SCIENCE ADVANCES | RESEARCH ARTICLE

NEUROPHYSIOLOGY

An estrogen-sensitive hypothalamus-midbrain neural
circuit controls thermogenesis and physical activity

Hui Ye', Bing Feng? Chunmei Wang?, Kenji Saitot, Yongjie Yang?, Lucas Ibrahimi’,

Sarah Schaul’, Nirali Patel’, Leslie Saenz', Pei Luo', Penghua Lai', Valeria Torres’, Maya Kota',
Devin Dixit', Xing Cai, Na Qu3, llirjana Hyseni3, Kaifan Yu?, Yuwei Jiang*, Qingchun Tong®,
Zheng Sun®, Benjamin R. Arenkiel’, Yanlin He?*, Pingwen Xu'"**, Yong Xu®3*%

Estrogen receptor-a (ERa) expressed by neurons in the ventrolateral subdivision of the ventromedial hypo-
thalamic nucleus (ERa*""MH) regulates body weight in females, but the downstream neural circuits mediating this
biology remain largely unknown. Here we identified a neural circuit mediating the metabolic effects of ERa"'VM"
neurons. We found that selective activation of ERa”'Y™" neurons stimulated brown adipose tissue (BAT) thermo-
genesis, physical activity, and core temperature and that ERa""YMH heurons provide monosynaptic glutamatergic
inputs to 5-hydroxytryptamine (5-HT) neurons in the dorsal raphe nucleus (DRN). Notably, the ERa""VMH _, DRN
circuit responds to changes in ambient temperature and nutritional states. We further showed that 5-HTPRN
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neurons mediate the stimulatory effects of ERq"VMH
ERa expressed by DRN-projecting ERq"YMH
these findings support a model that ERg"'VMH
stimulating 5-HTP"N heurons.

INTRODUCTION
Estrogen, an ovarian hormone, has been shown to play a crucial role
in body weight control in both animals and humans (1). Estrogen
produces essential anti-obesity functions through decreasing food
intake (2), increasing physical activity and energy expenditure (3), and
modulating fat distribution (4). Estrogen’s anti-obesity effects have
been suggested to be primarily mediated by estrogen receptor-a
(ERa), because genetic deletion of ERo in mice leads to obesity (4).
ERo in the brain plays a vital role in maintaining energy balance
and body weight control. Two ERo-expressing neuronal popula-
tions essential for estrogenic regulation of body weight were identi-
fied in the hypothalamus. ERa expressed by pro-opiomelanocortin
neurons in the arcuate hypothalamic nucleus (ARC) regulates food
intake (5-7), while ERa in the ventrolateral subdivision of the ventral
lateral ventromedial hypothalamic nucleus (vIVMH) modulates
two components of energy expenditure, spontaneous physical ac-
tivity and thermogenesis, in females (5, 8). The stimulatory effects
of ERa""YMH on energy expenditure have been consistently observed
in other studies. For example, stereotaxic delivery of 17f-estradiol
(E2) into the vIVMH stimulates brown adipose tissue (BAT) ther-
mogenesis in females (9). Ablation of ERo"YMH neurons induced by
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neurons on BAT thermogenesis and physical activity and that
neurons is required for the maintenance of energy balance. Together,
neurons activate BAT thermogenesis and physical activity through

NK2 homeobox transcription factor 1 (NKX2-1) knockout decreases
physical activity and increases body weight in females (10). Together,
these findings suggest that ERa"'VMH neurons play a crucial role in
estrogenic regulation of energy expenditure.

In addition to regulating energy expenditure, ERa"MH neurons
also modulate glucose homeostasis in females (11), as well as social
investigation, mating, and aggression in both sexes (12-16). Distinct
subpopulations of ERa"'VMH neurons with nonoverlapping gene ex-
pression signatures have been recently identified (17, 18), partially
explaining these diverse and sex-specific functions. However, the
specific downstream neural circuits that mediate the metabolic
functions of ERo"™* neurons remain unknown.

Here, we aimed to identify the essential downstream neural popu-
lations mediating the metabolic effects of ERa™ ™™ neurons. Using cell
type-specific anterograde and retrograde neuronal tracing methods,
we identified 5-hydroxytryptamine (5-HT) neurons in the dorsal raphe
nucleus (DRN, 5-HTPRY) as one downstream neural population di-
rectly innervated by ERa""" ™™ neurons. Through channelrhodopsin-2
(ChR2) circuit mapping (CRACM) experiments, we confirmed
the synaptic neurotransmission of these two neural nodes and
further identified glutamate as the essential neurotransmitter at the
ERoYMH _, 5 HTPRN gynapse. We further examined the functions of
this glutamatergic ERo"VMH — 5.HT ®N circuit in the regulation of
thermogenesis and physical activity. Notably, we found that the
ERo"'VMH — DRN circuit also responded dynamically to changes in
ambient temperature and nutritional state. Last, we demonstrated that
ERo expressed by DRN-projecting ERa™ ™M neurons is required for
the physiological regulations of energy homeostasis in female mice.

RESULTS

Activation of ERa neurons stimulates BAT
thermogenesis and physical activity

To begin to evaluate the effects of E2 on this circuit, we first tested

the electrophysiological responses of identified ERa""M neurons

vIVMH
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to E2 in ex vivo brain slices from ERo-ZsGreen mice. In this mouse
model, ZsGreen is driven by the mouse ERo promoter and selec-
tively expressed in ERa neurons (19). We started by measuring the
effects of E2 on resting membrane potential and firing frequency of
these green fluorescent neurons identified in the vIVMH (fig. S1, A
and B). We found that E2 treatment significantly increased both
resting membrane potential and firing frequency of ERo"MH
neurons (Fig. 1, A to E). To block presynaptic inputs from afferent
neurons, we preincubated brain slices with tetrodotoxin (TTX, a
potent sodium channel blocker), 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX, a competitive glutamate AMPA receptor antagonist),
2-amino-5-phosphopentanoic acid [D-AP5, a glutamate N-methyl-
p-aspartate (NMDA) antagonist], and bicuculline [a competitive
y-aminobutyric acid type A (GABA,) receptor antagonist]. In the
presence of these blockers, E2 (100 nM) treatment still depolarized
all recorded ERa*"YMH neurons (fig. S1, C to E), suggesting a direct
stimulatory effect of E2 on ERo""" ™" neurons.

On the basis of these initial observations, we next used the designer
receptors exclusively activated tgr designer drugs (DREADD) method
to selectively activate ERo™ ™ neurons by stereotaxic injection of
adeno-associated virus 2 (AAV2)-DIO-hM3Dq-mCherry into the
VvIVMH of Esr1-Cre mice (Fig. 1F). To exclude possible off-target effects
of clozapine N-oxide (CNO) or its metabolites (20), we included
wild-type (WT) + hM3Dg/saline, WT + hM3Dq/CNO, and Esrl-
Cre + hM3Dq/saline mice as controls. We observed distinct expression
of hM3Dq-mCherry in Esr1-Cre + hM3Dq but not in WT + hM3Dq
mice (fig. S2A). As expected, CNO treatment increased both resting

membrane potential and firing frequency of hM3Dq-expressed
ERo""YMH neurons (fig. S2, B to D). We found that in females, acute
stimulation of ERa" "™ neurons induced by intraperitoneal
injection of CNO significantly increased physical activity, as well as
BAT and core temperature, suggesting an increased thermogenesis
(Fig. 1, G to J). CNO-induced increases in physical activity lasted
for 3 hours, while elevated BAT temperature persisted up to 6 hours
following injection (Fig. 1, I and J). Notably, there was no difference
in BAT thermogenesis and physical activity between WT + hM3Dq and
Esr1-Cre + hM3Dq mice after saline in}'\fctions (fig. S2, Eand F). In
addition, repeated activation of ERo™YMH peurons in ovariectomized
(OVX) female mice via daily CNO injections ameliorated high-fat
diet (HFD)-induced body weight gain without affecting energy
intake (Fig. 1, K and L), suggesting beneficial metabolic effects of
ERa""VMH activation.

We also noted similar observations in male WT + hM3Dq and
Esr1-Cre + hM3Dq mice. We found that CNO-induced activation
of ERa"™MH neurons significantly increased both BAT thermogenesis
and physical activity, while saline injections did not induce any effects
(fig. $2, G to ]). These findings indicate that ERa""™" neurons have
similar metabolic regulatory effects in both females and males.

ERa""Y™" neurons monosynaptically innervate

5-HT?" neurons

We previously reported that ERa neurons send condensed
projections to the DRN, which surround 5-HT"®N neurons (11).

