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The major female ovarian hormone, 17@-estradiol (E,), can alter neuronal excitability within milliseconds to regu-
late a variety of physiological processes. Estrogen receptor-o (ERa), classically known as a nuclear receptor, exists
as a membrane-bound receptor to mediate this rapid action of E,, but the ionic mechanisms remain unclear. Here,
we show that a membrane channel protein, chloride intracellular channel protein-1 (Clic1), can physically interact
with ERa with a preference to the membrane-bound ERa. Clic1-mediated currents can be enhanced by E; and re-
duced by its depletion. In addition, Clic1 currents are required to mediate the E,-induced rapid excitations in
multiple brain ERa populations. Further, genetic disruption of Clic1 in hypothalamic ERx neurons blunts the regu-
lations of E; on female body weight balance. In conclusion, we identified the Clic1 chloride channel as a key me-
diator for Ey-induced rapid neuronal excitation, which may have a broad impact on multiple neurobiological

processes regulated by E,.

INTRODUCTION
17p-estradiol (E;), the major female ovarian hormone, can act in the
brain to regulate a variety of physiological processes, including fe-
male fertility (1, 2), sexual behaviors (3), mood (4), reward (5), stress
response (6), cognition (7), cardiovascular activities (8), and meta-
bolic homeostasis (9-11). Many of these E, functions are mediated
by one of the estrogen receptors (ERs), namely, estrogen receptor-o
(ERa). As a classic nuclear receptor, ERa can translocate to the nucle-
us, upon stimulation by E,, to directly bind to the estrogen response
elements (EREs) on the target genes and regulate gene transcription.
Nuclear ERa can also form complexes with other nuclear recep-
tors or transcription factors, which regulates gene transcription in an
ERE-independent manner (9). Recent evidence indicates that ERa is
a potent RNA binding protein that regulates splicing and translation
of various mRNAs (12). Notably, a subpopulation of ERa protein
is concentrated on the cell membrane (13), where it initiates rapid
signaling pathways (14-16). These E;-initiated rapid actions are in-
dispensable for multiple female biological processes, e.g., sexual be-
havior (17), fertility (18), energy, and glucose balance (19, 20).

We and others have shown that E; can also rapidly excite neurons
over a period of milliseconds (13, 21-26). These rapid electric events
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are independent of nuclear receptor signaling or RNA binding func-
tion, which would take minutes or hours to occur. An open and
critical question in the field is how E, regulates neuron excitability
in such a short time frame. While other ERs, e.g., the G protein-
coupled estrogen receptor (GPER) (27) and ERp (9, 28), may con-
tribute to the rapid E, actions, we have demonstrated that genetic
deletion of ERa alone is sufficient to abolish E,-induced excitation
in neurons in several brain regions we tested (21-24, 29). These re-
sults indicate that ERa mediates rapid estrogen-induced excitation
in neurons, and we further hypothesize that ERa does so by physi-
cally interacting with membrane proteins that allow rapid altera-
tions in neuronal excitability.

In the current study, we initiated a search for ERa-interacting
membrane proteins and identified a chloride channel protein, chlo-
ride intracellular channel protein-1 (Clicl), which can physically in-
teract with ERa. Clic1 exists as both soluble and integral membrane
forms in cells and has been implicated in the regulation of neuronal
excitability and intracellular redox balance (30). We further exam-
ined Clicl currents in multiple brain ERa populations and their
roles in mediating E;-induced rapid excitations in neurons. Last, we
assessed the functional relevance of Clicl in hypothalamic ERa neu-
rons in the context of female energy balance.

RESULTS

ERo interacts with Clic1

We used a BioID-MS approach (31) to identify a total of 553 pro-
teins that interact with the wild-type (WT) ERa protein (Fig. 1, A
and B; fig. S1; and table S1). Among these proteins, 98 are known to
be membrane proteins. In particular, we noted Clicl, a chloride chan-
nel that can localize to the plasma membrane to regulate chloride
permeability cross the cell membrane (32, 33). Next, we used the
co-immunoprecipitation approach to confirm the interaction of the
recombinant ERa and Clicl proteins (Fig. 1C). Similarly, in human
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Fig. 1. ERa interacts with Clic1. (A) BiolD to screen for ERa-interacting proteins. (B) ERa-interacting membrane proteins, with ERa (encoded by the ESR1 gene) and CLIC1
highlighted by the red circles. ERa interactors are classified on the basis of their subcellular localization. The same BiolD-MS were performed in two independent biologi-
cal experiments. (C) Co-immunoprecipitation showing the interaction of recombinant human ERx and Clic1 proteins in the test tube. The same results were repeated in
three independent biological experiments. (D) Co-immunoprecipitation showing the interaction of overexpressed human ERa-GFP and Clic1-Flag proteins in HEK293T
cells. Cells coexpressing Clic1-Flag and ERa-EGFP were treated with or without E, for 30 min. The Clic1-Flag protein complex was then pulled down using Flag-M2 mag-
netic beads. Clic1 and ERa were identified by Western blotting. The same results were repeated in three independent biological experiments. (E) Co-immunoprecipitation
showing the interaction of ERa-WT or ERa-C451A and Clic1 proteins in HEK293 cells. Cells coexpressing Clic1-Flag and ERa-WT-EGFP (or ERa-C451A-EGFP) were subjected
to immunoprecipitation with Flag-M2 beads. Identification of Clic1 and ERx in the immunoprecipitation samples was performed by Western blotting. Data are quantified
from four independent biological experiments. Data are presented as means + SEM. ###*P < 0.0001 in two-sided unpaired t test. IP,immunoprecipitation. IgG, immuno-
globulin G; WT, wild type; LC-MS, liquid chromatography tandem mass spectrometry.

embryonic kidney (HEK) 293T cells cotransfected with ERa-green
fluorescent protein (GFP) and Clic1-Flag constructs, we detected the
interaction of ERa and Clicl, which was further enhanced by E,
treatment (Fig. 1D). We and others (34, 35) reported that the point
mutation of the palmitoylation site of ERa (ERa-C451A) specifically
reduces the membrane-bound ERa abundance, while the transcrip-
tional activity of ERa is preserved. Here, we further demonstrated
that the interaction between Clicl and the ERa-C451A proteins was
significantly reduced compared to the interaction between Clicl
and WT ERa proteins (Fig. 1E), indicating that Clicl preferentially
interacts with the membrane-bound ERa.

