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Abstract

Estrogen has multiple actions in the brain to modulate ho-
meostasis, synaptic plasticity/cognition and neuroprotec-
tion. While many of these actions undoubtedly involve me-
diation via the classical genomic mechanism of regulation of
transcription of genes via estrogen nuclear receptors, there
has been growing interest in the rapid nongenomic effects
of estrogen and the role they may play in the neural actions
of estrogen. In this review, we will focus on these rapid non-
genomic actions of estrogen in the brain and discuss the
potential physiological significance of these actions. The ev-
idence for rapid estrogen regulation of cell signaling path-
ways, including calcium, ion channel and kinase signaling
pathways in the brain will be reviewed, as will evidence
derived from plasma-membrane impermeable estrogen-
peptide conjugates in the regulation of these cell signaling
pathways. Evidence supporting classical and nonclassical
estrogen receptor localization to the plasma membrane of
neurons will also be reviewed, including the putative new
membrane estrogen G-protein-coupled receptor, GPR30.
Precisely how membrane estrogen receptors couple to ki-
nase signaling pathways is unclear, but we will discuss the
latest findings on estrogen receptor-interacting scaffold
proteins, such as MNAR/PELP1, striatin and p130Cas, which
are capable of linking estrogen receptors and kinases such

as Src and PI3K, to potentially mediate estrogen-induced ki-
nase signaling. Finally, we will review the growing evidence
that rapid membrane-mediated effects of estrogen play an
important physiological role in the neural actions of estro-
gen in the brain, including estrogen feedback control and
modulation of homeostasis, regulation of synaptic plastici-
ty/cognition, and estrogen-mediated neuroprotection.
Copyright © 2008 S. Karger AG, Basel

Introduction

Estrogen (17B3-estradiol) exerts regulatory effects in a
variety of tissues in the body, including the brain, breast,
cardiovascular system, uterus and bone [1-7]. Its effects
in the brain are of considerable importance, as estrogen
can modulate homeostasis through its neuroendocrine
feedback effects, as well as exert neuroprotective and cog-
nitive-enhancing effects [1-11]. The brain regulatory ef-
fects of estrogen have been of significant interest due to
evidence that estrogen may delay onset or ameliorate the
severity of several neurological disorders, such as Alz-
heimer’s disease, Parkinson’s disease, and stroke [1, 8-
13], although controversies do exist in this area as exem-
plified by the controversial WHI results [for review, see
1]. Understanding how estrogen signals in the brain is
critical to understanding how it exerts its purported ben-
eficial effects. This review will focus on the rapid, nonge-
nomic signaling effects of estrogen, which is a fast-emerg-
ing area.
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Classically, estrogen has been thought to exert its ef-
fects via a genomic mechanism of action involving bind-
ing of estrogen to nuclear estrogen receptors and subse-
quent regulation of transcription. The genomic mecha-
nism of action typically takes several hours for the effect
to be manifested due to the time needed for transcription
and translation of estrogen-regulated genes [14]. Howev-
er, a growing body of evidence has emerged, which de-
scribes rapid estrogen effects that occur within minutes
and thus cannot be attributed to a genomic mechanism
of action. These rapid effects have thus been designated
as ‘nongenomic’ effects of estrogen [3, 15-19]. A search in
PubMed with the keywords ‘estrogen and nongenomic’
yields over 334 published papers, with 94% of these pa-
pers being published within the last 10 years. Thus, this
area has seen an explosion of interest in the past decade,
and represents one of the fastest emerging areas in the
field of estrogen research. In particular, in the past few
years new information has emerged on the types of estro-
gen receptors at the plasma membrane, targeting of estro-
gen receptors to the membrane, and scaffold proteins that
may link estrogen receptors to kinase signaling pathways
in the brain. These areas will be reviewed with interpre-
tations and future directions for the field discussed. The
evidence for functional significance of rapid estrogen sig-
naling in the brain will also be reviewed and discussed, as
new data has also emerged on this important topic. It
should be mentioned that there is also evidence of ligand-
independent activation of estrogen receptors which in-
volves crosstalk with peptide growth factors. This, how-
ever, is outside the focus of this review, and the reader is
referred to previous excellent reviews on this subject for
further elaboration and discussion [20, 21]. It is hoped that
by gaining a more thorough understanding of estrogen’s
effects on the brain and a better grasp of the signaling cas-
cade involved, we will gain new insights that lead to better
diagnostic tools and improved therapeutics in humans.

Evidence of Rapid Estrogen Signaling in the Brain

Electrophysiological Activity

Reports of rapid estrogen (173 -estradiol) effects in the
brain first began to appear in the literature over 40 years
ago, when it was observed that estrogen rapidly modu-
lated hypothalamic electrical activity [22-26]. The laten-
cy of the estrogen effects was within minutes, and typi-
cally two types of effects were observed on hypothalamic
neurons — some units had a decreased firing rate that last-
ed up to 150 min, whereas other units responded with a
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transitory increase in firing rates. The remaining units
were unresponsive to estradiol [24]. Kelly et al. [26-29]
showed that neurons from several hypothalamic regions
displayed rapid electrophysiological responses to estro-
gen, including preoptic, arcuate and parvicellular ventro-
medial hypothalamic neurons. Further studies extended
the rapid estrogen effects on electrophysiological re-
sponses to other regions of the brain, including the amyg-
dala, cerebellum, and hippocampus [28, 30-33]. These
early observations set the stage for subsequent studies on
the mechanisms underlying the rapid effects of estrogen
in the brain. Along these lines, subsequent work revealed
that estrogen rapidly modulated several cell signaling
pathways in neurons (and non-neuronal cells), including
kinases, ion channels and second messengers. The evi-
dence supporting the regulation of these signaling path-
ways by estrogen is discussed below.