These findings suggest that ERa""™M" neurons may synapse on

vIVMH
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Fig. 1. Chemogenetic activation of ERg"'VMH

neurons stimulates physical activity and BAT thermogenesis in females. (See also figs. S1 and S2.) (A) Representative

trace of ERo-ZsGreen (+) neurons in the vIVMH of female mice treated with vehicle (1% dimethyl sulfoxide in saline) or 17-estradiol (E2, 100 nM, 1s puff). (B to E) Summary
of firing frequency (B and C) and resting membrane potential (D and E) (n =13 or 14). (F) Schematic of the experimental strategy. (G and H) Effects of CNO (3 mg/kg)
intraperitoneal injection on physical activity (G) and core temperature (H) in female mice with emitter intra-abdominally implanted (n = 4). (1 and J) Effects of CNO injec-
tion on physical activity (I) and BAT temperature (J) in female mice with emitter implanted under BAT (n=4). (K and L) Effects of chronic CNO treatment (twice/day, 3 mg/
kg i.p. injection) on body weight gain (K) and energy intake (L) of ovariectomized (OVX) female mice (n =3 or 4). (B to E) Data are presented for each cell. ***P <0.001 in
paired t tests. (G to L) Results are shown as means + SEM. (G and H) *P < 0.05 in unpaired t tests. (I to L) *P < 0.05, **P < 0.01, and ****P < 0.0001 in two-way analysis of variance

(ANOVA) analysis followed by post hoc Sidak tests.
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5-HT ™ neurons, which play an essential role in BAT thermogen-
esis (21). To establish the synaptic innervation between ERo"VMH
neurons and 5-HTP® neurons, we stereotaxically injected antero-
grade trans-synaptic tracing virus Ad-iN/WED cre-inducible WGA
adenoviral vector into the vVIVMH of Esrl-Cre mice (Fig. 2A).
Ad-iN/WED is a Cre-dependent virus that harbors a green fluores-
cent protein (GFP)-tagged wheat germ agglutinin (WGA) (22)
and, following injection, was exclusively expressed in ERo"" M
neurons (Fig. 2B), and anterogradely translocated to downstream
neural populations. Through this anterograde labeling approach,
we found abundant WGA-GFP expression in the DRN. Notably,
majority of the WGA-GFP (+) neurons in the DRN expressed 5-HT
(Fig. 2, C to E). These observations strongly indicate that 5-HTP®Y
neurons receive synaptic innervation from ERa"MH neurons.
WGA has also been reported to exhibit both retrograde trans-
synaptic transport (23), and multisynaptic transport of WGA has
also been observed (24). Therefore, WGA tracing alone could not
fully establish a direct projection from ERa"" ™™ neurons to 5-HT RN
neurons. To confirm that ERo" "™ neurons provide monosyn-
aptic inputs to DRN neural populations, we also used a rabies-
mediated retrograde tracing system, including an EnvA-pseudotyped
glycoprotein (G)-deleted Rabies-mCherry and Cre-dependent
helper AAV virus AAV2-EF1a-FLEX-GT [enhanced GFP (EGFP) +

Ad-iN/WED
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TVA]. EnvA-pseudotyped rabies virus does not infect neurons in
the absence of the avian TVA (the cellular receptor for subgroup A
avian leukosis viruses) receptor protein (25). Toward this, we first
delivered AAV2-EF1a-FLEX-GT (EGFP + TVA) into the vIVMH
of Esr1-Cre mice to induce TV A expression exclusively in ERoVMH
neuron cell bodies and fiber terminals. Subsequently, we introduced
EnvA-G-deleted Rabies-mCherry into the downstream DRN brain
region, where the fiber terminals of ERo"" ™" neurons are located.
The selective expression of TVA in ER0"YMH neurons allows for ra-
bies infection of ERa"YMH neuronal fiber terminals and subsequent
labeling of the cell bodies within the vIVMH (Fig. 2, F to I). We
found that Rabies-mCherry expressed and colocalized with TVA-
GFP in the vIVMH of the Esr1-Cre mouse (Fig. 2, ] to L), confirming
monosynaptic inputs from ERo"" ™ neurons to the DRN neural
populations.

A similar rabies-mediated retrograde tracing was performed to
confirm further that vIVMH neurons provide monosynaptic inputs to
Tryptophan Hydroxylase 2 (TPH2)"™ neurons (fig. S3A). Specifically,
we delivered AAV2-EF1a-FLEX-GTB (EGFP + TVA + rabies B19
glycoprotein) into the DRN of TPH2-iCreER/Rosa26-LSL-tdTOMATO
mice to induce TVA and glycoprotein expression exclusively in
TPH2"™ neurons (fig. $3, B to D). Subsequently, we introduced
EnvA-G-deleted Rabies-mCherry into the same DRN brain region.

5-HT

Fig. 2. ER0""™" neurons provide monosynaptic innervation to 5-HTP"N neurons. (See also fig. $3.) (A) Schematic of the experimental strategy using the Ad-iIN/WED virus
as a trans-synaptic anterograde tracer to identify the ERa""™" - 5-HTP™N circuit. (B) WGA immunoreactivity in the vIVMH of female Esr1-Cre mice. (C to E) Immunoreactivity
of WGA (C, green), 5-HT (D, red), and merger (E, yellow) in the DRN. White arrows point to yellow dual fluorescent neurons. Ag, aqueduct. (F) Schematic of the experimental strategy
using the EnVA-G-deleted Rabies-mCherry virus as a retrograde tracer to identify the ERo"YMH _, DRN circuit. (G toI) Fluorescence of Rabies-mCherry (G, red), EGFP + TVA (H, green),
and merger (I, yellow) in the DRN. (J to L) Immunoreactivity of Rabies-mCherry (J, brown), EGFP + TVA (K, green), and merger (L) in the vIVMH of female Esr1-Cre mice.

Ye etal., Sci. Adv. 8, eabk0185 (2022) 19 January 2022

30of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Glycoprotein is required for the retrograde trans-synaptic tracing
of the rabies virus. The selective expression of TVA and glyco rotein
in TPH2P™ neurons allows for rabies infection of TPH2"*N neu-
rons and subsequent labeling of the upstream neurons providing
monosynaptic inputs to TPH2"™ neurons. We found that Rabies-
mCherry expressed in multiple brain regions, including the ARC,
the medial amygdala, the suprachiasmatic nucleus, the medial pos-
terior part of the Arc, and vVIVMH (fig. S3, E to L), confirming
monosynaptic inputs from vIVMH neurons to the TPH2P®™ neural
populations.

ERa""YM heurons stimulate 5-HT’® neurons through
glutamatergic neurotransmission

We next sought to target both ERa""M" neurons and 5-HT RN
neurons in the same mice. For the latter population, we used a
knock-in TPH2-iCreER mouse allele. TPH2 is an essential enzyme
for the synthesis of 5-HT in the brain, and we previously confirmed
that TPH2-iCreER drives selective Cre activity in 5-HT neurons within
the DRN (26). Using the TPH2-iCreER deliver line, upon tamoxifen
induction produced robust Cre activity in the DRN (fig. S4A);
no Cre activity was observed in the vVIVMH (fig. $4B). Notably, Esr1-
Cre mice show Cre activity in the DRN as reported by Cre-driven
mCherry expression; however, the mCherry-positive neurons in the
DRN were identified to be TPH neurons (fig. S4, C to E). Consistent
with our previous findings, we confirmed that all ERa-expressing
cells within the DRN are 5-HT neurons (26). In other words, the
Esr1-Cre did not induce Cre activity in non-5-HT neurons in the
DRN. Thus, within the DRN of the compound TPH2-iCreER/Esr1-Cre
mice, Cre activity was exclusively induced in 5-HT neurons.

We next generated Esr1-Cre/TPH2-iCreER/Rosa26-LSL-
tdTOMATO mice and stereotaxically injected both AAV2-DIO-
ChR2-EYFP (enhanced yellow fluorescent protein) and Ad-iN/WED
into the vIVMH (Fig. 3A). In these mice, the blue light-sensitive

photoreceptor ChR2 was expressed in ERa"" ™M neurons and their

fiber terminals. WGA-GFP labeled ERa™"™" neurons and their
downstream neurons (including those in the DRN), and therefore,
tdTOMATO(+)WGA-GFP(+) neurons in the DRN were identified
as the putative ERo"YM L innervated 5-HT XN neurons (fig. S4,Fto H).
Consistent with the colocalization analysis of WGA-GFP and 5-HT in
the DRN, most of the WGA-GFP(+) neurons were also tdTOMATO
(+) (Fig. 3, B and C). To characterize the synaptic transmission
within the ER(IVWMH 5-HTP™ neural circuit, we used CRACM (27)
to record light-induced responses of tdTOMATO(+)WGA-GFP(+)
neurons in the DRN following blue light photostimulation of
ChR2-expressing ERa""MH fibers/terminals within the DRN (fig.

$4, I to K).

