERa (green) and Cre-dependent Ai14 (magenta) co-ex-
pression in the VMHvI, PVH, and MEA. In the VMHVI, nearly all Ai14"% neurons express ERa (unpaired 2-tailed t test, f15=0.3669,
P=0.7185). In the MEA, co-labeled neurons represent a fraction of the total Ai14M* population (unpaired 2-tailed t test, fc=4.544,
P=0.0039). g, Induction of Mc4r ISH signal in the VMHvI compared to MEA.
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Figure 3. Stimulating VMHVIY®“?R neurons promotes energy expenditure by increasing spontaneous physical activity. a, Ex-
pression of Cre-dependent AAV-hM3Dg-mCherry restricted to the VMHvI subpopulation in a representative VMHv|MC4R:"M3Da moyse. b,
CNO significantly increased locomotor behavior in female and male VMHvIMC4R:"M3Da mice compared to Cre- littermates (RM 2-way ANO-
VA: female interaction effect F ., ,,,=11.96, P<0.0001 and male interaction effect Fzs312=6.898, P<0.0001). ¢, Total distance traveled
between ZT3-ZT8 with and without CNO (Baseline) in VMHvIMC4R:M3Da gnd control mice. (RM 2-way ANOVA female interaction effect
Fu8=27.48, P=0.0008, post hoc P<0.0001 and male interaction effect F;7=36.27, P=0.0005, post hoc P<0.0001) d, Food consumption
over a 5 hr period following CNO injection during the light (ZT4) or dark (ZT12) phase. e, VMHyIMC4R:"M3Da females maintained on HFD
with chronic chemogenetic stimulation (RM 2-way ANOVA interaction effect F, ,,=4.837, P=0.0018, post hoc: P=0.0010, 0.0088, 0.0014,
and 0.0073). Body weights of VMHyvIMC4R:nM3da mice during the first 48 hrs of CNO exposure (unpaired 2-tailed ttestt,=4.963, P=0.0011).
f, Thermal imaging of BAT surface temperatures in Cre- control (left) and VMHvIMC4R:"M3Da (right) females 30min after injection of saline
(Sal), CNO (0.3mg/kg), or the B-3 adrenergic agonist, CL-316,243 (CL, 3mg/kg). g, Avergage BAT surface temperatures in control and
VMHyMC4R:mM3Da mice with Saline, CNO and CL. For CL: RM 2-way ANOVA main effect of treatment F7=47.83, P=0.0002, post hoc:
Control £P=0.0019 and VMHy|MCc4R:nM3Da p=0 0037 .

males were sustained during CNO exposure but normalized ty-promoting node that exists in females but can be artificial-
quickly after withdrawing CNO. In addition to physical ly engaged in males.

activity, a cluster of VMHVI®®* neurons expressing Rprm
were recently shown to selectively regulate BAT thermo-
genesis?’. Despite dramatic changes in activity, we failed
to detect CNO-induced changes in BAT temperature (Fig
3f) or in other indices of BAT activity (Extended Data Fig
3.1), compared to the thermogenic -3 adrenergic agonist,
CL-316,243, (Fig. 3f). We noted that baseline BAT tem-
peratures of VMHvIMO#R:AMIDa females trended higher than
controls, likely reflecting an increase in body weights (29.9
+2.2 gm vs 24.6 = 1.3 gm). Overall, these findings pinpoint
hormone-sensitive VMHVIM™R neurons in a potent activi-

To ask if melanocortin signaling itself modulates this VM-
Hvl activity module, we used the reactivatable Mc4r*'® al-
lele’ to restore Mc4r expression on an otherwise null back-
ground in VMH neurons. Sf1-Cre? restored Mc4r expression
in the VMH, but not in other CNS regions including the
PVH (Fig. 4a). As expected, by 8 weeks of age, Mc4r'>®
null mice gained significantly more weight than control lit-
termates (Mc4r™") (Fig. 4b and Extended Data Fig 4.1).
Remarkably, despite its absence in the PVH (and elsewhere),
restoring Mc4r in the VMHvVI (Mc4r¥-¢¢) substantially at-
tenuated overt obesity in female- but not male-rescued mice.
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interaction effect Fp30=6.4, P=0.0047, post hoc:
Mc4r”* vs Mc4r>™ P<0.0001 and Mc4rsf-ce vs
Mc4r>™ P=0.0153). d, Body-length body length
in three cohorts. e, Schematic overview of CRIS-
PRa-mediated induction of Mc4r via stereotaxic
injection into the VMHvI of AAV-dCas9-VP64 and
AAV-sgRNA targeting the Mc4r promotor. Control
mice received dCas9-VP64 alone. f, mCherry im-
munofluorescent staining and Mc4r ISH confirmed
spatially restricted delivery of the sgRNA and target
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Lowered body weights resulted from increased ambulato-
ry movement during the dark phase and not from reduced
food intake or from changes in axial lengths; these latter
two phenotypes are mediated by melanocortin signaling in
the PVH’.

