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Estradiol Activates Group I and I Metabotropic Glutamate
Receptor Signaling, Leading to Opposing Influences on
cAMP Response Element-Binding Protein

Marissa I. Boulware, Jason P. Weick, Bryan R. Becklund, Sidney P. Kuo, Rachel D. Groth, and Paul G. Mermelstein

Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455

In addition to mediating sexual maturation and reproduction through stimulation of classical intracellular receptors that bind DNA and
regulate gene expression, estradiol is also thought to influence various brain functions by acting on receptors localized to the neuronal
membrane surface. Many intracellular signaling pathways and modulatory proteins are affected by estradiol via this unconventional
route, including regulation of the transcription factor cAMP response element-binding protein (CREB). However, the mechanisms by
which estradiol acts at the membrane surface are poorly understood. Because both estradiol and CREB have been implicated in regulating
learning and memory, we characterized the effects of estradiol on this transcription factor in cultured rat hippocampal neurons. Within
minutes of administration, estradiol triggered mitogen-activated protein kinase (MAPK)-dependent CREB phosphorylation in unstimu-
lated neurons. Furthermore, after brief depolarization, estradiol attenuated L-type calcium channel-mediated CREB phosphorylation.
Thus, estradiol exhibited both positive and negative influences on CREB activity. These effects of estradiol were sex specific and traced to
membrane-localized estrogen receptors that stimulated group I and Il metabotropic glutamate receptor (mGluR) signaling. Activation of
estrogen receptor o (ERa) led to mGluR1a signaling, triggering CREB phosphorylation through phospholipase C regulation of MAPK. In
addition, estradiol stimulation of ERc or ER triggered mGluR2/3 signaling, decreasing L-type calcium channel-mediated CREB phos-
phorylation. These results not only characterize estradiol regulation of CREB but also provide two putative signaling mechanisms that
may account for many of the unexplained observations regarding the influence of estradiol on nervous system function.

Key words: estrogen; hippocampus; CREB; mGluR; MAPK; IP,; PLC

Introduction

Estradiol was characterized initially as binding to a single intra-
cellular receptor [estrogen receptor o (ERa)], regulating gene
expression through interactions with estrogen response elements
(EREs) located within gene promoter regions (Couse and
Korach, 1999; Klinge, 2001). With ERa highly expressed in brain
regions that control female sexual behavior (Pfaff and Keiner,
1973), it was believed this was the sole mechanism of estrogen
action. However, we now know the actions of estradiol in the
brain are multifaceted (Pfaff et al., 1994). For instance, a second
estrogen receptor (ERB) has been identified (Kuiper et al., 1996;
Tremblay et al., 1997), and ERa and ERp also influence the ex-
pression of genes independent of EREs, through opposing influ-
ences on the activator protein-1 (AP-1) class of transcription
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factor (Gaub et al., 1990; Philips et al., 1993; Umayahara et al.,
1994; Paech et al., 1997; Webb et al., 1999).

Further revision of the classical model of estrogen action (i.e.,
direct influences on gene expression) resulted from observations
that estradiol mediates a variety of responses that are initiated at
the neuronal membrane surface and occur within seconds to
minutes of steroid exposure (McEwen and Alves, 1999). Through
unidentified mechanisms, estradiol regulates multiple signaling
pathways, including those involving cAMP/protein kinase A
(PKA), mitogen-activated protein kinase (MAPK), and phos-
pholipase C (PLC) (Nabekura et al., 1986; Minami et al., 1990;
Mobbs et al., 1991; Aronica et al., 1994; Gu et al., 1996; Zhou et
al., 1996; Watters et al., 1997; Singh et al., 1999; Toran-Allerand et
al., 1999; Qiu et al., 2003; Chaban et al., 2004 ). These intracellular
signaling cascades modulate receptors, channels, other signaling
enzymes, and various transcription factors (Weng et al., 1999;
Deisseroth et al., 2003; Waltereit and Weller, 2003; Thomas and
Huganir, 2004). Thus, although often termed “nongenomic,”
these rapid actions of estradiol can also exert long-term effects on
neuronal function via changes in gene expression. Not surpris-
ingly, novel actions of estradiol affect synaptic strength and neu-
ronal structure (Gould et al., 1990; Weiland, 1992; Wong and
Moss, 1992; Woolley and McEwen, 1992, 1993; Brinton, 1993;
Woolley et al., 1997; Foy et al., 1999) and modulate processes
including learning and memory, motor control, pain sensitivity,
and cognition (McEwen and Alves, 1999).
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Interestingly, each of these behaviors is also regulated by the
transcription factor cAMP response element-binding protein
(CREB) (Lonze and Ginty, 2002). Thus, modulation of CRE-
dependent gene expression by estradiol is a candidate for explain-
ing the influence of estrogens on a variety of behaviors. Recent
work demonstrating that estradiol triggers CREB phosphoryla-
tion (Guetal., 1996; Zhou et al., 1996; Wade and Dorsa, 2003; Lee
etal., 2004) and that dominant-negative CREB inhibits estradiol-
induced hippocampal spine formation (Murphy and Segal, 1997)
supports this hypothesis. Although a link between estradiol and
CREB has been established, the mechanism by which estradiol
influences CREB nevertheless remains unclear. Thus, the aims of
this study were to characterize the regulation of CREB by estra-
diol in hippocampal neurons and to identify the underlying cel-
lular mechanisms by which this process occurs. We found estra-
diol can both increase and decrease CREB activation, with
directional changes dependent on the absence or presence of ad-
ditional neuronal stimuli. Furthermore, estradiol influenced
CREB through activation of two distinct signaling pathways, trig-
gered by stimulation of group I and II metabotropic glutamate
receptors (mGluRs). Given that mGluRs regulate a variety of
intracellular signaling pathways, our data not only describe the
means by which estradiol influences CREB function but may also
explain the underlying mechanisms by which estradiol rapidly
influences a variety of other cellular behaviors.

