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Estrogen receptor—a (ERo) activity in the brain prevents obesity in both males and females. However, the ERa-
expressing neural populations that regulate body weight remain to be fully elucidated. Here we showed that single-
minded—1 (SIM1) neurons in the medial amygdala (MeA) express abundant levels of ERa. Specific deletion of the gene
encoding ERx (Esr1) from SIM1 neurons, which are mostly within the MeA, caused hypoactivity and obesity in both male
and female mice fed with regular chow, increased susceptibility to diet-induced obesity (DIO) in males but not in females,
and blunted the body weight—lowering effects of a glucagon-like peptide-1—estrogen (GLP-1—estrogen) conjugate.
Furthermore, selective adeno-associated virus-mediated deletion of Esr7 in the MeA of adult male mice produced a rapid
body weight gain that was associated with remarkable reductions in physical activity but did not alter food intake.
Conversely, overexpression of ERx in the MeA markedly reduced the severity of DIO in male mice. Finally, an ERx
agonist depolarized MeA SIM1 neurons and increased their firing rate, and designer receptors exclusively activated by
designer drug—mediated (DREADD-mediated) activation of these neurons increased physical activity in mice. Collectively,
our results support a model where ERa signals activate MeA neurons to stimulate physical activity, which in turn prevents
body weight gain.
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Estrogen receptor-o, (ERa) activity in the brain prevents obesity in both males and females. However, the ERa-expressing
neural populations that regulate body weight remain to be fully elucidated. Here we showed that single-minded-1 (SIM1)
neurons in the medial amygdala (MeA) express abundant levels of ERa. Specific deletion of the gene encoding ERa (Esr1)
from SIM1 neurons, which are mostly within the MeA, caused hypoactivity and obesity in both male and female mice fed with
regular chow, increased susceptibility to diet-induced obesity (DIO) in males but not in females, and blunted the body weight-
lowering effects of a glucagon-like peptide-1-estrogen (GLP-1-estrogen) conjugate. Furthermore, selective adeno-associated
virus-mediated deletion of Esr1in the MeA of adult male mice produced a rapid body weight gain that was associated with
remarkable reductions in physical activity but did not alter food intake. Conversely, overexpression of ERa. in the MeA
markedly reduced the severity of DIO in male mice. Finally, an ERa agonist depolarized MeA SIM1 neurons and increased their
firing rate, and designer receptors exclusively activated by designer drug-mediated (DREADD-mediated) activation of these
neurons increased physical activity in mice. Collectively, our results support a model where ERa signals activate MeA neurons
to stimulate physical activity, which in turn prevents body weight gain.

Introduction

Estrogens play critical roles in the regulation of energy homeostasis.
Depletion of endogenous estrogens in female rodents, via ovariec-
tomy (OVX), causes increased body weight and hyperadiposity (1,
2).17B-estradiol replacement can prevent obesity in OVX female ani-
mals (1). The body weight-lowering effects of estrogens are attributed
both to decreased food intake and increased energy expenditure (3).
These estrogenic actions are primarily mediated by estrogen recep-
tor-a (ERa, encoded by ESRI) because the deletion of Esrl, but not
estrogen receptor-f (Esr2), leads to increased body weight and adi-
posity in both male and female mice (4-6). Recently, we have demon-
strated that deletion of Esv1 from the entire brain results in obesity due
to both hyperphagia and decreased energy expenditure (7), which
indicates that the estrogenic effects on energy homeostasis require
activation of brain ERa. We and others further genetically isolated
the distinct functions of 2 critical ERo-expressing neural populations:
pro-opiomelanocortin (POMC) neurons in the arcuate nucleus of
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the hypothalamus (ARH) and steroidogenic factor-1 (SF1) neurons
in the ventromedial hypothalamic nucleus (VMH). Thus, loss of ERa.
expressed by ARH POMC neurons in females causes hyperphagia but
does not directly affect energy expenditure (7). On the other hand,
deletion of Esrl in female VMH neurons leads to decreased energy
expenditure associated with reductions in the resting metabolic rate
and thermogenesis, but this deletion does not affect food intake (7-9).
In addition, ERa expressed in the nucleus of solitary tract (NTS) of
the brainstem (10), in the preoptic anterior hypothalamus (POAH)
(11), and in the dorsal raphe nucleus (DRN) (11, 12) is implicated in the
regulation of feeding in females.

Although we and others have substantially narrowed down
the relevant ERa sites mediating metabolic effects of estrogens,
the functional mapping of ERa in the brain is incomplete. For
instance, the brain ERa is clearly required for the regulation of
body weight in male mice (7), but the exact ERa population that
controls male energy homeostasis remains unknown. Addition-
ally, while deletion of Esr1 from the entire brain leads to decreased
physical activity, mice lacking ERa selectively in POMC and/or
SF1 neurons showed normal physical activity (7). Together, these
findings suggest that other brain ERa sites must exist to regulate
male energy homeostasis and/or regulate physical activity.

ERa is abundantly expressed in the medial amygdala (MeA)
(13), a brain structure outside the hypothalamus. Earlier studies
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showed that injections of 17B-estradiol into the amygdala decrease
body weight in rats, which is an effect that remains in rats with
large hypothalamiclesions (14). These findings suggest that ERa.in
the MeA may regulate energy balance. Here we generated mouse
models with ERa selectively deleted or overexpressed in the MeA.
Using these tools, we examined the physiological functions of
MeA ERa in the context of energy homeostasis in both male and
female mice. We also recorded effects of an ERa agonist on the
electrophysiological properties of MeA neurons. Finally, we used
the designer receptors exclusively activated by designer drugs
(DREADD) approach (15, 16) to examine effects of MeA neural
activity on energy balance in mice.

Results

ERa colocalizes with SIMI1 primarily in MeA neurons. Single-
minded-1 (SIM1) is a helix-loop-helix transcriptional factor, which
plays an important role in body weight control (17-19). A SimI1-Cre
transgenic mouse line expresses abundant Cre recombinase in
multiple brain regions, including the MeA (20). Using SimI-Cre
Rosa26-GFP mice in which all SIMI-expressing neurons are
labeled with GFP, we systemically examined colocalization of ERa
and SIM1 (GFP) in both male and female brains. In the MeA, we
found that about 40% of ERa neurons (38.4 +1.2% in females and
43.7 £ 1.9% in males) coexpress SIM1 (Figure 1, A, B, [, and J). An
interesting sexual dimorphism was also observed with a trend of
more ERo-expressing SIM1 neurons in male MeA than in female
MeA (Figure 1, I and J; male: 6,750 + 951 vs. female: 4,176 * 398;
P = 0.06). While abundant SIM1 and ERa are also found in the
POAH, these 2 populations are largely segregated in this region,
with only few neurons coexpressing SIM1 and ERa (Figure 1, C, I,
andJ). The paraventricular hypothalamic nucleus (PVN) expresses
abundant SIM1 but low levels of ERa, with scattered neurons coex-
pressing SIM1 and ERa (Figure 1, D, I, and J). SIM1 neurons are
also found in other brain regions, such as posterior hypothalamic
area (PH), nucleus of the lateral olfactory tract (LOT), supraop-
tic nucleus (SON), and periaqueductal gray (PAG), but none of
these SIM1 neurons coexpress ERa (Figure 1, E-H). In summary,
we found that SIM1 colocalizes with ERa only in 3 brain regions,
the MeA, POAH, and PVN. In particular, most of these SIM1/ERa.
double-labeled neurons are located within the MeA (80 * 2.4% in
males and 79.2 + 1.7% in females) (Figure 1K).

Loss of ERa. in SIMI neurons leads to hypoactivity and obesity in
females. We crossed EsrI"# mice (21) and SimI-Cre mice (20) to
generate mice lacking ERa only in SIM1 neurons (SimI-Cre Esr1'f,
herein referred to as SIM1-ERa-KO). Based on the distribution pat-
tern of SIM1/ERa double-labeled neurons in WT brains (Figure
1K), we predict that SIM1-ERa-KO mice have Esrl deleted primar-
ily in the MeA, with modest deletion in the POAH and PVN. In
order to validate selective deletion of Esr1 from SIM1 neurons, we
compared ERa expression in Siml-Cre EsrI"# Rosa26-GFP (herein
referred to as SIM1-ERa-KO-GFP) and Siml-Cre Rosa26-GFP
(control) mice. Notably, while abundant ERa is expressed by MeA
SIM1 neurons in control mice (Supplemental Figure 1, A, C, and D;
supplemental material available online with this article; doi:10.1172/
JCI80941DS1), nearly no MeA SIM1 neurons in SIM1-ERa-KO-GFP
mice coexpress ERa (Supplemental Figure 1, B-D). Importantly,
abundant ERa was observed in non-SIM1 MeA neurons in SIM1-
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ER0-KO-GFP mice (Supplemental Figure 1B), indicating that dele-
tion of Esr1 is restricted in SIM1 population. In addition, the numbers
of MeA SIM1 neurons (GFP neurons) in control and SIM1-ERa-KO-
GFP mice are comparable (Supplemental Figure 1, A-D), indicating
that loss of ERa does not cause unwanted cell death.