Kinases

ERKs

There are now many studies in the literature demon-
strating that estrogen rapidly activates multiple kinases
in various types of brain cells within minutes, including
extracellular signal-regulated kinases (ERKs), Akt and
cAMP response element binding protein (CREB). The
first report of rapid estrogen regulation of ERK1/2 in
neuronal cells came from the study of Watters et al. [34]
in 1997, which showed that estrogen enhanced ERK1/2
phosphorylation in human neuroblastoma cells within
5-10 min. Subsequent in vitro studies by many laborato-
ries confirmed and extended the rapid estrogen regula-
tory ERK effect to other species and other neuronal pop-
ulations such as rat cerebral cortical explants [35, 36], rat
cortical neurons [37, 38], and rat and mouse hippocampal
neurons [39, 40]. In vivo confirmation of the rapid estro-
gen effect on ERK phosphorylation has also been demon-
strated. Kuroki et al. [41] showed that estrogen adminis-
tered intracerebroventrically into the lateral ventricle of
rats enhanced ERK phosphorylation within 5 min in the
hippocampal CA1 region and dentate gyrus, while Bry-
ant et al. [42] demonstrated that subcutaneous injection
of estrogen in rats increased ERK phosphorylation in
many regions of the brain at 20 min after estrogen ad-
ministration.

Akt/CREB

In addition to regulation of ERK activation, estrogen
has been shown to rapidly enhance phosphorylation of
Akt and CREB in cortical neurons and explants [37, 38,
43-45] and hippocampal neurons [40]. Furthermore,
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Mannella and Brinton [37] have reported that estrogen
induces phosphorylation of ERK and Akt in the same
population of cortical neurons in vitro, suggesting a pos-
sible unified mechanism of action for estrogen. Further
work supported this possibility as it was shown that es-
trogen receptors interact with the PI3K P85 regulatory
subunit in cortical neurons, and that pretreatment with
a PI3K inhibitor blocked estrogen-induced activation of
pAkt and pERK [37].

Calcium and Ion Channels

In addition to regulation of kinase activation, estrogen
has been shown to rapidly regulate intracellular calcium
levels in neurons. For instance, patch clamp experiments
show that estrogen can reduce Ca** currents following
estrogen influx in rat neostriatal neurons via a nonge-
nomic mechanism [46]. Additionally, Huang et al. [47]
used fluorescent Ca®* probes to show that estrogen rap-
idly attenuates glutamate-induced Ca** overload in rat
primary hippocampal neurons. In contrast, under basal
conditions, estrogen acts to increase intracellular calci-
um concentrations in midbrain neurons [48] and in the
cytoplasm, dendrites and nucleus of rat hippocampal
neurons, which seems important for changes in hippo-
campal dendritic spine protein regulation by estrogen
[49]. The calcium changes also may be important for es-
trogen-induced kinase changes. Along these lines, Wu et
al. [40] showed that estrogen induced a rapid rise of in-
tracellular Ca®* concentration within minutes of expo-
sure in rat hippocampal neurons in vitro, which was
blocked by an L-type Ca®* channel antagonist. If the L-
type Ca®* channels are inhibited by an inhibitor, it results
in aloss of estrogen activation of Src/ERK and CREB sig-
naling pathways in hippocampal neurons. Estrogen can
also rapidly modulate K* channels in hypothalamic
(POMC, dopamine, GABA, GnRH) neurons that are in-
volved in many homeostatic functions [50]. Kelly et al.
[51] have proposed that the estrogen regulation of K*
channels in the brain involves G-coupled protein recep-
tors and cAMP-dependent phosphorylation. Thus, estro-
gen can exert rapid regulation of calcium and potassium
channels in neurons from various regions of the brain,
and these effects may help mediate estrogen actions in the
brain. The evidence for a physiologically important role
of nongenomic signaling in estrogen actions in the brain
is discussed below.

Functional Significance of Rapid Estrogen Signaling
There is now increasing evidence that the rapid effects
of estrogen may be important for manifestation of sev-
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eral of its key biological actions in the brain, such as
neuroprotection, plasticity/cognition, and homeostasis.
Along these lines, in vitro studies by several laboratories
have shown that the rapid activation of ERKs by estrogen
is critical for its neuroprotective effects, as administra-
tion of a MEK inhibitor blocks the neuroprotective ef-
fects of estrogen in neurons [40, 52-54]. Furthermore, in
vivo studies by Jover-Mengual et al. [55] suggest that es-
trogen-induced ERK activation in the CA1 region after
global cerebral ischemia is critical for its neuroprotective
effects, as treatment with the MEK inhibitor (PD98059)
blocked estrogen-induced ERK activation and estrogen
neuroprotection in the hippocampus. Likewise, a role for
the serine kinase Akt in estrogen neuroprotection has
been implicated, as estrogen rapidly upregulated Akt ac-
tivation in cortical neurons in vitro [43], and in the hip-
pocampus in vivo following cerebral ischemia [56], while
treatment with a PI3K inhibitor attenuated the neuropro-
tective effects of estrogen both in vitro and in vivo. Estro-
gen activation of kinase signaling may also be important
for the synaptic plasticity effects of estrogen, as adminis-
tration of kinase inhibitors (ERK or PKA pathway in-
hibitors) has been shown to block estrogen-induced en-
hancement of neurite outgrowth [57], dendritic spino-
genesis [58] and synapse formation [59].