E,-ERa signaling enhances Clic1-mediated currents

We have previously demonstrated that E; can rapidly excite ERa-
expressing populations in the ventrolateral subdivision of ventrome-
dial hypothalamic nucleus (vVIVMH) and the arcuate nucleus (ARH)
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(21). The E;-induced rapid excitation in both these populations can
be abolished by the ERa-C451A mutation (21). Here, we assessed
effects of E,-ERa signaling on Clicl-mediated currents in ERo"VMH
neurons. To this end, brain slices containing the vIVMH were pre-
pared from female ERa-ZsGreen mice (36) in which ERa-expressing
neurons were labeled by the ZsGreen fluorescence protein (fig. S2A)
and subjected to electrophysiological recordings. Using a published
voltage-clamp protocol (37), we detected robust voltage-dependent
currents in ERa"""™" neurons (Fig. 2A). Notably, these currents
were inward at the negative voltages but became outward at the pos-
itive voltages (Fig. 2A). A Clicl inhibitor, indanyloxyacetic acid 94
(TAA-94), significantly reduced the currents, and the subtractions
were calculated as IAA-94-sensitive currents (Fig. 2A). We then
repeated the same voltage-clamp protocol with the free [Cl™] intra-
cellular pipette solution and found that the IAA-94-sensitive in-
ward currents were diminished, while the outward currents were also
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Fig. 2. Clic1 mediates E-induced rapid excitation in ERa

neurons. (A) Voltage-dependent currents in an ERa!
1AA-94, and the subtraction (red) as the IAA-94—sensitive current. (B) Peak inward and outward IAA-94-senstive currents in ERo

neuron in the absence (black) and presence (blue) of
YVMH heurons. Left: Sham versus OVX control fe-

male mice; right: vehicle versus Ex-treated (100 nM) brain slices from gonad-intact control female mice. N = 5 or 7 neurons from three mice per group. *P < 0.05, **P < 0.01, and

##kP < 0.001 in two-sided unpaired t tests. (C) Traces of the current clamp recording from ERor
neurons (N = 14) at the baseline and after E; treatment (100 nM) in the presence or absence
of IAA-94. ###%P < 0,0001 in two-way analysis of variance (ANOVA) analysis followed by Sidak comparisons. (E) Traces of the current clamp recording from ERa

IAA-94. (D) Resting membrane potential (left) and firing frequency (right) of ERa"VMH

YMMH heurons in response to E, treatment (100 nM) in the presence or absence of

YVMH heurons in

response to E; treatment (100 nM) in the presence or absence of IAA-94, with TTX, CNQX, D-AP5, and bicuculline in the perfusion buffer. (F) Resting membrane potential of
ERa""™" neurons (N = 10) at the baseline and after E, treatment (100 nM) in the presence or absence of IAA-94, with TTX, CNQX, D-AP5, and bicuculline in the perfusion buffer.
#HE%P < 0,0001 in two-way ANOVA analysis followed by Siddk comparisons. Data are presented as means + SEM with individual data points. n.s., not significant.

significantly reduced (fig. S2B). We then compared sham female ERa-
ZsGreen mice (with intact gonads) and ovariectomized (OVX) fe-
male ERa-ZsGreen mice with ovarian hormones surgically dlsrgleted.
Compared to the robust IAA-94-sensitive currents in ERa"" ™" neu-
rons from sham female mice, ERa""™H neurons from OVX females
showed significantly reduced currents (Fig. 2B, left). We failed to de-
tect significant changes in Clicl mRNAs in the mediobasal hypo-
thalamus from sham versus OVX female mice (fig. S2C), although
we could not fully exclude the possibility that OVX may influence
Clicl protein levels. Further, we treated brain slices from gonad-
intact ERa-ZsGreen female mice with vehicle or E; and found that E,
treatment significantly increased Clicl currents in ERa"YMH neurons

(Fig. 2B, right). Together, these results indicate that E,-ERa signaling

Yu et al., Sci. Adv. 10, eadp0696 (2024) 2 October 2024

. . IVMH :
can enhance Clicl currents in ERa" neurons. To examine the

potential role of Clicl in ERa-expressing neurons in males, we re-
peated the same recordings to measure IAA-94-sensitive Clicl
currents in ERa""YMH neurons from ERa-ZsGreen male mice. We
observed similar IAA-94-sensitive currents in male ERa""™ neu-
rons, but these male currents were significantly smaller than those
from sham females; in addition, the castration in males did not alter

these currents (fig. S2D).

Clic1 mediates rapid neuronal excitation induced by

E>-ERa signaling

We then sought to determine whether Clicl currents are required
to mediate rapid neuronal excitation. Using electrophysiology, we
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showed that E, (10, 100, and 1000 nM) depolarized the resting
membrane potential of ERa""Y™H neurons and increased their firing
frequency (fig. S3, A and B). Notably, effects of 100 nM E, were sig-
nificantly stronger than 10 nM E, and comparable to those of 1000 nM
E, (fig. S3, C and D). Further, we showed that 100 nM E, signifi-
cantly reduced input resistance (fig. S3E), suggesting the opening of
ion channels. In addition, neither a GPER antagonist (G15) not an
ERp antagonist (PHTPP) affected E,-induced activation in these
neurons, indicating that these E, effects in ERo""VYMH neurons are
independent of GPER and ERp (fig. S3F). Notably, ERa is also
reported to interact with the voltage-dependent anion channel 1
(VDAC1), which primarily locates at the outer mitochondrial mem-
brane (38). Here, we showed that in the presence of a VDACI in-
hibitor, VBIT-12 (39), 100 nM E, induced comparable activation of
ERa""YMH neurons (fig. S3F), indicating that VDACTI is not involved
in this effect.

Perfusion of the Clicl inhibitor, IAA-94, abolished the depolar-
ization and increased firing frequency induced by 100 nM E; (Fig. 2,
C and D). To exclude the possibility that E, may excite ERo*'VMH
neurons via a presynaptic mechanism, we repeated these recordings
in the presence of tetrodotoxin (TTX) and a cocktail of synaptic in-
hibitors (CNQX, D-AP5, and bicuculline). Under this condition,
100 nM E; still rapidly depolarized ERa"" ™ neurons, and these
effects were abolished by IAA-94 (Fig. 2, E and F). Because the
AMP-activated protein kinase (AMPK) has been implicated to me-
diate actions of E; on hypothalamic neurons, we further tested ef-
fects of an AMPK activator, A769662 (40), on ERo""YMH peurons.
A769662 significantly activated ERa”" ™" neurons, an effect that
was significantly attenuated by pretreatment of IAA-94 (fig. S3, G
and H). These results further support the notion that Clicl currents
mediate E, actions to excite these neurons.