Under the current clamp, we found that photostimulation signifi-
cantly increased the resting membrane potential of tdTOMATO(+)
WGA-GFP(+) neurons in the presence of TTX (Fig. 3, D and E).
Together, these data suggest adirect excitatory input from ERa"VMH
neurons to 5-HT® neurons. Under voltage-clamp conditions, we
detected light-evoked excitatory postsynaptic currents (eEPSCs) in
most tdTOMATO(+)WGA-GFP(+) neurons tested (70.59% eEPSC ver-
sus 29.41% no eEPSC in total 17 neurons; Fig. 3, F and G). Notably, no
eEPSCs were detected in tdTOMATO(+)WGA-GFP(-) neurons (Fig. 3H),
validating the high fidelity of this WGA-GFP-assisted CRACM
approach. After blocking presynaptic inputs by 4-aminopyridine
(4-AP) and TTX preincubation, the amplitude and latency of eEPSCs
remained unchanged (Fig. 3, I and J). These findings revealed a
monosynaptic response induced by blue light, which was consistent
with the current-clamp results. We also found that blue light-
induced eEPSCs were blocked by incubation of D-AP5 (an NMDA
receptor antagonist) + CNQX (an AMPA receptor antagonist),
confirming their glutamatergic nature (Fig. 3, F and I). In summary,
our results suggest that the ERa""™* neurons provide monosynaptic
glutamatergic inputs to 5- HT ™ neurons.
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Fig. 3. ERa"V™" — DRN neural circuit stimulates 5-HT°™N

neurons through glutamatergic neurotransmission. (See also figs. S4 and S5.) (A) Schematic of the experimental

strategy. (B and C) A representative image (B) and a summary (C) of yellow arrow-pointed tdTOMATO(+)WGA-GFP(+) and green arrow-pointed tdTOMATO(-)WGA-GFP(+)
neurons in the DRN. (D and E) Representative trace (D) and summary (E) of tdTOMATO(+)WGA-GFP(+) neurons in the DRN responding to blue light photostimulation in
the DRN (20 Hz, 10 ms per pulse, and 3 mW for 2 min) in the presence of 1 uM TTX (n = 11). (F) Representative eEPSC induced by blue light photostimulation (10 ms, 3-mW
stimulation) after preincubation of artificial cerebrospinal fluid (aCSF) or 30 uM CNQX + 30 uM AP-5 in tdTOMATO(+)WGA-GFP(+) neurons in the DRN. (G and H) Summary
of eEPSC in tdTOMATO(+)WGA-GFP(+) (G) and tdTOMATO(+)WGA-GFP(-) neurons (H). (I) Summary of eEPSC amplitude in the presence of aCSF, 1 uM 4-aminopyridine
(4-AP)+1 uM TTX, or CNQX + D- AP5 (n=12). (J) Summary of eEPSC latency in the presence of aCSF or 4-AP + TTX (n=12). (E) Data are presented for each cell.
**¥¥P < 0.0001 in paired t tests. (I and J) Results are presented as means + SEM. ****P < 0.0001 in repeated-measures ANOVA analysis followed by post hoc Dunnett’s tests.
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To further characterize the synaptic transmission between
ER0YMH and 5-HT(-)P™ downstream neural populations, the same
current clamp was also performed in tdTOMATO(-)WGA-GFP(+)
neurons. We detected eEPSCs in most tdTOMATO(-)WGA-GFP(+)
neurons tested (72.00% eEPSC versus 28.00% no eEPSC in total
25 neurons; fig. S5, A and B). Notably, the amplitude and latency of
eEPSCs remained unchanged after 4-AP and TTX preincubation
(fig. S5, C and D). However, eEPSCs were blocked by incubation of
D-AP5 + CNQX, suggesting glutamatergic transmission (fig. S5,
A and C). Collectively, our data support that the ERa” IVMH p eurons
provide monosynaptic glutamatergic inputs to both 5-HT(+) and
5-HT(-) DRN neurons.

ERo""YMH _, DRN neural circuit responds to changes

in ambient temperature and nutritional state

To test the physiological relevance of the ERa"YMH _, DRN neural
circuit, we next recorded the neural dynamics of identified DRN-
projecting ERa""MH neurons during temperature or nutritional
changes. Toward this, we injected a retrogradely transported CAV2-
Cre virus into the DRN of ERa-ZsGreen/Rosa26-LSL-tdTOMATO

upstream ERa" VM neurons that project to the DRN and induced

tdTOMATO (red) expression. Thus, DRN-projecting ERa*VMH
neurons were labeled with tdTOMATO(+)ZsGreen(+)dual fluores-
cent colors (fig. S6, A to C). We next performed current-clamp
recordings in identified yellow neurons in brain slices that were
prepared from mice exposed to different ambient temperatures. We
found that the firing frequency of the DRN-projecting ERa""VMH
neurons was increased in mice exposed to cold (4°C) and decreased
with warm exposure (40°C; Fig. 4, B and C). Resting membrane
potential was not significantly altered by the cold exposure but was
significantly decreased by warm exposure (Fig. 4D). These results
revealed thermosensing capabilities of DRN-projecting ERa" " MH
neurons, where low ambient temperatures activate and high tem-
peratures inhibit these neurons. We further investigated the ther-
mosensing properties of DRN-projecting ERa"YM! neurons in
OVX female mice with depleted endogenous ovarian hormones.
Notably, OVX abolished the responses of firing frequency and
resting membrane potential to changes in ambient temperature
(Fig. 4, B to D), indicating that ovarian hormones (including estro-
gen) are requlred for thermosensing capabilities of DRN-projecting

mice (Fig. 4A). In this case, CAV2-Cre retrogradely infected ERo""MH neurons.
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Fig. 4. Neural dynamics of DRN-projecting ERa""V"" neurons. (See also fig. 56.) (A) Schematic of the experimental strategy using the CAV2-Cre virus to label and record the

electrophysiological response of DRN-projecting ERa"""™" neurons in Sham or OVX female ERa-ZsGreen/Rosa26-LSL-tdTOMATO mice. (B) Representative responses to the
exposure to room temperature (23°C), 4°C, or 40°C for 30 min in DRN-projecting ERa""M" heurons labeled with dual yellow fluorescent colors (ZsGreen + tdTOMATO) in
Sham or OVX female mice. (C and D) Summary of firing frequency (C) and resting membrane potential (D) when exposed to different temperatures (n=11, 13, 13,
15,17, or 18). (E) Representative response to fed condition, 24-hour fasting, or 2-hour refeeding after 24-hour fasting in DRN-projecting ERa"""M neurons in Sham or OVX
female mice. (F and G) Summary data of firing frequency (F) and resting membrane potential (G) under different metabolic conditions (n=11, 22, 18, 15, 16, or 20).
(C, D, F, and G) Results are presented as means + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001 in one-way ANOVA analysis followed by post hoc Dunnett’s tests.
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We then tested responses of DRN-projecting ERo"" "™ neurons

to fasting and refeeding. We found that the firing frequency of
DRN-projecting ERa""VMH neurons was decreased by fasting and
increased by refeeding, and the resting membrane potential of these
neurons was decreased by fasting (Fig. 4, E to G). These neural re-
sponses associated with animals’ feeding conditions were also
blocked in OVX female mice (Fig. 4, E to G). We next further tested
the responses of non-DRN-projecting ERa" "M tdTOMATO(-)
ZsGreen(+) neurons. While DRN-projecting ERa""YMH neurons
were sensitive to changes in ambient temperature and nutritional
state, these non-DRN-projecting ERo"'YMH neurons only showed
responses to fasting challenge (fig. S6, D to G).

The stimulatory effects of ERa"""M" . DRN circuit on BAT
thermogenesis and physical activity are

independent of ADRB3

To further test the metabolic effects of the ERa""M" — DRN
circuit, we selectively activated this circuit using ChR2-mediated
photostimulation. More specifically, we stereotaxically injected
Cre-dependent AAV2-DIO-ChR2-EYFP into the vIVMH of Esr1-Cre
mice and implanted an optic fiber above the DRN (Fig. 5A and
fig. S7A). Blue light stimulation (473 nm, 10 ms per pulse, 20 Hz,
3-s on, and 2-s off for 1 hour) of the DRN resulted in significant
increases in both BAT temperature and physical activity compared
to the same mice receiving control yellow light pulses (473 nm, 10 ms
per pulse, 20 Hz, 3-s on, and 2-s off for 1 hour) during the same time
of the day (Fig. 5, B, D, E, and G). Notably, post hoc staining of EYFP

and cFOS (Fos proto-oncogene, AP-1 transcription factor subunit)
and electrophysiology confirmed accurate injection/implantation and
targeted activation of ERa" WMH heurons (fig. S7, Bto E). These findings
indicate that activation of the ERo"™" ™" — DRN circuit is sufficient
to stimulate BAT thermogenesis and physical activity.

To explore the peripheral mechanisms underlying this action, we
next intraperitoneally injected mice with SR59230A, a B3-adrenergic
receptor (ADRB3) antagonist, before photostimulation. As previously
reported (28), SR59230A showed inhibitory effects on the baseline
BAT thermogenesis and physical activity (fig. S7, E and F). However,
pretreatment of SR59230A did not affect photostimulation effects on
BAT thermogenesis or physical activity (Fig. 5, C, D, F, and G).
Together, these results indicate that the stimulatory effects of the
ER0YMH _, DRN neural circuit on BAT thermogenesis and physical
activity are independent of ADRB3.