We then systemically characterized the metabolic phenotypes
of female SIM1-ERa-KO mice, and their control littermates fed on
regular chow. We found that female SIM1-ERa-KO mice devel-
oped late-onset obesity when fed chow. Notably, female SIM1-
ER0-KO mice started to be significantly heavier than their con-
trols at the age of 22 weeks, and by 26 weeks of age, SIM1-ERa-KO
females gained 5.0 g more body weight than controls (about 20%
of control body weight) (Figure 2A). This weight difference was
solely due to increases in fat mass, while lean mass of 2 groups
was comparable (Figure 2B). Consistently, 2-fold increases in
both gonadal white adipose tissue (gWAT) and inguinal WAT
(iWAT) were observed in SIM1-ERa-KO females compared with
control littermates (Figure 2C). Furthermore, the average adi-
pocyte sizes of both gWAT and iWAT were significantly larger in
SIM1-ERa-KO females than in control females (Figure 2, D and
E). Consistent with increased adiposity, we observed a significant
increase in serum leptin levels in SIM1-ERa-KO females (Supple-
mental Table 1). These data indicate that ERa expressed by SIM1
neurons in female brains is required to maintain normal body
weight and adiposity at a later age.

To determine the mechanisms underlying the obese pheno-
types seen in SIM1-ERa-KO female mice, another cohort of chow-
fed SIM1-ERa-KO females and control littermates (5 months of
age), with matched body weight and lean mass, were adapted
into the Comprehensive Lab Animal Monitoring System (CLAMS)
metabolic chambers to measure food intake and energy expen-
diture. Female SIM1-ERa-KO mice consumed comparable food
as control mice (Figure 3A). In contrast, a modest but significant
decrease in energy expenditure was observed, primarily during
the dark cycle, in female SIM1-ERa-KO mice (Figure 3B).

Since energy expenditure is contributed by 3 components —
physical activities, resting metabolic rate, and thermogenesis (22)
— we further dissected these 3 components in female SIM1-ERo-KO
mice. Remarkably, physical activities (demonstrated by ambulatory
movements and rearing activities) were robustly reduced, primar-
ily during the dark cycle, in female SIM1-ERa-KO mice compared
with their controls (Figure 3, C-F). On the other hand, the resting
metabolic rate, as assessed by measuring the minimal energy expen-
diture during the light cycle (23), was comparable between female
SIM1-ERa-KO and control mice (Figure 3G). Notably, estrogens have
been shown to stimulate energy expenditure partly through enhanc-
ing thermogenesis in the brown adipose tissue (BAT) (9). However,
female SIM1-ERa-KO mice expressed comparable levels of thermo-
genic genes in the BAT, including B3 adrenergic receptor (Adrb3),
Cebpa, Esrra, Pgcla, Pparg, Prdml16, Rip140, and Ucp3 (Figure 3H).
Interestingly, a significant increase in Ucpl expression was observed
in the BAT of SIM1-ER0-KO compared with control females (Figure
3H), which may have been a compensatory response in these mutant
mice to prevent further body weight gain. Taken together, our results
indicate that loss of ERa in SIM1 neurons led to increased body
weight gain in female mice, associated with profound decreases in
physical activity and modest reductions in energy expenditure.
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Figure 1. Colocalization of ERa and SIM1in mouse brains. (A-H) Dual immunofluorescence for GFP (green) and ERo. (red) in the MeA (A and B), POAH (C),
PVN (D), PH (E), LOT (F), SON (G), and PAG (H) in Sim1-Cre Rosa26-GFP mouse brains. B is higher magnification of the white box in A. 3V, 3rd ventricle; Aq,
aqueduct; mt, mammillothalamic tract; och, optic chiasm; opt, optic tract. (I and J) Numbers of neurons expressing SIM1(GFP), ERa, and both in the MeA,
POAH, and PVN in female (1) and male (J) mice. Data are presented as mean + SEM. n = 3/group. (K) Percentage distribution of ERo,/SIM1 double-labeled
neurons in the MeA, POAH, and PVN. Data are presented as mean + SEM. n = 3/group.

Loss of ERa in SIMI neurons leads to hypoactivity and obesity
in males. Similar to female SIM1-ERa-KO mice, male mutants
also showed late-onset obesity when fed chow. In particular,
male SIM1-ERa-KO mice started to be significantly heavier than
their controls at the age of 26 weeks, and by 32 weeks of age,
SIM1-ERa-KO males gained 5.3 g more body weight than con-
trols (about 15% of control body weight) (Figure 4A). A sig-
nificant increase in fat mass, but not lean mass, was observed
(Figure 4B). Consistently, the weight and cell size of gWAT and
iWAT were significantly increased in SIM1-ERa-KO males com-
pared with controls (Figure 4, C-E).

Interestingly, while food intake of SIM1-ER0-KO males was
not altered (Figure 5A), a modest but significant reduction in
energy expenditure was observed at multiple time points during
the 24-hour recording (Figure 5B), associated with reductions in
ambulation and rearing (Figure 5, C-F). No significant changes
were observed in resting metabolic rate (Figure 5G) and BAT
thermogenic gene expression, including Ucpl (Figure 5H). Col-
lectively, these data indicate that, similar to females, loss of ERa
in SIM1 neurons also led to increased body weight gain in male
mice at a later age, associated with decreased physical activity and
reductions in energy expenditure.

Other phenotypes in SIMI-ERo-KO mice. We analyzed gene
expression profile in the amygdala, and no significant changes
were observed in mRNA levels of androgen receptor (Ar), aroma-
tase, glutamate decarboxylase 1 (Gadl), glutamate decarboxylase

2 (Gad2), glutaminase (Gls), glutamate-ammonia ligase (Glul),
melanocortin 4 receptor (Mc4r), and nitric oxide synthase-1 (NosI)
in either male or female SIM1-ER0-KO mice compared with their
controls (Supplemental Figure 2, A and B). Similarly, no changes
were detected in agouti-related peptide (Agrp), Esrl, leptin recep-
tor, NosI, neuropeptide Y (Npy), and Pomc mRNAs in the hypothal-
amus (Supplemental Figure 2, C and D).

Since the amygdala has been heavily implicated in the regu-
lation of anxiety, we characterized the anxiety levels in both male
and female SIM1-ERa-KO mice in various behavioral tests dur-
ing the light cycle. In the open field test, a significant decrease in
distance traveled was observed during the early phase of the test
in SIM1-ER0-KO males but not in females, and this difference
dissipated in the late phase of the test (Supplemental Figure 3, A
and B). No difference was detected in center time and the num-
bers of fecal boli (Supplemental Figure 3, C and D). No changes
were detected in various parameters either in the light and dark
field test (Supplemental Figure 4) or in the the elevated plus maze
test (Supplemental Figure 5). While these results indicate that ERo.
expressed by SIM1 neurons is not essential for the regulation of
anxiety, we cannot rule out potential roles of ERa expressed by
non-SIM1 neurons in the MeA in the context of anxiety.

We characterized endocrine functions of male or female
SIM1-ERa-KO mice and found no alterations in serum triiodothy-
ronine, thyroxine, norepinephrine, epinephrine, testosterone,
and 17B-estradiol levels (Supplemental Table 1). Furthermore,
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Figure 2. Obesity in chow-fed female SIM1-ERa-KO mice. (A) Body weight of female control and SIM1-ERa-KO littermates weaned on chow. Data are
presented as mean + SEM. n = 27 or 30/group. *P < 0.05 in 2-way ANOVA analysis followed by post hoc Bonferroni tests. (B) Body fat mass and lean mass
measured at 26 weeks of age. Data are presented as mean + SEM. n = 27 or 30/group. *P < 0.05 in t test. (C) Weights of gWAT and iWAT at 26 weeks of
age. Data are presented as mean + SEM. n = 8/group. *P < 0.05 in t test. (D and E) Cell size in gWAT(D) and iWAT (E) pads at 26 weeks of age. Data are

presented as mean + SEM. n = 3/group. *P < 0.05in t test.