To verify that Mc4R signaling is an integral component
of the hormone-responsive VMHuvI activity node, CRIS-
PR-mediated activation (CRISPRa) was employed as pre-
viously carried out in the PVH to restore energy balance
in haploinsufficient Mc4r"- mice?. We injected wild type
female and male mice with a dual vector system containing
the Mc4r promoter guide RNA (Mc4r-Pr-sgRNA) and an
endonuclease deficient dCas9 tethered to the VP64 tran-
scriptional activator (dCAS9-VP64) to selectively upreg-
ulate Mc4r expression in the VMHvI (Fig 4e). Activity
was monitored daily beginning at 7 weeks post-injection.
Delivery of Mc4r-CRISPRa-viral vectors to the VMHvI

and induction of Mc4r was confirmed post-mortem (Fig 4f).
CRISPRa"* females traveled on average two-fold more in
the dark phase compared to control females with daily ac-
tivity persisting at least up to 17 weeks post-injection. In
contrast to DREADD-induced movement during the light
phase, increased activity was restricted to the dark stage in
CRISPRa"* mice suggesting that this manipulation does
not disturb normal diurnal activity patterns. Movement in
CRISPRa"* males also increased, although as noted with
DREADDs above, the total distance traveled by males is
lower (Fig 4G). While body weights and food intake were
unchanged during ad libitum feeding, pair-feeding resulted
in significant loss of body weight over a 2 week period. Daily
increase in activity in CRISPRa"** females led to expected
increase in cortical bone thickness and volume associated
with increased mechanical load (Fig 4H). Other metabolic
parameters were unchanged (Extended Data Fig 4.1). Thus,

5


https://doi.org/10.1101/794792
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/794792; this version posted October 10, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

bioRxiv

THE PREPRINT SERVER FOR BIOLOGY

long-term manipulation of Mc4r gene dosage in VMHvl
neurons is able to bypass hormone-dependency of this ac-
tivity node to permanently reduce sedentary behavior.

DISCUSSION

Our findings illustrate how central estrogen signaling in
a small subset of VMHVI®R“MR neurons enables episodic
bouts of physical activity behaviors, presumably to max-
imize reproductive success. We show that MC4R is an
integral component of an ancillary hormone-responsive
exercise node in the female VMHVI that functions inde-
pendently of MC4R’s regulation of satiety. Our data iden-
tify the VMHvVI as a critical non-PVH site for achieving
optimal metabolic health in females and help reconcile the
noted sex-differences in the MC4R literature. For example,
body weights of Mc4r” female mice fail to fully normal-
ize upon pair feeding or after restoring Mc4r in the PVH/
amygdala (via SimI-Cre)*'°. Silencing the excitatory out-
put of PVHSmMCR peyrons also led to male but not female
obesity prompting the authors to conclude that MC4R ac-
tions on other non-SIM1 neurons regulate female energy
homeostasis®’. We speculate that this ancillary estrogen-de-
pendent node is conserved in humans, as women harboring
the common MC4R SNP (rs17782313) experience greater
long-term weight gain, increased risk of diabetes, and emo-
tional eating?!-2,

Although Mc4r dosage is critical for proper function and
metabolic regulation in both humans and rodent models,
endogenous signals that increase its expression have yet to
be described. Our data clearly identify estrogen as a potent
signal for increasing Mc4r expression akin to the gain-of-
function human MC4R variants that attenuate receptor in-
ternalization, which also protect against weight gain®. We
predict that melanocortin insensitivity in E2-responsive
VMHuvl neurons partially accounts for the increased sed-
entary lifestyle associated with estrogen-depletion follow-
ing menopause*, while acknowledging that the benefits of
estrogen on healthy metabolism likely involve additional
MC4R-independent processes™.

That we are able to bypass hormone-dependent regulation
in male VMHVIM®R neurons to engage this activity node
suggests strongly that males possess the same underlying
neurocircuitry present in females. Determining whether
hormonal surges associated with puberty or social/mating
behavior awaken otherwise quiescent VMHVIERYMER male
neurons will be important to address the physiological rele-
vance of this node in males.