Inhibition of ERa""Y™"  DRN circuit reduces BAT
thermogenesis and core temperature

To evaluate the in vivo physiological role of the ERa""™" — DRN
circuit, we adopted a selective chloride-conducting channelrhodopsin
(iC++) approach to inhibit this circuit. As before, we stereotaxically
injected AAV-DIO-iC++-EYFP into the vIVMH of Esr1-Cre mice
and implanted optic fibers to tar%et the DRN, followed by blue light
stimulation to inhibit the ERa" — DRN projection (Fig. 5H).
Inhibition of the ERa"" ™ — DRN circuit by blue light pulses (473 nm,
10 ms per pulse, 20 Hz, 3-s on, and 2-s off for 1 hour) decreased BAT
thermogenesis and core temperature without changing physical
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Fig. 5. ERa""VMH _ 5-HTPRN circuit stimulates both BAT thermogenesis and physical activity. (See also figs. S7 and S8.) (A) Schematic of the experimental strategy.
(B to D) Effects of yellow or blue light stimulation (589 or 473 nm, 10 ms per pulse, 20 Hz, 3-s on, and 2-s off for 1 hour) in the DRN on physical activity. Female mice were
intraperitoneally injected with saline (n=10 or 10) or SR59230 (0.5 mg/kg, n=7 or 7) in the beginning of light stimulation. (E to G) Effects of yellow or blue light stimulation
in the DRN on BAT temperature (n=10, 10, 7, or 7). (H) Schematic of the experimental strategy. (I) Effects of yellow or blue light stimulation (589 or 473 nm, 10 ms per
pulse, 20 Hz, 3-s on, and 2-s off for 1 hour) in the DRN on physical activity (n =8 or 8). (J) Effects of yellow or blue light stimulation in the DRN on core temperature (n=6 or 7).
(K) Effects of yellow or blue light stimulation in the DRN on BAT temperature (n =6 or 7). All data are presented as means + SEM. *P < 0.05 in unpaired t tests.
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activity, compared to the same mice receiving yellow light pulses
(473 nm, 10 ms per pulse, 20 Hz, 3-s on, and 2-s off for 1 hour)
(Fig. 5, I to K). Notably, the observed inhibitory effects on both
BAT and core temperature were observed following 40 min of blue
light photostimulation, suggesting that the DRN is an essential
downstream brain region for metabolic effects of ERa"""™" neu-
rons. The accuracy of injections and implantations was always vali-
dated by IHC of EYFP following experimentation (fig. S8, A and B).
We further demonstrated that both resting membrane potentials
and firing frequency of iC++-positive ERa"MH neurons were
significantly reduced by blue light exposure at the VIVMH (473 nm,
10 ms per pulse, and 20 Hz for 3 min) (fig. S8, C to G). These results
indicate that the baseline activity of the ERo"""™" — DRN circuit is
required for the normal maintenance of BAT thermogenesis and
core temperature.

Glutamatergic neurotransmission is required

for the stimulatory effects of ERa"'Y™" — DRN circuit on BAT
thermogenesis and physical activity

To directly examine the contribution of glutamate signaling on the
metabolic effects of ERo”"Y ™" — DRN circuit, we injected Esr1-Cre
female mice with AAV2-DIO-hM3Dq-mCherry into the vIVMH
and then locally injected CNO with or without the glutamate recep-
tor antagonist D-AP5 and CNQX into the DRN (Fig. 6A). CNO
delivery to the DRN stimulated both physical activity and BAT
thermogenesis, while coinjecting D-AP5 and CNQX into the DRN
completely abolished these effects (Fig. 6, B and C). Therefore, we
confirmed that ERa""VM neurons stimulate BAT thermogenesis
and physical activity through the activation of DRN downstream
neurons in a glutamate-dependent manner.

The stimulatory effects of ERa"""™" neurons on BAT
thermogenesis and physical activity are mediated by
activation of 5-HT?®™" neurons

To directly test whether 5-HTP®N neurons mediate the metabolic
functions of ERa"YM" neurons, we next used dual DREADD
technology to stimulate ERa"'Y™" neurons while simultaneously
inhibiting 5-HT™ neurons (Fig. 6D). Combining Esr1-Cre/TPH2-
iCreER mice and Cre-dependent AAV vectors, DREADD hM3Dq
was targeted for expression in ERa""MH neurons, while inhibitory
DREADD hM4Di was expressed in 5-HTP®™ neurons (fig. $9, A to
E). After CNO treatment, both resting membrane potential and
firing frequency were increased in the ERo”"™* neurons and de-
creased in 5-HT ™ neurons (fig. $9, F to K), confirming CNO-
induced activation of ERa"""™* neurons and inhibition of 5-HT RN
neurons. Possible metabolic contributions of nonspecific effects of
CNO were excluded, as demonstrated by unchanged BAT thermo-
genesis and physical activity in WT + hM3Dq mice after CNO
intraperitoneal injections (Fig. 6, E, 1, ], and N). In Esr1-Cre + hM3Dq
mice, CNO injections induced robust increases in BAT thermogen-
esis and physical activity compared to saline injections in the same
mice (Fig. 6, F, I, K, and N). The observed stimulator{leffects were
significantly attenuated by the inhibition of 5-HT”®N neurons in
dual DREADD mice (Fig. 6, H, I, M, and N). Together, these
data support that activation of 5-HT N neurons is required for
increased BAT thermogenesis and physical activity induced by acti-
vation of ERa""Y™" neurons. Notably, inhibition of 5-HT®™ neu-
rons alone inhibited BAT thermogenesis but not physical activity
(Fig. 6, G, I, L, and N).

Ye etal., Sci. Adv. 8, eabk0185 (2022) 19 January 2022

ERa expressed by DRN-projecting ERa"'V"" neurons is

required for regulation of BAT thermogenesis, physical
activity, and body weight

To further test the physiological functions of ERa"YMH _, DRN
neural circuit, we delivered AG Rabies FLPo-dsRedXpress and AAV-
hSyn1-frEX-Cre-GFP to the DRN and vIVMH, respectively, of female
Esr11°1°% mjce to retrogradely delete ERa from ERa" VM — DRN
neurons. In this setting, retrograde Rabies FLPo-dsRed was taken
up by fiber terminals in the DRN and retrogradely transported to
the vIVMH cell bodies, and AAV-hSyn1-frEX-Cre-GFP virus selec-
tively expresses Cre recombinase only in flpo-expressing cells
(see fig. S10, A and B for validation of this vector). Thus, Cre was
expressed exclusively in DRN-projecting vIVMH neurons, resulting
in deletion of ERa selectively in this subset of neurons (Fig. 7A).
Notably, the overall number of cells in the vIVMH did not change
after deletion as indicated by 4’,6-diamidino-2-phenylindole stain-
ing (fig. S10C), excluding the possibility of rabies-induced cytotoxicity
or apoptosis. The specificity of deletion was first validated by dsRed,
EGFP, and ERo immunohistochemistry (fig. S10, D to G). We
found that ERa"YMIPRNKO phjce showed significantly decreased
ERa-expressing neurons in the vVIVMH compared to control mice
(Fig. 7, B to D). Only a subset of vVIVMH neurons in ERgVMH-DRN-KO
mice lost ERo expression, consistent with selective deletion of ERa
only from the DRN-projecting ERo""M" neurons. Consistent with
the metabolic effects caused by ERa""™" — DRN circuitry manipu-
lations, retrograde deletion of ERo from DRN-projecting ERa*" MH
neurons led to decreased BAT thermogenesis and physical activity
in female mice (Fig. 7, E and F). Notably, the experimental mice also
showed increased body weight gain after 2 weeks of HFD feeding
without affecting energy intake (Fig. 7, G and H). These results
demonstrate that ERa expressed by DRN-projecting ERa"'VMH
neurons is physiologically relevant for the regulation of both BAT
thermogenesis and physical activity in female mice.

DISCUSSION
Estrogen/ERo signaling in the vIVMH is vital for energy homeostasis
and body weight control. The stimulatory effects of ERa""™" on
BAT thermogenesis have been consistently vetted in several studies
using transgenic mouse models. Conditional knockout of ERa in
the vIVMH using SF1-Cre lowers BAT thermogenesis in female mice
and yields abdominal obesity, suggesting that ERa" "™ neurons
stimulate energy expenditure to decrease adiposity (5). This mecha-
nism of estrogenic control of body weight is further supported by the
evidence that vIVMH-specific injection of E2 stimulates BAT ther-
mogenesis by inhibiting adenosine monophosphate-activated pro-
tein kinase in the vVIVMH (9). Notably, ERo"VMH peurons have also
been shown to stimulate physical activity. For example, short hair-
pin RNA-induced ERa knockdown in the vVIVMH decreases not
only diet-induced thermogenesis but also physical activity, which
results in obesity (8). Consistently, conditional knockout of Nkx2-1
using SF1-Cre leads to loss of ERo""MH neurons, decreased physi-
cal activity, and obesity (10), suggesting stimulatory effects of
ERa""MH" neurons on physical activity. Thus, ERo"™ neurons
represent a unique subpopulation capable of controlling both BAT
thermogenesis and physical activity, at least in female animals.
Supporting this notion, a recent study confirmed that acute acti-
vation of ERa""YM" neurons enhances energy expenditure by in-

creasing BAT thermogenesis and physical activity (17). We replicated
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Fig. 6. The stimulatory effects of ERa*'"V™" neurons on BAT thermogenesis and physical activity are mediated by activation of 5-HT°®" neurons through