SIM1-ERa-KO female mice displayed normal onset of vaginal
opening and estrus (Supplemental Figure 6, A and B), and nor-
mal estrus cyclicity (Supplemental Figure 6C). There was no
difference in breeding success rate, litter size, or birth latency
between control and SIM1-ERa-KO dams (Supplemental Figure
6, D-F). No deficits in fertility were observed in SIM1-ERa-KO
sires (data not shown).

Loss of ERa in SIMI neurons increases susceptibility to diet-
induced obesity in males but not in females. We then characterized
body weight phenotypes in male and female SIM1-ERa-KO mice
that were weaned on a high-fat diet (HFD). To our surprise, when
fed on HFD up to 17 weeks of age, female SIM1-ERa-KO showed
comparable body weight, fat/lean mass, and food intake as control
females (Figure 6, A-C). Energy expenditure was estimated by eval-
uating feeding efficiency (the ratio between body weight gain and
cumulative food intake), and no changes were observed in female
mice (Figure 6D). On the other hand, HFD-fed SIM1-ERo-KO
males showed significant increases in body weight compared with
control males (Figure 6E). In particular, HFD-fed SIM1-ERo-KO
males started to be significantly heavier than their controls at
the age of 14 weeks, and by 17 weeks of age, SIM1-ERa-KO males
gained 5.8 g more body weight than controls (about 15% of control
body weight) (Figure 6E). Fat mass of SIM1-ERa-KO males was
significantly increased by 1-fold compared with control males,
while lean mass was comparable between the 2 groups (Figure 6F).
Cumulative food intake of male SIM1-ERa-KO mice was compara-
ble to that of control mice during most of the HFD feeding period
and only became significantly higher after 16 weeks of HFD feed-
ing (Figure 6G). Since hyperphagia developed only when body
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weight had already significantly diverged, we speculated that the
increased food intake was the consequence, but not the cause, of
obesity in these SIMI-ERa-KO mice. On the other hand, feeding
efficiency was significantly elevated in SIM1-ERa-KO males, espe-
cially during the early phase of HFD feeding (Figure 6H). These
data indicate that loss of ERa in SIM1 neurons increases suscepti-
bility to diet-induced obesity (DIO) in male mice, presumably by
decreasing energy expenditure.

ERoa in SIMI neurons partly mediate body weight-lowering effects of
GLP-I-estrogen conjugate. A GLP-1-estrogen conjugate was recently
developed to preferentially deliver estrogens to GLP-1 receptor-
enriched regions (24). GLP-1-estrogen has been shown to substan-
tially reduce body weight in both male and female mice with DIO,
while the common side effects associated with estrogen therapy
(e.g., reproductive endocrine toxicity and oncogenicity) are avoided
(24). Interestingly, the MeA expresses considerable GLP-1 recep-
tors (25). Furthermore, we showed that s.c. injections of GLP-1-
estrogen (40 pg/kg) significantly increased expression of tripartite
motif-containing protein 25 (Trim25, a known estrogen target) in
the amygdala of male mice, while a similar trend was also observed
in the hypothalamus (Figure 6I). These results indicate that GLP-
1-estrogen conjugate delivers bioactive estrogens to the amygdala,
in addition to other sites (e.g., the hypothalamus), and therefore
raise the possibility that the body weight-lowering effects of GLP-
1-estrogen are partly mediated by ERa expressed by MeA neurons.
To test this, we examined effects of GLP-1-estrogen and GLP-1 in
male control and SIM1-ERa-KO mice with DIO. Consistent with
the original report (24), compared with GLP-1 (40 pg/kg/d, s.c.)
treatment, GLP-1-estrogen (40 pg/kg/d, s.c.) produced a signifi-
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Figure 3. Metabolic profile of chow-fed female SIM1-ER¢-KO mice. (A) Food intake during 24 hour, dark , or light cycles. (B) Energy expenditure. (C
and D) Ambulatory movement. (E and F) Rearing activity. (G) Resting metabolic rate. Note that mice had comparable body weight (control: 26.4 + 1.1
vs. SIM1-ERa-KO: 28.3 + 2.1, P > 0.05) and lean mass (control: 18.5 + 0.4 vs. SIM1-ERa-K0: 18.1 + 0.7, P > 0.05) at the time of the CLAMS study. (H)
mRNA levels of thermogenic genes in BAT at 26 weeks of age. Data are presented as mean + SEM. n = 8/group. *P < 0.05 in t test.

cantly more robust decrease in body weight in control mice (Figure
6]). In contrast, GLP-1-estrogen failed to significantly reduce body
weight in SIM1-ERa-KO mice compared with GLP-1-treated SIM1-
ERa-KO mice (Figure 6]). Importantly, we found that body weight
loss induced by GLP-1-estrogen tended to be attenuated in SIM1-
ERa-KO mice compared with control mice (Figure 6]), indicating
that ERa in SIM1 neurons is at least partly required to mediate body
weight-lowering effects of GLP-1-estrogen.

Deletion of Esrl selectively in the MeA during adulthood led to
rapid body weight gain in male mice. It is worth noting that in SIM1-
ERa-KO mice, Esrl was deleted primarily in the MeA (80%), with
modest Esrl deletions in the POAH (10%) and PVN (10%). There-
fore, obesity observed in SIM1-ERa-KO mice may result not only
from loss of ERa in the MeA, but also to some degree from loss

of ERa in the POAH/PVN. To further confirm the physiological
functions of ERa in MeA neurons, we stereotaxically injected ade-
no-associated virus-Cre-GFP (AAV-Cre-GFP) into the MeA (bilat-
erally) of 12-week-old male Esr*# mice, which selectively deleted
Esrl in the MeA during adulthood (MeA-ERa-KO mice). WT litt-
ermates received the same AAV-Cre-GFP stereotaxic injections
and served as controls. Post hoc visualization of GFP was used to
confirm accurate targeting to the MeA in each mouse (Figure 7A).
Compared to control mice, MeA-ERo-KO mice tended to gain
more weight when fed chow (the first 8 days after virus injections),
and this body weight gain became significantly different quickly
after mice were switched to HFD (from day 8 until day 22), and
MeA-ERa-KO mice gained 4.9 g more body weight than controls on
day 22 (Figure 7B). No differences in food intake were observed dur-
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Figure 4. Obesity in chow-fed male SIM1-ER¢-KO mice. (A) Body weight of male control and SIM1-ERa-KO littermates weaned on chow. Data are pre-
sented as mean + SEM. n = 26 or 37/group. *P < 0.05 in 2-way ANOVA analysis followed by post hoc Bonferroni tests. (B) Body fat mass and lean mass
measured at 32 weeks of age. Data are presented as mean + SEM. n = 26 or 37/group. *P < 0.05 in t test. (C) Weights of gWAT and iWAT at 32 weeks of
age. Data are presented as mean + SEM. n = 8/group. *P < 0.05 in t test. (D and E) Cell size in gWAT(D) and iWAT (E) pads at 32 weeks of age. Data are

presented as mean + SEM. n = 3/group. *P < 0.05in t test.

ing either chow feeding or HFD feeding period (Figure 7C), while
feeding efficiency in MeA-ERa-KO mice was significantly increased
most of the time during days 2-22 compared with control mice (Fig-
ure 7D). Importantly, chow-fed MeA-ERa-KO mice showed sig-
nificant reductions in physical activities, especially during the dark
cycle (Figure 7, E and F). Finally, body temperature was comparable
between the 2 groups (Figure 7, G and H). Thus, these data indicate
that ERa in the MeA of male mice is required to prevent body weight
gain, primarily through stimulating physical activity.