There is also growing evidence that rapid nongenom-
ic effects of estrogen play a role in homeostatic neuroen-
docrine feedback control exerted by estrogen. For in-
stance, Gidewell-Kenney et al. [60] developed a ‘knockin’
mouse expressing a mutant form of ERa with ablated
ERE-dependent but intact ERE-independent signaling.
They then bred the knockin mouse onto the ERa-null
background and studied the effects on female neuroen-
docrine feedback control and reproductive physiology.
They found that estrogen negative feedback signaling on
luteinizing hormone signaling was preserved in the
knockin mice, but that estrous cyclicity, spontaneous
ovulation and positive feedback signaling were lost. These
results suggest that nongenomic estrogen signaling may
mediate negative feedback of estrogen, but is not required
or sufficient to mediate positive feedback control and
maintain estrous cyclicity and ovulation. A similar result
was demonstrated in male animals (e.g. that nongenomic
signaling was important for the negative feedback effects
of estrogen on gonadotropin secretion, but was not re-
quired or sufficient for expression of sexual behavior in
males) [61]. These studies using mutant ERE knockin
ERa-/- mice provide evidence of a significant physiolog-
ical role of nongenomic estrogen signaling in the brain.
The studies are well suited (in mice) to show a required
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role of ERE-independent estrogen signaling. However,
they are not well suited to show crosstalk between the
nongenomic and genomic actions of estrogen that may
contribute to mediation of estrogen functions in the
brain. This issue will be discussed in greater detail in sub-
sequent sections below. Thus, while progress has been
made, clearly further studies are needed using multiple
approaches to continue to enhance our understanding of
the physiological significance of nongenomic estrogen
signaling in the brain.

Membrane Estrogen Receptor Mediation of Rapid
Estrogen Effects in the Brain

Estrogen-BSA and Estrogen-Dendrimer Conjugates

The rapid effects of estrogen on calcium and ion chan-
nel signaling, as well as kinase activation, suggest a po-
tential membrane receptor-mediated effect of estrogen.
One piece of evidence supporting a membrane receptor-
mediated mechanism is the use of membrane imperme-
able conjugates of estrogen, such as estrogen-BSA and es-
trogen-dendrimers. Similar to estrogen, estrogen-BSA
was shown to rapidly enhance phosphorylation of ERK1/2
in the human neuroblastoma SK-N-SHR cells [34], in rat
hypothalamic neurons in vitro [62], and in the rat hip-
pocampus in vivo [41]. Estrogen-BSA conjugates have
also been shown to rapidly enhance protein kinase A ac-
tivation in hippocampal neurons [63], increase intracel-
lular calcium levels within minutes in both astrocytes
and neurons [64, 65], and to rapidly modulate potassium
channel activation in hypothalamic neurons [66]. Never-
theless, it should be pointed out that there has been some
criticism of estrogen-BSA conjugates, in that some estro-
gen (3-5%) can be found in the free unconjugated form
in commercially available estrogen-BSA conjugates [67].
For this reason, it is advisable that the estrogen-BSA be
subjected to filtration in order to remove free estrogen,
and that studies that fail to perform the filtration should
be interpreted cautiously. Stevis et al. [67] reported that
estrogen-BSA did not bind ERa or ERP in binding stud-
ies; however, a subsequent study demonstrated that estro-
gen-BSA indeed binds to purified estrogen receptors in
vitro and to membrane estrogen receptors in intact cells,
albeit at a slower rate than estrogen [68].

Recently, a new class of estrogen conjugates has been
developed - the estrogen dendrimers (EDCs) [69]. EDCs
are constructed by the attachment of an estrogen through
the 17-position, to an abiological macromolecule, a
poly(amido)amine (PAMAM) dendrimer, via a hydrolyt-
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ically stable linkage. The PAMAM dendrimer’s core pro-
vide flexibility in macromolecule size and surface charge,
and produces conjugates that can be further character-
ized with fluorophores to trace the cellular distribution
of the EDCs. While not yet tested in neurons, EDCs have
been shown in MCEF-7 breast cancer cells to bind to the
membrane and rapidly enhance ERK, Shc and Src phos-
phorylation, yet are very ineffective in enhancing tran-
scription (10,000-fold less potent than estradiol in ge-
nomic actions) [69]. Similarly, estrogen-BSA has been re-
ported not to increase transcription of an ERE-based
reporter gene in human neuroblastoma cells, further sug-
gesting that estrogen conjugates do not enter the cell and
are unable to activate nuclear estrogen receptors and ge-
nomic signaling [70, 71]. Rai et al. [72] also showed in
breast cancer cells that transfection of a modified, mem-
brane-targeted estrogen receptor thatlacked a nuclear lo-
calization sequence, led to membrane localization of the
modified estrogen receptor and that the membrane-tar-
geted estrogen receptor failed to regulate estrogen-re-
sponsive genes that are upregulated by wild-type nuclear
estrogen receptors. However, Pfaff and coworkers [71, 73,
74] have provided evidence that estrogen-BSA may act
to potentiate genomic actions of estrogen using a two-
pulse paradigm (first pulse = estrogen-BSA, and second
pulse = estrogen). In their study, they showed that the
first pulse estrogen-BSA can enhance transcription from
a consensus ERE-driven luciferase gene in neuroblasto-
ma cells induced by a second pulse of estrogen. The po-
tentiation effect of estrogen-BSA on estrogen genomic ac-
tions was blocked by PKA or PKC inhibitors, suggesting
that the rapid membrane signaling induced by estrogen-
BSA exerts crosstalk with the nucleus that enhances the
genomic effects of estrogen. Further work showed that
this two pulse estrogen-BSA/estrogen paradigm en-
hanced lordosis sexual behavior of female rats [74], dem-
onstrating that the nongenomic/genomic crosstalk by es-
trogen could enhance a functionally relevant endpoint.
Taken as a whole, the estrogen conjugate data suggest that
rapid signaling effects of estrogen involve mediation via
a membrane estrogen receptor. The subsequent sections
of this review will examine the evidence supporting
membrane localization of estrogen receptors (ERa, ERf3,
ER-X, GPR30) in neurons and discuss the role each may
play in mediating rapid estrogen effects in the brain.

