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In hypothalamic astrocytes obtained from adult female rats, estradiol rapidly increased free cytoplasmic calcium concentrations
([Ca 2�]i ) that facilitate progesterone synthesis. The present study demonstrated that estradiol (1 nM) significantly and maximally
stimulated progesterone synthesis within 5 min, supporting a rapid, nongenomic mechanism. The group I metabotropic glutamate
receptor (mGluR1a) antagonist LY 367385 [(S)-(�)-a-amino-4-carboxy-2-methylbenzeneacetic acid] attenuated both the estradiol-
induced [Ca 2�]i release and progesterone synthesis. To investigate membrane-associated estrogen receptors (mERs), agonists for ER�,
ER�, STX-activated protein, and GPR30 were compared. The selective ER� agonist propylpyrazole triole (PPT) and STX most closely
mimicked the estradiol-induced [Ca 2�]i responses, where PPT was more potent but less efficacious than STX. Only high doses (100 nM)
of selective ER� agonist diarylpropionitrile (DPN) and GPR30 agonist G-1 induced estradiol-like [Ca 2�]i responses. With the exception
of DPN (even at 100 nM), all agonists stimulated progesterone synthesis. The PPT- and STX-induced [Ca 2�]i release and progesterone
synthesis were blocked by LY 367385. While the G-1-stimulated [Ca 2�]i release was blocked by LY 367385, progesterone synthesis was
not. Since GPR30 was detected intracellularly but not in the membrane, we interpreted these results to suggest that G-1 could activate
mGluR1a on the membrane and GPR30 on the smooth endoplasmic reticulum to release intracellular calcium. Although STX and G-1
maximally stimulated [Ca 2�]i release in astrocytes from estrogen receptor-� knock-out (ERKO) mice, estradiol in vivo did not stimulate
progesterone synthesis in the ERKO mice. Together, these results indicate that mER� is mainly responsible for the rapid, membrane-
initiated estradiol-signaling that leads to progesterone synthesis in hypothalamic astrocytes.

Introduction
It is now well accepted that estradiol acts on hypothalamic astrocytes
(Micevych et al., 2008). Estradiol can activate classical nuclear-
initiated and/or membrane-initiated mechanisms. Nuclear-
initiated estradiol action is well established and results through
activation of intracellular ER� and ER�. Although long-studied, it is
only more recently that membrane-initiated estradiol action has
been accepted (Szego and Davis, 1967; Kelly et al., 1976; Lagrange et
al., 1995; Razandi et al., 1999; Filardo et al., 2000; Ivanova et al., 2001;
Wade et al., 2001; Qiu et al., 2003; Chaban et al., 2004; Acconcia et al.,
2005; Pawlak et al., 2005; Revankar et al., 2005; Thomas et al., 2005;
Mhyre and Dorsa, 2006; Pedram et al., 2006, 2007; Bondar et al.,
2009; Hirahara et al., 2009; Kuo et al., 2009b).

As in neurons, estradiol acts to alter cell signaling in astro-

cytes, which express ER� and ER� both intracellularly and on the
plasma membrane (Garcia-Segura et al., 1999; Chaban et al.,
2004; Pawlak et al., 2005; Quesada et al., 2007). In astrocytes,
estradiol induces a rapid [Ca 2�]i increase via the phospholipase
C/inositol trisphosphate (PLC/IP3) pathway releasing intracellu-
lar stores of calcium (Beyer and Raab, 1998; Chaban et al., 2004).
This [Ca 2�]i release facilitates the synthesis of progesterone in
astrocytes (Micevych et al., 2007), which is essential for positive
estrogen feedback, the LH surge, and ovulation (Micevych and
Sinchak, 2008b; Micevych et al., 2008). We have demonstrated
that membrane-initiated estradiol signaling involves ER�
transactivation of mGluR1a (Kuo et al., 2009b). Recently, sur-
face biotinylation has confirmed a membrane-associated es-
trogen receptor-� (mER�) with an extracellular portion (Bondar
et al., 2009).

In addition to mER� and mER�, several other candidate
mERs have been reported in neurons (Qiu et al., 2003; Brailoiu et
al., 2007; Sakamoto et al., 2007). One such candidate is GPR30, a
G-protein-coupled receptor (GPCR) (Filardo et al., 2000; Revan-
kar et al., 2005; Thomas et al., 2005). Another candidate is a
G�q-coupled membrane-associated receptor that is activated by
STX, a diphenylacrylamide selective estrogen receptor modulator
(SERM) (Qiu et al., 2003). The present experiments were done to

Received March 5, 2010; revised July 22, 2010; accepted July 28, 2010.
This work was supported by National Institutes of Health (NIH) Grants HD42635 and HD001281, and the Repro-

ductive Scientist Development Program through NIH Grant HD00849-23 and Bayer HealthCare Pharmaceuticals. We
appreciate and thank Dr. Thomas Scanlan at the Oregon Health and Science University, Portland, Oregon, for kindly
providing the STX used in our experiments.

Correspondence should be addressed to Dr. Paul Micevych, Department of Neurobiology, David Geffen School of
Medicine at UCLA, 10833 LeConte Avenue, 73-078 CHS, Los Angeles, CA 90095-1763. E-mail: pmicevych@mednet.
ucla.edu.