Materials and Methods

Cell culture. CA3—CA1 Hippocampal pyramidal neurons were cultured
from male and female 1- to 2-d-old rat pups as described previously
(Mermelstein et al., 2000), using a protocol approved by the Animal Care
and Use Committee at the University of Minnesota. Chemicals were
obtained from Sigma (St. Louis, MO) unless stated otherwise. After de-
capitation, the CA3—CA1 region of the hippocampus was isolated (after
removal of the dentate gyrus) in ice-cold modified HBSS containing 20%
fetal bovine serum (FBS; HyClone, Logan, UT), 4.2 mm NaHCO;, and 1
mwm HEPES, pH 7.35, at 300 mOsm. The tissue was washed, followed by
a 5 min digestion in a trypsin solution (type XI; 10 mg/ml) containing
137 mm NaCl, 5 mm KCl, 7 mm Na,HPO,, 25 mm HEPES, and 1500 U of
DNase, pH 7.2, at 300 mOsm. After an additional wash, the tissue was
dissociated, and the cell suspension was pelleted twice to remove con-
taminants, plated (~6.4 X 10* viable cells/well) on 10 mm coverslips
(treated previously with Matrigel to promote adherence; BD Biosciences,
San Jose, CA), and incubated for 15 min at room temperature. Two
milliliters of Minimum Essential Media (MEM; Invitrogen, Grand Is-
land, NY) containing 28 mm glucose, 2.4 mm NaHCO;, 0.0013 mMm trans-
ferrin (Calbiochem, La Jolla, CA), 2 mm glutamine, 0.0042 mwum insulin,
1% B-27 supplement (Invitrogen), and 10% FBS, pH 7.35, at 300 mOsm,
were added to each coverslip. Twenty-four hours later, 1 ml of media was
replaced with a similar solution containing 4 um cytosine 1-B-p-
arabinofuranoside and 5% FBS. Seventy-two hours later, 1 ml of media
was replaced with modified MEM solution containing 5% FBS. Media
solutions contained 2 ug/ml gentamicin (Invitrogen) to eliminate bac-
terial growth. For low-density cultures, ~4 X 107 viable cells/well were
plated on 10 mm coverslips. Cultures were treated similarly as outlined
above, except that on day 6 they were also fed a supplement of glial-
conditioned media (Banker and Goslin, 1998).

Drugs. The drugs used in these studies were as follows: tetrodotoxin
(TTX; 1 um), D(-)-2-amino-5-phosphonopentanoic acid (AP-5; 25 unm;
Tocris, Ellisville, MO), nifedipine (5 um), 17B-estradiol (17BE; 1 nm
unless stated otherwise), 4-hydroxy-tamoxifen (1 nwm), 7a,17b-
[9[(4,4,5,5,5-pentafluoropentyl)sulfinyl[nonyl]estra-1,3,5(10)-triene-
3,17-diol (ICI 182,780) (100 nm; Tocris), 1,4-diamino-2,3-dicyano-1,4-
bis[2-aminophenylthio]butadiene (U0126) (10 um; Calbiochem), 2-(2-
amino-3-methoxyphenyl)-4H-1-benzopyran-4-one (PD98059) (25 uM;
Promega, Madison, WI), 1-[6-[[(17b)-3-methoxyestra-1,3,5(10)-trien-
17-ylJamino]hexyl]-1H-pyrrole-2,5-dione (U73122) (1 uM), bisindolyl-
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maleimide I (500 nm; Calbiochem), xestospongin C (XC; 1 um; Sigma),
(S)-(+)-a-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385;
100 wm; Tocris), 7-(hydroxyimino) cyclopropa[b]chromen-1a-carboxylate
ethyl ester (CPPCCOELt; 50 um; Tocris), (RS)-3,5-dihydroxyphenylglycine
(DHPG; 50 um; Tocris), (2S)-2-amino-2-[(18,2S)-2-carboxycycloprop-1-
yl]-3-(xanth-9-yl) propanoic acid (LY341495; 100 nm; Tocris), (RS)-a-
cyclopropyl-4-phosphonophenylglycine (CPPG; 100 nm; Tocris), (2 R,4R)-
4-aminopyrrolidine-2,4-dicarboxylate (APDC; 10 wm; Tocris), 4,4",4""-(4-
propyl-[1 H]-pyrazole-1,3,5-triyl)trisphenol (PPT; 1 nwm; Tocris), 2,3-
bis(4-hydroxyphenyl)-propionitrile (DPN; 10 nwm; Tocris), 2-methyl-6-
(phenylethynyl)pyridine hydrochloride (MPEP; 5 um; Tocris),
pilocarpine (1 um; Tocris), pertussis toxin (PTX; 500 ng/ml), 8-bro-
moadenosine-3',5'-monophosphorothioate, Rp isomer (Rp-8-Br-
cAMPs; Rp-cAMPs; 50 un; Calbiochem), cyclosporin A (CsA; 1 ug/ml),
FK506 (200 ng/ml; Calbiochem), and 17B-estradiol, 17-hemisuccinate-
BSA (EBSA; 1 nm, Sigma or Steraloids, Newport, RI). As described pre-
viously, the EBSA was passed through a 3 kDa cutoff filter (Millipore,
Billerica, MA) to remove free estrogens, and the retentate was resus-
pended immediately before use (Chaban et al., 2004).
Immunocytochemistry. Immunocytochemistry procedures were simi-
lar to those described previously (Mermelstein et al., 2001). Cultured
neurons [9 d in vitro (d.i.v.)] were preincubated for 3 h in a Tyrode’s
solution containing 1 uM TTX and 25 um AP-5, with cells being washed
halfway through the preincubation period. Afterward, cells were stimu-
lated for 5 min with estradiol or mock treated. For experiments using 20
mm K7, the 3 min depolarization occurred 5 min into the estradiol
treatment period, with steroid also present in the high-K™ solution.
Experiments using the mGluR agonists followed a similar time course.
When applicable, inhibitors/antagonists used in this study were applied
30 min before stimulation. Immediately after treatments, cells were fixed
for 20 min with ice-cold 4% paraformaldehyde (Electron Microscopy
Sciences, Ft. Washington, PA) in PBS containing 4 mm EGTA. After
being washed three times in PBS, cells were permeabilized via a 5 min
incubation in a 0.1% Triton X-100 (VWR Scientific, West Chester, PA)
solution. After an additional three washes, cells were incubated at 37°C
for 30 min in a PBS-based block solution containing 1% BSA and 2%
goat serum (Jackson ImmunoResearch, West Grove, PA). Coverslips
were then incubated at 4°C overnight in a block solution containing a
monoclonal antibody directed against serine 133 phosphorylated CREB
(pCREB; 1:1000; Upstate Biotechnology, Lake Placid, NY), and, to iden-
tify individual cell morphology, a polyclonal antibody targeting
microtubule-associated protein 2 (MAP2, 1:1000; Calbiochem). The
next morning, cells were washed three times with PBS and incubated for
1 hat 37°C in a block solution containing FITC- and rhodamine RedX-
conjugated secondary antibodies for visualization of MAP2 and pCREB,
respectively (Jackson ImmunoResearch). After another wash, coverslips
were mounted using the antiquenching agent Citifluor (Ted Pella, Red-
ding, CA). Staining for ERa (1:500; Upstate Biotechnology) and ERS
(1:500; Affinity Bioreagents, South San Francisco, CA) was performed
similarly, except using a-tubulin (1:2000; Molecular Probes, Eugene,
OR) as the cytoskeletal stain, and cells were not stimulated. Acquisition
of the nuclear fluorescent intensities for pCREB (1 = ~20 cells/group)
was performed using a Yokogawa (Tokyo, Japan) spinning-disc confocal
system mounted to an Olympus (Tokyo, Japan) IX-70 inverted micro-
scope and attached to a 12-bit digital camera (Hamamatsu Photonics,
Hamamatsu City, Japan). Data were quantified using MetaMorph soft-
ware (version 6.0; Universal Imaging, Downington, PA). Briefly, for each
experimental run, there were two coverslips for each treatment group to
account for potential inter-coverslip variability. After the confocal set-
tings were first determined using neurons stimulated with 20 mm K * as
a guide, they remained constant throughout the experiment. Of note,
although not always presented, each experiment contained 20 mm K *-
treated cells to serve in this capacity. The only exception was for the
immunocytochemistry experiments using PTX, in which the PTX plus 20
mM K™ group was used as a guide because PTX induced CREB phos-
phorylation. The coverslip order in which data were acquired was ran-
dom. For data acquisition, cells were selected randomly (~10 per cover-
slide) via MAP2 fluorescence, and a section through the approximate
midline of each neuron was captured; the experimenter was blind to
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PCREB fluorescence. After all of the data were acquired, the experi-
menter drew a region of interest (ROI) outlining the nucleus of each
pyramidal neuron using MAP2 staining. The software program then
transferred that ROI to the pCREB image and provided the average flu-
orescence within each neuron. The data were background subtracted.
Each experiment was repeated twice to verify results. Similar procedures
were run for estrogen receptor staining, except a nuclear and cytoplasmic
ROI was generated using a-tubulin staining as a guide. Because the con-
focal settings were set at the beginning of each experiment, comparing
fluorescent intensities between trials is not appropriate.