Evidence of Estrogen Receptor Localization to the

Plasma Membrane

Ultrastructural electron-microscopic studies have
provided direct evidence of extranuclear localization of
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Fig. 1. a Expression of estrogen receptor alpha (ERa) on the mem-
brane surface in 4-14 days in vitro (DIV) cultured rat cortical
neurons. Surface labeling of ERa was performed by biotinylation
method using a commercially available kit. Lane 1 shows the po-
sitions of various markers, lane 2 represents total cell lysate before
biotinylation, while lanes 3-4 represent total cell lysates after bio-
tinylation of surface proteins from 4 DIV (lane 3) and 14 DIV
cultured neurons (lane 4). Total cell lysate from biotinylated
(lanes 3, 4) as well as nonbiotinylated (lane 2) samples were incu-
bated with immobilized ‘NeurtrAvidin® agarose gel for 1 h at
room temperature and the bound proteins were eluted using SDS-
DTT sample buffer. Two ERa bands (arrows) were detected - a
dimer (~120 kDa) and a monomer (~65 kDa), demonstrating
that ERa is localized in the plasma membrane of rat cortical neu-
rons. b Electron micrograph showing ERa-reactive gold particle
(arrow) in the dendritic spine from the prefrontal cortex of an
adult female rat brain. Sp = Postsynaptic dendritic spine; DS =
dendritic shaft; PS = presynaptic terminal. Scale bar = 200 nm.

estrogen receptors in the brain [75-77]. Milner et al. [75]
performed ultrastructural studies of ERa localization in
the rat hippocampal formation and demonstrated that
ERa, in addition to nuclear localization, is found in cy-
toplasm and plasma membrane of neurons, and in unmy-
elinated axons and axon terminals. Furthermore, ap-
proximately 25% of ERa is localized in dendritic spines,
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often associated with spine apparati and/or polyribo-
somes, suggesting it may act to regulate calcium avail-
ability, local protein translation, and synaptic growth.
Figure 1 shows a similar observation in the rat cerebral
cortex, in that electron microscopy studies by our labora-
tory demonstrate ERa immunolocalization in dendritic
spines in the rat cerebral cortex. Moreover, biotinylation
of cultured rat cortical neuron membrane proteins, fol-
lowed by pull down with avidin bead column and subse-
quent Western blot analysis for ERa, showed that ERa is
present in the plasma membrane of rat cortical neurons
(tig. 1). Additional work by Romeo et al. [77] showed that
there is a 114% increase in ERa in hippocampal dendrit-
ic spines in proestrus female rats as compared to diestrus
female rats and male rats. Thus, there appears to be some
cycle-related fluctuations in ERa in dendritic spines in
the hippocampus. Fluorescent-tagged estrogen-BSA con-
jugates and transfection of GFP-tagged ERa constructs
have also been used to determine membrane or subcel-
lular localization of estrogen receptors in neurons in vi-
tro. Using Western blot and estrogen-horseradish pro-
tein-FITC or estrogen-BSA-FITC conjugates, Marin et al.
(78, 79] showed plasma membrane localization of ERa in
SN56 septal-derived cholinergic neurons, and that the es-
trogen conjugates protected the cells against A-beta tox-
icity as effectively as estrogen. Xu et al. [80] transfected
GFP-tagged human ERa in rat cortical neurons in vitro
and determined its subcellular localization. The studies
revealed that there was localization of the GFP-tagged
human ERa in neurites of the cortical neurons and that
the ERa appears to be directed to the neurites directly
from its site of translation and not from nuclear stores.
Furthermore, as shown and discussed in figure 1, bioti-
nylated membrane protein studies also support localiza-
tion of ERa at the plasma membrane of rat cortical neu-
rons. Finally, ultrastructural studies have also demon-
strated that the other ER subtype, ER[ is also localized at
extranuclear sites such as cytoplasm, plasma membrane,
dendritic spines, axons and axon terminals in the rat hip-
pocampus [76]. Thus, ERB could also have a role in me-
diating nongenomic actions of estrogen in the brain. We
should also mention that a novel plasma-membrane-as-
sociated estrogen receptor called ER-X has been proposed
as well in neurons of the brain, but attempts to clone it
have so far been unsuccessful [81].

Palmitoylation — A Key Factor in Localization of ER

at the Plasma Membrane?