DOI:10.1523/JNEUROSCI.1158-10.2010
Copyright © 2010 the authors 0270-6474/10/3012950-08$15.00/0

12950 • The Journal of Neuroscience, September 29, 2010 • 30(39):12950 –12957



compare these putative mERs on the rapid activation of intracel-
lular signaling pathways in hypothalamic astrocytes. Estradiol
was used as the quintessential mER agonist and compared with
selective agonists for ER�, ER�, GPR30, and STX-activated pro-
tein, also known as G�q-mER. Except for DPN, the other puta-
tive mER candidates induced a [Ca 2�]i release and progesterone
synthesis, but G-1 required a very high dose (100 nM). Similar to
estradiol, PPT and STX required transactivation of mGluR1a in-
dicating a membrane-mediated mechanism, while G-1 facilitated
progesterone synthesis independent of mGluR1a. Coimmuno-
precipitation also failed to demonstrate a direct interaction be-
tween mGluR1a and ER� or GPR30. The estradiol-induced
[Ca 2�]i response was significantly attenuated in ERKO mouse
astrocytes, suggesting estradiol signaling through mER�. G-1 and
STX signaled independently from mER�, and DPN did not rep-
licate estradiol-like responses. Interestingly, estradiol-like signal-
ing at the membrane involved the mGluR1a as monitored by
[Ca 2�]i release and progesterone synthesis in hypothalamic
astrocytes.

Materials and Methods
Primary cell cultures. Primary hypothalamic astrocyte cultures were ob-
tained from 50-d-old, postpubertal, Long–Evans female rats (Charles
River) and from 60-d-old female mice (C57BL/6 wild-type and ER�
knock-out from The Jackson Laboratory). All experimental procedures
were approved by the Chancellor’s Animal Research Committee at the
University of California at Los Angeles. The hypothalamus was dissected
with the following boundaries: rostral extent of the optic chiasm, rostral
extent of the mammillary bodies, lateral edges of the tuber cinereum, and
the top of the third ventricle. The hypothalamus was enzymatically di-
gested with trypsin and mechanically dissociated with a fire-polished
glass Pasteur pipette. Cultures were grown for 7–10 d in DMEM/F12
(Mediatech) with 10% FBS (Hyclone) and 1% penicillin (10,000 IU/ml)-
streptomycin (10,000 �g/ml) solution (PS; Mediatech) at 37°C. Astro-
cyte cultures were grown to confluency and then purified from other glial
cells using a technique (Sinchak et al., 2003; Micevych et al., 2007; Kuo et
al., 2009b) modified from McCarthy and de Vellis (McCarthy and de
Vellis, 1980). Briefly, flasks were placed on an orbital shaker at 200 rpm
for at least 24 h at 37°C to eliminate oligodendrocytes. Culture medium
was replaced after every shaking sequence.

Before experimentation, DMEM/F12 medium with 10% FBS and 1%
PS was removed from the flasks and primary astrocyte cultures were
washed with Hanks’ balanced salt solution (HBSS; Mediatech), dissoci-
ated with a 2.5% trypsin solution, and then resuspended in DMEM/F12
medium with 10% FBS. Astrocytes were centrifuged for 3 min at 80 � g,
the supernatant was removed, and the pellet containing astrocytes was
resuspended. Astrocytes were counted, plated, and incubated in DMEM/
F12 medium with 10% FBS and 1% PS at 37°C for 24 – 48 h before Ca 2�

imaging and progesterone radioimmunoassay (RIA). For coimmuno-
precipitation, astrocytes were counted, plated, and grown for 2 weeks
before astrocyte cultures were collected for experimentation. Cultures
were routinely checked for purity using immunocytochemistry for glial
fibrillary acidic protein (GFAP) (Millipore Bioscience Research Re-
agents) with a Hoechst 3342 (Sigma-Aldrich) nuclear stain. Cultures
were determined to be �95% pure astrocytes as previously reported
(Sinchak et al., 2003; Micevych et al., 2007; Kuo et al., 2009b).

Intracellular Ca2� measurements. Five thousand astrocytes were plated
onto poly-D-lysine (0.1 mg/ml; Sigma-Aldrich)-coated 15 mm glass cov-
erslips in 12-well culture plates and grown in DMEM/F12 medium with
10% FBS and 1% PS at 37°C for 24 – 48 h. The astrocytes were then
steroid starved for 18 h by incubating in DMEM/F12 medium with 5%
charcoal-stripped FBS at 37°C. Immediately before imaging, astrocytes
were incubated at 37°C for 45 min with HBSS and a calcium indicator,
Fluo-4 AM (4.5 �M; Invitrogen), DMSO, and methanol. The cells were
then washed three times with HBSS. Glass coverslips were mounted into
a 50 mm chamber insert (Warner Instruments) fixed into a 60 � 15 mm
cell culture dish (Corning) and placed into a QE-2 quick exchange plat-

form (Warner Instruments) for imaging on the Axioplan2-LSM 510
Meta confocal microscope (Zeiss). Astrocytes were gravity perfused with
HBSS and removed by vacuum suction. Fluo-4 AM imaging was per-
formed using an IR-Achroplan 40�/0.80 water-immersion objective
(Zeiss) with 488 nm laser excitation and emission monitored through a
low-pass filter with a cutoff at 505 nm. The increase in Ca 2� fluorescence
(relative fluorescence units or RFU) was calculated as the difference be-
tween baseline fluorescence and peak response to drug stimulation.

Drugs were delivered by gravity perfusion and used in the following
concentrations: 1 pM to 100 nM PPT (Sigma-Aldrich); 1 nM to 10 �M DPN
(Tocris Bioscience); 100 pM to 100 nM STX (courtesy of Dr. Thomas
Scanlan, Oregon Health and Science University, Portland, OR); 1 nM to
10 �M G-1 (Chemical Diversity Labs); 20 nM LY 367385 [( S)-(�)-a-
amino-4-carboxy-2-methylbenzeneacetic acid] (Tocris Bioscience); and
100 nM DHPG (Tocris Bioscience). Stock solutions and final working
concentrations were prepared in HBSS. Controls were stimulated with
HBSS only.