Western blot. Cultured neurons (9 d.i.v.) were incubated for 3 h in a
Tyrode’s solution containing TTX (1 um) and AP-5 (25 um), with cells
being washed halfway through the preincubation period. Afterward, cells
were stimulated for 5 min with estradiol or mock treated. After stimula-
tion, cells were lysed in a radioimmunoprecipitation assay buffer con-
taining 1 mMm NaF, 1 mMm Na-orthovanadate, and a protease inhibitor
mixture (Complete Mini EDTA-free; Roche, Indianapolis, IN). LDS
loading buffer and B-mercaptoethanol were added to the lysate (25 and
10% of the total lysate volume, respectively) before the mixture was
heated for 5 min to 95°C. Cellular protein was separated on a 4-12%
Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane.
The membrane was blocked at room temperature for 1 h in a Tris-
buffered saline (TBS) solution containing 10% milk and 1% BSA. The
membrane was incubated overnight at 4°C with an antibody for either
pCREB (1:1000) or the loading control extracellular signal-regulated ki-
nase (ERK; 1:10,000; Upstate Biotechnology), diluted in TBS containing
1% milk, 1% BSA, and 0.1% Tween 20. The next day, the membrane was
washed with 0.1% Tween 20—TBS and incubated for 1 h at room tem-
perature with a secondary antibody conjugated to horseradish peroxi-
dase (1:25,000; Pierce, Rockford, IL). After incubation in a chemilumi-
nescent substrate (Super Signal; Pierce), the membrane was exposed to
X-Omat XB-1 film (Kodak, Rochester, NY). The experiment was re-
peated to verify the result.

Luciferase-based gene reporter assays. Cultured neurons were trans-
fected 8 d.i.v. with a luciferase-based reporter (1 ug DNA/coverslip) of
CRE-dependent transcription (three repeats of the CRE-binding site
were incorporated into a minimal promoter expression vector; a gift
from K. Heist, Stanford University, Stanford, CA) using a calcium-
phosphate method that results in >95% of the transfected cells being
neurons (Deisseroth et al., 1998; Weick et al., 2003). To verify that the
effects of estradiol could not be attributed to a nonspecific alteration in
gene expression or protein synthesis, sister cultures were transfected with
a constitutively active luciferase vector (Groth and Mermelstein, 2003).
After transfection, cells were placed in serum-free, DMEM (Invitrogen)
containing an insulin—transferrin—selenium-A (ITS) supplement (In-
vitrogen) and 1% B-27 supplement, pH 7.35, at 300 mOsm. The DMEM/
ITS/B-27 also contained 2 ug/ml gentamicin to prevent bacterial growth
and 1 um TTX to minimize CRE-dependent transcription triggered by
synaptic activity. Twenty-four hours later, one-half of the neurons (1 =
10 coverslips) were readministered TTX; the other half (n = 10) received
TTX with the addition of 1 nM estradiol. Approximately 16 h after stim-
ulation, cells were lysed and assayed for luciferase expression using a
standard luminometer (Monolight 3010; PharMingen, San Diego, CA).
Each experiment was replicated to verify the consistency of the results.

Electrophysiology. Miniature EPSCs (mEPSCs) were recorded from
cultured hippocampal neurons (9 d.i.v.) at a holding potential of —70
mV using standard voltage-clamp techniques. Neurons were superfused
with a room temperature solution containing the following (in mm): 119
NaCl, 2.5 KCl, 1.3 MgSO,-7 H,O, 11 glucose, 1 NaH,PO,-H,0, 2.5
CaCl,-2 H,0, 26.2 NaHCO3, 0.001 TTX, and 0.1 picrotoxin, pH 7.35, at
300 mOsm. Warner GC120T-10 (Warner Instruments, Hamden, CT)
borosilicate glass electrodes (~3 M(2) contained the following (in mm):
117 cesium gluconate, 2.8 NaCl, 20 HEPES, 5 BAPTA, 4 Na,-ATP, 0.8
Na,-GTP, 12 phosphocreatine, and 5 tetraethyl-ammonium chloride,
pH 7.2, at 285 mOsm. ATP and GTP were obtained from Boehringer
Mannheim (Indianapolis, IN); BAPTA was purchased from Calbiochem.
Recordings were made using an Axopatch 200B amplifier (Molecular
Devices, Foster City CA), controlled by a personal computer running
pClamp software (version 8.2). All recordings were filtered at 2 kHz, and
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the series resistance was not compensated. Experiments with a series
resistance >20 M() or with a change in input resistance of >20% were
discarded. A single recording sweep lasting 500 ms was sampled every 1 s.
After acquisition of a stable baseline, cells were stimulated with 1 nm
estradiol. Detection criteria included peak amplitudes >5 pA, with fast
rise times and slow decay times, and all mEPSCs were confirmed visually.
Thirty continuous sweeps were analyzed comparing mEPSC frequency
and amplitude before and during estradiol application.