glutamatergic transmission. (See also fig. 59.) (A) Schematic of the experimental strategy. (B and C) Effects of 400 nl of DRN-specific infusion of saline, CNO (1 pug/ul),
CNO (1 ug/ul) + D-AP5 (6.25 pg/ul) + CNQX (2.5 pg/ul), or D-AP5 (6.25 pg/ul) + CNQX (2.5 pg/ul) on physical activity (B) and core temperature (C) (n=9). (D) Schematic of the
experimental strategy. (E to I) Effects of saline or CNO (3 mg/kg) intraperitoneal injection on physical activity (E to H) and differences in the sum of physical activity between
saline- and CNO-injected mice (1). (J to N) Effects of saline or CNO intraperitoneal injection on BAT temperature (J to M) and differences in the average of BAT temperature
between saline- and CNO-injected mice (N) (control, n=4; M3, n=4; M4, n=3; M3 + M4, n=3). All data are presented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001 in one-way ANOVA analysis followed by post hoc Tukey tests. #P < 0.05 in unpaired t tests.
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— DRN neurons is required for estrogenic stimulation on BAT thermogenesis and physical activity. (See also fig. $10.) (A) Schematic

of the experimental strategy using the retrograde AG-Rabies-FLPo-dsRedXpress and FLPo-dependent AAV-hSyn1-frEX-Cre-GFP viruses to selectively delete ERa from
DRN-projecting ERo""M" neurons in the female Esr1°/% mice (ERa“VMHDRN-KO) Control group is female Esr172/1°% mice injected with AAV-CMV-GFP virus into the DRN
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two-way ANOVA analysis followed by post hoc Sidak tests.

these observations showing that DREADD activation of ERq"VMH

neurons markedly increased BAT thermogenesis and physical
activity in both male and female mice. We further expanded this
discovery to show that chronic activation of ERa" V™" neurons pro-
tected OVX female mice from HFD-induced body weight gain,
arguing that activity of these ERa"YMH neurons can have a meaning-
ful impact on the body weight regulation. Combining the observa-
tion that E2 directly activates ERa*VMH neurons, our findings support
a model that estrogen activates ERa""™" neurons to stimulate both
BAT thermogenesis and physical activity, therefore preventing
body weight gain.

In the present study, we further identified that 5-HT"* neurons
represent a key downstream neural node mediator of ERq"VMH
actions on BAT thermogenesis and physical activity. We first used
a WGA-GFP anterograde tracer to show that ERa""M" neurons
send projections to the DRN, where they exclusively innervate
5-HT neurons. Further, implementing rabies monosynaptic retro-
grade tracing, as well as the CAV2 retrograde tracing, we provide
complementary evidence for these ERa""VMH — DRN projections.
We used CRACM to functionally confirm that ERa*"VMH neurons
provide monosynaptic glutamatergic inputs to 5-HT ™ neurons.
At the physiological level, we used both ChR2-mediated and
DREADD-mediated circuit activation to demonstrate stimulatory
effects of the ERo"" ™" — DRN projections on BAT thermogenesis
and physical activity. Notably, infusion of glutamatergic antagonists
into the DRN blocked the observed stimulatory effects on BAT
thermogenesis and physical activity. These results not only support
a key role of glutamatergic neurotransmission in mediating these
effects but also exclude potential confounding actions of other
collateral projections of DRN-projecting ERa"'VMH neurons. We
used a dual DREADD approach to show that simultaneous inhibi-
tion of 5-HT®N neurons blocked effects of activation of ERo"" ™!
neurons, further highlighting the function of the ERo"VM" — 5-HT RN
circuit on the regulations of BAT thermogenesis and physical
activity.

Ye etal., Sci. Adv. 8, eabk0185 (2022) 19 January 2022

mice (n=>5 or 4). (D to H) Results are presented as means + SEM. (D) *P < 0.05 in unpaired t tests. (E to H) *P < 0.05 and **P < 0.01 in

In supporting the metabolic functions of the ERoVMH _, 5 HTPRN

circuit, inhibition or ablation of central 5-HT has been previously
shown to disrupt temperature control (29, 30). Specifically, chemo-
genetic activation or inactivation of 5-HT ® neurons resulted in a
significant increase or decrease, respectively, in BAT temperature
without affecting food intake (31). In addition, the stimulation of
5-HT®N neurons has been reported to exert a context-dependent
control of physical activity. Optogenetic activation of 5-HTPXN
neurons suppressed movement in low and moderate threat envi-
ronments but induced escape behavior in high threat settings. The
movement-related 5-HTPRN neural dynamics are also inverted in
low versus high threat environments (32), suggesting a vital role of
5-HT ™ neurons in the regulation of physical activity. These findings
indicate that stimulation of 5-HTP®N neurons at least partially
recapitulates the increases in thermogenesis and physical activity
observed when the ERa*Y™" neurons are activated.

Optogenetic and/or chemogenetic approaches are powerful
toward illustrating a robust phenotypic outcome when a neural
circuit is experimentally manipulated. However, these experimental
manipulations may not recapitulate the exact activity of a neural
circuit in any physiological condition, and therefore, the physiological
relevance of optogenetic/chemogenetic results is often hard to evaluate.
To circumvent this issue, we complemented the optogenetic/
chemogenetic experiments with a circuit-specific gene deletion
approach. In particular, we combined a retrograde flpo vector, a
flpo-dependent Cre vector, and a loxP-flanked mouse allele to
achieve the deletion of an endogenous gene (encoding ERa) in a
selectively targeted site (vIVMH) with a specific projection (to the
DRN). Female mice lacking ERa in this subset of DRN-projecting
vIVMH neurons showed reduced BAT thermogenesis and physical
activity and increased susceptibility to HFD-induced obesity.
These results, combined with our observations from optogenetic/
chemogenetic manipulations of the ERa"VMH . DRN projections,
highlight the physiological significance of this estrogen-sensitive
vIVMH—DRN circuit in the regulation of energy homeostasis.
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An important question regarding the function of ERa" "M is

whether the stimulatory effects of ERo"™" on BAT thermogenesis
depend on increased physical activity. It is well established that
spontaneous physical activity contributes to thermogenesis (33, 34).
The observed increased BAT thermogenesis may be a possible
secondary effect induced by up-regulation of physical activity.
However, our data suggest dissociated regulatory mechanisms.
Although DREADD activation of ERo"”"™H neurons increased both
BAT thermogenesis and physical activity, the time scales of these
two responses are different. In both males and females, the up-
regulation of physical activity lasted about 3 hours after the CNO
injection, whereas the rise of BAT thermogenesis persisted for
6 hours. Consistently, optogenetic inhibition of the ERa" " MH — DRN
neural circuit decreased BAT thermogenesis but not physical activity
during the lights-on period, clearly indicating independent mecha-
nisms. While increased physical activity likely contributes partially
to the increased thermogenesis, at least a portion of temperature
elevations are mediated through mechanisms independent of physi-
cal activity. One potential explanation is the difference in down-
stream nerve systems/effectors. The temperature regulation could
achieve faster than physical activity because it is a straightforward
autonomic response. On the other hand, the physical activity regu-
lation may involve synergistic effects from different inputs on the
somatic nervous system and voluntary locomotor activity.

It has been long known that the medial preoptic area (MPOA) of
the hypothalamus is a thermoregulatory center. A portion of MPOA
neurons can be activated by warm ambient temperature (35, 36),
and activation of multiple MPOA neural populations has been
shown to markedly reduce body temperature (35, 37-39). Here, we
found that DRN-projecting ERa""YMH peurons were activated when
animals were exposed to cold, and activation of these cold-sensitive
neurons robustly increased BAT thermogenesis and body tempera-
ture. While these warm- and cold-sensitive neurons in distinct
hypothalamic regions oppositely respond to changes in the ambient
temperature, these responses appear to function in concert to
provide negative feedback mechanisms to maintain thermal homeo-
stasis. The mechanisms by which DRN-projecting ERa" VM
neurons respond to temperature changes are unclear. Notably, the
vIVMH receives robust projections from MPOA neurons (37, 40).
Thus, it is possible that ERa""YMH peurons respond to changes in
ambient temperature through circuitry inputs from warm-sensitive
MPOA neurons. In addition, recent single-cell RNA sequencing
studies revealed that vVIVMH neurons express multiple temperature-
sensing genes, including Grik2, Trpal, and Trpm8 (18), raising an
alternative possibility that vIVMH neurons may directly sense
temperature changes. Both of these potential mechanisms warrant
future investigations.

Another interesting finding from our study was that DRN-
projecting ERa*YM™ neurons were inhibited by food deprivation.
Considering that activation of these neurons increased thermogenesis
and physical activity, both of which involve consumption of energy,
we su\%%lest that the fasting-induced inhibition of DRN-projecting
ERa"M neurons represents a protective mechanism for animals
to conserve energy when food is not available. Consistent with this
idea, we recently reported that DRN-projecting ERa* VM neurons
are inhibited by decreased extracellular glucose concentrations
(11). Collectively, DRN-projecting ERa"""MH neurons appear to
integrate ambient temperature and nutritional/metabolic states of
animals to engage adaptive responses for better survival. Notably,
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we show that OVX in female mice abolished responses of these
ER0YMH peurons to cold exposure or to fasting, indicating that en-
dogenous ovarian hormones are required to coordinate the thermo-
regulatory responses and nutritional states. Of course, it is broadly
recognized that VMH neurons also integrate other hormonal cues,
including leptin (41), insulin (42), thyroid hormones (43), and glucagon-
like peptide-1 (44), to regulate thermogenesis. Considering that these
hormones are tightly controlled by animals’ nutritional states, it is
possible that these signals also regulate the responsiveness of VMH
neurons to temperature alterations, which remains to be examined.