Progesterone radioimmunoassay. One-half million astrocytes were
plated into 6-well culture plates and grown for 24 h. Astrocytes were then
steroid starved for 18 h before experimentation. In assays involving the
mGluR1a antagonist LY 367385, astrocyte cultures were first steroid
starved in DMEM/F12 medium with 5% charcoal-stripped FBS for
17.5 h, washed with HBSS, and then incubated for 30 min with control or
LY 367385 dissolved in HBSS to preblock the mGluR1a before stimula-
tion with the experimental drugs. Following the 18 h steroid starvation,
culture medium was removed, 1 ml of drug was added to each well and
incubated for 5 or 60 min, the supernatant was collected, and the samples
were frozen at �20°C for up to 1 week before the RIA.

For progesterone RIA, samples were thawed, mixed with diethyl ether
(Fisher Scientific), and vortexed for 2 min. Samples were then placed into
a methanol and dry ice bath to freeze the aqueous layer. The upper ether
layer was decanted into a separate tube and the ether was allowed to
evaporate overnight. The extract was reconstituted in isooctane
(Mallinkrodt Baker) and a Celite column with ethylene glycol as the
stationary phase was used to isolate the progesterone. Progesterone was
then eluted off the column using 4 ml of isooctane. Standards and sam-
ples (100 �l) were incubated with rabbit polyclonal antibody against
progesterone (Sigma-Aldrich) for 30 min at 37°C. Tritium-radiolabeled
progesterone (2000 cpm/ml) was then added and incubated for an addi-
tional 60 min at 37°C. Standards and samples were cooled at 4°C and a
0.05% charcoal dextran solution (Sigma-Aldrich) added to remove all
unbound progesterone. The mixture was centrifuged (3000 rpm) for 15
min at 4°C. The supernatant was collected for chromatographic detec-
tion of progesterone. All samples were run in duplicate and sample pro-
gesterone concentrations determined by extrapolation from a curve
determined from the progesterone standards. The intra-assay variance
for the progesterone RIA was 3.16%.

Drugs were used in the following concentrations: 100 pM to 1 �M

cyclodextrin-encapsulated 17�-estradiol (Sigma-Aldrich); 50 nM LY
367385 (Tocris Bioscience); 100 nM DHPG (Tocris Bioscience); 1 nM

PPT; 100 nM DPN; 1 nM STX; and 100 nM G-1. Stock solutions and final
working concentrations were prepared in HBSS. Controls were stimu-
lated with HBSS only.

Coimmunoprecipitation. Two-week-old primary astrocyte cultures
(�5 million cells per sample) were washed three times with PBS (PBS;
Mediatech) and collected by mechanical scraping (Corning). The cell
suspensions were passed through a 25-gauge needle (�60 times) in 50
mM Tris-HCl buffer, pH 7.5, with 1% N-dodecyl-�-D-maltopyranoside
(DDM) (Anatrace, Affymetrix) and protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 1 mM EDTA, 1 �g/ml pepstatin, 1 �g/ml leu-
peptin, and 1 �g/ml aprotinin—all from Roche). Samples were placed on
ice for 30 min and centrifuged (600 � g for 10 min, 4°C). The supernatant
was used for coimmunoprecipitation and the pellet was discarded. Mem-
brane fractions were obtained with a Mem-PER Membrane Protein Ex-
traction Kit (Pierce Biotechnology) with 1% DDM to optimize protein
extraction.

Concentrations of membrane and whole-cell lysate proteins were de-
termined by the Bradford method (Bio-Rad) (Bradford, 1976). Similar
concentrations of membrane and whole-cell lysate proteins (1.5 mg/ml;
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sample volume �250 �l) were used. Endogenous antibodies were re-
moved by incubating (30 min, 4°C) with Protein-G Sepharose 4 Fast
Flow (100 �l; GE Healthcare). The samples were centrifuged (850 � g for
5 min) and the supernatants retained. Rabbit polyclonal antibody against
mGluR1a (1:100; Millipore) was added to the supernatants and placed on
a rotating stirrer at 4°C for 1 h. The antibody-protein complex was ad-
sorbed with 100 �l of Protein-G Sepharose 4 Fast Flow according to the
manufacturer’s protocol. The solutions were rotated overnight at 4°C,
and then washed 10 times with 20 mM sodium phosphate, pH 7.0, con-
taining 0.2% DDM. The adsorbed proteins were eluted from the beads
with 0.1 M of glycine, pH 3.0, containing 0.2% DDM, then 1 M of Tris-
HCl buffer, pH 8.0, was used to adjust the solution to pH 7.5.

Samples were mixed with an equal volume of SDS sample buffer (2%
SDS, 5% �-mercaptoethanol, 10% glycerol, 0.004% bromophenol blue,
and 0.1 M Tris HCl; pH 6.8) and run by SDS-PAGE using a 10% poly-
acrylamide gradient (Ready Gels; Bio-Rad). Astrocyte whole-cell lysate
without coimmunoprecipitation served as a positive control. Proteins
were electrically transferred onto polyvinylidene difluoride membranes
(GE Healthcare) and probed with rabbit polyclonal antibody against
ER� (1:1000; Millipore) or rabbit polyclonal antibody against GPR30
(1:1000; MBL International) for 1 h, followed by an 1.5 h incubation with
a secondary donkey anti-rabbit IgG (H�L) antibody (1:5000; Jackson
ImmunoResearch). Bands were visualized using an enhanced chemilu-
minescence (ECL) kit and ECL Hyperfilm (GE Healthcare). Exposures
varied from 0.5–2 min. The experiments were also repeated in the reverse
direction: antibodies against ER� or GPR 30 were used in the pull-down
phase and complex detected with antibodies against mGluR1a.