Because IAA-94 may have nonspecific effects other than inhibit-
ing Clicl, we sought to further confirm the role of Clicl using a
CRISPR-mediated genetic deletion approach. To this end, we de-
signed and validated two single guide RNAs (sgRNAs) that induce
indel mutations in exon 2 and exon 5 of mouse ClicI gene and con-
structed these sgRNAs into an Adeno-associated virus (AAV) vector
followed by Cre-dependent FLEX-tdTOMATO sequence (fig. S4A).
Here, female ERa-Cre mice received stereotaxic injections of AAV-
FLEX-saCas9 and AAV-Clic1/sgRNAs-FLEX-tdTOMATO into one
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Fig. 3. Deletion of Clic1 blocks Ex-induced rapid excitation in ERa*'VMH

vIVMH and using ERa neurons from the other side of vIVMH as controls. (B) Peak inward and outward IAA-94-senstive currents in ERo

side of the vIVMH to disrupt the expression of Clicl selectively
in vIVMH neurons; as controls, the other side of the vIVMH of
the same mice received AAV-FLEX-GFP and AAV-Clic1/sgRNAs-
FLEX-tdTOMATO (Fig. 3A). Using single-cell polymerase chain
reaction (PCR), we validated the expected DNA editing in the Clicl
gene in the deletion side (fig. S4, B and C). Ultimately, we validated
the loss of Clicl at the functional level by recording Clicl currents.
While abundant Clicl currents were detected in ERa”""™H neurons
from the control side, Clicl currents were significantly reduced in
ERa""YMH neurons from the deletion side (Fig. 3B). E; induced rapid
excitations in control ERa" "™ neurons, and these effects were abol-

ished in ERo""YM" neurons with Clicl deletion (Fig. 3C).

Clic1 currents exist in other neural populations

We then repeated the same studies in a number of ERa populations
in the brain, including ERa** neurons and those in the medial
amygdala (MeA), the bed nucleus of that stria terminalis (BNST),
the lateral hypothalamus (LH), and the pre-optic area of the hypo-
thalamus (POAH). Similarly, we detected IAA-94-sensitive Clicl
currents in all these ERa populations, which were further enhanced
by E, treatment (Fig. 4, A, D, G, ], and M). E; rapidly activated these
ERa neurons, in the presence or absence of TTX and the synaptic
inhibitors, and IAA-94 effectively abolished these E,-induced exci-
tations (Fig. 4, Band C, Eand E H and I, K and L, and N and O).
Thus, Clicl is a common ionic mechanism for E, to excite ERa neu-
rons in multiple brain regions.

Clic1 in ERax""Y™" and ERa*®" neurons mediates effects of E,
fluctuations on energy balance in female mice

Because ERa" "™ neurons and ERa** neurons have been reported
to mediate estrogenic actions on female energy balance through reg-
ulating food intake, physical activity, and/or energy expenditure (29,
41-45), we then sought to determine whether Clicl currents in these
neurons are functionally involved in these estrogenic actions. To this
end, female ERa-Cre mice received stereotaxic injections of AAV-
FLEX-saCas9 and AAV-Clic1/sgRNAs-FLEX-tdTOMATO into both
sides of the mediobasal hypothalamus that contains the vIVMH and
ARH [with a modest contamination to the dorsomedial hypothala-
mus (DMH)] (Fig. 5A and fig. S5A). As controls, WT female litter-
mates received the same stereotaxic virus injections. These mice all

C
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neurons. (A) An illustration of Clic1 genetic disruption in ERx neurons from one side of the

YVMH heuron from Clic1 disrupted

side (Cas9) versus the control side (GFP). N = 5 neurons from three mice per group. *P < 0.05 and ***P < 0.001 in two-sided unpaired t tests. (C) Resting membrane po-
tential (left) and firing frequency (right) of ERa""M" neurons from Clic1 disrupted side (Cas9; N = 14) versus the control side (GFP, N = 21) at the baseline and after E, treat-
ment (100 nM). ####P < 0.0001 in two-way ANOVA analysis followed by Siddk comparisons. Note that some neurons did not have spontaneous action potential firing and
therefore were not included in the firing frequency analysis. Data are presented as means + SEM with individual data points.
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Fig. 4. Clic1 mediates Ex-induced rapid excitation in ERa neurons in the brain. (A, D, G, J, and M) Left: IAA-94-sensitive current measured in ERa**" neuron (A), ERo™eA
neuron (D), ERo®™T neuron G), ERoM neuron (J), and ERa"* neuron (M) in the absence or presence of E, treatment (100 nM). Right: Peak inward and outward IAA-94-
sensitive currents measured in the absence or presence of E, treatment (100 nM). Data are presented as means + SEM with individual data points. N = 5 neurons from
three different mice per group. *#*P < 0.01, ***P < 0.001, and ****P < 0.0001 in two-sided unpaired t tests. (B, E, H, K, and N) Resting membrane potential (left) and firing
frequency (right) of ERo*™ neurons (B), ERaM®* neurons (E), ERa®NT neurons (H), ERa'™ neurons (K), and ERa"* neurons (N) at the baseline and after E, treatment
(100 nM) in the presence or absence of IAA-94 (100 pM). Data are presented as individual data points. *##%P < 0.0001 in two-way ANOVA analysis followed by Sidék com-

parisons. (C, F, I, L, and O) Resting membrane potential of ERa

ARH

neurons (C), ER&M®A neurons (F), ERa®™T neurons (1), ERo™ neurons (L), and ERa"®*" neurons () at the

baseline and after E, treatment (100 nM) in the presence or absence of IAA-94 (100 uM), with TTX (1 pM), CNQX (30 uM), D-AP5 (30 uM), and bicuculline (50 pM). Data are
presented as means + SEM with individual data points. *#*%P < 0.0001 in two-way ANOVA analysis followed by Sidak comparisons.
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Fig. 5. Clic1 in ERe""™" and ERx**" neurons mediates effects of E; fluctuations on energy balance in female mice. (A) A schematic illustration of Clic1 genetic dis-
ruption in ERe""M" and ERa** neurons in ERa-Cre mice and using WT littermates as controls. (B and €) Temporal changes in body weight in HFD-fed WT (B) and ERa-Cre
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received OVX surgeries to deplete the ovarian hormones, and then
they were further divided into two groups to receive either vehicle
(OVX + V) or E; (OVX + E,) treatment while being fed an obeso-
genic high-fat diet (HFD). Compared to OVX + V WT females,
OVX + E; WT females showed significantly reduced body weight
gain and fat mass, associated with reduced food intake, while lean
mass remained comparable between the two groups (Fig. 5, B to G).
OVX + E, treatment in ERa-Cre female mice did not induce any
changes in body weight, fat/lean mass, and food intake compared to
OVX + V ERa-Cre females (Fig. 5, B to G). It is also notable that the
body weight gain and food intake in OVX + V ERa-Cre were sig-
nificantly smaller than those in OVX + V WT females (Fig. 5, D and
E). These results indicate that the loss of Clicl in the mediobasal
hypothalamus rendered female mice less susceptible to obesity de-
velopment induced by OVX and at the same time blocked the anti-
obesity effects of E; supplement. Last, we examined the metabolic
phenotypes in a new cohort of gonad-intact chow-fed female mice
with or without Clicl deleted in the mediobasal hypothalamus.
We found no difference in body weight, blood glucose, food intake,
O, consumption activity, and brown fat gene expression between
the two groups (fig. S5, B to G). Notably, Clicl deletion resulted in
a significant and modest increase in the average length of estrous
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cycles without significant changes in each stage (fig. S5, H and I).
Considering the significant effects observed in HFD-fed females,
the lack of metabolic phenotypes during chow feeding suggests an
important role of Clicl specifically in the context of excess nutrition.