It is unclear how estrogen receptors are targeted to the
plasma membrane. However, recent work in non-neuro-
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nal cells has implicated palmitoylation of the estrogen
receptor as an important mechanism for targeting ER to
the plasma membrane [82-84]. Palmitoylation is a post-
translational modification that consists of the addition of
a 16-carbon fatty acid, palmitate, to a cysteine residue
through the creation of a thioester link. Work from sev-
eral laboratories has shown that palmitoylation occurs on
residues in the E domain (ligand-binding domain) of
ERa and ER, and that mutation of these key residues in
the E domain significantly reduces ER localization to the
plasma membrane and decreases ERK and Akt activation
[82-84]. Furthermore, administration of a pamitoyl-
acyltransferase inhibitor, 2-bromo-hexadecanoic acid,
has been shown to attenuate ER localization to the plas-
ma membrane and ERK activation in HeLa cervix cancer
cells [82]. These studies suggest that palmitoylation of ER
may help target ER to the plasma membrane. Correlative
studies in the brain on the role of palmitoylation in ER
subcellular targeting and nongenomic signaling are cur-
rently lacking. Studies to address this issue and deter-
mine how palmitoylation of the ER might be regulated
are needed.

Estrogen Rapid Signaling in Estrogen Receptor

Knockout Mice

One approach to determine the role of classical estro-
gen receptors in mediating rapid signaling effects of es-
trogen in the brain is to utilize mutant mice with one or
both classical ERs knocked out. Using this approach,
Chaban and Micevych [85] demonstrated that rapid es-
trogen inhibition of ATP-induced calcium signaling in
dorsal root ganglion neurons is blocked by an ER antago-
nist, and that the effect of estrogen on calcium signaling
is lost in ERa knockout mice. Herbison and colleagues
[86] have demonstrated that estrogen-induced phospho-
CREB in hypothalamic GnRH neurons is preserved in
ERa knockout mice, but lost in ERB knockout mice.
Likewise, other studies also show the loss of rapid estro-
gen-induced phospho-CREB responses in ER knockout
mice, particularly in areas where ER is densely localized
[87]. With regard to ERK regulation, there are contradict-
ing reports on the estrogen regulation of phospho-ERKs
in ER-knockout mice. Singh et al. [88] reported that es-
trogen-induced phosphorylation of ERKs was not lost in
cortical neurons from ERa knockout mice, suggesting
that ERa may not mediate the rapid phospho-ERK-en-
hancing effects of estrogen. In contrast, Abraham et al.
[87] reported that rapid estrogen induction of phosphor-
ylation of ERKSs in the medial preoptic nucleus was lost
in both ERa and ERB knockout mice, suggesting that
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both ERa and ERP may mediate the ERK regulatory ef-
fect of estrogen. Finally, estrogen can also rapidly induce
c-Fos protein in the brain, an effect which has been shown
to be lost in double ERa/B knockout mice in the ventral
medial nucleus, preoptic area, granule accessory layer of
the olfactory bulb, and pyramidal layer of the CA3 hip-
pocampus [89]. Interestingly, two regions did not show a
loss of estrogen induction of c-Fos in the double ERa/3
mice: the olivary pretectal nucleus and cingulate cortex.
As awhole, the ER knockout mice results shed some light
on involvement of ERa or ER in rapid signaling effects
of estrogen in the brain. Additionally, they suggest that
the role of ERa or ER in rapid estrogen signaling effects
may differ from one brain region to another, and results
in one region cannot be immediately extrapolated to an-
other region or another kinase.

GPR30 - A Novel Membrane Estrogen Receptor?

Recent interest in the field of rapid estrogen signaling
has focused on a novel seven transmembrane domain
G-protein-coupled receptor called GPR30, which has re-
cently been proposed to function as a membrane estrogen
receptor [90-94]. GPR30 was first identified and cloned
by Carmechietal. [90] in 1997. Using a differential cDNA
library screening technique, the investigators identified
GPR30 as a differentially expressed gene in a screen of
genes from an ER-positive breast cancer cell line (MCF-7)
versus an ER-negative breast cancer cell line (MDA-MB-
361). Most studies show that GPR30 is localized in the
plasma membrane of cells, but an endoplasmic reticulum
localization for GPR30 has also been reported [91-94].
Additionally, electron microscopy by our laboratory and
others has confirmed that GPR30 is localized in the plas-
ma membrane [95, 96] and endoplasmic reticulum [95] of
neurons in the brain. It should be mentioned that seven-
transmembrane domain receptors are known to be re-
tained in the endoplasmic reticulum as a consequence of
carbohydrate processing, disulfide bond exchange, and
proteolytic editing, which may explain the observation of
GPR30 localization in the endoplasmic reticulum. Alter-
natively, GPR30 may have a functional role in the endo-
plasmic reticulum, which remains to be determined.

Radioreceptor assays have shown that membrane ex-
pression of GPR30 in human ER-negative breast SKBR3
cancer cells is associated with high-affinity, saturable,
low-capacity binding for estrogen [93, 94]. Treatment of
the SKBR3 cells with GPR30 siRNAs significantly re-
duced GPR30 mRNA and protein and resulted in an 80%
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decrease in estrogen binding [93, 94]. Further work has
implicated GPR30 as having a role in mediating rapid es-
trogen modulation of calcium, cAMP, and ERK signaling
in human breast cancer and liver cell lines [91-94]. How-
ever, there are a number of controversies surrounding the
putative role of GPR30 as an estrogen receptor involved
in physiological estrogen signaling. For instance, even
though ER-negative SKBR3 breast cancer cells have abun-
dant GPR30 expression, they have an extremely low es-
trogen binding interaction, with only modest generation
of cAMP observed in cells transfected with GPR30 [94].
Additionally, Pedram etal. [97] demonstrated that GPR30
siRNA knockdown in MCEF-7 breast cancer cells did not
affect estrogen rapid signaling to cAMP, ERK, PI3K, cal-
cium or cell survival, while ERa siRNA knockdown pre-
vented the rapid signaling and survival effects of estrogen
in MCF-7 cells. Furthermore, the preponderance of work
in the field has been performed in cell lines, and studies
in vivo are lacking. Finally, few studies assessed func-
tional endpoints, so the functional significance of the
purported GPR30-mediated signaling effects remains
unclear.