Statistics. Data are presented as means � SEM in RFU or pg/ml. Sta-
tistical comparisons were made using the paired Student’s t test when
comparing paired means across 2 groups, unpaired Student’s t test when
comparing means between 2 independent groups, and one-way ANOVA
with Student–Newman–Keuls post hoc test when comparing means
across 3 or more independent groups. The half-maximal effective con-
centration (EC50) assessments with 95% confidence intervals (CI) were
calculated by fitting four parameter logit (sigmoid) drug vs [Ca 2�]i re-
lease or progesterone synthesis dose–response curves using the log scale
for the drug concentration. Statistical calculations were performed using
Stata 11 (StataCorp LP) and GraphPad Prism 5. Differences at the p �
0.05 level were considered significant.

Results
Effect of estradiol on progesterone synthesis in astrocytes
In a previous paper (Kuo et al., 2009b), we demonstrated that 100
pM estradiol significantly increased [Ca 2�]i release in primary
cultures of adult, female hypothalamic astrocytes. Using the same
culture conditions, we now demonstrate that estradiol in a dose
range of 1 nM–1 �M all stimulated significant and maximal pro-
gesterone synthesis (p � 0.05 vs control) that were similar to each
other (p � 0.05; Fig. 1). Maximal progesterone level (64.6 � 6.5
pg/ml, n � 4) occurred at 1 �M estradiol. Because all concentrations
of estradiol �1 nM maximally stimulated progesterone synthesis, we
subsequently tested a dose range of 250 pM–1 nM estradiol. However,
all subnanomolar doses of estradiol failed to stimulate significant
progesterone synthesis (p � 0.05; Fig. 1). The EC50 of estradiol to
stimulate progesterone synthesis was 821 pM (95% CI: 740–911 pM).
Interestingly, a 5 min estradiol (1 nM) incubation was sufficient to
maximally increase the progesterone level (56.5 � 9.1 pg/ml, n � 4)
compared with control (0.8 � 0.8 pg/ml, n � 4, p � 0.05). Such
results are congruent with the idea that progesterone synthesis in
astrocytes is mediated by rapid, nongenomic estradiol signaling.

Characterization of mERs involved in [Ca 2�]i release
To investigate whether other estradiol binding proteins in addi-
tion to ER� activate intracellular stores of calcium, agonists for
ER�, ER�, GPR30, and the STX-binding protein were used.
Dose–response curves were generated for each agonist and com-

pared with previous estradiol-induced [Ca 2�]i responses with an
EC50 of 151 pM (95% CI: 94 –244 pM) and maximal [Ca 2�]i level
(641 � 47 RFU, n � 18) at 10 nM estradiol (Kuo et al., 2009b).
Although drug characteristics varied, all agonists at each concen-
tration tested produced a statistically significant elevation of
[Ca 2�]i (p � 0.05; Fig. 2). At the 100 pM dose, PPT and STX were
significantly more efficacious than estradiol (p � 0.05 for PPT
and STX). At 1 nM, DPN and G-1 induced a significantly lower
[Ca 2�]i response compared with estradiol, PPT, and STX (p �
0.05 for DPN and G-1). At 10 nM, STX stimulated a greater
[Ca 2�]i response compared with estradiol and PPT (p � 0.05),
while DPN and G-1 were significantly lower than estradiol and
PPT (p � 0.05 for DPN and G-1). STX continued to produce the
highest [Ca 2�]i response at 100 nM (p � 0.05 compared with
estradiol), but at this concentration, DPN and G-1 were as effec-
tive as estradiol and PPT (p � 0.05 for DPN and G-1).

Figure 1. Dose–response relationship between estradiol stimulation and progesterone syn-
thesis in adult hypothalamic astrocytes. Estradiol at 1 nM, 10 nM, 100 nM (62.6 � 7.0 pg/ml, n �
4), and 1 �M (64.6 � 6.5 pg/ml, n � 4) all stimulated significant and maximal progesterone
synthesis ( p � 0.05 vs control) that were similar to each other ( p � 0.05). However, estradiol
at 100 pM (10.4 � 6.0 pg/ml, n � 4), 250 pM (10.1 � 10.1 pg/ml, n � 4), 500 pM, and 750 pM

failed to stimulate progesterone synthesis ( p � 0.05 vs control). The number of samples for
each estradiol concentration is indicated in the bar graph. Significantly different compared with
control (*p � 0.05, one-way ANOVA with Student–Newman–Keuls post hoc test).