DISCUSSION

In the current study, we demonstrated that a chloride channel pro-
tein, Clicl, can physically interact with ERa with a preference to
the membrane-bound ERa. We further demonstrated that Clicl-
mediated currents can be enhanced by E,. Clicl currents are re-
quired to mediate the E,-induced rapid excitations in multiple brain
ERa populations that we tested. Last, we show that genetic disrup-
tion of Clicl in the mediobasal hypothalamus blunts the regulations
of E, on female energy balance.

In addition to the well-known effects on gene transcription, E,
can also trigger rapid signaling cascades in cells, including neurons
(46). Some of these rapid actions of E; are mediated through the
GPER (27). Other membrane receptors were also implicated as ERs
(47, 48), although the genes encoding these putative receptors have
not been identified. Although ERa is traditionally known as a nucle-
ar receptor, a subpopulation of ERa proteins also bind to the cell
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membrane (49, 50). Palmitoylation of ERa at the C451 residual is
required for the receptor to localize to the plasma membrane, which
further facilitates its association with caveolin-1 (51). Membrane-
bound ERa mediates E,-initiated rapid signaling, e.g., AMPK (45),
cyclic adenosine 3',5'-monophosphate (52) and phosphatidylinosi-
tol 3-kinase (53). The C451A mutation disrupts the ERa palmi-
toylation and therefore reduces its binding to the cell membrane and
subsequently reduces these E,-initiated rapid signaling (34, 35).
Notably, the C451A mutation has been reported to impair estrogen-
ic actions on sexual behavior (17), fertility (18), energy, and glucose
balance (19, 20), indicating that signals initiated by membrane-
bound ERa play indispensable roles in estrogen biology.

In addition to activating several rapid intracellular signals, E, or
ERa agonists can also trigger excitation of a neuron within a times-
cale of milliseconds (13, 21-26). These effects can be blocked by ERat
deletion or by ERa-C451A mutation (21), indicating that actions of
the membrane-bound ERa mediate this rapid electrophysiological
event. Several ion channels have been implicated in E,-initiated
neuronal excitation. For example, E, can enhance L-type voltage-
dependent calcium currents (L-VDCC) in hippocampal neurons,
but these effects do not require ERs (54). In hypothalamic neurons, E,
can reduce G protein-gated inwardly rectifying potassium (GIRK)
currents triggered by other GPCRs, e.g., mu-opioid receptor and
GABAg receptor (55). Effects of E; on GIRK currents are not affected
by ERa or ERB knockout (47), suggesting the involvement of other
ERs. A putative membrane ER coupled to G4 (Gg-mER) has been
proposed to mediate E; actions on GIRK (47), although the gene en-
coding this putative receptor has not been identified. Further, E; was
also reported to regulate the small conductance calcium-activated
potassium (SK) currents (55) and the adenosine 5'-triphosphate
(ATP)-sensitive potassium (Karp) currents in hypothalamic neu-
rons (56). Similarly, these effects of E; on SK and Karp currents are
mediated via the putative G-mER (57), but not via ERo. Here, we
reported that Clicl forms the protein-protein complex with ERa.
The Clicl-mediated chloride currents are regulated by E, signaling
and are required to mediate E,-induced excitation of ERa-expressing
neurons. Consistently, a few early studies reported effects of E,
on membrane chloride conductance in non-neuronal cells (58-61),
although the molecular basis for these actions was never explored.
Here, we provided both biochemical and biophysical evidence that
membrane-bound ERa physically interacts with the Clicl chloride
channel, and activation of the receptor can trigger rapid neuronal
excitation through Clicl currents. We further speculate that the
physical interactions between ERa and Clicl proteins may provide a
molecular basis for E; signals to cause rapid conformational changes
in the Clicl channel structure, resulting in altered ion conductance.
Detailed structural analyses of the ERa-Clic1l complex would be war-
ranted to further confirm this speculation. Notably, ERa is also re-
ported to interact with VDACI, which primarily locates at the outer
mitochondrial membrane (38). The functional relevance of this ERa-
VDACI remains unknown, and our results indicate that VDACI is
not involved in Ep-induced excitation in ERa""VM" neurons.

It is worth noting that while E; treatment can enhance the ERa-
Clicl interaction, there is a baseline interaction between the two pro-
teins even in the absence of E, signals. Consistently, Clicl1-mediated
currents are detectable in ERa"™ ™" neurons from OVX mice, al-
though theX]are notably reduced compared to sham mice. Similarly,
male ERa"™"™* neurons also exhibit smaller amount of Clicl cur-
rents. These patterns suggest that Clic1 is involved in the constitutive
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actions of ERa independent of its ligand (62, 63), a possibility that
remains to be further examined. In addition, the membrane Clicl
channel likely is also under regulations by other hormonal and/or
neural signals and therefore maintains certain baseline activity in the
absence of E,. In addition, we noted considerable interactions be-
tween the Clicl protein and the ERa-C451A mutant protein, which
does not bind to the cell membrane. Thus, the ERa-Clicl protein
complex also exists inside cells, which may also have biological func-
tions. Other Clic family members have been implicated in mito-
chondrial membrane integrity (64) or inflammasome activation
(65). The physiological relevance of the ERa-Clicl complex inside
cells warrants future investigations.