We also examined the physiological functions of the smaller
ERo population in the PVN by stereotaxically injecting AAV-Cre-
GFP into the PVN (bilaterally) of 12-week-old male Esr1"# mice.
This process selectively deleted Esr1 in the PVN during adulthood
(PVN-ERa-KO mice; see Supplemental Figure 7A for validation).
Compared to control mice, PVN-ERa-KO mice showed compa-
rable body weight when fed chow; these mutant mice showed a
modest and slow body weight gain during HFD feeding and only
became significantly heavier than control mice on day 22 (Sup-
plemental Figure 7B). While no differences in food intake were
observed during chow feeding, food intake during days 20-22 of
HFD feeding was significantly higher in PVN-ERa-KO mice than
in control mice (Supplemental Figure 7C). No difference in feed-
ing efficiency was observed during the entire period (Supplemen-
tal Figure 7D). Importantly, loss of PVN ERa did not affect phys-
ical activity or body temperature (Supplemental Figure 7, E-H).
Thus, these data indicate that, unlike the deletion of EsrI in the
MeA, loss of PVN ERa caused modest body weight gain during
HFD feeding, presumably due to increased food intake.

Overexpression of ERa in the MeA partially prevents DIO in males.
To further confirm the role of MeA ERa signals in preventing devel-
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opment of DIO, we tested if overexpression of ERa selectively in
the MeA can prevent body weight gain induced by HFD feeding.
To this end, we generated a Rosa26-loxP-STOP-loxP-hESRI-flag
(herein referred to as LSLhERa) mouse line (Figure 8A), which
allows overexpression of human ERa in Cre-expressing cells.
Male LSLhERa mice received stereotaxic injections of AAV-Cre-
GFP bilaterally into the MeA to overexpress ERa only in the MeA
(producing MeA-ERo-OE mice). Male WT mice receiving AAV-
Cre-GFP injections or male LSLhERa mice receiving AAV-GFP
injections were used as controls. Post hoc visualization of GFP
was used to confirm accurate targeting to the MeA in each mouse
(Figure 8B). Colocalization of GFP and flag immunoreactivity (Fig-
ure 8C) validated that the hERo-flag transgene was exclusively
expressed in Cre-expressing cells. We showed that body weight
gain in HFD-fed MeA-ERa-OE mice was significantly attenuated,
compared with HFD-fed control mice (Figure 8D). Consistently,
fat mass gain tended to decrease in MeA-ERo-OE mice (Figure
8E). Together, these data indicate that enhanced ERa signals in the
MeA can partially prevent DIO in male mice.

An ERa agonist activates MeA SIMI neurons. In order to explore
the cellular mechanisms for ERa actions in MeA SIM1 neurons, we
examined effects of a highly selective ERa agonist, propyl pyrazole
triol (PPT) (26), on the neural activities of MeA SIM1 neurons. To this
end, we crossed the Rosa26-tdTOMATO allele onto Siml-Cre mice
or SIM1-ERo-KO mice. These crosses generated control (Simi-Cre
Rosa26-tdTOMATO) and SIM1-ERa-KO mice with TOMATO selec-
tively expressed in SIM1 neurons. We used these mice to record
the electrophysiological responses to PPT (100 nM, 50 ms puff) in
identified MeA SIM1 neurons (Figure 9, A and B). We recorded a
total of 22 neurons in control mice and found that PPT caused rapid
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Figure 5. Metabolic profile of chow-fed male SIM1-ERa-KO mice. (A) Food intake during 24 hour, dark , or light cycles. (B) Energy expenditure. (C and
D) Ambulatory movement. (E and F) Rearing activity. (G) Resting metabolic rate. Note that mice had comparable body weight (control: 36.9 +0.8 vs.
SIM1-ERa-KO: 38.0 + 0.9, P > 0.05) and lean mass (control: 24.3 + 0.6 vs. SIM1-ERa-KO: 24.0 + 0.3, P > 0.05) at the time of the CLAMS study. Data are
presented as mean + SEM. n = 12/group. *P < 0.05 in t test. (H) mRNA levels of thermogenic genes in BAT at 32 weeks of age. Data are presented as

mean + SEM. n = 8/group. *P < 0.05 in t test.

depolarization from rest in 12 of 22 SIM1 neurons (2.58 * 0.45 mV;
n = 12; Figure 9, C, G, and I). To block action potential-dependent
presynaptic activity from afferent neurons (27), tetrodotoxin (TTX,
1 uM) was added to the bath solution after identifying responsive
SIM1 neurons that depolarized to PPT. In the presence of TTX, PPT
(100 nM) application depolarized all tested SIM1 neurons (3.16
+ 0.96 mV; n = 6; Figure 9, D, H, and I). Lack of PPT’s effects in
the irresponsive neurons in control mice was presumably because
these neurons did not express ERa. Supporting this possibility, we
showed that the majority of MeA SIM1 neurons from SIM1-ERa-KO
mice were not depolarized by PPT puff. Indeed, only 6.06% (2 of
33) SIM1 neurons from SIM1-ERa-KO mice responded to PPT with
a depolarization (>1 mV). These effects were significantly atten-
uated compared with those in control mice (Figure 9, E, G, and I).
Similarly, no neurons from SIM1-ERa-KO mice were depolarized by
PPT puff'in the presence of TTX (Figure 9, F, H, and I). We further

characterized effects of PPT on firing rate of MeA SIM1 neurons in
control and SIM1-ERa-KO mice. In particular, 16 of 22 neurons in
control mice showed spontaneous firing at the basal condition; in
these 16 neurons, 9 neurons responded to PPT with increased firing
rate (Figure 9]). On the other hand, only 8 of 33 neurons in SIM1-
ERa-KO mice showed spontaneous firing at the basal condition,
and PPT puff did not significantly alter firing rate in any of these
neurons (Figure 9]). Finally, we showed that the changes in resting
membrane potential and firing rate in SIM1 neurons from control
mice were accompanied by a significant decrease in the whole-cell
input resistance (before PPT: 152.60 * 4.80 MQ; after PPT: 132.80
+10.20 MQ; n = 5, P < 0.05 by paired ¢ test; Figure 9, K and L).
Together, these data indicate that activation of ERa directly stimu-
lates SIM1 neurons in the MeA.

Selective activation of MeA SIM1 neurons acutely promotes phys-
ical activity. Given that the ERa agonist activates MeA SIM1 neu-
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Figure 6. Metabolic profiles of HFD-fed SIM1-ERa-KO mice. (A-D) Female control and SIM1-ERa-KO littermates were fed with HFD for 13 weeks
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weight (E), body fat mass and lean mass (13 weeks after HFD feeding) (F), and cumulative food intake (G) were recorded. Feeding efficiency (H) was
calculated as the ratio between changes in body weight and cumulative food intake. Data are presented as mean + SEM. n = 16/group. *P < 0.05 in
2-way ANOVA analysis followed by post hoc Bonferroni tests. (1) Relative Trim25 mRNA levels in the amygdala and hypothalamus of male C57BI6
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rons, and that deletion of EsrI from MeA SIM1 neurons decreases
physical activity, we predict that selective activation of MeA SIM1
neurons increases physical activity. To test this, we used DREADD
approach (15, 16) to selectively activate MeA SIM1 neurons in
free-moving mice. Briefly, AAV-hM3Dq-mCherry virus was bilat-
erally injected into the MeA of SimI-Cre mice (200 nl/site). Post
hoc analyses validated that mCherry was exclusively expressed
in the MeA of SimI-Cre mice, as expected (Figure 10A). In addi-
tion, 1.p. injections of CNO (3 mg/kg, 90 minutes) induced c-FOS
immunoreactivity in the MeA (Figure 10B). As negative controls,
CNO-injected WT mice (without SimI-Cre) did not show c-FOS
in the MeA (Figure 10C). Similarly, no ¢-FOS was observed in
saline-injected SimI-Cre mice infected by DREADD virus (Figure
10D). These data validated that CNO injections selectively acti-
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vate MeA neurons in DREADD-infected SimI-Cre mice. Impor-
tantly, we showed that CNO treatment (3 mg/kg, i.p.) signifi-
cantly increased physical activity during the first 30 minutes after
injection compared with saline treatment in the same mice (Fig-
ure 10E); no changes in body temperature (Figure 10F) and food
intake (Figure 10G) were observed in CNO-treated mice com-
pared with saline-treated mice. Notably, the increased physical
activity was only transient (Figure 10H), because mice went back
to sleep 1 hour after injections. Together, these data demonstrate
that selective activation of MeA SIM1 neurons acutely promotes
physical activity in mice.