Figure 2. Comparison of dose–response relationships measured in [Ca 2�]i between estra-
diol and several ER agonists in adult hypothalamic astrocytes. At 100 pM, the [Ca 2�]i response
for PPT and STX were both greater than estradiol ( p � 0.05). At 1 nM, PPT and STX exposure
resulted in an estradiol-like [Ca 2�]i release ( p � 0.05), whereas DPN and G-1 responses were
significantly lower than estradiol ( p � 0.05). At 10 nM, PPT again induced [Ca 2�]i levels similar
to estradiol ( p � 0.05), STX had a greater [Ca 2�]i response compared with estradiol
( p � 0.05), and DPN and G-1 continued to have a weaker [Ca 2�]i response ( p � 0.05). At 100
nM, PPT, DPN, and G-1 all induced an estradiol-like [Ca 2�]i release ( p � 0.05), while STX
continued to induce a greater [Ca 2�]i response ( p � 0.05). There was no difference between
unstimulated controls ( p � 0.05). For all drug concentrations, a range of 14 –33 astrocytes
were imaged. Significantly different compared with estradiol at the same concentration
(*p � 0.05, one-way ANOVA with Student–Newman–Keuls post hoc test).
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PPT was the most potent of the mER agonists with an EC50 of
28.3 pM (95% CI: 17.9 – 44.6 pM) and maximal [Ca 2�]i release
(687 � 19 RFU, n � 22) obtained at 100 nM (Fig. 2). At 1 nM, 10
nM, and 100 nM, PPT most closely resembled an estradiol-like
[Ca 2�]i release (p � 0.05). STX induced a greater maximal
[Ca 2�]i response compared with estradiol that did not reach a
plateau (792 � 40 RFU, n � 23) until 10 nM, but had an estradiol-
like EC50 of 215 pM (95% CI: 85–542 pM). DPN and G-1 required
a high concentration (100 nM) before reaching estradiol-like lev-
els of [Ca 2�]i release (p � 0.05 for DPN and G-1) with corre-
spondingly higher EC50 value of 2.55 nM (95% CI: 0.45–14.41 nM)
for DPN with maximal [Ca 2�]i (588 � 16 RFU, n � 33) at 10 �M,
and EC50 of 10.0 nM (95% CI: 9.8 –10.2 nM) for G-1 with maximal
[Ca 2�]i (643 � 26 RFU, n � 22) at 100 nM.

mER� is not involved in STX- and G-1-induced
[Ca 2�]i signaling
To determine whether mER� is important for rapid, intracellu-
lar, estradiol signaling, hypothalamic astrocytes from ERKO and
wild-type mice were treated with estradiol. The estradiol-induced
[Ca 2�]i release in wild-type mouse astrocytes (Fig. 3) was similar
to that observe in rat astrocytes (p � 0.05; Fig. 2) (Kuo et al.,
2009b). The estradiol (1 nM)-induced [Ca 2�]i release in wild-
type mouse astrocytes was eliminated in the ERKO astrocytes
(p � 0.05 vs control; Fig. 3). Estradiol did not signal through
mER� since physiological (1 nM) and high dose (100 nM) DPN
could not induce a [Ca 2�]i response (p � 0.05 vs control) in
ERKO astrocytes. Both STX (1 nM) and G-1 (100 nM) induced
significantly elevated [Ca 2�]i responses in ERKO astrocytes that
were similar to wild-type astrocytes (p � 0.05 for STX and G-1;
Fig. 3). These results suggest that rapid, estradiol signaling is
dependent upon mER� and astrocytic response to STX and G-1
is independent of mER�.

Role of mGluR1a signaling
To determine whether the mGluR1a is integral to rapid estradiol
signaling for mER�, mER�, GPR30, or STX-binding protein, a
mGluR1a antagonist was used to block and a mGluR1a agonist to
enhance the rapid [Ca 2�]i response. Since PPT (1 nM) and STX (1
nM) generated an estradiol-like [Ca 2�]i response, the same doses

were used here. Since DPN and G-1 did not reach an estradiol-
like [Ca 2�]i response until 100 nM, DPN and G-1 were tested at
100 nM. The mGluR1a antagonist, LY 367385 (20 nM), blocked
the [Ca 2�]i response for all putative mER agonists (p � 0.05; Fig.
4A). We have previously reported [Ca 2�]i responses with the
mGluR1a agonist DHPG in primary cultures of adult, female
hypothalamic astrocytes (Kuo et al., 2009b). DHPG (100 nM)
enhanced the [Ca 2�]i response for the putative mER agonists
(p � 0.05), except for G-1 (p � 0.05; Fig. 4B). These results
suggest that rapid intracellular [Ca 2�]i signaling by activation of
mER�, mER�, and STX-binding protein are all influenced by
mGluR1a activity, but GPR30 may signal through another
mechanism.

Requirement of mGluR1a for progesterone synthesis
To determine whether the mGluR1a is important for the
estradiol-induced progesterone synthesis, astrocytes were pre-
treated with the mGluR1a antagonist, LY 367385. Estradiol (1
nM), PPT (1 nM), STX (1 nM), and G-1 (100 nM) all induced
progesterone synthesis in primary, adult, female, hypothalamic
astrocyte cultures (p � 0.05), but DPN (100 nM) did not (p �
0.05; Fig. 5). Therefore, estradiol-stimulated progesterone syn-
thesis does not seem to involve mER� activation. With the excep-
tion of G-1, putative mER agonists (estradiol, PPT, and STX)
were blocked by pretreatment with LY 367385 (50 nM; p � 0.05;
Fig. 5). These results support a mGluR1a–mER interaction as an
essential cell signaling step for the estradiol-induced progester-

Figure 3. Importance of mER� for the estradiol-induced [Ca 2�]i release in adult hypotha-
lamic astrocytes. The estradiol (1 nM)-induced [Ca 2�]i release was attenuated in the ERKO
mouse astrocytes (p � 0.05 vs control). DPN (1 and 100 nM) did not induce a [Ca 2�]i response
(p � 0.05 vs control) in ERKO astrocytes. Wild-type and ERKO astrocytes were able to respond
normally and equally to STX at 1 nM and G-1 at 100 nM (p � 0.05 vs control). The number of
astrocytes for each drug concentration is indicated in the bar graph. Significantly different
compared with control (*p � 0.05, one-way ANOVA with Student–Newman–Keuls post hoc
test).