BAT thermogenesis is predominantly governed by the sympa-
thetic nervous system (SNS) via the ADRB3 signaling pathway (45).
Rabies retrograde tracing studies have shown that multiple brain
regions, including the VMH and DRN, send indirect outputs to
BAT (46, 47). However, the ADRB3 antagonist failed to block or
blunt increased BAT thermogenesis and Ighysical activity induced
by optogenetic activation of the ERa"YMH _, DRN projections,
although the ADRB3 blockade itself expectedly reduced the baseline
BAT thermogenesis and physical activity. Thus, these findings
suggest that the effects of the ERa" "™ — DRN circuit on thermo-
genesis and physical activity involve other neuronal or hormonal
pathways independent of the SNS/ADRB3. These alternative
pathways may include the vagal afferent (48), adrenocorticotropic
hormones (49), fibroblast growth factor-21 (50), glucagon-like
peptide-1 (51), etc. Additional studies are needed to examine the
potential contributions of these signals.

In conclusion, we identified the ERa — DRN neural circuit
as an estrogen-sensitive pathway to prevent body weight gain by
stimulating BAT thermogenesis and physical activity. Notably, this
circuit also integrates the nutritional states of the animals with
ambient temperature to coordinate appropriate responses for better
survival, a mechanism that requires intact ovarian hormones. Our
results reveal how ERa neurons in female brains interact with
hormonal/neuronal systems and the external environment to main-
tain homeostatic control of energy balance and thermoregulation.
These findings advance our understanding of the neuroendocrine
mechanisms underlying female metabolic health and provide a
necessary framework for the development of therapeutic interven-
tions for metabolic and/or thermoregulatory dysfunctions in females,
especially in those after menopause.

vIVMH

METHODS

Mice

Several transgenic mouse lines were maintained on a C57BL6/]
background. These lines include Esr1-Cre mice (#017911, The Jackson
Laboratory, Bar Harbor, ME), TPH2-iCreER (#016584, The Jackson
Laboratory), Rosa26-LSL-tdTOMATO (#007914, The Jackson Labo-
ratory), Esr1'®/°% (52), and ERa-ZsGreen (19). Esr1-Cre, TPH2-
iCreER, and Rosa26-LSL-tdTOMATO were crossed to generate
Esr1-Cre/TPH2-iCreER and Esr1-Cre/TPH2-iCreER/Rosa26-LSL-
tdTOMATO for either dual DREADD or CRACM. ERa-ZsGreen and
Rosa26-LSL-tdTOMATO were crossed to generate ERa-ZsGreen/
Rosa26-LSL-tdTOMATO for electrophysiological recording. Mice
were housed in a temperature-controlled environment at 22° to
24°C on a 12-hour light/12-hour dark cycle (6 a.m. and 6 p.m.) or
14-hour light/10-hour dark cycle (5 a.m. and 7 p.m.). Unless other-
wise stated, the mice were fed ad libitum with standard mouse chow
(6.5% fat; #2920, Harlan-Teklad, Madison, WI) and water.
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Neurotracing and histology

To map the downstream neurons of ERa neurons, 8-week-old
Esr1-Cre mice received stereotaxic injections of Ad-iN/WED to the
vIVMH [200 nl, —1.5 mm anterior-posterior (AP), +0.7 mm medial-
lateral (ML), and —5.9 mm dorsal-ventral (DV)]. Because Ad-iN/
WED is a Cre-dependent virus, WGA-GFP was exclusively ex-
pressed in ERa""™" neurons and anterogradely traveled along
the fibers, past the synapse, and filled the downstream neurons
that were innervated by ERo""™H neurons terminals. Seven days
after injections, mice were perfused, and brains were coronally cut
at 25 um (five series). The sections were incubated at room tem-
perature in primary goat anti-WGA antibody (1:1000; #AS-2024,
VectorLabs, Burlingame, CA, USA) overnight, followed by the
secondary donkey anti-goat Alexa Fluor 488 (1:500; #A-11055,
Invitrogen, Carlsbad, CA, USA) for 1.5 hours. Subsequently, sec-
tions were incubated with a rabbit anti-5-HT antibody (1:10,000;
#20080, ImmunoStar, Hudson, WI, USA), followed by secondary
goat anti-rabbit Alexa Fluor 594 (1:500; #A-11037, Invitrogen).
Fluorescent images were obtained using a Leica DM5500 fluorescence
microscope with OptiGrid structured illumination configuration.

To establish the innervation between ERa*'YMH neurons and the
DRN neural population, 8-week-old Esr1-Cre female mice were
injected with 200 nl of AAV2-EF1a-FLEX-GT into the vIVMH. Two
weeks after, 400 nl of EnVA-G-deleted Rabies-mCherry was injected
in the DRN (—4.65 mm AP, +0 mm ML, and —3.5 mm DV). One
week after EnVA-G-deleted Rabies-mCherry injection, mice were
perfused, and brains were coronally sectioned as described above.
These brain sections were subjected to mCherry immunobhisto-
chemistry. Briefly, brain sections were incubated with rabbit
polyclonal DsRed antibody (1:1000; #632496, Clontech, Mountain
View, CA, USA) at room temperature overnight, followed by the
biotinylated donkey anti-rabbit secondary antibody (1:1000; #711-
067-003, Jackson ImmunoResearch) for 2 hours. Sections were
then incubated in the avidin-biotin complex (1:1000; PK-6100,
Vector Laboratories) and incubated in 0.04% 3,3’-diaminobenzidine
and 0.01% hydrogen peroxide. Slides were coverslipped, and
both bright-field and fluorescence images were analyzed as de-
scribed above.

To further establish the innervation between vIVMH neurons
and the TPH2™ neural population, 8-week-old TPH2-iCreER/
Rosa26-LSL-tdTOMATO female mice were injected with 200 nl of
AAV2-EF1a-FLEX-GTB into the DRN. The mice then received a
tamoxifen injection 3 days after virus delivery (0.2 mg/g body
weight, i.p.). Two weeks after, 200 nl of EnVA-G-deleted Rabies-
mCherry was injected into the DRN. Two weeks after EnVA-G-
deleted Rabies-mCherry injection, mice were perfused, brains were
coronally sectioned, and sections were subjected to mCherry im-
munohistochemistry as described above.

To examine the Cre activity in the DRN of Esr1-Cre mice, female
Esr1-Cre mice were injected with AAV2-DIO-hM3Dq-mCherry
into the DRN. Two weeks after surgery, mice were perfused, and
brains were coronally cut at 25 um (five series). The sections were
incubated at room temperature in primary sheep anti-TPH antibody
(1:1000; #AB1541, Millipore, Burlington, MA, USA) overnight,
followed by the secondary Donkey Anti-Sheep Alexa Fluor 488
(1:500; #713-545-003, Jackson ImmunoResearch, West Grove, PA,
USA) for 1.5 hours. Fluorescent images were obtained using a Leica
DM5500 fluorescence microscope with OptiGrid structured illumi-
nation configuration.

vIVMH
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Electrophysiology

The electrophysiological responses of identified ERa neurons
in the vIVMH to 17B-estradiol (E2) treatment were investigated in
ERa-ZsGreen mice as previously described (26). Briefly, whole-cell
patch-clamp recordings were performed on identified green fluo-
rescent neurons in the brain slices containing vIVMH from ERa-
ZsGreen mice. Six- to twelve-week-old mice were deeply anesthetized
with isoflurane and transcardially perfused with an ice-cold, carbogen-
saturated (95% O; and 5% CO,) sucrose-based cutting solution
(pH 7.3), containing 10 mM NacCl, 25 mM NaHCO3;, 195 mM
sucrose, 5 mM glucose, 2.5 mM KCl, 1.25 mM NaH,POy, 2 mM Na
pyruvate, 0.5 mM CaCl,, and 7 mM MgCl,. The entire brain was
removed and coronally cut into slices (250 um) with a Microm HM
650V vibratome (Thermo Fisher Scientific, Waltham, MA, USA).
Then, the vIVMH-containing hypothalamic slices were incubated
in oxygenated artificial cerebrospinal fluid (aCSF; adjusted to pH 7.3)
containing 126 mM NacCl, 2.5 mM KCl, 2.4 mM CaCl,, 1.2 mM
NaH,POy, 1.2 mM MgCl,, 11.1 mM glucose, and 21.4 mM
NaHCO:; for 1 hour at 34°C.