Whole-cell calcium channel currents were measured in cultured hip-
pocampal neurons (9 d.i.v.) as described previously, using 5 mm Ba** as
the charge carrier (Mermelstein et al., 1996, 2000; Weick et al., 2003). To
verify the isolation of calcium channel currents, currents were also mon-
itored after the addition of Cd** (200 um) to the perfusate. Electrodes
(Warner Instruments) were fire-polished with an MF-830 microforge
(Narishige, Hempstead, NY). The intracellular recording solution con-
tained the following (in mm): 190 N-methyl-p-glucamine, 40 HEPES, 5
BAPTA, 4 MgCl,, 12 phosphocreatine, 3 Na,ATP, and 0.2 Na,GTP, pH
7.2, at 275 mOsm. The bath solution contained the following (in mm):
140 NaCl, 2 KCl, 23 glucose, 15 HEPES, 1 CaCl,, 2 MgCl,, and 0.01
glycine. Drugs (nifedipine, APDC, and DPN) were added to the control
external recording solution that contained the following (in mm): 135
NaCl, 20 CsCl, 1 MgCl,, 10 HEPES, 0.0001 TTX, and 5 BaCl,. The per-
fusion system consisted of a convergent single-barrel design that allowed
for extracellular solution changes in <1 s. The junction potential (<2
mV) was not compensated. The series resistance was compensated
=70%. Voltage sweeps were performed once every 5-7 s.

Statistics. Immunocytochemistry experiments were analyzed using
ANOVAs (F values) and Fisher’s protected least significant difference
post hoc tests. Because of the required replication of controls for each
immunocytochemistry experiment run and the large number of groups
in several experiments, post hoc values are mainly provided for novel
comparisons (i.e., not presented in a previous figure) and in which dif-
ferences can be attributed to a single variable. Luciferase and mEPSC data
were analyzed via a Student’s f test. p values <0.05 were considered a
priori as significant.

Results

Estradiol induces rapid nuclear CREB phosphorylation via
MAPK signaling

Estrogens have been reported to rapidly induce CREB phosphor-
ylation in both neurons and cell lines in as little as 15 min, with
recent data indicating that steroid effects are mediated via activa-
tion of MAPK (Gu etal., 1996; Zhou et al., 1996; Wade and Dorsa,
2003; Lee et al., 2004). Our initial experiments were designed to
test whether this signaling pathway was intact within cultured
CA3-CA1 hippocampal neurons obtained from 1- to 2-d-old
female rat pups. Indeed, a 5 min application of estradiol (1 nm)
significantly increased nuclear CREB phosphorylation (hereafter
termed CREB phosphorylation). This effect of estradiol was
blocked by either of the MAPK/ERK kinase (MEK) inhibitors,
PD98059 (25 wm) (Fig. 1A,B) or U0126 (10 uMm) (data not
shown). Heightened CREB phosphorylation can be caused by an
enhancement of protein kinase activity or a reduction in protein
phosphate 1 (PP1) activity. Estradiol has been reported to depress
calcineurin (CaN) activity (Sharrow et al., 2002; Foster et al.,
2003), which may lead to a reduction in PP1 signaling through
disinhibition of inhibitor-1 (Bito et al., 1997; Groth et al., 2003).
However, estradiol-induced CREB phosphorylation was unaf-
fected after inhibition of CaN with FK506 (200 ng/ml) and CsA (1
pg/ml), indicating this effect of estradiol is primarily routed
through activation of MAPK (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material).

Estradiol elicited CREB phosphorylation in a dose-dependent
manner (Fig. 1C) with an ECs, value of ~5.5 pm (r = 0.99),
indicating a physiologically relevant phenomenon. Of note, be-
cause 1 nM was maximally effective in eliciting CREB phosphor-
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Figure 1.  Estradiol rapidly stimulates MAPK-dependent CREB phosphorylation. A, Example

confocalimages of cultured CA3—CA1 female hippocampal neuronsimmunolabeled with MAP2
(green) and pCREB (red). Pyramidal neurons exhibited heightened nuclear staining for pCREB
aftera 5 min application of estradiol (17 3E; 1 nm). No Stim, No stimulation. Scale bar, 20 pm.
B, Quantification of the immunolabeling demonstrated that estradiol significantly increased
CREB phosphorylation (F = 183.79; **p < 0.01). Furthermore, the effect of estradiol was
eliminated after inhibition of MEK with PD98059 (PD; 25 wm). C, Estradiol increased CREB
phosphorylationin a concentration-dependent manner (F = 14.73; p < 0.05at 1 pm; p < 0.01
at all other concentrations when compared with control). D, Time course of estradiol-induced
CREB phosphorylation. E, Western blot verification of estradiol-induced CREB phosphorylation
(~46 kDa band). ERK was used as the loading control. F, Application of estradiol also increased
CRE-dependent transcription (T = 4.42; **p < 0.01). Error bars indicate SEM.

ylation, this concentration was used for the remainder of the
studies. Estradiol-induced CREB phosphorylation occurred rap-
idly; the time course data were well fitted (r = 0.97) with a single
exponential (1 = 29 s) (Fig. 1 D). Western blot experiments were
performed to verify the immunocytochemistry studies indicating
estradiol-induced CREB phosphorylation. As shown in Figure
1E, a 5 min exposure to estradiol elicited an increase in CREB
phosphorylation. Because phosphorylation of CREB on serine
133 is necessary but not sufficient for activation of CRE-
dependent transcription, we applied estradiol to neuronal cul-
tures transfected with a luciferase-based, CRE reporter construct
to monitor changes in CRE-dependent transcription. As shown
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in Figure 1F, estradiol significantly increased CRE-dependent
transcription. Estradiol had no effect on a constitutively active
luciferase reporter [control, 967,418 = 72,834 (mean * SEM) vs
estradiol, 858,751 = 43,238; p > 0.05]. These results suggest that
along with its more defined actions on ERE- and AP-1-based
transcription, estrogens may also regulate the expression of genes
under control of the CREB family of transcription factors.

Estradiol attenuates L-type calcium channel-mediated

CREB phosphorylation

Because of its importance in activity-dependent neuronal plastic-
ity, the regulation of CREB has been well characterized. Increased
periods of synaptic activity are a principal mechanism underlying
CREB activation. Synaptic stimulation results in pronounced
CREB phosphorylation via depolarization and subsequent acti-
vation of L-type voltage-gated calcium channels (Deisseroth et
al., 1996; Mermelstein et al., 2000). Notably, high-K ¥ stimula-
tions of brief duration will also stimulate L-type calcium channel-
mediated CREB phosphorylation (Sheng et al., 1991; Dolmetsch
et al., 2001; Mermelstein et al., 2001; Weick et al., 2003) through
activation of calmodulin-dependent protein kinase IV (Bito et
al., 1996; Ho et al., 2000; Ribar et al., 2000). Thus, we next deter-
mined the effect of estradiol on L-type calcium channel-mediated
CREB phosphorylation, because estrogens have been demon-
strated to rapidly decrease L-type calcium channel currents in
other neuronal systems (Mermelstein et al., 1996; Chaban et al.,
2003). As established in Figure 1, estradiol alone rapidly increased
CREB phosphorylation (Fig. 2 A, left two bars). However, in neu-
rons that were stimulated for 3 min with 20 mm K™, estradiol
(applied 5 min before and present during 20 mm K™) signifi-
cantly decreased depolarization-induced CREB phosphorylation
(Fig. 2A, middle two bars). Preincubation of cultures with the
L-type calcium channel blocker Nif (5 um) both eliminated
depolarization-induced CREB phosphorylation and unmasked
estradiol-mediated CREB phosphorylation (Fig. 2A, right two
bars). These data indicate that estradiol decreases L-type calcium
channel-mediated CREB phosphorylation and that estradiol-
triggered CREB phosphorylation occurs independently of L-type
calcium channels. Furthermore, estradiol can both positively and
negatively regulate CREB signaling (see Discussion).