Figure 4. Effect of the mGluR1a on ER agonist-induced [Ca 2�]i responses in adult hypotha-
lamic astrocytes. In A, the [Ca 2�]i levels induced with PPT (1 nM), DPN (100 nM), STX (1 nM), and
G-1 (100 nM) were all significantly blocked by LY 367385 (20 nM; p � 0.05). In B, concurrent
DHPG (100 nM) administration significantly enhanced the [Ca 2�]i levels induced by PPT (1 nM;
p � 0.05), DPN (100 nM; p � 0.05), and STX (1 nM; p � 0.05). However, the [Ca 2�]i response
induced with G-1 (100 nM) was not enhanced with DHPG (100 nM) exposure (p � 0.05). The
number of astrocytes for each drug concentration is indicated in the bar graph. Significantly
different when comparing drugs (control, PPT, DPN, STX, and/or G-1) in the absence or presence
of LY 367385 in A (*p � 0.05, paired Student’s t test) or in the absence or presence of DHPG in
B (*p � 0.05, unpaired Student’s t test).
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one synthesis, with mER� and STX-binding protein as the likely
mER candidates. LY 367385 did not block the G-1-stimulated
progesterone synthesis, suggesting that GPR30 signaling may be
independent of the mGluR1a.

Simultaneous activation of the mGluR1a enhanced the
estradiol-stimulated progesterone synthesis. Estradiol at 1 nM

stimulated higher progesterone synthesis compared with DHPG
at 100 nM (p � 0.05) and control (p � 0.05), however, estradiol (1
nM) in combination with DHPG (100 nM) induced even greater
levels of progesterone (p � 0.05 vs estradiol or DHPG; Fig. 6).
This result confirms mGluR1a transactivation as integral to rapid
estradiol signaling and progesterone synthesis in hypothalamic
astrocytes.

mGluR1a does not coimmunoprecipitate with mER�
or GPR30
We have previously shown through coimmunoprecipitation exper-
iments that ER� can directly interact with mGluR1a in astrocyte
membranes (Kuo et al., 2009b). A similar coimmunoprecipitation
experiment determined whether ER� or GPR30 can directly interact
with mGluR1a. Metabotropic GluR1a was immunoprecipitated
from whole-cell lysates and membrane fractions, then rabbit poly-
clonal antibodies against ER� (Fig. 7A) or rabbit polyclonal
antibodies against GPR30 (Fig. 7B) were used to detect protein
coprecipitation with Western blots. Although ER�has been detected
in astrocyte plasma membranes (Chaban et al., 2004), we could not
demonstrate a potential interaction between ER� and mGluR1a in
the whole-cell lysates or the plasma membrane fraction (Fig. 7A).
The order of the experiment was repeated in the reverse direction for
ER�. ER� was immunoprecipitated and rabbit polyclonal antibod-
ies against mGluR1a were used for protein coprecipitation with
Western blotting that confirmed the lack of direct interaction be-
tween ER� and mGluR1a in whole-cell lysates or the membrane
fraction (data not shown). Although GPR30 could be detected in
hypothalamic astrocytes by Western blotting (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material), GPR30
did not coimmunoprecipite with mGluR1a in whole-cell lysates or
the plasma membrane fraction (Fig. 7B), consistent with other stud-
ies that could not demonstrate GPR30 in the plasma membrane
(Revankar et al., 2005; Gorosito et al., 2008; Bondar et al., 2009). This
suggests that G-1 may act directly on the mGluR1a.

Discussion
These experiments demonstrate astrocytic response to activation
of several putative mERs, including ER�, STX-activated protein,
and GPR30. Two related physiological endpoints were used:
stimulation of [Ca 2�]i release and facilitation of progesterone
synthesis. These responses of hypothalamic astrocytes are critical
components of the CNS-mediated estrogen-positive feedback
mechanism (Micevych and Sinchak, 2008a). When estradiol lev-
els peak on proestrus, locally synthesized hypothalamic neuro-
progesterone is stimulated, mainly in astrocytes (Zwain and Yen,
1999; Micevych et al., 2003, 2007, 2008). This increase in hypo-
thalamic neuroprogesterone activates progesterone receptors
obligatory for initiation of the preovulatory LH surge (Rao and
Mahesh, 1986; Chappell and Levine, 2000; Micevych et al., 2003).

While 100 pM estradiol stimulated [Ca 2�]i release, progester-
one synthesis required 1 nM estradiol indicating that a threshold

Figure 5. Effect of LY 367385, mGluR1a antagonist, on progesterone synthesis upon expo-
sure to estradiol and several mER agonists in adult hypothalamic astrocytes. LY 367385 (50 nM)
by itself did not influence progesterone synthesis with levels similar to control (p � 0.05).
Estradiol (1 nM), PPT (1 nM), STX (1 nM), and G-1 (100 nM) stimulated significantly greater
progesterone synthesis than control (p � 0.05), but DPN (100 nM) did not (p � 0.05 vs control).
Progesterone produced by exposure to estradiol (1 nM), PPT (1 nM), and STX (1 nM) was blocked
by LY 367385 (50 nM; p � 0.05). However, the G-1 (100 nM)-stimulated progesterone synthesis
was not attenuated by LY 367385 (50 nM; p � 0.05). The number of samples for each drug
concentration is indicated in the bar graph. Significantly different compared with control (*p �
0.05, one-way ANOVA with Student–Newman–Keuls post hoc test).