We further explored the neurochemical identities of MeA SIM1
neurons. Interestingly, a large portion of MeA SIMI1 neurons are
glutamatergic, while none of MeA SIM1 neurons are GABAergic
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Figure 7. Metabolic profiles of MeA-ERa-KO mice. (A) Post hoc visualization of GFP in the MeA in an Esr1"/f mouse receiving AAV-Cre-GFP stereotaxic
injections. 3V, 3rd ventricle; opt, optic tract. (B) Gains in body weight after virus injections. Note that mice were fed with regular chow for the first 7
days and then with HFD for the rest period. Data are presented as mean + SEM. n = 8/group. *P < 0.05 in 2-way ANOVA analysis followed by post hoc
Bonferroni tests. (C) Cumulative food intake. (D) Feeding efficiency calculated as the ratio between changes in body weight (B) and cumulative food
intake (C). Data are presented as mean + SEM. n = 8/group. *P < 0.05 in 2-way ANOVA analysis followed by post hoc Bonferroni tests. (E) 24-hour
physical activity measured in chow-fed mice. (F) Sum physical activity during the light or dark cycles. Data are presented as mean + SEM. n = 8/group.
***p < 0.001in 2-way ANOVA analysis followed by post hoc Bonferroni tests. (G) 24-hour body temperature measured in chow-fed mice. (H) Averaged
body temperature during the light or dark cycles. Data are presented as mean + SEM. n = 8/group.

(Supplemental Figures 8 and 9). In addition, to further identify the
projections of MeA SIM1 neurons, we stereotaxically injected Ad-
IN/W (28) into the MeA of Siml-Cre mice (Supplemental Figure
10, A and B). These mice expressed wheat germ agglutinin (WGA)
— an anterograde trans-synaptic tracer — specifically in MeA SIM1
neurons, which traveled along the SIM1 neural axons, passed the
synapse, and labeled the downstream neurons innervated by MeA
SIM1 neurons. We detected abundant WGA immunoreactivity in
the red nucleus, the doral, and median Raphe nuclei (Supplemental
Figure 10, C-F), suggesting that MeA SIM1 neurons project to and
synapse on neurons in these regions. Future studies are warranted
to determine the functional relevance of glutamate release from
these MeA SIM1 neurons and to determine which SIM1 projections
mediate estrogenic actions on energy homeostasis.

Discussion
MeA ERa regulates physical activity and body weight. One major
finding of our study is that both male and female SIM1-ERa-KO

mice developed obesity. Systemic characterization revealed nor-
mal food intake, basal metabolic rate and BAT thermogenic gene
expression in these SIM1-ERa-KO mice, while robust reductions
in physical activities were observed. Since hypoactivity was
noted in young mice prior to divergence in body weight, this phe-
notype is unlikely to be secondary to obesity. Notably, the robust
decreases in physical activity seen in SIM1-ERa-KO mice were
accompanied by only subtle reductions in overall energy expen-
diture. This is consistent with the notion that energy expenditure
associated with physical activity only accounts for about 30% of
overall energy expenditure (22).

However, these alterations in physical activity and energy
expenditure are physiologically relevant, since chow-fed SIM1-
ER0-KO mice ultimately developed remarkable body weight gain
(15%-20% more than control mice). Notably, the significant body
weight gain was only observed at very late age, likely because the
decreases in energy expenditure were subtle and need to accumu-
late over time to produce a detectable body weight gain. Alterna-
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followed by post hoc Bonferroni tests.

tively, the late-onset obesity in these mice may also suggest that
ERa actions in SIM1 neurons are more important in preventing
age-associated obesity, which warrants further investigation. Nev-
ertheless, the deficits in energy balance were exacerbated by HFD
feeding, at least in males, as HFD-fed male SIM1-ERa-KO mice
developed significant body weight gain as early as 14 weeks of age.

To further determine the physiological roles of ERo in MeA
neurons, we used stereotaxic MeA injections of AAV-Cre-GFP to
delete ERa only in the MeA. The AAV-induced deletion produced
consistent phenotypes: body weight gain associated with decreased
physical activity, but normal food intake and thermogenesis. Thus,
our results from 2 ERa deletion models (SIM1-induced deletion
and AAV-induced deletion) provide complementary evidence to
highlight the physiological role of MeA ERa in the regulation of
physical activity and energy homeostasis.

Notably, the development of body weight gain caused by
AAV-induced deletion was much faster than the late-onset obe-
sity seen in SIM1-ERa-KO mice. This difference may be attrib-
uted to the fact that AAV deleted more Esrl in the MeA than in
SIM1-ER0-KO mice (about 40% of MeA ERo). In addition, dele-
tion of Esrl from the embryonic stage in SIM1-ERa-KO mice may
have resulted in developmental compensations that masked phe-
notypes. Indeed, elevated Ucpl expression in the BAT of female
SIM1-ERa-KO mice may represent one such compensation. On
the other hand, AAV injections during adulthood are expected
to avoid such developmental compensations and therefore pro-
duced more profound metabolic phenotypes.

Our results indicate that MeA ERa regulates physical activ-
ity but does not affect other components of energy balance (e.g.,
food intake, resting metabolic rate, and thermogenesis). Interest-
ingly, previous studies demonstrated that deletion of EsrI in VMH
neurons decreases resting metabolic rate and BAT thermogenesis
(7-9), while loss of ERa expressed by ARH POMC neurons leads

2870 jci.org  Volume 125  Number7  July 2015

to increased food intake in female mice (7). Furthermore, ERo
expressed in the NTS (10), POAH (11), and DRN (11, 12) is also
implicated in the regulation of feeding in females. Collectively,
these findings support a scenario where ERa populations in female
brains are functionally segregated. Thus, ERa in the MeA specifi-
cally stimulates physical activity; ERa in the VMH stimulates rest-
ing metabolic rate and thermogenesis; and ERa in the ARH, NTS,
POAH, and DRN functions primarily to suppress feeding. These
segregated ERa populations function complementarily to produce
afull spectrum of estrogenic effects on female energy homeostasis.
MeA ERa prevents DIO in males. Accumulating evidence indi-
cates that endogenous ERa signals also regulate body weight in
males. For example, Esrl gene deficiency results in obesity in
male mice (4, 29) and in men (30, 31). In addition, administration
of 17p-estradiol or its analogs reduces body weight in male mice
(3, 24). However, the mechanisms underlying the estrogenic
actions in male energy homeostasis are less documented. We pre-
viously showed that deletion of EsrI from the entire brain results in
obesity in male mice (7). Here we demonstrate that selective dele-
tion of Esrl from MeA neurons led to obesity in male mice, which
further pinpoints ERa in MeA neurons as one of the key sites that
regulate male energy balance. Notably, SIM1-induced deletion of
Esrl from male mice resulted in increased susceptibility to DIO,
indicating that ERa signals in MeA SIM1 neurons are required to
defend against DIO specifically in males. The protective role of
MeA ERa in male body weight balance was further supported by
the observations that AAV-induced MeA-specific Esr1 deletion pro-
duced rapid body weight gain in male mice and that overexpres-
sion of ERa only in the MeA partially prevents DIO in male mice.
The major male sex hormone, testosterone, can be con-
verted into 17p-estradiol by aromatase. Notably, both male and
female aromatase KO mice develop obesity primarily due to
reduced physical activity, but not to hyperphagia or decreased
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neurons. (A and B) A recorded MeA SIM1 neuron, filled with the green

Allex488 dye, in the brain slice from a Sim7-Cre Rosa26-tdTOMATO mouse was indicated by the arrowhead. 3V, 3rd ventricle; ME, median eminence; opt,
optical tract. (C-F) Representative responses to PPT (100 nM, 50 ms puff) in the absence (C and E) or the presence of 1uM TTX (D and F) on MeA SIM1
neurons from control mice (C and D) or from SIM1-ERa-KO mice (E and F). (G and H) The percentage of neurons that were depolarized by PPT puff in the
absence (G) or the presence (H) of TuM TTX. ***P < 0.001in 2 test. (I) PPT-induced depolarization. Data are presented as mean + SEM. n = 6-33.