With respect to the brain, information has now begun
to appear concerning GPR30 distribution in various
brain regions in rodents. Work from several laboratories
has shown that GPR30 is expressed in many regions of
the brain with high expression noted in the hypothalam-
ic-pituitary axis, hippocampus, brainstem autonomic
nuclei, cortex and striatum [95, 96, 98]. Additionally, a
putative GPR30 selective agonist, G-1, has been shown to
increase intracellular calcium concentrations in cultured
hypothalamic neurons [98], but unfortunately no func-
tionally relevant endpoints were assessed in the study to
determine the physiological significance of the observa-
tion. To date, there are no studies establishing a physio-
logical role for GPR30 in estrogen signaling in the brain.
Studies using GPR30 knockout mice may help address
this issue and clarify the role of GPR30 in estrogen ac-
tions and signaling in the brain, as well as in other estro-
gen-target tissues in the body.

Finally, one must consider the possibility that classical
ERa or ERB may couple to G-protein signaling via an
unknown mechanism to mediate rapid estrogen signal-
ing. Navarro et al. [99] have demonstrated by coimmuno-
precipitation studies that ERa interacts with Galphai3 in
immortalized GnRH neurons, and that estrogen-induced
inhibition of cAMP can be blocked by pertussis toxin, a
G-protein signaling inhibitor. Additionally, Kelly and co-
workers [3, 66, 100] have provided evidence of a Galphagq-
coupled estrogen receptor that regulates the PLC-PKC-

146 Neurosignals 2008;16:140-153

PKA signaling pathway in hypothalamic neurons and is
involved in hypothalamic control of energy homeostasis.
Taken as a whole, the above studies provide evidence in
specific brain regions that G-protein signaling may be
involved in the rapid estrogen effects in the brain, but
considerable work is needed to fully understand the
mechanisms whereby estrogen couples to and regulate
G-protein signaling. Considering the current controver-
sies surrounding the role of GPR30 in estrogen signaling
in the brain and other parts of the body, this area should
be an important focal point for future research.

Do Scaffold Proteins Help Mediate Rapid Estrogen
Signaling?

It is currently unclear as to how membrane estrogen
receptors regulate kinase signaling in the brain. However,
work in the last few years has identified estrogen receptor
(ER)-interacting scaffold proteins that may serve to link
membrane estrogen receptors to kinase signaling path-
ways via the formation of a signaling complex that in-
cludes the ER, ER-interacting protein and various kinas-
es. We will discuss three such ER-interacting proteins —
MNAR/PELP1 (modulator of nongenomic action of
estrogen receptor/proline-, glutamic acid-, and leucine-
rich protein-1), striatin and p130Cas [101-105]. It should
be mentioned that the majority of the work on these pro-
teins has been performed in non-neuronal cells such as
breast cancer and endothelial cells; however, where avail-
able, we will discuss correlative findings on these scatfold
ER-interacting proteins in the brain.

MNAR/PELPI

Of all the ER-interacting proteins, we know the most
about MNAR/PELP1. Human MNAR/PELPI was ini-
tially cloned and characterized as a novel human coreg-
ulator of ERa, with high expression levels present in the
brain, testes, and mammary glands [101, 102]. Subse-
quent work by Brann and coworkers [103, 106] cloned the
rat and monkey MNAR/PELP1 gene. Figure 2 shows the
primary amino acid sequence for rat MNAR/PELP1
(tig. 2a), domain structure deduced from the amino acid
sequence (fig. 2b), and RT-PCR expression results for
MNAR/PELP1 in various regions of female rat brain
(fig. 2¢) [103]. The primary structure of rat MNAR/
PELP1 protein was shown to consist of 1,130 amino acids
organized into various functionally conserved domains,
similar to other species [101-103, 106]. These conserved
domains are comprised of various LXXLL, PXXP motifs