Figure 6. Effect of DHPG, mGluR1a agonist, on estradiol stimulated progesterone synthesis
in adult hypothalamic astrocytes. Estradiol at 1 nM stimulated significant progesterone synthe-
sis (p � 0.05 vs control or DHPG), but DHPG at 100 nM did not (p � 0.05 vs control). Estradiol (1
nM) in combination with DHPG (100 nM) stimulated a much higher progesterone level than
estradiol (1 nM) or DHPG (100 nM) alone (p � 0.05). The number of samples for each drug
concentration is indicated in the bar graph. Significantly different compared with control (*p �
0.05, one-way ANOVA with Student–Newman–Keuls post hoc test) or compared with all other
groups (**p � 0.05, one-way ANOVA with Student–Newman–Keuls post hoc test).

Figure 7. Coimmunoprecipitation of ER�-mGluR1a and GPR30-mGluR1a from cultured
adult hypothalamic astrocytes. The lanes are representative of whole-cell lysate, plasma mem-
brane fraction, and whole-cell lysate without coimmunoprecipitation as a positive control,
respectively. In A, ER�-mGluR1a coimmunoprecipitation with mGluR1a antibodies used to
pull-down the receptor complex and antibodies against ER� used for detection. In B, GPR30-
mGluR1a coimmunoprecipitation with mGluR1a antibodies used in the pull-down phase and
the complex detected with GPR30 antibodies. The mGluR1a did not coimmunoprecipitate with
ER� or GPR30 within the plasma membrane fraction or whole-cell lysate.
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level of [Ca 2�]i was required. This “step function” fits well with
physiological levels of estradiol reached during proestrus
(Butcher et al., 1974; Hawkins et al., 1975; Shaikh and Shaikh,
1975) and supports neuroprogesterone as a mechanism for
regulating the transition from estrogen-negative to estrogen-
positive feedback. Another important finding was the rapidity of
this progesterone synthesis, such that 5 min of estradiol treat-
ment stimulated significant progesterone levels. Membrane-
mediated estradiol signaling in neurons and astrocytes is
dependent upon ER� transactivation of mGluR1a, which acti-
vates the PLC pathway releasing IP3 receptor-sensitive stores of
intracellular Ca 2� from the smooth endoplasmic reticulum
(Beyer and Raab, 1998; Chaban et al., 2004; Boulware et al., 2005;
Dewing et al., 2007; Micevych and Mermelstein, 2008; Kuo et al.,
2009b). Estradiol-stimulated progesterone synthesis in hypotha-
lamic astrocytes was also dependent on the mGluR1a. More-
over, estradiol-stimulated progesterone synthesis was enhanced
by DHPG, suggesting that, in addition to the mGluR1a coupled
with ER�, an additional population of mGluR1a can potentially
be stimulated by local neuronal activity through glutamate
release.

A preponderance of evidence suggests that membrane-
initiated estradiol action is mediated through mER� or mER�
(Razandi et al., 1999; Wade et al., 2001; Chaban et al., 2004;
Pawlak et al., 2005; Mhyre and Dorsa, 2006; Pedram et al., 2006;
Bondar et al., 2009; Hirahara et al., 2009; Kuo et al., 2009b).
Preliminary data with ovariectomized ERKO mice in vivo treated
with 17�-estradiol benzoate (10 �g) failed to significantly in-
crease hypothalamic progesterone levels (2.14 � 0.66 vs 1.83 �
0.35 pg/mg tissue in controls, n � 6, p � 0.05) that was seen in
ovariectomized wild-type mice (10.27 � 3.67 vs 1.07 � 0.51
pg/mg tissue in controls, n � 6, p � 0.05) (J. Kuo, N. Hamid, and
P. Micevych, unpublished observation). Consistent with these
data, ER� appears to be primarily responsible for the rapid sig-
naling in astrocytes (Pawlak et al., 2005; Bondar et al., 2009; Kuo
et al., 2009b). Surface biotinylation demonstrated estradiol-
dependent ER� trafficking to the plasma membrane in hypotha-
lamic astrocytes (Bondar et al., 2009). Furthermore, PPT, a
potent, selective ER� agonist with 410-fold higher binding affin-
ity for ER� vs ER� (Stauffer et al., 2000), induced similar [Ca 2�]i

responses to estradiol in astrocytes at 1 nM, 10 nM, and 100 nM.
Interestingly, 100 pM PPT produced greater [Ca 2�]i release than
equimolar estradiol. This result was unexpected since the relative
binding affinity of PPT to ER� is 49% less than estradiol’s bind-
ing to ER� and transcriptional activation by ER� is approxi-
mately tenfold higher for estradiol than PPT (Stauffer et al.,
2000). However, binding assays using purified ERs investigate
isolated ligand-receptor interactions and gene transcription as-
says involve nuclear, genomic responses, whereas physiological
tests of membrane initiated signaling require additional inter-
action of the ligand-receptor complex with mGluR1a and other
cellular components in which PPT may be more efficacious. It is
possible that PPT may preferentially activate mER� compared
with nuclear ER�, or PPT may activate other mERs in addition to
mER� (Thammacharoen et al., 2009). Progesterone synthesis
was equally facilitated by 1 nM PPT and 1 nM estradiol. LY 367385
inhibited both the PPT-induced [Ca 2�]i release and progester-
one synthesis, supporting an intracellular signaling mechanism
involving mER� transactivation of mGluR1a. As with estradiol,
DHPG significantly enhanced the PPT-induced [Ca 2�]i response
(Kuo et al., 2009b). Overall, our results with PPT are consistent
with the hypothesis that ER� is the mER responsible for rapid,
nongenomic estradiol signaling in hypothalamic astrocytes.