ERa-expressing neurons in both the mediobasal hypothalamus
have been well established to be key neural populations that mediate
anti-obesity effects of E, in females (29, 41-45). In line with the
demonstrated role of Clicl in mediating E,-induced excitation in
ERa*"YMH and ERa** neurons, we found that loss of Clicl in the
mediobasal hypothalamus abolished the weight-lowering effects of
E, supplement in HFD-fed OVX females. Notably, Clicl expression
may also be affected in the adjacent DMH, which could potentially
contribute to the observed outcome, although there is no evidence
for ERa in the DMH to regulate female body weight balance. Con-
sistently, ERa-C451A mutant female mice with impaired membrane-
bound ERa signaling exhibit increased susceptibility to HFD-induced
obesity and metabolic disorders (19). Intriguingly, we also noted
that OVX females with Clicl disrupted in the mediobasal hypothal-
amus show reduced weight gain and food intake compared to OVX
females with intact Clicl. In other words, the loss of Clic1 also ren-
ders female mice with reduced sensitivity to E, depletion. Consistent
with this notion, a recent study reported that global Clicl deficiency
reduces weight gain in male mice (66), which to a certain degree
resemble OVX females. These findings also suggest that Clicl plays
distinct roles in male versus female energy homeostasis, probably
through its estrogen-dependent versus estrogen-independent actions.
Similar to the opposite functions of Clicl in male versus female ani-
mals, another molecule, interleukin-6 (IL-6), has been reported
to promote male body weight gain but prevent female weight gain
through its actions in the muscle (67, 68). Alternatively, the lack of
Clicl may cause compensatory elevations in ERa signaling as a nu-
clear receptor that may contribute to the reduced weight gain induced
by OVX. ERa as a nuclear receptor is known to enhance expres-
sion of leptin receptor and its downstream melanocortin receptors
(41, 43); OVXis associated with elevations in circulating leptin whose
actions could be further amplified by increased ERx actions as a nu-
clear receptor. In addition, Clicl may be also functionally involved
in signaling of other ovarian hormones, e.g., progesterone. Notably,
the progesterone receptor is another classic nuclear receptor with
known rapid signaling (28), similar to ERa. All the speculations are
worth further investigations to explore the functions of Clicl in the
context of female body weight regulation.

In addition to ERa, another ER classically known as a nuclear
receptor, ERp, has also been implicated in the regulation of body
weight especially in the context of obegenic dietary challenge (69),
although the exact ERB-expressing neurons or cell types for these
effects remain unclear. It is worth noting that a subpopulation of ER
proteins can also bind to the cell membrane and trigger rapid signal-
ing cascades (51) and rapidly regulate excitability of neurons (9, 28).
Thus, additional investigations are warranted to explore whether
similar physical interactions between membrane ERP and ion channel
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proteins may exist as potential mechanisms for the rapid actions of
ERp on neuronal excitability. Notably, we showed that Clicl partly
mediates effects of AMPK on neuronal activity, implying that the
AMPK pathway may be involved in the mechanism that regulates
Clic1 functions, which warrants additional investigations.

In conclusion, we identified the Clicl chloride channel as a key
mediator for E;/ERa-induced rapid neuronal excitation. This find-
ing advances our understanding about the fundamental acting modes
of the ovarian hormone. Clicl is functionally involved in multiple
ERa-expressing neurons in the brain. Given the diverse biological
functions of E, via these neural populations, our findings may have a
broad impact on multiple neurobiological processes, e.g., neuroen-
docrine, neurodevelopment, neurodegeneration, etc. These results
revealed a new acting mode of ERs by physically interacting with
membrane ion channels or other membrane proteins to mediate
rapid actions of E,. A conceivable limitation of our BioID approach
is that we could only detect endogenous proteins in the tested cells;
thus, the membrane proteins that interact with ERs in other cellular
contexts are likely underestimated and deserve future investigations.
Considering the emerging evidence for other nuclear receptors, e.g.,
progesterone receptor (70) and vitamin D receptor (71), to regulate
neuronal excitability, we suggest that multiple hormone receptors,
although classically known as nuclear receptors, can interact with
membrane proteins to regulate cellular activities in a rapid manner.

MATERIALS AND METHODS

Study approval

Care of all animals and procedures were approved by the Insti-
tutional Animal Care and Use Committees at Baylor College of
Medicine (AN-5479) or at Pennington Biomedical Research Center
(IACUCPB-23-023).

Cell lines and vectors

HEK293T and Hela cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM,; Cytiva HyClone, SH3002201) supplemented
with 10% (v/v) fetal bovine serum (FBS; Corning, 35016CV) at 37°C
with 5% CO,. To generate the N174-Flag-BioID construct, BioID
(31) was incorporated into the lentiviral vector N174-MCS (Addgene,
#81068) using the Gibson assembly strategy facilitated by a DNA
assembly kit (NEB, E2621S). Subsequently, for the creation of the
N174-Flag-BioID-ERa construct, the full-length human ERa was
introduced into N174-Flag-BioID via Gibson assembly strategy. In
the construction of the Flag-Clicl construct, the full-length human
Clicl sequence was integrated into the retroviral backbone vector
pCL-2xFlag. For the development of the ERa-EGFP construct, the
full-length human ERa was initially cloned into the pPENTR/D-TOPO
vector using the TOPO cloning strategy. Subsequently, the full-length
human ERa in the pENTR/D-TOPO vector was transferred to the
destination vector pDEST-CMV-EGFP (Addgene, #122844) through
the gateway cloning technology, resulting in the generation of the
ERa-EGEFP expression vector.

Generation of stable cell line

A stable cell line expressing BioID-ERa (or BioID only) was gen-
erated through lentivirus transduction by cotransfecting the lentivi-
ral vector N174-BioIlD-ERa (or N174-BiolD as a negative control)
into HEK293T cells along with lentiviral packaging plasmids pM-
D2G and psPAX2 using Lipofectamine 3000 (Invitrogen, L3000015)
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following the manufacturer’s recommendations. After 48 hours af-
ter transfection, the medium containing lentivirus was promptly col-
lected for transduction. Hela cells were preseeded in a six-well plate
before transduction. The culture medium containing lentivirus, sup-
plemented with polybrene (8 pg/ml), was added to the Hela cells and
incubated for 24 hours. Subsequently, the medium was replaced with
fresh medium devoid of lentivirus for an additional day of culture.
Puromycin was then used for the selection of transduced cells. Vali-
dation of BioID-ERa expression in the stable cell line was carried out
through Western blotting.

BiolD-mediated proximity labeling and MS analysis

The stable cells expressing BioID-ERa (with BioID only as a negative
control) were cultured in 50 pM biotin (Sigma-Aldrich, B4639) for
16 hours. The cells were harvested, and the cytoplasmic, membrane,
and nuclear fraction were separated by the subcellular protein frac-
tionation kit (Thermo Fisher Scientific, #78840). Subsequently, the
cytoplasmic and membrane protein extracts were used for BioID
pull-down. There are four experimental groups including: (i) BioID
Hela cells (cytoplasmic fraction), (ii) BioID Hela cells (membrane
fraction), (iii) BioID-ERa Hela cells (cytoplasmic fraction), and (iv)
BioID-ERa Hela cells (membrane fraction). In the pull-down exper-
iment, the protein extracts were incubated with streptavidin mag-
netic beads (Thermo Fisher Scientific, 88816) to selectively retrieve
biotinylated proteins. The collected beads, enriched with biotinylat-
ed proteins, were then subjected to liquid chromatography tandem
mass spectrometry (MS) (Taplin Biological Mass Spectrometry Fa-
cility at Harvard Medical School) to elucidate the ERa proximity in-
teraction network. For data analysis, a stringent criterion was applied
to ensure the reliability of the results. Proteins in the BioID-ERa
group exhibiting a sum intensity over 20 times that of the control
group were specifically chosen as ERa-binding protein candidates.
Subsequently, all identified protein candidates from BioID-MS un-
derwent further analysis using the David Bioinformatics database
(https://david.ncifcrf.gov/summary.jsp). This analysis aimed to cat-
egorize membrane proteins based on their cellular component an-
notations within the database.