Estradiol produced an observable shift in the neuronal popu-
lation when measuring CREB phosphorylation. To illustrate this
point, nuclear phospho-CREB fluorescence within individual
neurons was plotted as a cumulative percentile, providing the
population distribution for each treatment group (Fig. 2B, C). As
shown in Figure 2 B, estradiol induced a rightward shift in CREB
phosphorylation within the population of hippocampal pyrami-
dal cells under basal conditions. Conversely, a leftward shift in
CREB phosphorylation was attributable to estradiol adminis-
tration when cells were depolarized for 3 min with 20 mm K™
(Fig. 20).

The effects of estradiol on CREB phosphorylation are sex
specific and occur via a membrane receptor

The previous experiments were performed on hippocampal cul-
tures generated solely from female animals, because many of the
characterized actions of estradiol in the brain are sex specific
(Arnold and Breedlove, 1985; Williams, 1986). Thus, we next
investigated whether the bidirectional effects of estradiol ob-
served in female-derived cultures would also occur in those pre-
pared from male rats. As shown in Figure 3, age-matched cul-
tured hippocampal neurons from male animals did not exhibit
either the estradiol-induced increase in MAPK-dependent CREB
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phosphorylation, or the estradiol-mediated decrease in CREB
phosphorylation after activation of L-type calcium channels. As
another control, cultures from male rats did not exhibit a change
in CRE-dependent transcription after estradiol treatment (con-
trol, 17,913 = 1,934 vs estradiol, 15,511 = 2,835; p > 0.05).
Estradiol was used at 1 nm for comparisons between male- and
female-derived cultures. We did not examine whether higher
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the mixed estrogen receptor agonist/antagonist 4-hydroxy-tamoxifen, and are blocked by the
estrogen receptor antagonist ICl 182,780. 4, B, The membrane-impermeable estrogen analog
EBSA mimicked the bidirectional effects of estradiol on CREB phosphorylation [F = 42.02 and
79.60; **p < 0.01 vs basal (4) and 20 mm K * (B)]. €, D, The effect of 4-hydroxy-tamoxifen
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ation of L-type calcium channel-mediated CREB phosphorylation (**p << 0.01 vs 20 mm K *
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concentrations of steroid would be effective on male-derived
tissue.

We were also interested in determining the mechanism(s) by
which estradiol influenced CREB activation. Because the ob-
served responses were rapid (i.e., seconds to 8 min after steroid
application), the classical mechanism of estrogen action ap-
peared unlikely. In support of this hypothesis, both effects of
estradiol were mimicked by the membrane-impermeable estro-
gen analog EBSA (1 nm) (Fig. 44, B), suggesting that the regula-
tion of CREB phosphorylation occurred via activation of an es-
trogen receptor localized to the membrane surface. In support of
this hypothesis, the mixed estrogen receptor agonist/antagonist
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Figure 5.  Estradiol-induced CREB phosphorylation is dependent on activation of PLC, PKC,
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Error bars indicate SEM.

4-hydroxy-tamoxifen (1 nm) acted as an agonist in this paradigm,
both increasing and decreasing CREB phosphorylation (Fig.
4C,D). Furthermore, both responses were blocked by the pure
estrogen receptor antagonist ICI 182,780 (100 nm) (Fig. 4E).

Estradiol regulates CREB phosphorylation via activation

of mGluRs

Unable to distinguish the opposing effects of estradiol using es-
trogen receptor ligands, we decided on a different strategy.
Switching to a “bottom-up” approach, we instead tried to isolate
the two signaling pathways by targeting proteins known to influ-
ence MAPK. Inhibition of PKC with bisindolylmaleimide (500
nM) or inositol trisphosphate receptors (IP;Rs) with XC (1 um)
resulted in the attenuation of estradiol-induced CREB phosphor-
ylation (Fig. 5A, B). Coapplication of both drugs eliminated the
effect (Fig. 5C). PLC signaling is linked to MAPK activation via
both PKC and IP;R. This particular pathway appeared important
for estradiol-induced CREB phosphorylation, because inhibition
of PLC with U73122 (1 uM) resulted in the blockade of estradiol-
induced CREB phosphorylation (Fig. 5D). Inhibition of the PLC
signaling pathway did not affect the influence of estradiol on
L-type calcium channel CREB phosphorylation (data not
shown).

PLC, PKC, and IP;R can be activated by several mechanisms,
including Gq G-protein-coupled receptors (GPCRs) (Gutkind,
2000). Kelly and colleagues (Qiu et al., 2003) recently determined
that estradiol can stimulate Gq signaling in neurons; this signal-
ing pathway also appears to be present in astrocytes (Chaban et
al., 2004). Based on these data, we hypothesized that estradiol
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may be acting through a previously defined Gq signaling pathway
to induce CREB phosphorylation. Group I mGluRs are linked to
Gq G-proteins. As shown in Figure 6 A, the mGluR1a antagonist
LY367385 (100 uM; see Discussion) blocked estradiol-induced
CREB phosphorylation without affecting estradiol attenuation of
L-type calcium channel-mediated CREB phosphorylation.
mGluR1a specificity was verified with a separate antagonist,
CPPCCOEt (50 um) (data not shown). Along with mGluR1a,
mGluR5 comprises the Gq-coupled group I mGluRs. Application
of the mGluR5 antagonist MPEP (5 um) (data not shown) had no
effect on estradiol signaling to CREB, demonstrating the actions
of estradiol within hippocampal neurons are specific to
mGluR1a. Additionally, 5 min administration of the group I
mGluR agonist DHPG (50 uMm) in the presence of MPEP resulted
in CREB phosphorylation, similar to estradiol and occluding the
effect of the steroid (Fig. 6B). We also applied DHPG (and
MPEP) to hippocampal cultures generated from male animals
(Fig. 6C). Whereas estradiol had no effect on CREB in male neu-
rons, DHPG significantly increased CREB phosphorylation.
These data suggest that the “breakpoint” in the signaling link
between estradiol and CREB in cultured neurons from male rats
islocalized to actions between estradiol and activation of mGluRs
(i.e., upstream of mGluRs). Finally, LY367385 had no effect on
CREB phosphorylation mediated by the muscarinic agonist pilo-
carpine (1 uM), indicating application of LY367385 was not glo-
bally disrupting Gq signaling (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material).