Converging evidence indicates that estradiol does not act
through mER� to induce [Ca 2�]i release and progesterone syn-
thesis. First, the selective ER� agonist, DPN, did not induce a
rapid [Ca 2�]i release in ERKO astrocytes. Second, DPN induced
lower levels of [Ca 2�]i compared with equimolar estradiol. The
DPN-induced [Ca 2�]i response was blocked by LY 367385, but
ER� did not coimmunoprecipitate with mGluR1a. These results
suggest that the DPN responses were due to activation of ER�
since DPN is a selective agonist with a 70-fold higher relative
binding affinity and 30- to 170-fold higher relative potency for
ER� vs ER� (Meyers et al., 2001; Harrington et al., 2003). Phys-
iologically, 100 nM DPN stimulated [Ca 2�]i levels equivalent to 1
nM PPT. Interestingly, the EC50 for DPN was 90-fold higher rel-
ative to PPT. Despite this, 100 nM DPN failed to stimulate pro-
gesterone synthesis. This result may be partially explained by
predominant ER� activation, which opposes the actions of ER�
in reproductive tissues (Matthews and Gustafsson, 2003). There-
fore, our results support a role for ER�, but not ER�, in rapid,
membrane-initiated estradiol signaling (Wintermantel et al.,
2006; Dewing et al., 2007).

The present results suggest that other putative mERs can also
mediate estradiol stimulation of astrocytes. STX is a diphenylac-
rylamide SERM related to tamoxifen that activates G�q (Qiu et
al., 2003). STX is efficacious in double ER�/ER� knock-out mice,
but blocked with the ER antagonist ICI 182,780 (Qiu et al., 2006).
STX does not activate ER� or ER� having a millionfold lower
binding affinity compared with estradiol (Qiu et al., 2003). In
astrocytes, STX increased [Ca 2�]i release and progesterone syn-
thesis. Downstream, estradiol and STX appear to activate the
same PLC pathway, but through a different receptor since STX
stimulated [Ca 2�]i release in ERKO astrocytes, where estradiol
was ineffective. The STX-binding protein appears to transactivate
the mGluR1a since the STX effect was abrogated with LY 367385.
As with estradiol and PPT, DHPG augmented the STX-induced
[Ca 2�]i response (Kuo et al., 2009b). As soon as this receptor is
characterized, we will test whether mGluR1a and STX-activated
protein interact, as suggested by the present results. Although not
supported by our results, in another model, STX has been re-
ported to signal through GPR30 (Lin et al., 2009). In that exper-
iment, small interfering RNA directed against GPR30 abolished
the STX-induced transcription.

Another putative mER is GPR30, a GPCR that activates ad-
enylyl cyclase in breast cancer cells lacking both ER� and ER�
(Filardo et al., 2000, 2002; Revankar et al., 2005; Thomas et al.,
2005). Although FLAG- and hemagglutinin-tagged GPR30 have
been reported at the cell membrane (Funakoshi et al., 2006;
Filardo et al., 2007), GPR30 could not be identified at the plasma
membrane in native cells (Gorosito et al., 2008; Bondar et al.,
2009). Intracellular GPR30 has been localized in the endoplasmic
reticulum and Golgi apparatus (Revankar et al., 2005). The rea-
sons for this discrepancy are not clear and may be related to
differences in the antibodies or cells used. Moreover, it is unclear
whether tagging GPR30 may affect its processing and cellular
localization. The GPR30 agonist G-1 was less potent than estra-
diol at inducing [Ca 2�]i release, requiring 100 nM for a maximal
response. Our EC50 for G-1 was similar to that previously re-
ported (�2 nM) (Bologa et al., 2006). Similar to the mER� and
oxytocin receptor signaling pathways, the G-1-induced [Ca 2�]i

release was blocked by LY 367385 suggesting an interaction with
mGluR1a (Kuo et al., 2009a,b). However, GPR30 was not de-
tected in the plasma membrane fraction, could not be labeled
with surface biotinylation, and did not coimmunoprecipitate
with mGluR1a (Bondar et al., 2009). We speculate that G-1 stim-
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ulates mGluR1a directly on the plasma membrane, which is sen-
sitive to LY 367385. G-1 can also activate intracellular receptors
resulting in a GPR30-mediated release of intracellular calcium
that stimulates progesterone synthesis not antagonized by LY
367385. This idea is supported by the lack of DHPG augmenta-
tion of the G-1-stimulated [Ca 2�]i release. Overall, our results
suggest that G-1 signals through a different mechanism than
estradiol.

In summary, our results suggest that several putative mERs
are involved in regulation of [Ca 2�]i release and progesterone
synthesis in astrocytes. The evidence is strongest for ER� and STX
activated G�q-mER. These proteins act as membrane receptors
that interact with mGluR1a to initiate cell signaling. From a re-
productive perspective and experiments with ERKO mice and
astrocytes, mER� is the primary ER responsible for the rapid
increase in hypothalamic neuroprogesterone. The STX-binding
protein signaling pathway is independent from mER�. GPR30 is
an intriguing receptor and appears to have a role as an intracel-
lular mediator of [Ca 2�]i release. Our data does not support
rapid, membrane-initiated estradiol signaling through mER� in
hypothalamic astrocytes that synthesize progesterone. In conclu-
sion, these results demonstrate that estradiol activates mER� on
hypothalamic astrocytes and estradiol signaling is most effective
on astrocytes near active glutamatergic nerve terminals.
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