Co-immunoprecipitation

HEK293T cells were transiently transfected with Flag-Clic1 and ERa-
WT-EGFP (or ERa-C451A-EGFP) expression plasmids using Lipo-
fectamine 3000 (Invitrogen, L3000015). To determine the effect of
E, on the interaction between Clicl and ERa, cells were treated with
10 nM B-estradiol for 30 min after 48 hours of transfection. Then,
cells were harvested and lysed with NP-40 buffer and subjected to
sonication at 20% amplitude for five cycles (5-s on and 20-s off). The
resulting clear lysate was incubated with anti-Flag M2 beads (Sigma-
Aldrich, M8823) at 4°C for 1 hour. Following incubation, the beads
were washed three times with NP-40 buffer and three times with
Tris buffered saline with Tween 20 (TBST) buffer. The precipitates
were subsequently analyzed by immunoblotting using appropriate
antibodies.

In-tube immunoprecipitation

In-tube immunoprecipitation was used to explore the interaction be-
tween Clicl and ERa. Briefly, 3 nM human recombinant proteins
Clicl (Abcam, ab95486) and ERa (72) were incubated at 4°C for
1 hour in a test tube. Subsequently, the antibody against Clicl (Cell
Signaling Technology, 53424S) was introduced to precipitate the Clicl
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protein complex. Meanwhile, normal rabbit immunoglobulin G was
used as a negative control (Cell Signaling Technology, 2729). Follow-
ing the antibody incubation, protein A beads (Cell Signaling Tech-
nology, 73778S) were added to capture the antigen-antibody complex.
Six washes were performed using NP-40 buffer and TBST buffer. The
protein complexes were eluted from the beads and subjected to fur-
ther detailed analysis.

Western blotting

For immunoblot assay, the proteins from immunoprecipitation or other
cell samples were electrophoresed on a 10% SDS-polyacrylamide
gel and then subsequently transferred to polyvinylidene difluoride
membrane. The membranes were probed with antibodies against
ERa (Cell Signaling Technology, 8644S), GFP (Cell Signaling Tech-
nology, 29568S), Clic1 (Cell Signaling Technology, 53424S), and horse-
radish peroxidase-conjugated streptavidin (Boster, BA1088) at 4°C
overnight. The membranes were then incubated with Alexa Fluor
Plus 800-conjugated secondary antibody (A32735, Invitrogen) for
1 hour. Target bands were detected using a fluorescence scanner (Od-
yssey Infrared Imaging System, LI-COR Biotechnology). Bands were
quantified using Image] software.

Mice

ERa-C451A heterozygous mice (35) were crossed with ERa-C451A
heterozygous mice to generate ERa-C451A homozygous mice. The
mouse ERa-ZsGreen transgene (36) was introduced to these crosses
to label ERa neurons with ZsGreen. ERa-Cre mice were purchased
from the Jackson Laboratory (#017911), which express Cre recom-
binase selectively in ERa-expressing neurons (3). Care of all animals
and procedures were approved by the Institutional Animal Care and
Use Committees at Baylor College of Medicine or at Pennington
Biomedical Research Center. Mice were housed in a temperature-
controlled environment in groups of two to four at 22° to 24°C using
a 12-hour light and 12-hour dark cycle. The mice were fed with stan-
dard chow diet (5V5R, PicoLab) unless mentioned otherwise, and
water was provided ad libitum.

Ovariectomy (OVX) and castration (CAST)

Female ERa-ZsGreen mice (12 weeks of age) were anesthetized with
inhaled isoflurane. As previously described, bilateral OVX or sham
surgeries were performed (21, 73). For CAST surgery, 12-week-old
male ERa-ZsGreen mice were anesthetized with inhaled isoflurane.
As previously described, bilateral CAST or sham surgeries were per-
formed in male mice (73). For sham surgeries, female or male ERa-
ZsGreen mice (12 weeks of age) underwent the same anesthesia and
surgical procedures (except for the removal of ovaries or testes). Four
weeks after the surgery, sham, OVX, or CAST mice were used for
electrophysiology or qPCR analysis.

Quantitative PCR

Mice were euthanized, and the mediobasal hypothalamus samples
were collected. Total RNAs were extracted using the PicoPure RNA
Isolation Kit (Thermo Fisher Scientific, #KIT0204) and then processed
to cDNA for quantitative PCR (qPCR) test using qScript cDNA Su-
perMix (VWR, #101414-106). qPCR primers are as follows: Hprt (the
housekeepinggene) (forward:5’-GTCAACGGGGGACATAAAAG-3';
reverse: 5-CAACAATCAAGAC ATTCTTTCCA-3’ and Clicl (for-
ward: 5-AAGAACAACCTCAGGTCGAAC-3'; reverse: 5-CTCTGT-
CCGTCTCTTGGTGTC-3".
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CRISRP-Cas9 deletion of Clic1

The AAV vector carrying sgRNAs targeting mouse Clicl was de-
signed and constructed by Biocytogen (Wakefield, MA). The exon 2
and exon 5 were chosen to be targeted by CRISPR-Cas9. A total of
19 sgRNAs were designed with 7 targeting exon 4 and 12 targeting
exon 11. These sgRNAs were selected using the CRISPR tool (www.
sanger.ac.uk/htgt/wge/) with minimal potential off-target effects. All
14 sgRNAs (7 sgRNAs for each exon) were screened for on-target
activity using a Universal CRISPR Activity Assay (Biocytogen) (74).
Briefly, the plasmid carrying Cas9 and sgRNA and another plasmid
carrying the target sequence cloned inside a luciferase gene were co-
transfected into HEK293. Stop codon and CRISPR-Cas9 targeting
sites were located within the luciferase gene. Stop codon induced the
translational termination of the luciferase gene, while sgRNA target-
ing site cutting induced DNA annealing based on single-strand
annealing and the complementary sequence recombination there-
by occurred to rescue a complete coding sequence of the luciferase.
The luciferase signal was then detected to reflect the DNA editing
efficiency of the sgRNA. We used the pCS(puro)-positive plasmid,
which expressed a proven positive sgRNA, as the positive control.
The sgRNA#2 (GCAGTGATGGTGCCAAGATT GGG) and sgRNA#9
(TGAAACCAGCGCCGAAGATG AGGQG) were selected to target exon
2 and exon 5 of the Clicl gene, respectively, due to their relatively
high on-target activity and low off-target potentials. We then con-
structed an AAV-U6-sgRNA-tdTomato vector containing two sgRNAs
(AAV-Clic1/sgRNAs-FLEX-tdTOMATO). Briefly, U6 promoter-
sgRNAs, CAG promoter-flex-tdTomato-bGH polyA cassettes were
cloned into the Addgene plasmid #61591 vector (www.addgene.
org/61591/) and further verified by full sequencing. The virus was
packaged by the Baylor IDDRC Neuroconnectivity Core.