We theorized that estradiol activation of mGluR signaling
could either occur by a postsynaptic effect, leading to activation
of mGluR1, or by a presynaptic effect, in which estradiol medi-
ated the release of glutamate. To distinguish between these two
hypotheses, we first monitored spontaneous glutamatergic activ-
ity via whole-cell recordings of hippocampal neurons (n = 9).
We hypothesized that if estradiol was inducing neurotransmitter
release, the effect would be detected by postsynaptic AMPA re-
ceptors. Nevertheless, a 5 min application of estradiol did not
evoke measurable glutamate release nor influence mEPSC fre-
quency (Fig. 6 D, E) or amplitude (control, 41.5 = 4.9 pA vs es-
tradiol, 40.4 = 4.7 pA). In the next experiment, we monitored the
effect of estradiol in the absence of extracellular calcium, which
eliminates evoked neurotransmitter release. Although there was a
reduction in basal pCREB levels, estradiol significantly increased
CREB phosphorylation after removal of extracellular calcium
(Fig. 6F). In a third experiment, the effects of estradiol were
monitored in low-density cultures, reducing the number of cell-
cell contacts and extracellular glutamate. Under these conditions,
estradiol still elicited CREB phosphorylation (fluorescence inten-
sity: control, 977.0 = 69.2 vs estradiol, 2179.7 % 164.4; p < 0.01).
In combination, these data strongly suggest that the effects of
estradiol are initiated postsynaptically.

Whereas group I mGluRs are coupled to Gq, group II and III
mGluRs are coupled to G;,, G-proteins. G;,, signaling typically
results in inhibition of adenylyl cyclase (AC) (Neves et al., 2002).
Previous work has demonstrated that activation of Gs GPCRs
results in an enhancement of L-type calcium channel currents,
through activation of AC and PKA (Surmeier et al., 1995). PKA-
mediated phosphorylation of the L-type calcium channel o,
subunit at Ser1928 is responsible for increased channel activity
(De Jongh et al., 1996; Gao et al., 1997). Thus, activation of G,
may result in a decrease in L-type calcium channel phosphoryla-
tion and currents, thereby reducing L-type calcium channel-
mediated CREB phosphorylation. We hypothesized that similar
to its actions on mGluRl1a, estradiol can stimulate group II
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and/or group III mGluRs, ultimately re-
sulting in decreased L-type calcium chan-
nel CREB phosphorylation. Consistent
with this theory, application of the group
II mGluR antagonist LY341495 (100 nm)
eliminated the effect of estradiol on L-type
calcium channel-mediated CREB phos-
phorylation (Fig. 7A). Similar results were
observed using the group II/III mGluR an-
tagonist CPPG (100 nMm) (data not shown).
Neither drug blocked estradiol-mediated
CREB phosphorylation. Interestingly, inhi-
bition of group II mGluRs with LY341495
exposed estradiol-mediated CREB phos-
phorylation normally obscured after
depolarization.

Just as the group I mGluR agonist
mimicked the effect of estradiol on stimu-
lating CREB phosphorylation, application
of the mGluR2/3 agonist APDC (10 um)
resulted in a significant attenuation of
L-type calcium channel-mediated CREB
phosphorylation and occluded the effect
of estradiol (Fig. 7B). APDC had no effect
on basal levels of CREB activation. Appli-
cation of APDC to hippocampal cultures
derived from male animals also signifi-
cantly decreased depolarization-induced
CREB phosphorylation, demonstrating
that the lack of an effect of estradiol in
these cells is not attributable to deficient
mGluR2/3 signaling (Fig. 7C).

Estradiol activation of mGluRs is
mediated via surface expression of
classical estrogen receptors

It was recently reported that estradiol-
induced CREB phosphorylation is elimi-
nated in ERa and ERB knock-out mice
(Abraham et al., 2004). Based on the fact
that ERa and ERB have been identified
within the plasma membrane (Razandi et
al., 1999, 2004; Watson et al., 1999; Wade
etal,, 2001) and that CREB signaling is in-
fluenced by the estrogen receptor ligands
4-hydroxy-tamoxifen and ICI 182,780, we
hypothesized that it is, in fact, these recep-
tors that are directly linked to mGluR ac-
tivation. To test this hypothesis, we used
agonists specific to either ERa (PPT; 1 nMm)
or ERB (DPN; 10 nm) (Stauffer et al.,
2000). As shown in Figure 8 A, PPT appli-
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phosphorylation in hippocampal neurons via modulation of the

cation led to a significant increase in CREB phosphorylation,
whereas DPN was without effect, indicating that in hippocampal
neurons, ERa mediates estradiol-induced CREB phosphorylation.
Conversely, both PPT and DPN reduced L-type calcium channel-
dependent CREB phosphorylation (Fig. 8 B), suggesting that both
estrogen receptors are capable of signaling to mGluR2/3.

Estradiol and mGluR2/3-mediated diminution of L-type
calcium channel currents is routed through G, , signaling

As described above, our working hypothesis is that estradiol and
mGluR2/3 attenuate L-type calcium channel-mediated CREB

calcium channel. Previous work has shown a reduction in L-type
calcium channel currents after estradiol administration in both
striatal and DRG cells (Mermelstein et al., 1996; Chaban et al.,
2003). Furthermore, mixed mGluR agonists reduce L-type cal-
cium channel currents in hippocampal, neocortical, and cerebel-
lar neurons (Sayer et al., 1992; Sahara and Westbrook, 1993;
Chavis et al., 1994). Thus, as an initial foray into the signaling
pathway by which estradiol and mGIuR2/3 reduce L-type cal-
cium channel-mediated CREB phosphorylation, we performed
whole-cell recordings of hippocampal neurons. Application of
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22.51; **p < 0.01) in CREB phosphorylation, similar to the actions of estradiol. The ER3-
specificagonist DPN (10 nm) was without effect. B, Conversely, both PPT and DPN were equally
effective to estradiol in the attenuation of L-type calcium channel-dependent CREB phosphor-
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more, estradiol attenuation of L-type calcium channel-dependent CREB phosphorylation is me-
diated through G;,, and PKA. A, Example traces of the whole-cell calcium channel current under
control conditions and in the presence of the mGluR2/3 agonist APDC (10 um). Calibration: 400
pA, 20 ms. B, Plot of the peak current as a function of time. The application of APDC produced a
reduction in the whole-cell calcium current. The effect was eliminated in the presence of the
L-type calcium channel blocker nifedipine (5 m), indicating that activation of mGIuR2/3 re-
sults in a decrease in the L-type calcium channel current. ¢, Both APDC (n = 9) and the ER3
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APDC resulted in a decrease in the whole-cell current (Fig. 9A).
The actions of APDC were attributable to a reduction in L-type
calcium channel activity, because the effect was eliminated in the
presence of Nif (Fig. 9B). In this experimental paradigm, APDC
was found to reduce the L-type calcium current by 52.6 = 14.6%
(n = 9). Because application of the ERf agonist DPN only re-
duced L-type calcium channel-mediated CREB phosphorylation
and did not elicit MAPK-dependent CREB phosphorylation (Fig.
8), we next decided to examine the effect of this drug (Fig. 9C).
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Consistent with our hypothesis, DPN was also found to reduce
L-type calcium channel currents by 23.7 = 9.1% (n = 7).