Slices were transferred to the recording chamber and perfused at
34°C in oxygenated aCSF at a flow rate of 1.8 to 2 ml/min. ZsGreen-
labeled ER0""YMH neurons were visualized using epifluorescence
and infrared-differential interference contrast (DIC) imaging. The
intracellular solution (adjusted to pH 7.3) contained the following:
128 mM K gluconate, 10 mM KCl, 10 mM Hepes, 0.1 mM EGTA,
2 mM MgCl,, 0.05 mM Na-guanosine triphosphate (GTP), and
0.05 mM Mg-adenosine triphosphate (ATP). Recordings were made
using a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale,
CA, USA), sampled using Digidata 1440A, and analyzed offline with
pClamp 10.3 software (Molecular Devices). Sseries resistance was
monitored during the recording, and the values were generally <10
megohm and were not compensated. The liquid junction potential
was +12.5 mV and was corrected after the experiment. Data were
excluded if the series resistance increased markedly during the
experiment or without overshoot for the action potential. Currents
were amplified, filtered at 1 kHz, and digitized at 20 kHz. The current
clamp was engaged in testing neuronal firing and resting mem-
brane potential before and after a 1s puff of aCSF containing vehicle
or 100 nM E2.

To block the majority of presynaptic inputs, the aCSF solution
was supplemented with 1 uM TTX (a sodium channel blocker;
#1078, R&D Systems, Minneapolis, MN, USA) and a cocktail of fast
synaptic inhibitors, namely, bicuculline (50 uM, a GABA receptor
antagonist; Tocris Inc., Bristol, UK), D-AP5 (30 uM, an NMDA
receptor antagonist; Tocris Inc.), and CNQX (30 uM, an AMPA
receptor antagonist; Tocris Inc.). D-AP5 and CNQX were used to
block glutamatergic inputs, while bicuculline was included to block
the y-aminobutyric acid neuron (GABAergic) inputs. The current
clamp was engaged in testing neural firing and resting membrane
potential before and after a 1s puff of aCSF containing a vehicle or
100 nM E2 in the presence of TTX, bicuculline, CNQX, and D-AP5.

To assess the effect of CNO on ERo and TPH2 neurons, 8- to
10-week-old Esr1-Cre/TPH2-iCreER mice were simultaneously
injected with AAV2-DIO-hM3Dgq-mCherry into the vIVMH (UNC
Vector Core, bilaterally 200 nl; 1.60 mm posterior, 0.70 mm lateral,
and 5.90 mm ventral to the bregma, based on Franklin & Paxinos
Mouse Brain Atlas) and AAV2-DIO-hM4Di-mCherry into the
DRN (UNC Vector Core, 4.65 mm posterior, 0 mm lateral, and
3.60 mm ventral to the bregma) 2 to 3 weeks before recording.
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Three days after virus delivery, tamoxifen (0.2 mg/g body weight)
was intraperitoneally injected to induce expression of TPH2-iCreER.
CNO was applied to the bath solution through perfusion as previ-
ously described (53). Effects of CNO (10 pM) on membrane potential
and firing frequency of mCherry-labeled ERa and TPH2 neurons
were electrophysiologically recorded.

Photostimulation-induced changes in neuronal firing and mem-
brane potential were recorded with the whole-cell current-clamp
mode. Esr1-Cre mice at 8 weeks of age were injected with AAV2-
DIO-ChR2-EYFP or AAV-DIO-iC++-EYFP (UNC Vector Core)
into vVIVMH 2 to 3 weeks before recording. To photostimulate
ChR2- or iC++-positive fibers, a blue light (473 nm, 10 ms per
pulse, 10 pulses per 1 s for 6 min) was focused on the vIVMH. Effects
of blue light photostimulation on membrane Hpotential and firing
frequency of ChR2- or iC++-labeled ER0"YMH neurons were elec-
trophysiologically recorded.

The electrophysiological responses of identified DRN projecting
ERa"MH peurons to different environment temperatures were
investigated in ERo-ZsGreen/Rosa26-LSL-tdTOMATO mice. Briefly,
8-week-old ERa-ZsGreen/Rosa26-LSL-tdTOMATO mice received
stereotaxic injections of 400 nl of CAV2-Cre into the DRN. CAV2-Cre
virus retrogradely traveled from the initial injection site to the
upstream brain regions projecting to DRN. The Cre recombinase in-
duce red fluorescent tdTOMATO expression in these upstream
neurons. One week later, infected mice were exposed to different
environmental temperatures including room temperature (23°C),
4°C, and 40°C for 30 min, respectively. In another experiment
setting, ERa-ZsGreen mice received stereotaxic injections of 400 nl
of red retrobeads into the DRN. The whole-cell patch clamp record-
ings were performed on identified red (tdTOMATO or retrobeads),
green (ERa-ZsGreen), or dual fluorescent neurons (ERa-ZsGreen
and tdTOMATO or red retrobeads) in the brain slice containing
vIVMH to determine the responses of neural firing frequency and
membrane potential to the changes of environmental temperature.

CRACM was used to establish a functional connection between
ERa""YMH neurons and 5-HTPRN neurons. Specifically, 8-week-old
Esr1-Cre/TPH2-iCreER/Rosa26-LSL-tdTOMATO mice were in-
jected with 200 nl of AAV2-DIO-ChR2-EYFP and 200 nl of Ad-iN/
WED (22) into the vIVMH. The mice also received tamoxifen injec-
tion 3 days after virus delivery (0.2 mg/g body weight, i.p.) to induce
expression of TPH2-iCreER, which labeled all TPH2 neurons with
red fluorescence (tdTOMATO). Because Ad-iN/WED is a Cre-
dependent virus, WGA-GFP was exclusively expressed in ERa" VM1
neurons and anterogradely traveled along the fibers, past the syn-
apse, and filled the downstream neurons that were innervated by
ERo"VMH terminals. Seven days after injections, photostimulation
of ChR2-positive fibers was induced by a blue light focused on the
DRN. Then, whole-cell patch current clamp recordings were per-
formed on identified dual fluorescent neurons (WGA-GFP and
tdTOMATO) in the brain slices containing DRN to determine the
responses of neuronal firing frequency and membrane potential to
the photostimulation of ERa""YMH neuronal fibers in the presence
of 1 uM TTX.

In addition, voltage clamping was also performed to record
the eEPSC. The intracellular solution for current-clamp recordings
contained 125 mM CsCH;3SOs3, 10 mM CsCl, 5 mM NaCl, 2 mM
MgCl,, 1 mM EGTA, 10 mM Hepes, 5 mM (Mg)ATP, and 0.3 mM
(Na)GTP (pH 7.3 with NaOH). To block the majority of presynaptic
inputs, the aCSF solution also contained 1 uM TTX, 4-AP (1 uM,
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a potassium channel blocker), and a cocktail of fast synaptic
inhibitors, including bicuculline (50 pM), D-AP5 (30 uM), and
CNQX (30 uM). The eEPSC in identified dual fluorescent neurons
(WGA-GFP and tdTOMATO) was measured with the voltage-
clamp mode with a holding potential of -60 mV in the presence of
4-AP and TTX or CNQX and D-AP5.

DREADD manipulation of ERc""YMH neuron
To examine the metabolic effects of ERo"Y™H neuron acute activa-
tion, female Esr1-Cre or WT littermates were bilaterally injected
with 200 nl of AAV2-DIO-hM3Dq-mCherry into the vIVMH at
8 weeks of age. Simultaneously, a telemetry probe (E-Mitter, Starr
Life Sciences Corp, Oakmont, PA, USA) was implanted inside the
abdominal cavity. After a 2-week of recovery phase, CNO (3 mg/kg)
was intraperitoneally injected in both control (WT + hM3Dq) and
mutant mice (Esr1-Cre + hM3Dq) at 9:30 a.m. and 5:00 p.m., re-
spectively. Body core temperature and physical activity were con-
tinuously measured by the Emitter Receiver Base during the
experimental phase. After a 3-day rest period, both control and
mutant mice were subjected to the same procedure but received an
intraperitoneal injection of saline. Thirty days after virus injection,
all mice were perfused with 10% formalin, and brains were collected.
Brains were sectioned and then mounted. The mCherry signals
were monitored under a fluorescent microscope for validation of
injection accuracy. Only those mice with mCherry signals exclu-
sively in the vIVMH were included in analyses for feeding behavior.
In another separate trial, both male and female Esr1-Cre or WT
littermates were injected with AAV2-DIO-hM3Dq-mCherry into
the vIVMH, and Emitter was implanted underneath the BAT to
measure BAT temperature. Saline or CNO (3 mg/kg) was intra-
peritoneally injected at 9:30 a.m. BAT temperature and physical
activity were continuously monitored following the same procedure.
To examine the metabolic effects of ERa*"™" neurons long-term
activation, female Esr1-Cre or WT littermates were ovariectomized
at 8 weeks of age and simultaneously injected with AAV2-DIO-
hM3Dq-mCherry into the vIVMH. Two weeks after surgery, both
WT and mutant mice received intraperitoneal injection of CNO
twice a day (3 mg/kg, 9 a.m. and 5 p.m.) for 2 weeks. All mice were fed
normal chow for the first week and changed to HFD for the second
week. Food intake and body weight were monitored every day.