To validate AAV-Clic1/sgRNAs-FLEX-tdTOMATO in mice,
female ERa-Cre mice (12 weeks of age) received stereotaxic injec-
tions of AAV-FLEX-saCas9 [80 nl, 1 x 10" genome copies (GC)
per ml; Vector Biolabs, #7122] and AAV-Clicl/sgRNAs-FLEX-
tdTOMATO (160 nl, 1.4 x 10'* GC per ml) into one side of the
vIVMH (knockout side) and received AAV-Clic1/sgRNAs-FLEX-
tdTOMATO (160 nl) and the AAV-FLEX-GFP (80 nl, 4.3 X 10"
GC per ml, no Cas9; Addgene, 100043-AAV9) in the other side
of the vIVMH virus [control side; mediolateral (ML), +0.75 mm;
anteroposterior (AP), —1.60 mm; dorsoventral (DV), —5.85 mm].
After a 4-week recovery, these mice were subjected to single
neuron genomic DNA analysis to detect if the CRISPR-Cas9 ap-
proach successfully induced the mutation of Clicl. Briefly, the two-
step touchdown PCR was performed with each reaction containing 1
single ERa""YM" peuron that was handpicked under the micro-
scope. In the knockout side, ERa""™ neurons were labeled by td-
TOMATO but not GFP, and in the control side, ERa" ™ neurons
were labeled by both tdTOMATO and GFP. The first primer pair
across the sgRNA target region of Clicl, 5- ATGCCCTCTTCTG-
GTGTGTC-3" and 5'-GACAGCAACACTGGACTGGT-3" [989
base pairs (bp)], were used for the first step of PCR. The PCR
products were then used for the second step of PCR with the primer
pair: 5-TGGAGAACCATTGAGGAAGACAA-3’ and 5-AACCCC-
GTTTGTGTTTTGCC-3* (707 bp). To ensure the success of the
neuron picking, two control primer pairs for an irrelevant gene
(Gabra5) were also included to amplify the nonrelevant region of
the genome. The first primer pair was 5'-CCTGTAAGAGTAGCCTG-
GCAT-3" and 5'-AGATAAGAGACGTGGGGCTG-3' (744 bp), and the
second primer pair was 5'-AAGGAATCCAGTGACCAGCC-3' and
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5-TCCTAAGGAACCAGCATGGG-3' (525 bp) (75). Because a few
samples from the knockout side still showed WT sequence of the
Clicl, we suspected that these single neuron samples could have
been contaminated by debris from the adjacent cells (that were not
ERa-expressing neurons). Thus, we continued to validate the Clicl
disruption at the functional level using electrophysiology recordings
for IAA-94-sensitive Clicl currents, as described below.

Electrophysiology

All electrophysiological experiments were performed in female mice
(>10 weeks of age) at diestrus. Mice were deeply anesthetized with
isoflurane and transcardially perfused with a modified ice-cold
sucrose-based cutting solution (pH 7.3) containing 10 mM NaCl,
25 mM NaHCOs3, 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,, bubbled continuously with 95% O and 5% CO; (76, 77).
The mice were then decapitated, and the entire brain was removed
and immediately submerged in the cutting solution. Slices (250 pm)
were cut with a Leica VT1000 S vibrating microtome (Leica Biosys-
tems, IL). Three to four brain slices containing the vIVMH, ARH,
LH, MeA, BNST, and POAH were obtained for each animal. The
slices were recovered for 1 hour at 34°C and then maintained at
room temperature in artificial cerebrospinal fluid (aCSF; pH 7.3)
containing 126 mM NaCl, 2.5 mM KCI, 2.4 mM CaCl,, 1.2 mM
NaH,POy, 1.2 mM MgCl,, 5.0 mM glucose, and 21.4 mM NaHCO;
saturated with 95% O, and 5% CO; before recording (76, 77).

Slices were transferred to a recording chamber and allowed to
equilibrate for at least 10 min before recording. The slices were su-
perfused at 34°C in oxygenated aCSF at a flow rate of 1.8 to 2 ml/
min. Patch pipettes with resistances of 3 to 5 megohm were filled
with intracellular solution (pH 7.3) containing 128 mM K-gluconate,
10 mM KCl, 10 mM Hepes, 0.1 mM EGTA, 2 mM MgCl,, 0.05 mM
Na-guanosine 5’'-triphosphate, and 0.05 mM Mg-ATP. Recordings
were made using a MultiClamp 700B amplifier (Axon Instrument),
sampled using Digidata 1440 A, and analyzed offline with pClamp
10.3 software (Axon Instruments). Series 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 notably during the experiment or with-
out overshoot for action potential. Currents were amplified, filtered
at 1 kHz, and digitized at 10 kHz.

To measure IAA-94-sensitive Clicl currents, the bath solution
contains 130 mM NaCl, 5.5 mM KCI, 24 mM Hepes, 1 mM MgCl,
0.5 mM CaCl,, and 5 mM D-glucose (pH 7.4); the pipette solution
contains 128 mM N-methyl-glucamine-Cl, 5 mM KCl, 2.5 mM
CaCl,, 1 mM MgClL, 10 mM Hepes, 5 mM glucose, 10 mM
tetraethylammonium-Cl, and 0.03 mM margatoxin (pH 7.3 to 7.4)
with chloride acid (58). Total Clicl current was recorded under the
voltage-clamp mode by holding the membrane potential at —60 mV
in the presence of 1 uM TTX (a reversible, selective, and high-affinity
inhibitor of voltage-gated sodium channels), 10 pM TTA-P2 (a T-
type calcium channel blocker), 50 pM nifedipine (an L-type calcium
channel blocker), and 5 mM 4-aminopyridine (a potassium-selective
ion channel blocker) (78). At intervals, neurons were voltage clamped
from —80 to +80 mV in a ramp protocol for 1 s (58). Then, the neu-
rons were perfused with 100 pM indanyloxyacetic acid 94 (a chloride
channel inhibitor; Sigma-Aldrich, #1117) (37, 79) and/or 100 pM
TA A-94 mixed with 100 nM E, with for 3 min. The Clicl current was

Yu et al., Sci. Adv. 10, eadp0696 (2024) 2 October 2024

calculated by subtracting the left current in the presence of [AA-94 from
total current without IA A-94. In another experiment, IA A-94—sensitive
current was also recorded with chloride-free pipette solution con-
tains 92 mM NMDG, 1.25 mM NaH,PO,, 30 mM NaHCO3;, 20 mM
Hepes, 5 mM glucose, 3 mM Na-pyruvate, and 10 mM MgSO4-7H,0
(pH to 7.3 to 7.4) with phosphoric acid.