Previous reports have established that micromolar concentra-
tions of estradiol can directly inhibit L-type calcium channels
(Kurata et al., 2001). In the final set of experiments, the effect of
estradiol on CREB phosphorylation was examined in the pres-
ence of the G;,,, inhibitor PTX and the PKA inhibitor Rp-cAMPs
to verify the actions of estradiol in our preparation were mediated
through an intracellular signaling pathway. Although overnight
treatment with PTX (500 ng/ml) was found to increase basal
levels of CREB phosphorylation (data not shown), significant
increases in CREB phosphorylation were still observed after ap-
plication of either estradiol or depolarization with 20 mm K ™.
However, the reduction in L-type calcium channel-mediated
CREB phosphorylation by estradiol was eliminated (Fig. 9D).
Furthermore, a 3 h preincubation of the PKA inhibitor Rp-
cAMPs (50 uM) occluded estradiol attenuation of L-type calcium
channel-mediated CREB phosphorylation (Fig. 9E). After appli-
cation of both PTX and Rp-cAMPs, estradiol tended to enhance
20 mm K" CREB phosphorylation, although the effects never
reached significance. In the last series of experiments, PTX elim-
inated the APDC-induced reduction in CREB phosphorylation
(supplemental Fig. 3A, available at www.jneurosci.org as supple-
mental material). Moreover, Rp-cAMPs occluded the effect of
APDC (supplemental Fig. 3B, available at www.jneurosci.org as
supplemental material). These experiments confirm that both
estradiol and mGIuR2/3 stimulation reduce L-type calcium
channel-dependent CREB phosphorylation through G;, and
AC/PKA signaling.

/o

Discussion

Previous research has determined that estradiol will induce CREB
phosphorylation via activation of MAPK. We have expanded on
these studies, uncovering that in hippocampal neurons, estradiol
has bidirectional influences on CREB phosphorylation, initiated
through activation of membrane-localized estrogen receptors.
We hypothesize that estradiol binds to membrane-associated es-
trogen receptors, leading to activation of both group I and II
mGluR signaling in a glutamate-independent manner. mGluR1a
stimulation through activation of ER« leads to PLC, MAPK, and
IP;R signaling, resulting in CREB phosphorylation. Concur-
rently, activation of mGluR2 and/or mGluR3 via ERa or ERf3
leads to diminished cAMP concentrations and a reduction in
PKA activity, ultimately resulting in dephosphorylation of L-type
calcium channels and a reduction in L-type calcium channel-
mediated CREB phosphorylation (Fig. 10). Of note, without spe-
cific mGluR2 or mGluR3 agonists/antagonists, we were unable to
definitively determine whether this effect was mediated by both
or just one of these receptors, although within hippocampal py-
ramidal neurons, mGluR2 expression appears predominant (Oh-
ishi et al., 1993a,b). The actions of estradiol on mGluR signaling
were found to be sex specific and occurred with physiological
concentrations of hormone. Collectively, these results not only
clarify the actions of estradiol on CREB signaling but may also
provide insight into the major signaling mechanisms by which
estrogens rapidly affect brain function through processes initi-
ated at the membrane surface.

Regulation of CREB is believed to play a principal role in
hippocampal learning and memory (Silva et al., 1998; Lonze and
Ginty, 2002; Balschun et al., 2003). Previous work describing
estradiol-mediated CREB phosphorylation outlined a potential
mechanism by which estrogens could augment gene expression
and, presumably, performance on learning and memory tasks. In
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fact, the effects of estradiol on these behaviors have been exam-
ined in great detail. Yet, these studies have provided inconsistent
results, with some groups suggesting that estrogens enhance per-
formance on hippocampal-dependent learning and memory
tasks, whereas others report no effect or even cognitive deficits
(Dohanich, 2002). The demonstration that estradiol exerts bidi-
rectional effects on CREB phosphorylation may be one cause for
these conflicting reports, because estradiol will either promote or
attenuate CREB signaling reliant on the magnitude of concurrent
excitatory inputs.

CREB is a stimulus-induced transcription factor that, al-
though frequently studied in the context of hippocampal learning
and memory, acts throughout the nervous system to regulate
various behaviors (Lonze and Ginty, 2002). For instance, in areas
such as the nucleus accumbens and DRG of the spinal cord,
CREB regulates properties related to addiction and chronic pain
(Blendy and Maldonado, 1998; Berke and Hyman, 2000; Nestler,
2001;Jietal., 2003). Other examples of CREB-dependent cellular
processes include neuronal survival, proliferation, and differen-
tiation (Rudolph et al., 1998; Lonze et al., 2002; Redmond et al.,
2002). Intriguingly, considerable overlap exists between behav-
iors and processes reliant on CREB and those that are influenced
by estradiol (Lee and McEwen, 2001; Aloisi, 2003; Carroll et al.,
2004; Hu et al., 2004). Thus, the present study may provide in-
sight into a functional means by which estradiol, by acting
through CREB, extensively modulates nervous system function.

Although rapid actions of estradiol have been studied for >20
years (Szego and Pietras, 1981), the underlying mechanisms by
which they occur have remained elusive (McEwen, 2002). Al-
though a membrane-specific estrogen receptor has been identi-
fied recently (ER-X), this protein seems only to be expressed
during development or after neuronal injury (Toran-Allerand et
al., 2002; Toran-Allerand, 2004). Because ER-X is unable to ac-
count for many of the actions of estradiol within adult tissue, two
major theories suggesting the mechanism by which estrogens
rapidly influence cell function have continued to endure. The
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first hypothesis is that classical estrogen receptors can have rapid
effects on neuronal excitability. Consistent with this hypothesis,
ERa and ERp are found within neuronal membranes where they
appear capable of influencing cell signaling (Razandi et al., 1999;
Watson et al., 1999; Belcher and Zsarnovszky, 2001; Wade et al.,
2001; Levin, 2002). Alternatively, because many of the novel ef-
fects of estradiol are sensitive to modulation of G-proteins, the
opposing hypothesis suggests estradiol activates GPCRs (Kelly
and Wagner, 1999; Kelly et al., 1999). Our results suggest a par-
simonious explanation, incorporating major aspects from each
of the previous theories. That is, estradiol acts with classical es-
trogen receptors localized to the neuronal membrane, which in
turn stimulate several different classes of mGluRs, modulating
cell function through activation of G-proteins.