*P < 0.05 in 2-way ANOVA analysis followed by post hoc Bonferroni tests. (J) PPT-induced increases in firing rate. Data are presented as mean + SEM.

n = 8-9. *P < 0.05 in Wilcoxon signed rank test. (K) Representative membrane voltage responses to series depolarizing steps (from -160 pA to 0 pA in
steps of 20 pA) for 1 second before and after PPT treatment. (L) Current-voltage curves before and after PPT treatment. Input resistance (IP) was deter-
mined by the slope of a linear regression fitted line of current-voltage curve. Results are shown as mean + SEM.

resting metabolic rate (32), phenotypes that almost exactly
resemble mice lacking ERa in SIM1 neurons or in the MeA. It
is worth noting that the MeA expresses abundant aromatase
(33), which makes it possible that ERa in male MeA could be
exposed to high levels of 17B-estradiol despite the lack of cir-
culating estrogens. Interestingly, aromatase availability in the
MeA has been reported to be negatively associated with body
mass index in humans (34), suggesting that decreased aroma-
tase activity, and therefore presumably decreased estrogen
levels, in the MeA may contribute to development of obesity in
humans. Thus, these findings raise the possibility that ERa in
the male MeA may be a suitable target for the treatment of DIO.
To test this, we used a recently developed GLP-1-estrogen con-
jugate, which uses GLP-1 as a carrier to deliver estrogens prefer-
entially to GLP-1 receptor-enriched regions (24). Interestingly,
the MeA expresses considerable GLP-1 receptors (25) in addi-
tion to ERa. Furthermore, we showed that GLP-1-estrogen can
deliver bioactive estrogens to the amygdala region. Importantly,
we showed that GLP-1-estrogen produced less body weight loss
in SIM1-ERa-KO males than in control males. Together, these
results indicate that ERa in the male MeA is at least one site in
which GLP-1-estrogen acts to reduce body weight.

It is worth noting that while male mice lacking ERa in SIM1
neurons were more susceptible to DIO, female mice with the
same mutation were not. The mechanisms for this sexual dimor-
phism are not clear. Interestingly, there appears to be more
ERa-expressing SIM1 neurons in male MeA than in female MeA.
Thus, male mutants lose more ERa than female mutants, which
may have accounted for the stronger body weight phenotype in
HFD-fed male mutants. Alternatively, stronger redundant path-
ways may exist in female brains than in male brains, which may
have prevented DIO in female mutants. Supporting this latter
possibility, multiple ERa sites in female brains (e.g., ARH POMC
neurons and VMH neurons) have been implicated in the regu-
lation of energy balance (7), while ERa in MeA SIM1 neurons is
the only population identified so far in male brains that regulates
body weight homeostasis.

Rapid actions of ERo. in MeA SIM1 neurons. The cellular mech-
anisms by which MeA ERa regulates physical activity are pre-
sumably through stimulation of neural activities of MeA neurons,
which in turn promote physical activity. First, we showed that puff
applications (50 ms) of the highly selective ERa agonist (PPT)
rapidly activates MeA SIM1 neurons. Notably, the PPT-induced
depolarization was preserved in the presence of TTX. Further-

jci.org  Volume125  Number7  July 2015

2871



2872

RESEARCH ARTICLE

2.5x

-o- Saline
- CNO (3mg/kg)

10 0 10 20 30
Minutes after i.p. injection

Body temperature

-o- Saline
-»- CNO (3mg/kg)

Counts

The Journal of Clinical Investigation

C WT/CNO D SIM1-Cre/saline
A opt
MeA - MeA
/ 7
A
Food intake
G o025
0.20
0.15
(o] |
0.10
0.05
50 60 0.00
Saline CNO
H Physical activity

-o- Saline
- CNO (3mg/kg)

Counts/30 min

-20 -10 10 20 30

0
Minutes after i.p. injection

40

60 T T T T T T T 1

50 [ 1 2 3 4 5 6 7

Hours after i.p. injection

Figure 10. Effects of selective activation of MeA SIM1 neurons. (A) mCherry immunoreactivity in the MeA of Sim1-Cre mice receiving AAV-hM3Dg-
mCherry infection. (B) c-FOS immunoreactivity in Sim1-Cre mice receiving AAV-hM3Dg-mCherry infection and CNO injection (3 mg/kg, i.p.). (C) c-FOS
immunoreactivity in WT mice receiving AAV-hM3Dg-mCherry infection and CNO injection (3 mg/kg, i.p.). (D) c-FOS immunoreactivity in Sim1-Cre mice
receiving AAV-hM3Dg-mCherry infection and saline injection. 3V, 3rd ventricle; opt, optic tract. (E-H) AAV-hM3Dg-mCherry-infected Sim1-Cre mice
received i.p. injections of saline or CNO (3 mg/kg) at 9 am. Physical activity (E) and body temperature (F) were measured. (G) Food intake during 2 hours
after i.p. injections in mice. (H) Physical activity within 30-minute bin was monitored for up to 7 hours after i.p. injections in mice. Data are presented as

mean + SEM. n = 6/group. *P < 0.05 in t tests.

more, deletion of Esrl blocked PPT’s effects in the majority of
SIM1 neurons. Thus, PPT effects are likely mediated directly via
ERa expressed by MeA SIM1 neurons. These findings are consis-
tent with earlier observations that estrogens directly activate other
neural populations (12, 35, 36). Furthermore, we tested the phys-
iological functions of MeA SIM1 neural activation via the DRE-
ADD approach. Interestingly, selective activation of MeA SIM1
neurons rapidly promotes physical activity in free-moving mice
without affecting their body temperature and feeding behavior.
These results are consistent with observations that loss of ERa in
MeA neurons leads to robust reductions in physical activity but
normal body temperature and food intake. Therefore, our results
support a model that estrogens act upon ERa to rapidly activate
MeA SIM1 neurons, which in turn promote physical activity. Nota-
bly, the increases in physical activity were only transient because
mice went back to sleep. We interpreted these findings to sug-
gest that while activation of MeA SIM1 does promote physical
activity, these MeA SIM1 neurons do not regulate arousal, and
therefore activation of these neurons alone is not sufficient to
override normal circadian rhythms and promote long-term acti-
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vation of physical activity. Interestingly, we further demonstrated
that most of SIM1 neurons in the MeA are glutamatergic but not
GABAergic. It was recently reported that activation of glutama-
tergic neurons in the posterior dorsal subdivision of MeA acutely
promotes self-grooming activity and inhibits aggressive behavior,
while activation of GABAergic neurons in the same region triggers
aggressive behavior (37). Although these social behaviors were not
directly measured in our model, we speculate that the increased
physical activities we observed could be an important component
of the complex behaviors governed by these MeA neurons.

In summary, our results indicate that ERa in the MeA medi-
ates estrogenic actions to stimulate physical activity and therefore
promotes energy expenditure and prevents obesity. This extra-
hypothalamic ERa population constitutes an important compo-
nent of the estrogen-responsive neural networks in female brains
and coordinates with ERo populations in other brain regions to
mediate the full spectrum of body weight-lowering effects of
estrogens. Strikingly, in males, the functions of MeA ERa in phys-
ical activity and in body weight homeostasis are preserved and
even more important, especially in the context of HFD feeding.
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Notably, endogenous ERa signals in the male MeA are required to
defend DIO; enhanced ERa signals in this region, either by genetic
overexpression or by pharmacological agents, provide weight loss
benefits during HFD feeding. These results indicate that MeA ERa
is a potential therapeutic target for treatment of obesity.

Methods

Mice. All mouse strains were backcrossed onto C57BL/6 background
for more than 12 generations. SimI-Cre transgene (20) was bred onto
Esr1"" mice (21) to generate SimI-Cre EsrI’/ and Esr1"? littermates,
which were referred to as SIM1-ERa-KO and control mice, respec-
tively. At 4 weeks of age, mice were either fed with normal chow
diet (catalog 2916, Harlan Teklad) or 60% HFD (catalog D12492,
Research Diets Inc.). These mice were used to characterize the
metabolic profile, as described below. In parallel, Simi-Cre EsrI+
mice were crossed with Esr* Rosa26-GFP mice to generate Esrl"/!
Siml1-Cre Rosa26-GFP (SIM1-ERo-KO-GFP) mice and Esr1*/* Sim1-Cre
Rosa26-GFP (control) mice. These mice were used for histology vali-
dation. In addition, Esr1"/* mice were crossed with Esr1”/* to generate
Esrl" mice and Esr1** (control) mice, which received AAV-Cre-GFP
stereotaxic injections into the MeA.