DREADD stimulation of DRN-projecting ERa"""™" neurons
Esr1-Cre female mice at 8 weeks of age were bilaterally injected with
200 nl of AAV2-DIO-hM3Dq-mCherry into the vIVMH. Simulta-
neously, a guide cannula (C315GS-4/SPC with a terminal length of
3.5 mm; P1 Technologies, Roanoke, VA) was implanted to aim the
DRN (4.65 mm posterior, 0 mm lateral, and 3.00 mm ventral to the
bregma). An internal-cannula (C200IS-5/SPC customized to fit
3.5-mm C200GS-5/SPC with 0.5-mm projection, P1 Technologies)
was used for drug infusion. Under the same anesthesia, an emitter
was intra-abdominally implanted. Two weeks after surgeries, mice
received an intro-DRN injection of 400 nl of saline, 400 nl of CNO
(1 pg/ulin saline) (54, 55),400 nl of CNO (1 pg/ulin saline) + D-AP5
(6.25 pg/ul in saline) + CNQX (2.5 pg/ul in saline) (56), or 400 nl
D-APS5 (6.25 pg/ul) + CNQX (2.5 pg/ul). Physical activity and core
temperature were continuously recorded before and after infusion.
The order of infusion was randomized to avoid “sequence effects,”
and each trial was separated by 6 days to ensure “wash out” of the
previous infusion.
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Dual DREADD

To directly test whether 5-H neurons mediate the stimulatory
effects of ERa""™" neurons on BAT thermogenesis and physical
activity, the dual DREADD system was applied to simultaneously
activate ERa""YMH neurons and inhibit 5-HT"®™ neurons. Specifi-
cally, 200 nl of AAV2-DIO-hM3Dq-mCherry was bilaterally injected
into vVIVMH, while 400 nl of AAV2-DIO-hM4Di-mCherry was
injected into DRN of 8-week-old Esr1-Cre/TPH2-iCreER mice. An
emitter was also implanted under the BAT as described above. The
mice then received a tamoxifen injection 3 days after virus delivery
(0.2 mg/g body weight, i.p.). Because both viruses are Cre-dependent,
hM3Dq was exclusively expressed in ERa""M" neurons, while
hM4Di was only expressed in 5-HT N neurons. Two weeks after
surgery, the mice were injected with CNO (3 mg/kg) at 10 a.m. to
simultaneously activate ERo"M" neurons and inhibit 5-HT™Y
neurons. Both BAT temperature and physical activity were contin-
uously recorded before and after CNO injection. Three days later,
saline was injected at 10 a.m., and BAT temperature and physical
activity were recorded as a baseline. To validate accurate and suffi-
cient infection, all mice were perfused with 10% formalin. Brain
sections were obtained at 25 pm (five series) and subjected to
mCherry immunohistochemistry as described above. Only those
mice with mCherry signals were included in the analyses.

In another control experiment, 400 nl of AAV2-DIO-hM4Di-
mCherry was in{ected into the DRN of TPH2-iCreER mice. The
effects of 5-HT*Y inhibition on BAT thermogenesis and physical
activity were determined as described above.

TDRN

Optogenetic inhibition/activation

of ERa*"Y™" _ DRN neurons

Esr1-Cre female mice at 8 weeks of age were bilaterally injected with
200 nl of AAV-DIO-iC++-EYFP into the vIVMH. Simultaneously,
a light fiber (200-nm-diameter core, numerical aperture 0.22; Thor
Laboratories, Newton, NJ, USA) was implanted to target the DRN
(4.65 mm posterior, 0.00 mm lateral, and 3.25 mm ventral to the
bregma). Under the same anesthesia, an emitter was intra-abdominally
implanted, and a temperature transponder (IPTT-300, Bio Medic
Data Systems, Seaford, DE, USA) was implanted under the BAT.
Two weeks after surgeries, blue light stimulation (473 nm, 10 ms
per pulse, 20 Hz, 3-s on, and 2-s off for 1 hour) was used to inhibit
ERa"YM" _, DRN neurons during the lights-on period between
8 am. and 9 a.m. BAT thermogenesis, core temperature, and physical
activity were recorded before, during, and 1 hour after stimulation.
As a control experiment, yellow light with the same modulation was
applied. The intensity of light power exiting the fiber tip corresponds
to 5 mW for blue and yellow light.

To determine the primary mediator for the stimulatory effects of
ERa"YMH _ DRN circuit on BAT thermogenesis and physical
activity, AAV-DIO-ChR2-EYFP was bilaterally injected into the
vIVMH, and a light fiber was implanted into the DRN as described
above. After surgery recovery, saline or SR59230A, a ADRB3 antag-
onist (0.5 mg/kg in saline; #S8688, Sigma-Aldrich, St. Louis, MO, USA)
were intraperitoneally injected before blue or yellow light stimu-
lation during lights-on period between 8 a.m. and 9 a.m., respec-
tively. BAT thermogenesis and physical activity were monitored as
described above.

As a post hoc validation, mice were perfused 90 min after yellow/
blue light photostimulation in the DRN (20 Hz, 10-ms pulses, and
3-mW constant stimulation for 5 min). DRN-specific activation
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was validated by immunohistochemistry of cFOS (1:1000; #2250,
Cell Signaling) as described above.

Construction of an AAV vector for Flp-dependent expression
of Cre recombinase

An AAV carrying Cre recombinase in Flp-dependent double-inverted
open reading frame, pAAV-hSyn1-frEX-Cre-GFP, was constructed
using pAAV-hSynls-DIO-SK3-2A-GFP-bGHpA as a backbone.
The following components were arranged in the downstream of
left inverted terminal repeat (ITR) of the backbone: human syn-
apsin promoter; frt; F3; inverted Cre-2A-eGFP from Cre Shine
(Addgene plasmid, #37404); inverted frt; inverted F3; woodchuck
hepatitis virus posttranscriptional regulatory element; bovine
growth hormone poly(A) sequence; and right ITR. The AAV-hSyn1-
frEX-Cre-GFP vector was packaged into serotype 2/8 through the
Neuro-connectivity Core in the Jan and Dan Duncan Neurological
Research Institute at Texas Children’s Hospital. Flp-dependent Cre
expression from pAAV-hSynl-frEX-Cre-GFP was verified in vitro
by immunofluorescence imaging for DsRed in infected human
embryonic kidney 293 cells transfected with AAV-hSyn1-frEX-
Cre-GFP + PGK-LSL-DsRed (Addgene plasmid, #13769) or AAV-
hSyn1-frEX-Cre-GFP + CAG-Flpe (Addgene plasmid, #13787) +
PGK-LSL-DsRed.

Retrograde deletion
To determine whether ERa expressed by ERa"'Y™" — DRN neu-
rons is required for estrogenic regulation of body weight control,
ERa was retrogradely deleted from ERa"YM" _, DRN neurons.
Specifically, 8-week-old female Esr17°1°% mice received a 400-nl
AG Rabies FLPo-dsRedXpress injection into the DRN and bilateral
injections of 200 nl of AAV-hSyn1-frEX-Cre-GFP into vIVMH. An
emitter was also implanted under the BAT as described above.
Because AG Rabies FLPo-dsRedXpress is a retrograde virus,
Rabies-carried FLPo-dsRed was taken up by the fiber terminals in
the DRN and retrograded back to the cell body in the vIVMH. Upon
injection of flpo-dependent AAV-hSyn1-frEX-Cre-GFP virus, Cre
recombinase was expressed exclusively in a subset of vIVMH
neurons projecting to the DRN and deleted ERa in these neurons.
Another group of control Esr™/1°* mice received AAV2-GFP into
the DRN and bilateral injections of AAV-hSyn1-frEX-Cre-GFP
into the vIVMH. One week after virus injection, all mice were fed
with a normal chow diet for 1 week and changed to HFD for 2 weeks.
Food intake and body weight were measured once every other day.
BAT thermogenesis and physical activity were continuously moni-
tored for the whole experimental period. The specificity of ERa
retrograde deletion was first validated by immunohistochemistry of
ERo and immunofluorescent staining of dsRed. Briefly, brain sec-
tions were incubated with rabbit anti-ERa antibody (1:10,000; catalog no.
C1355, Millipore) at room temperature overnight, followed by the
biotinylated donkey anti-rabbit secondary antibody (1:1000, #711-
067-003, Jackson ImmunoResearch) for 2 hours. Sections were then
incubated in the avidin-biotin complex (1:1000; PK-6100, Vector
Laboratories) and incubated in 0.04% 3,3’-diaminobenzidine and 0.01%
hydrogen peroxide. Subsequently, brain sections were incubated with
anti-dsRed-Alexa Fluor 594 antibody (1:200; catalog no. sc-390909 AF594,
Santa Cruz Biotechnology) overnight. Both fluorescent and bright-
field images were obtained using a Leica DM5500 microscope.

To quantify ERa in the vVIVMH, another aliquot of brain sections
was used for immunohistochemistry of ERa as described above.
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After dehydration through graded ethanol, the slides were then
immersed in xylene and coverslipped. Bright-field images were
analyzed as described before.

Statistics

Statistical analyses were performed using GraphPad Prism. Methods
of statistical analyses were chosen on the basis of the design of each
experiment and indicated in the figure legends. The data were
presented as means = SEM. P < 0.05 was considered to be statistically
significant.

Study approval

Care of all animals and procedures were approved by Baylor College
of Medicine Institutional and The University of Illinois at Chicago
Animal Care and Use Committee.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0185

View/request a protocol for this paper from Bio-protocol.
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