Raz/Khan/Mahesh/Vadlamudi/Brann



naaavlsgpt tgspagapgy poglsaagsg prlrlllles vsgllgprtg shvapvhppi
gwapylpglm cllrlhgtag gagnlsalga lvnlsnahls siktrfeglc llsllvgesp
telfgghevs wlrsiqqgvlg sqdspptmel availrdllr yasqlptlfr distnhlpgl
ltsllglrpe cegsalegmk acviyfprac gflkgklasf flsrldslnp qlgglacecy
srlpslgagf sqglkhtenw egelhsllts lhsllgslfe etetapvgse gpgvemllsp
seddnthvll gqlvgrfsgla rclglmlsse fgapvsvpvg eildlicril gisskninll
gdgplrllll pslhlealdl lsalilacgg rllrfgalis rllpgvintw stgrdalapg
gerpystirt kvyailelwv gvcgasagml gggasgeall thllsdispp adalklestr
gssdgglgsg kpsapkklkl dmgealapps dgrkgdrnans dvcaaalrgl srtilmegpl
vkeethrrlh dlvilplvmsv goggevligssp ynssccerlel yrlllallla psprepppls
calkafslgg wedslevssf csealvtcsa lthprvpplg ssgpacptpa pvpppeapss
frapafhtpyg pmpsigalps pgpvpsagpli ptvgsmssag svpstgpvps rpgppatanh
lglavpglvs vpprllpgse nhragsgedp viapsgtppp sippdetfgyg rvprpatvhy
dkeeasdvei slesdsddsv vivpeglpsl ppppsgtppp vaptgpptas ppvpakedse
elpatpgplp ppppppppvs gpvtlpppgl vpegtpgggg ptameedltv ininssdeee
eeceeeeeed edeeecedfee eeedeeeyie eecceeecefee efeecegele eececeeeel
eevedvefgs ageveeggpp pptlppalpp tdspkvgpea epepglllev eepgaedgpy
peiaptlape vipsgeever egesptagpp gelveeessa pptlleegte gggdkvpppp
a etpadgeemet eteasapggk egddtaamla dfidcppdde kpppatepds

Fig. 2. Primary amino acid sequence of 1 1130

rat MNAR/PELP1 deduced from ¢cDNA Glu cluster — )

cloned into pT7-blue vector (a), and do- PXXP CIIX — ——

ma.lin/binding motifs organization in the b LXXLL - - n .

primarystructure oftherat MNAR/PELP1

(b). ¢ RT-PCR analysis of MNAR/PELP1

mRNA expression in various tissues frgm - CuD CEND Gumd ¢ Gumo Cumd Gy
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. ypo. Cortex Hippo. Pituitary Ovary Uterus Muscle

control where reverse transcriptase was

omitted; +control = cloned rat MNAR/

PELP1 plasmid. From Vadlamudi et al. N

[101], with permission.

and glutamic acid clusters. The LXXLL motifs have been
shown to interact with the AF2 domains of classical ste-
roid receptors, whereas the PXXP domains serve as SH3-
binding sites for Src, PI3K and potentially other SH3 do-
main proteins, thereby functioning as a scaffold protein
to link the estrogen receptor with kinase pathways [101,
102].

MNAR/PELPI1 has been shown to be expressed in
many regions of the brain that are targets for estrogen
action, including the hypothalamus, cerebral cortex,
hippocampus, pituitary, and cerebellum (fig. 2) [103,
106]. Furthermore, colocalization studies revealed that
MNAR/PELP1 is colocalized with ERa in many regions
of the brain [103]. Light- and electron-microscopic stud-
ies have demonstrated that MNAR/PELP1 is located at
the plasma membrane and in the nucleus of non-neuro-
nal and neuronal cells, supporting its putative nonge-
nomic and genomic roles [101, 103, 106]. Evidence in sup-
port of its genomic role in estrogen action has come from
studies demonstrating that siRNA to MNAR/PELP1 sig-
nificantly attenuated estrogen-induced transcription of
genes in cells [101, 102, 107]. Likewise, support for a role
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of MNAR/PELPI in nongenomic estrogen effects has
come from studies demonstrating that estrogen activa-
tion of Src-ERK can be blocked by MNAR/PELP1 anti-
sense or siRNA in breast cancer cells [101, 102]. Corollary
studies confirming the genomic and nongenomic roles
of MNAR/PELP1 in estrogen actions in the brain are un-
derway in our laboratory. Our preliminary work has
confirmed that ER-a and MNAR/PELP1 do interact in
the brain and that estrogen may enhance this interac-
tion, similar to what has been observed in breast cancer
cells [Zhang and Brann, unpubl. obs]. Recent work also
suggests that MNAR/PELP1 is phosphorylated and that
this phosphorylation promotes estrogen activation of
nongenomic signaling pathways, such as PI3K in breast
cancer cells [108]. Overall, the above studies support a
role for MNAR/PELPI as an estrogen receptor coactiva-
tor and ER-interacting scaffold protein which appears
critical for the genomic and nongenomic effects of estro-
gen. Clearly, while a lot of work has been performed in
non-neuronal cells; additional work is needed to under-
stand the role of MNAR/PELP1 in estrogen actions in
the brain.
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Striatin