In addition, we generated LSLhERa allele using similar approaches
as described previously (38). In brief, human ESRI cDNA (courtesy of
Pierre Chambon, the Institut de Génétique et de Biologie Moléculaire
et Cellulaire (IGBMC), Illkirch, CU. de Strasbourg, France) was sub-
cloned into the pRosa26-CAGGS-loxP-STOP-loxP-Luciferase vector
(39), replacing the luciferase cDNA. The resulting pRosa26-CAGGS-
loxP-STOP-loxP-hESRI targeting construct was utilized to create the
CAG-S-hESRI allele at the Rosa26 locus of AB2.2 embryonic stem cells.
The minigene in this allele constitutively expresses human ERa with
an N-terminal Myc-FLAG tandem tag after removal of the STOP cas-
sette. LSLhERa heterozygous mice were crossed with C57BL/6 mice to
produce male LSLhERa heterozygous mice and WT littermates. These
mice were used for overexpression study.

SimI-Cre transgenic mice were crossed with C57BL/6 mice to
produce male SimI-Cre transgenic mice and WT littermates, which
were used for DREADD study. In addition, some Siml-Cre trans-
genic mice were crossed with Rosa26-tdTOMATO mice to generate
SimI-Cre Rosa26-tdTOMATO mice, which were used for electro-
physiological recordings.

Colocalization of SIMI and ERc. Female or male SIM1-ERa-KO-
GFP and SimI-Cre Rosa26-GFP mice were perfused with 10% for-
malin. To avoid influence of estrous cycles on expression pattern,
female mice were all perfused at diestrus. Brain sections were cut
at 25 um (1:5 series), and the sections were incubated in the primary
rabbit anti-ERa antibody (1:10,000; catalog C1355, Millipore) over-
night, followed by donkey anti-rabbit AlexaFluor594 (1:500; catalog
A21207, Invitrogen) for 1.5 hours. Then, the sections were incubated
in primary chicken anti-GFP antibody (1:5,000; catalog GFP-1020,
Aves Labs Inc.) overnight, followed by the goat anti-chicken Alex-
aFluor 488 (1:250; catalog A11039, Invitrogen) for 1.5 hours. For
each mouse, the numbers of SIM1 neurons, ERa neurons, and dou-
ble-labeled neurons were counted in all coronal brain sections that
contain the MeA, POAH, PVN, PH, LOT, SON, and PAG. Data were
collected and averaged from 3 mice per genotype X sex.

Body weight, body composition, food intake, and feeding efficiency.
Male and female SIM1-ERa-KO and control littermates were weaned
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on chow or HFD. Body weight was monitored twice a week until the
end of the study. Body composition was determined using quantitative
magnetic resonance (QMR) at the time as indicated in the figure leg-
ends. HFD-fed cohorts were singly housed in order to measure food
intake in home cages. For the single-housed HFD-fed mice, energy
expenditure was estimated by calculating feeding efficiency (changes
in body weight/cumulative food intake).

Adipose tissue analyses. At the end of body weight monitoring,
chow-fed male and female SIMI-ER0-KO and control littermates
were deeply anesthetized and decapitated. The gWAT and the iWAT
were isolated and weighted. One piece of each fat pad was fixed with
10% formalin overnight and then stored in 50% ethanol. The fixed fat
pads were sent to Cellular and Molecular Morphology Core at Texas
Medical Center, where the tissues were subjected to H&E staining. To
determine adipocyte size in WAT tissues, pictures of the H&E stain-
ing were obtained under the red fluorescence channel using a fluores-
cence microscope and analyzed using Image] software. Eight hundred
to 1,000 cells from each sample were included in the analysis. Data
from 3 mice were collected and averaged for each group.

Quantitative PCR. After male and female SIM1-ERa-KO and con-
trol littermates were decapitated, interscapular BAT depot, hypotha-
lami, and amygdala were quickly microdissected and stored at-80°C.
Quantitative PCR (qPCR) was performed as described previously
(40). Primer sequences were listed in Supplemental Table 2.

Serum analyses. After male and female SIM1-ERa-KO and control
littermates were decapitated, trunk blood was collected and centrifuged
to obtain serum. Serum samples were sent to the Hormone Assay & Ana-
Iytical Services Core at Vanderbilt University to measure 17p-estradiol,
testosterone, T3/T4, and norepinephrine/epinephrine. Serum leptin was
measured using ELISA kits (catalog 90030, Crystal Chem Inc.).

CLAMS metabolic chambers. Food intake, physical activity and
energy expenditure were monitored using CLAMS (Columbus
Instruments). Briefly, male or female chow-fed SIM1-ERa-KO and
control mice were housed individually in CLAMS cages. After adap-
tation for 5 days, ambulatory movement, rearing, physical activity,
O, consumption, CO, production, and heat production were moni-
tored for 2 days. We performed these experiments in young mice with
matched body weight, fat mass, and lean mass; energy expenditure
was normalized by lean mass (41). To assess the resting metabolic
rate, diet was removed at 8 am (2 hours after the onset of light cycle),
and returned to the chambers at 6 pm (the onset of dark cycle). The
lowest energy expenditure value during the light cycle was used to
estimate resting metabolic rate.

Effects of GLP-I-estrogen. Male C57Bl6 mice (16 weeks of age)
received s.c. injections of GLP-1 (40 pg/kg) or GLP-l-estrogen
(40 ug/kg). Two hours after injections, mice were decapitated, and hypo-
thalami and amygdala were quickly microdissected and stored at-80°C.
mRNA levels of Trim25 were measured with qPCR as described above.

To test the antiobesity effects of GLP-1 and GLP-1-estrogen, male
SIM1-ERo-KO and control were fed on HFD to induce DIO. Mice were
randomly divided into 2 groups to receive daily s.c. injections of GLP-1
(40 ng/kg/d) or GLP-1-estrogen (40 pg/kg/d) for 4 days. Body weight
was monitored daily. Note that average body weight was comparable
among 4 groups prior to injections.

Reproductive functions. A separate cohort of SIM1-ERa-KO and
control littermates was used to assess their reproductive functions, as
we did before (7).
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Behavioral tests for anxiety. An independent cohort of SIM1-ERa-KO
and control littermates (both males and females, 8 weeks of age) were
subjected to the open field tests, the light-dark tests, and the elevated
plus maze tests, as we did before (12). Note that all the behavioral tests
were performed at around 9 am-10 am during the light cycles.

Deletion of Esrl in the MeA or in the PVN. Male Esr1"/ mice were
anesthetized by isoflurane and received bilateral stereotaxic injections
of AAV-Cre-GFP (AAV9.CMV.HI.GFP-Cre.WPRE.SV40, Penn Vector
Core at University of Pennsylvania, Philadelphia, PA) into the MeA or
the PVN (200 nl/side), and these mice were referred to as MeA-ERa-
KO or PVN-ERa-KO. Control mice included EsrI** littermates that
received the same AAV-Cre-GFP infection or Esr/ mice that receive
AAV-GFP in the same brain region. The coordinates for the MeA were
1.7 mm posterior and 2.5 mm lateral to the bregma, and 5 mm ven-
tral to the dura; the coordinates for the PVN were 0.58 mm anterior
and 0.25 mm lateral to the bregma, and 4.75 mm ventral to the dura.
Under the same anesthesia, a telemetric Mini Mitter probe ER-4000
(E-mitter; Philips Respironics) was implanted into the abdominal cav-
ity. These mice were fed chow for the first 7 days after the surgery and
then fed with HFD from day 8-22. Body weight and food intake were
measured every 2 days after virus injections. During days 3-7, mouse
cages were put on top of the ER-4000 Receivers (Philips Respironics)
(42) to measure physical activity and body temperature for 5 consec-
utive days, and data were averaged for each mouse. At the end of the
study, each mouse was perfused and brain sections were collected as
described above. GFP was detected to validate accurate injections into
the MeA or the PVN. Only those with accurate injections in both sides
of MeA or PVN were included in data analyses.

Overexpression of ERa in the MeA. Male LSLhERa heterozygous
mice (at 8-10 weeks of age) were anesthetized and received bilateral
stereotaxic injections of AAV-Cre-GFP into the MeA (200 nl/side) as
described above, and these mice were referred to as MeA-ERa-OE
mice. Similarly, some male LSLhERa heterozygous mice received
AAV-GFP injections, and male WT mice received AAV-Cre-GFP
injections to serve as controls. Mice were then fed on 60% HFD.
Body weight was measured every 2 days after virus injections, and
body composition was measured by QMR before and 20 days after
virus injections.