The current clamp was engaged to test neural firing frequency and
resting membrane potential after vehicle or E, (10, 100, or 1000 nM)
puff treatment (5 s). The values for resting membrane potential
and firing frequency averaged within 2-min bin after vehicle or E,
treatment (80). If the resting membrane potential of a neuron depo-
larized more than 2 mV (>2 mV) in amplitude, then we defined it as
activation. After the identification of an E,-activated neuron, the
same neuron will be puff treated with 100 nM E, in the presence
of 100 pM TAA-94. To measure the membrane input resistance in
ERa"'VMH neurons, all neurons were held at =60 mV with holding
current. The hyperpolarizing current pulses ranging from —160 to 0 mV
with 20 mV increase in each step (1-s duration) were applied on the
ERa"MH neurons. The input resistance was calculated by using the
slope of the linear fit between the voltage responses and current
injections. To test the effect of the AMPK activator on ERa"VMH
neurons, neurons were puff treated by 10 pM A769662 in the pres-
ence of vehicle or ITAA-94 (81). To test if other ERs are regulated by
E, in ERa""YMH neurons, ERo™YMH neurons were pretreated with 10 uM
G15 (a high-affinity and selective GPER receptor antagonist) (82)
or 50 pM PHTBB (a selective estrogen ERP receptor antagonist)
before the E, treatment (83). To test if E, regulates VDACI ion
channel, ERa*'YM! neurons was pretreated with 20 uM VBIT-12 (a
potent inhibitor of VDAC1) before the E, treatment (39, 84).

To exclude the possible circuitry inputs to the recorded neurons,

the neurons were pre-incubated with a cocktail blockers containing
1 pM TTX, 30 pM CNQX (a potent non-NMDA glutamate receptor
antagonist), 30 pM D-AP5 (a potent and selective NMDA receptor
antagonist), and 50 pM bicuculline (a GABA, receptor antagonist)
to block the excitatory and inhibitory input in the recorded ERa
neurons (80, 85). Resting membrane potential was calculated after
E, treatment with vehicle or 100 pM TAA-94.
Deletion of Clic1 from ERx"""™" and ER«*® neurons
ERa-Cre female mice and their WT control littermates (10 weeks)
were anesthetized by isoflurane and received bilateral stereotaxic
injections of AAV-Clic1/sgRNAs-FLEX-tdTOMATO and AAV-FLEX-
saCas9Biolabs) into the mediobasal hypothalamus that contains
both the vIVMH and ARH (ML, +0.5 mm; AP, —1.55 mm; DV,
—5.85 mm). During the same surgery, the bilateral ovariectomy
(OVX) were performed in these female mice as previously described
(41, 86, 87). These mice were singly housed and allowed to recover
from the surgery for 1 month. Then, they were fed with an HFD
(60% fat; D12492i, Research Diets) and received subcutaneous in-
jections of vehicle (50 pl of sesame oil; Sigma-Aldrich, S3547) or E,
(2 pg in 50 pl of sesame oil; Sigma-Aldrich, E8875) every 4 days
until the end of study. Body weight and food intake were measured
every 4 days. Quantitative magnetic resonance was used to deter-
mine body composition at the end of the study. At the end of the
study, all mice were anesthetized with inhaled isoflurane and quick-
ly perfused with saline, followed by 10% formalin. After dehydra-
tion with 30% sucrose, brains were processed for frozen sectioning
at 25 pm, and these brain sections were subjected to post hoc histo
were included in the data analyses.
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Another cohort of female ERa-Cre and their WT control litter-
mates (10 weeks) were used to generate mice lacking Clicl in ERa
neurons in the mediobasal hypothalamus and controls, as described
above. These mice were singly housed and fed on regular chow diet
(5V5R, PicoLab). Body weight and food intake were monitored ev-
ery 4 days. Blood glucose was measured at day 8, day 16, and day 24
after surgery. The estrous cycle was monitored via virginal smears at
day 7 after surgery for 23 days continuously. On day 48 after surgery,
mice were put into TSE PhenoMaster metabolic cages to measure
O, consumption. At the end of the study, all mice were anesthetized
with inhaled isoflurane, and blood was collected and processed to
serum samples, which were subjected to the measurement of follicle-
stimulating hormone and luteinizing hormone using ELISA kits
(Abclonal, #RK04237 and #RK15292). Uterus and ovaries were
collected and weighed. Brown adipocyte tissue was collected and
subjected to qPCR, similarly as described above. PCR primers: actin
(forward, 5'-ATGGAGGGGAATACAGCCC-3'; reverse, 5-TTCTTT-
GCAGCTCCTTCGTT-3"), Ucpl (forward, 5'-CACGGGGACCTA-
CAATGCTT-3'; reverse, 5'-TAGGGGTCGTCCCTTTCCAA-3'),
Esrl (forward, 5'-GAACGAGCCCAGCGCCTACG-3'; reverse,
5-TCTCGGCCATTCTGGCGTCG-3'), Pgcla (forward, 5'-TGAT-
GTGAATGACTTGGATACAGACA-3'; reverse, 5'-GCTCATTGTTG-
TACTGGTTGGATATG-3'), Cidea (forward, 5-ATCACAACTG-
GCCTGGTTACG-3; reverse, 5'-TACTACCCGGTGTCCATTTCT-
3"), Dio2 (forward, 5'-AATTATGCCTCGGAGAAGACCG-3'; re-
verse, 5'-GGCAGTTGCCTAGTGAAAGGT-3’), and Prdm16
(forward, 5'-TGACGGATACAGAGGTGTCAT-3’; reverse,
5'-ACGCTAC-ACGGATGTACTTGA-3").

Statistical analyses

The data are presented as means + SEM or as individual data points.
Statistical analyses were performed using GraphPad Prism 7.0 to
evaluate normal distribution and variations within and among
groups. Methods of statistical analyses were chosen on the basis of
the design of each experiment and are indicated in figure legends or
main text. P < 0.05 was considered to be statistically significant.
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