Despite the pronounced increased physical activity ob-
served in CRISPRa"* females, lowered body weight was
achieved only after restricting food intake. Mice subject-
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ed to voluntary exercise and maintained at ambient tem-
perature adjust their metabolism to minimize weight loss*®
mimicking poor outcomes in human weight loss studies
that rely solely on exercise”. The adaptive basal metabolic
responses that prevent the anticipated and sustained weight
loss in the face of increased exercise remain to be defined.
Regardless, independent of body weight, a sedentary life-
style represents a significant, modifiable risk factor nega-
tively affecting multiple components of health- and lifes-
pan, including cognition®*°. Thus, the higher spontaneous
activity observed in CRISPRa"** mice of both sexes in the
absence of external environmental pressures (e.g., running
wheels) provides a model to explore the motivational as-
pects and health benefits of an active lifestyle.

Further work aimed at dissecting this hormone-respon-
sive VMHvI activity node in mice and humans will likely
provide insights into age-related sedentary behavior and
provoke further discussion surrounding hormone replace-
ment therapies in postmenopausal women.

MATERIALS & METHODS
Mice
All experiments were conducted in accordance with UCSF |A-
CUC guidelines and the approved protocol for the Ingraham
Lab. Mc4r°™ mice and the Ai14"" reporter mice were purchased
from Jackson Laboratories and maintained on a C57BL/6J back-
ground. Mc4r-t2a-Cre mice were a generous gift from B. Lowell
(BIDMC) and were maintained on a C57BL/6J background. Esr1”
Twere maintained on a mixed background and Sf7-Cre mice were
maintained on a C57BL/6N in the lab as previously described 34.
Wild type mice used for CRISPRa studies were on a pure
C57BL/6J background. For Mc4r rescue experiments, the Sf71-
Cre was contributed through female mice. Mice were housed on
a 12:12 hour light cycle and had ad libitum access to standard
chow (LabDiet #5058) or high-fat diet (Research Diets #D12492).
CUT&RUN experiments were performed on adult male (8-12
weeks of age) gonadectomized C57BI6/J wild type mice obtained
from Jackson Laboratory. Three weeks post-gonadectomy, ani-
mals were injected subcutaneously with either corn oil (vehicle)
or 5 ug of estradiol benzoate and sacrificed after 4 hours. For
each biological replicate, brain dissections were pooled from 5
animals.

Stereotaxic Injections
AAV2-Cre-GFP and AAV2-GFP were purchased from the UNC
Vector Core (Chapel Hill, NC). AAV2-hM3Dg-mCherry vectors
were purchased from Addgene (Watertown, MA). AAVdj-dCas9-
VP64 and AAVdj-Prm-Mc4r-sgRNA, were generated by the Stan-
ford Gene Vector and Virus Core and details of vector constructs
are as previously described 2°,. Adult mice were secured in a
Model 1900 stereotaxic frame (David Kopff Instruments), and
250-600 nL of virus was injected bilaterally at the following co-
ordinates: For the VMHvI - A-P: Bregma -1.48 mm, M-L: Bregma
+/-0.85 mm, D-V: skull -5.9 mm. For the ARC: A-P: Bregma -1.58
mm, M-L: Bregma +/-0.25 mm, D-V: skull -5.8 mm.

For all surgeries regardless of viral vectors used, mice were
allowed to recover for at least 2 weeks prior to any metabolic or
behavioral assays. At the conclusion of the experiments, mice
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were euthanized and the brains were collected to confirm prop-
er targeting. Any mice absent of fluorescent GFP or mCherry
protein expression were excluded from subsequent analyses.
Water-soluble CNO (Hello Bio, HB6149) was administered by IP
injection (0.3 mg/kg in sterile saline) or in the drinking water (0.25
mg/mL). CNO-laden drinking water was replaced every 48 hours.

Estrous Cycle Staging and EB Treatment

Reproductive stages in female mice were determined by compar-
ing relative amounts of leukocytes, epithelial cells and cornified
epithelial cells collected by vaginal lavage. Stage assessments
were made daily between ZT3 and ZT5. Brains from estrus or
proestrus females were collected between ZT7 and ZT10 and
processed for immunofluorescence, ISH, or gPCR.