An appealing feature to this revised model is that mGluR sig-
naling can account for the ability of estradiol to regulate a diverse
array of intracellular signaling cascades. These estrogen-sensitive
pathways include PKA, MAPK, phosphoinositide 3-kinase, pro-
tein kinase B, PLC, and IP; (Nabekura et al., 1986; Minami et al.,
1990; Mobbs et al., 1991; Aronica et al., 1994; Gu et al., 1996;
Zhou et al., 1996; Watters et al., 1997; Wiebe, 1997; Marino et al.,
1998; Singh et al., 1999; Cardona-Gomez et al., 2002; Qiu et al.,
2003). With promiscuous but also differential expression of
mGluRs throughout the brain (Shigemoto et al., 1992; Ohishi et
al., 1993a), activation of surface-expressed estrogen receptors can
potentially have varied responses in nervous system tissue. Thus,
our results may also impact other studies regarding nonclassical
mechanisms of estrogen action. Of note, we focused on the major
signaling pathways activated by group I and Il mGluRs. Yet, there
are mechanisms by which cross talk may occur between mGluR
signaling. For example, activation of mGluR1a can affect L-type
calcium channels (Sayer, 1998), possibly through IP;R (Lester
and Jahr, 1990). Thus, estradiol regulation of intracellular signal-
ing is most likely an assorted integration of numerous signaling
pathways.

Because estradiol triggered CREB phosphorylation in the ab-
sence of depolarization, it was initially surprising that a signifi-
cant attenuation of CREB signaling was observed after 20 mm K ™
depolarization. Stated another way, why did the competing pro-
cess of MAPK activation not obscure estradiol inhibition of
L-type calcium channel-dependent CREB phosphorylation? The
answer most likely is a result of depolarization-induced activa-
tion of CaN and PP1, which act in concert to counteract CREB
phosphorylation (Bito et al, 1996, 1997). By attenuating
calmodulin-dependent protein kinase IV-dependent CREB
phosphorylation, estradiol may have unmasked depolarization-
induced activation of CaN and PP1, resulting in decreased CREB
activation.

A recent study using estrogen receptor knock-out mice dem-
onstrated that expression of ERa and ERB is necessary for
estradiol-induced CREB phosphorylation (Abraham et al,
2004). Although these results strongly suggested a direct effect of
estrogen receptors on CREB activation, they did not rule out the
possibility that classical estrogen receptors are responsible for the
expression of another estrogen-sensitive protein that directly ini-
tiates CREB phosphorylation. Our results help support the hy-
pothesis that classical estrogen receptors, without activation of
gene expression, can regulate CREB functioning.

One avenue of future research will be to pursue the additional
discovery and quantification of classical estrogen receptors on the
membrane surface. Consistent with previous reports (Su et al.,
2001; Prange-Kiel et al., 2003), we readily observed expression of
ERa and ERB within the cytosol and nucleus of cultured hip-
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pocampal neurons (supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). Interestingly, ERa and
ERp expression was comparable between cultures derived from
male versus female animals, consistent with previous reports
(Weiland et al., 1997; Kalita et al., 2005) and highlighting the
mystery surrounding the sexually dimorphic actions of estradiol.
Detection of membrane estrogen receptors has proven to be sub-
stantially more difficult using conventional methods, although
several recent reports have begun to identify localization of ER«
and ERB within the plasma membrane (Razandi et al., 1999;
Watson et al., 1999; Wade et al., 2001). However, these results are
still somewhat controversial, and membrane expression is not
readily quantifiable (McEwen and Alves, 1999; Toran-Allerand,
2004). Hopefully, future studies will allow correlations between
the expression of membrane estrogen receptors and physiological
responses to the steroid hormone. Related, with the development
of estrogen receptor-specific ligands, functional effects of these
presumptive membrane receptors are just now being character-
ized, possibly leading to increased acceptance that detection of
ERa and ERB on the membrane surface is of physiological
relevance.

Future research will also need to determine how membrane-
localized ERa and ER stimulate mGluR signaling. The protein
structure of classical estrogen receptors (ligand-binding domain,
DNA-binding domain, etc.) does not lend itself to many clues
regarding this process. However, in non-neuronal cells, estrogen
receptors have been found to interact and activate the epidermal
growth factor receptor and insulin-like growth factor-1 receptor
(Kahlert et al., 2000; Razandi et al., 2003). These interactions
between estrogen receptors and surface receptors appear to
occur within caveolae (Wyckoff et al., 2001; Razandi et al.,
2002). Interestingly, mGluRs are also concentrated within caveo-
lae (Burgueno et al., 2003, 2004). Thus, through a similar
process, estrogen receptors may activate mGluR signaling via
direct protein—protein interactions. Experiments are under-
way to test this hypothesis. These studies may also clarify
whether one or both group II mGluRs are activated after es-
tradiol treatment.

Three lines of evidence (mEPSC analysis and estradiol-
induced CREB phosphorylation in both zero external calcium
and in low-density cultures) suggest estradiol activates mGluRs
via a postsynaptic mechanism. Thus, our working hypothesis is
that estradiol binds to membrane-localized estrogen receptors,
leading to activation of mGluRs. However, this raises an impor-
tant issue regarding the ability of mGluR antagonists to eliminate
estradiol-induced responses. Because antagonists are classically
defined as preventing the binding of agonist, and not altering
rates of transition between inactive and active states, why do these
drugs block estradiol responses? Most likely, the answer is attrib-
utable to the fact that many GPCR antagonists also have the
ability to dampen the activity of their targeted receptor (Lefkow-
itz et al., 1993; Milligan et al., 1995) and thus act as inverse ago-
nists (Chen et al., 2000). Only modest work has been done to
examine inverse agonist properties of antagonists, although there
is some recent evidence implicating LY367385 (Pula et al., 2004).
Notably, studies examining inverse agonists typically measure
changes in basal rates of activity, and thus stimulus-induced ac-
tivation may not be equally affected. Nevertheless, it is suggestive
that estradiol-induced changes in CREB phosphorylation are
blocked by the mGIuR “antagonists” because of the capability of
these drugs to generate hindrance in the transition of the receptor
to an active confirmation.

Another area that will require additional research is determin-
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ing the cause for the observed sex differences in response to es-
tradiol. Given that postnatal animals were used in the present
study, the testosterone surge in male animals occurring at birth
may have affected estrogen sensitivity. Future use of prenatal
animals, castration of newborn male pups, and injection of fe-
male pups with testosterone may determine whether the mascu-
linization and defeminization of male animals at birth is respon-
sible for this outcome, or whether an earlier developmental
component is responsible. Other avenues of future research will
include the use of knock-out mice (mGluR and estrogen recep-
tor) in our paradigm to determine the overall significance of
estradiol regulation of CREB activity, and to more fully charac-
terize estradiol and mGIuR2/3 inhibition of L-type calcium
channel-mediated CREB phosphorylation.

In conclusion, we provide evidence that estradiol can trigger
mGluR signaling through activation of classical estrogen recep-
tors located at the plasma membrane. This previously undefined
mechanism of estrogen action results in the stimulation of nu-
merous intracellular signaling pathways, which may lead to both
rapid and enduring changes in cell function. These novel estrogen
actions most likely work synergistically with previously defined
estrogen receptor responses to influence a diverse array of brain
functions.
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