At the end of the study, each mouse was perfused and brain sec-
tions were collected as described above. IHC for flag was used to val-
idate the overexpression of ERa-flag in the MeA. Briefly, the brain
sections were incubated overnight with mouse anti-flag monoclonal
antibody (1:10,000; Sigma-Aldrich), followed by donkey anti-mouse
AlexaFluor594 (1:500; Invitrogen) for 1.5 hours. GFP was detected
to validate accurate injections into the MeA. Flag immunoreactivity
was detected to validate overexpression of hERa-flag exclusively in
Cre-expressing (GFP) cells. Only those with accurate injections in
both MeA sides were included in data analyses.

Whole-cell patch clamp. Whole-cell patch clamp recordings were
performed on TOMATO-labeled SIM1 neurons in the acute MeA
slices from SimI-Cre Rosa26-tdTOMATO mice and EsrI"!" Siml-Cre
Rosa26-tdTOMATO mice. Six- to 12-week-old mice were deeply anes-
thetized with isoflurane and transcardially perfused (12, 43, 44) with
a modified ice-cold sucrose-based cutting solution (adjusted to pH
7.3) containing (in mM) 10 NaCl, 25 NaHCO,, 195 sucrose, 5 glucose,
2.5 KCI, 1.25 NaH,PO,, 2 Na pyruvate, 0.5 CaCl,, and 7 MgCI, bub-
bled continuously with 95% O, and 5% CO, (45). The mice were then
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decapitated, and the entire brain was removed and immediately sub-
merged in ice-cold sucrose-based cutting solution. Coronal sections
containing the MeA (270 pm) were cut with a Microm HM 650V vibra-
tome (Thermo Fisher Scientific Inc.). The slices were recovered for at
least 1 hour at 34°C in artificial cerebrospinal fluid (aCSF, adjusted to
pH7.3) containing (in mM) 126 NaCl, 2.5 KCl, 2.4 CaCl,, 1.2 NaH,PO,,
1.2 MgCl,, 11.1 glucose, and 21.4 NaHCO, (46) saturated with 95% O,
and 5% CO, before recording.

Slices were transferred to the recording chamber and allowed to
equilibrate for at least 10 minutes before recording. The slices were
perfused at 34 °C in oxygenated aCSF at a flow rate of 1.8-2 ml/min.
tdTOMATO-positive SIM1 neurons in MeA were visualized using
epifluorescence and IR-DIC imaging on an upright microscope
(Eclipse FN-1, Nikon) equipped with a moveable stage (MP-285, Sutter
Instrument Co.). Patch pipettes with resistances of 5-7 MQ were filled
with intracellular solution (adjusted to pH 7.3) containing (in mM) 128
K gluconate, 10 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl,, 0.05 Na-GTP,
0.05 Mg-ATP, and 0.003 Alexa Fluor 488 fluorescent dyes (45).
Recordings were made using a MultiClamp 700B amplifier (Molec-
ular Devices), sampled using Digidata 1440A, and analyzed offline
with pClamp 10.3 software (Molecular Devices). Series resistance was
monitored during the recording, and the values were generally <10
MQ and were not compensated. The liquid junction potential (LJP)
was +12.5 mV and was corrected after the experiment. Data would
be excluded if the series resistance increased dramatically during the
experiment or without overshoot for action potential.

PPT (100 nM, Sigma-Aldrich) (26, 47) puff application (50 ms
by about 4-psi pressure ejection, Picospritzer III, Parker) and TTX
(1 uM, R&D system) perfusion (4-6 mins at 2 ml/min) were selected
in some experiments.

DREADD activation of MeA SIMI neurons. The DREADD virus was
provided by Bryan L. Roth (University of North Carolina, Chapel Hill,
North Carolina, USA). Male SimI-Cre mice and WT littermates (at 14-16
weeks of age) were anesthetized by isoflurane and received bilateral
stereotaxic injections of AAV-hM3Dg-mCherry (AAV-hSyn-DIO-hM-
3D[Gq]-mCherry in AAV2; UNC Vector Core, Chapel Hill, North Caro-
lina, USA) into the MeA (200 nl/side). Under the same anesthesia, a tele-
metric E-mitter was implanted into the abdominal cavity, as described
above. After a 7-day recovery, physical activity was recorded using the
ER-4000 Receivers in singly housed mice in their home cages. Record-
ings started from 8 am and ended at 4 pm. Saline or CNO (3 mg/kg) was
i.p.injected at 9 am. Food intake was measured for 2 hours after i.p. injec-
tions. After a rest for 3 days, the same mice were recorded at the same
time but with different injections (CNO or saline). On day 30 after virus
injections, all mice were perfused with 10% formalin. Brain sections
were collected and subjected to mCherry IHC. Only those with accurate
injections in both MeA sides were included in data analyses. To validate
DREADD-induced activation of MeA SIM1 neurons, some SimI-Cre
mice were perfused 1 hour after an i.p. injection of CNO (3 mg/kg), and
brain sections were subjected to c-fos IHC. As negative controls, c-fos
immunoreactivity was also examined in WT mice receiving i.p. CNO (3
mg/kg) or SimI-Cre mice receiving i.p. saline.

For m-Cherry or c-fos IHC, brain sections were first incubated in
0.3% H,0, in PBS for 30 minutes to abolish endogenous peroxidase
activity. After several washes, sections were incubated overnight at
room temperature with the primary antibodies, which were rabbit
Living Colors DsRed polyclonal antibody (1:1,000; Clontech) or rab-
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bit anti-c-fos polyclonal antibody (1:100,000; Millipore). After sev-
eral washes, sections were incubated with the biotinylated secondary
antibody (1:1,000, anti-rabbit; Jackson ImmunoResearch Labora-
tories Inc.) for 1 hour. Sections were then washed and visualized by
incubation with the VECTASTAI ABC kit (Vector Laboratories)
according to the manufacture’s instruction. Sections were washed
and treated with diaminobenzidine (Sigma-Aldrich) for 5 minutes,
followed by dehydration in a graded ethanol series from 50%-100%
and a final wash in xylene.

Colocalization of SIMI and Glutamate/GABA in the MeA. Single
immunofluorescence for glutamate/GABA was used to examine colocal-
ization of glutamate/GABA and SIMI in SimI-Cre Rosa26-tdTOMATO
mice. Briefly, male SimI-Cre Rosa26-tdTOMATO mice were perfused
with 10% formalin. Brain sections were cut at 25 um (5 series), and the
sections were incubated in the primary rabbit anti-glutamate antibody
(1:1,000; catalog G6642, Sigma-Aldrich) or mouse anti-GABA anti-
body (1:1,000; catalog A0310, Sigma-Aldrich) overnight, followed by
donkey anti-rabbit AlexaFluor488 (1:250; catalog A21206, Invitrogen)
or goat anti-mouse AlexaFluor488 (1:250; catalog A11001, Invitrogen)
for 1.5 hours.

Ad-IN/W anterograde tracing. In order to explore where MeA
SIM1 neurons project to, 12-week-old SimI-Cre mice were anesthe-
tized by isofluorane and received stereotaxic injections of Ad-IN/W
(28) (200 nl) into the MeA. Ad-IN/W virus was provided by Martin
G. Myers Jr. (University of Michigan, Ann Arbor, Michigan, USA).
In these mice, Ad-IN/W induced expression of WGA only in MeA
SIM1 neurons; WGA anterogradely traveled along the SIM1 fibers,
passed the synapse, and filled the downstream neurons that were
innervated by SIM1 terminals. Three days after injections, mice were
perfused with 10% formalin and brain sections were cut at 25 pm
(5 series). The sections were incubated at room temperature in pri-
mary goat anti-WGA antibody (1:5,000; catalog 20079, ImmunoStar
Inc.) overnight, followed by the secondary donkey anti-goat Alexa
Fluor 488 (1:500; catalog A-11055, Invitrogen) for 1.5 hours.
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Statistics. The data are presented as mean + SEM. Statistical anal-
yses were performed using GraphPad Prism to evaluate normal distri-
bution and variations within and among groups. Methods of statistical
analyses were chosen based on the design of each experiment and are
indicated in figure legends. P < 0.05 was considered to be statistically
significant.

Study approval. Care of all animals and procedures were con-
formed to the Guide for Care and Use of Laboratory Animals of the US
National Institutes of Health and were approved by the Animal Sub-
jects Committee of Baylor College of Medicine.
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