Adult female mice (>8 week old) were OVX. Estradiol benzoate
(Cayman Chemical) was dissolved in DMSO and diluted in ses-
ame oil (Sigma). Mice received subcutaneous injection of either
1ug EB in 150 pL sesame oil or 150 pL of sesame oil with an
equivalent amount of DMSO. Control mice received subcutane-
ous injection of 150 uL of sesame oil with an equivalent amount
of DMSO. To minimize changes in VMH gene expression or sig-
nal transduction associated with fear/anxiety, mice were handled
daily in a manner that simulated injection for at least 5 days prior
to EB/Vehicle treatment and tissue collection.

RNA-seq and qPCR

Brains from OVX females treated with EB (n = 4) or vehicle (n
= 3) were rapidly dissected into ice-cold PBS with 0.1% DEPC.
Coronal brain sections (250 ym thick) were cut on a vibratome
and transferred to glass slides so that the VMH could be visual-
ized and manually microdissected. Isolated tissue was flash fro-
zen and stored at -80° C. RNA was prepared using the RNeasy
Micro kit (Qiagen). Sequencing libraries were constructed using
the TRIO RNA-seq Library Preparation kit (TECAN) using 15
ng of input RNA. Equal amounts of each sample library were
multiplexed and sequenced (50 bp single-end reads) on a sin-
gle flow cell lane HiSeq 4000 (lllumiina). Demultiplexed reads
were aligned to the mouse genome (mm10) using HISAT2 “° and
counted using HTSeq #'. Finally, differential gene expression test-
ing was performed using DESeq2 2.

Isolated RNA, prepared as described above, was converted to
cDNA using the SuperScript Ill reverse transcriptase (Invitrogen).
Target genes were amplified using specific primers (Extended
Data, Table 2). Ct values were normalized to cyclophilin and rel-
ative expression levels were quantified using the comparative C,
method. Individual values, representing the VMHvI from 1 mouse
are the average of 2 technical replicates.

CUT&RUN Assay

ERa CUT&RUN was performed on 400,000 nuclei isolated from
BNSTp, POA, and MeA tissue via density gradient centrifuga-
tions. Briefly, tissue was homogenized 15x with a loose pestle in
a glass homogenizer containing Homogenization Medium (250
mM sucrose, 25 mM KCI, 5 mM MgCI2, 20 mM Tricine-KOH, 1
mM DTT, 0.15 mM spermine, 0.5 mM spermidine, 1X Roche ED-
TA-free protease inhibitor cocktail, pH 7.8). 0.3% IGEPAL CA-630
was added, and the tissue was further dounced 5x with a tight
pestle. After douncing, the homogenate was filtered through a 40
pm strainer and mixed 1:1 with 50% OptiPrep solution (Millipore
Sigma) prepared in Dilution Buffer (150 mM KCI, 30 mM MgCl2,
120 mM Tricine-KOH, pH 7.8). The homogenate was underlaid
with 5 ml of 30% and 40% OptiPrep solution, respectively, and
centrifuged at 10,000xg for 18 min at 4°C in an ultracentrifuge. ~2
ml of nuclei solution were removed from the 30 - 40% OptiPrep
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interface by direct tube puncture. Following nuclei isolation, 0.4%
IGEPAL CA-630 was added to improve binding to concanavalin
A magnetic beads (Bangs Laboratories BP531). CUT&RUN was
performed on brain nuclei, according to the standard protocol #4.
Nuclei were washed twice in Wash Buffer (20 mM HEPES, pH 7.5,
150 mM NacCl, 0.1% BSA, 0.5 mM spermidine, 1X PIC) and incu-
bated overnight on a nutator with ERa antibody (Millipore Sigma
06-935), diluted 1:100 in Antibody Buffer (Wash Buffer contain-
ing 2 mM EDTA). Nuclei were washed twice in Wash Buffer, and
~700 ng/ml protein A-MNase (pA-MNase) was added. After 1 hr
incubation on a nutator at 4°C, the nuclei were washed twice in
Wash Buffer and placed in a metal heat block on ice. pA-MNase
digestion was initiated by 2 mM CaCl2. After 90 min, pA-MNase
activity was stopped by mixing 1:1 with 2X Stop Buffer (340 mM
NaCl, 20 mM EDTA, 4 mM EGTA, 50 pg/ml RNase A, 50 pg/ml
glycogen). Digested fragments were released by incubating at
37°C for 10 min, followed by centrifuging at 16,000xg for 5 min at
4°C. DNA was purified from the supernatant by phenol-chloroform
extraction.

CUT&RUN Library Preparation

CUT&RUN libraries were prepared using the SMARTer ThruPLEX
DNA-seq Kit (Takara Bio), with the following PCR conditions: 72°C
for 3 min, 85°C for 2 min, 98°C for 2 min, (98°C for 20 sec, 67°C
for 20 sec, 72°C for 30 sec) x 4 cycles, (98°C for 20 sec, 72°C for
15 sec) x 10 cycles. Samples were size-selected with AMPure XP
beads (1.5X right-sided and 0.5X left-sided) to remove residual
adapter dimers and large DNA fragments. Individually barcoded
libraries were multiplexed and sequenced with paired-end 75 bp
reads on an lllumina NextSeq, using the High Output Kit.

CUT&RUN Data Processing

Paired-end reads were trimmed to remove low-quality base-
calls and adapters. Trimmed reads were aligned to mm10 using
Bowtie2 with the following flags: --dovetail --very-sensitive-lo-
cal --no-unal --no-mixed --no-discordant --phred33 --minins 10
--maxins 700. After alignment, duplicate reads were removed us-
ing Picard MarkDuplicates. Subsequently, reads were filtered by
mapping quality (MAPQ > 40) and fragment length (< 120 bp).
After filtering, peaks were called using MACS2 callpeak with a
g-value threshold of 0.05. Filtered BAM files were merged across
biological replicates (n = 2) and normalized by counts per million
(CPM) for track visualization.

In Situ Hybridization

Antisense Mc4r probes were amplified from hypothalamic cDNA
libraries (Primer Sequences provided in Extended Data, Table
2), and in vitro transcribed with incorporation of digoxigenin-UTP
(Roche) using the T7 or SP6 Riboprobe kit (Promega). 20 um sec-
tions from fixed tissue were labeled and detected as previously
described 3.

Immunofluorescent Staining

The following antibodies were used for immunofluorescence,
polyclonal rabbit anti-ERa (EMD Millipore, #C1355), monoclonal
mouse anti-ERa and mouse polyclonal phospho-Serine 244/247
RPS6 (Invitrogen, #44-923G). Alexa Fluor-coupled secondary an-
tibodies (Invitrogen, #A11029 and #A11037).

Metabolic and Activity Monitoring

Indirect calorimetry and food intake were measured in CLAMS
chambers (Comprehensive Laboratory Animal Monitoring Sys-
tem, Columbus Instruments). Any spilled food that was not con-
sumed was accounted for at the conclusion of the 4 days period
spent in CLAMS.
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Ambulatory activity in control and VMHvVIMC4R::hM3Dq mice was
recorded via IR cameras and quantified using the ANY-maze behav-
ioral tracking system (Stoelting). Prior to any measurements, mice
were allowed to acclimate to single-housing in the ANY-maze cham-
bers for at least 1 week. For DREADD studies, control and experi-
mental mice received CNO injections at ZT2.9 and activity tracking
began at ZT3. For each mouse, activity parameters were compared
to those during the equivalent circadian period on a baseline day in
which no CNO was given. For CRISPRa studies, activity tracking
was continuously monitored for at least five 24hr periods.
Interscapular skin temperatures was measured using a FLIR-E4
handheld infrared camera (FLIR Systems, Inc. Wilsonville, Oregon)
as previously described. Female mice were lightly anesthetized in
groups of four or five in an anesthesia induction chamber and imag-
es were captured at baseline and 30 minutes post saline, CNO (0.3
mg/kg) or CL-316,243 (3 mg/kg) intraperitoneal injection.

Statistics

Statistical tests, excluding RNA-Seq and CUT&RUN analyses,
were performed using Prism 8 (Graphpad). A description of each
test and results is provided in the figure legends. Unless otherwise
noted, data are presented as mean + SEM.

Supplementary Information

Extended Data Figure 1.1: VMHVI®R*O affects brown adipose
thermogenesis in mice maintained at ambient temperature.
Extended Data Figure 1.2: VMHvI] pS6 induction depends on
ERa and can be elicited in males by EB treatment.

Extended Data Figure 2.1: EB-dependent regulation of Mc4r and
Nmur?2.

Extended Data 3.1: Chemogenetic activation of VMHvIM™R neu-
rons reduces sedentary behavior during the normally inactive light
period.

Extended Data 3.2: CNO administered in the drinking water stim-
ulates VMHVIM®R neurons to increase physical activity

Extended Data 4.1: Additional metabolic and expression data for
conditional Mc4r rescue and CRISPRa"** mice.

Extended Data Table 1: Enriched clusters of estradiol-sensitive
DEGs include peptidergic signaling and energy balance regulation.
Extended Data Table 2: Primer sequences used in assays.
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