A second ER protein identified is striatin, a 110-kDa
protein which is highly conserved [104, 109, 110]. The
protein structure of striatin includes a putative caveolin-
binding motif, a coiled-coil structure [111], a Ca2*-
calmodulin binding site and a large WD-repeat domain
[109, 112-114]. Work in endothelial cells led to evidence
that striatin interacts with ERa, implicating its impor-
tance in nongenomic signaling [104]. Along these lines,
co-immunoprecipitation experiments revealed an ERa-
striatin complex formation, with striatin promoting lo-
calization of ERa to the membrane [104]. In vascular en-
dothelial cells, striatin has been shown to directly bind to
amino acids 183-253 of ERa and to serve as a scaffold for
the formation of an ERa-G-protein (Gai) complex [104].
Overexpression of a peptide consisting of the striatin-
binding domain within ERa disrupts complex formation
between ERa and striatin, and blocks estrogen-induced
rapid activation of ERKs, Akt, and eNOS, but has no ef-
fect on ER-dependent regulation of an estrogen response
element-driven reporter plasmid [104]. Little work has
been done in any other cell or tissue type on the role of
striatin in estrogen actions, including the brain. Interest-
ingly, however, studies have shown abundantlocalization
of striatin to the dendritic spines and somatodendritic
regions of the brain [111, 115], and thus it appears to act
at the postsynaptic level of information processing [109,
116]. Intense immunostaining of striatin has been report-
ed in the dorsal striatum, nucleus accumbens, olfactory
tubercle, red nucleus and subthalamic nucleus, while
lower levels were detected in the cerebral cortex, amyg-
dala, hippocampus, midbrain and cerebellum [112]. Pre-
liminary data acquired by our lab from the female rat
brain verified these results [117]. Moreover, the presence
of striatin in a large proportion of efferent neurons has
led to the suggestion that it is involved in executive output
function [112]. Interestingly, in vitro data from a variety
of non-neuronal cells shows that striatin directly binds
caveolin-1, a membrane microdomain responsible for the
docking of scaffold proteins and the center of signal
transduction, thus providing additional evidence of stri-
atin’s membrane association [111, 118]. This is intriguing
as several studies have suggested that estrogen receptors
may associate with caveoli [118-121]. Obviously, future
studies are needed to determine if striatin is colocalized
with estrogen receptors in the brain and whether it is
modulated by estrogen, as well as to determine what role,
if any, it has in mediating estrogen signaling and physi-
ological actions in the brain.
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P130Cas

The third ER-interacting protein, a 130-kDa, tyrosine-
phosphorylated p130 protein designated p130Cas (Crk-
associated substrate), was identified in 1994 and has been
shown to localize both to the membrane and to the nu-
cleus in cells [105, 117, 122]. A full characterization of the
localization and distribution of p130Cas in the brain is
lacking, but preliminary studies by our laboratory re-
vealed intense immunolocalization of p130Cas in the
amygdala, cerebral cortex and striatum of the female rat
brain [117]. Analysis of the protein structure of p130Cas
revealed a unique SH3 region in the N-terminal domain
[123] as well as a proline-rich domain clustered with ty-
rosines that functions as SH2-binding motifs [124]. Work
in breast cancer cells has shown that ERa interacts with
p130Cas in a multi-molecular complex with Src and PI3K
following estrogen administration [105]. Gene knock-
down studies suggested an important role for p130Cas in
estrogen nongenomic signaling in human breast cancer
cells, as siRNA knockdown of p130Cas significantly re-
duced the ability of estrogen to increase ERK activation
[105]. Unfortunately, parallel work in the brain on the role
of p130Cas in estrogen signaling has not been conducted
to date. However, there is evidence suggesting a role for
p130Cas in neurite formation [125] and commissural
axon guidance possibly via interactions with GTPase
molecules such as Rac and Cdc42 [126-129]. Further re-
search is necessary for the characterization of the func-
tional and physiological roles of p130Cas in the brain and
its precise involvement in estrogen signaling.

Conclusions

In conclusion, there is abundant evidence that estro-
gen exerts rapid nongenomic effects in the brain to regu-
late various ion channel, second-messenger and kinase
signaling pathways. Figure 3 illustrates the various mech-
anisms for nongenomic signaling by estrogen that are
postulated to occur in neurons. The genomic signaling
mechanism is also included in the diagram to illustrate
that estrogen can utilize both types of signaling mecha-
nisms to regulate neuronal function. As discussed in the
review, an increasing body of work shows that the rapid
nongenomic effects of estrogen have a physiologically im-
portant role in estrogen-induced neuroprotection, regu-
lation of homeostasis and modulation of synaptic plastic-
ity in the brain. The rapid effects of estrogen in the brain
appear to be mediated by a membrane estrogen receptor,
although itis not yet entirely clear whether itis ERa, ER3,
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Fig. 3. Summary diagram of potential nongenomic and genomic
signaling pathways of estrogen in the brain. (1) Estrogen interac-
tion with classical ERat/ in plasma membrane that is in a com-
plex with ER-interacting protein, which facilitates estrogen acti-
vation of kinases and subsequent downstream regulation of vari-
ous cellular proteins and functions. (2) Estrogen interaction with
GPR30 in the plasma membrane that leads to activation of kinase
and second-messenger signal pathways such as calcium, which
exerts multiple downstream effects in the cell. (3) Estrogen, via
membrane ERa/B or GPR30-mediated mechanisms, modulates
calcium channels to influence intracellular calcium levels, which
subsequently regulates activation state of kinases and various oth-
er cellular proteins and functions. Estrogen can also modulate
calcium release from intracellular calcium stores via kinase regu-

GPR30, or an as yet unidentified membrane estrogen re-
ceptor. Results from ERa and ERB knockout models pro-
vide some evidence supporting classical estrogen recep-
tors in the mediation of rapid estrogen signaling in the
brain. However, these studies show that the role of classi-
cal ERa or ER( in mediating rapid estrogen signaling in
the brain can vary depending on the specific kinase and
precise brain region examined, making it difficult to
make clear-cut global conclusions and extrapolations.
The discovery of GPR30 and its proposal as a putative
membrane estrogen receptor has generated much excite-
ment. However, a role for GPR30 in nongenomic estrogen

Rapid Estrogen Signaling in the Brain

lation, as well as regulate other ion channels - such as potassium
channels as discussed in the review. (4) Activated phospho-ERK
translocates to the nucleus where it can regulate transcription fac-
tors such as CREB and ElkI - and thereby modulate transcription
of genes. The actions of phospho-ERK in the nucleus to regulate
transcription thus provide a mechanism for crosstalk between the
nongenomic and genomic pathways. (5) Classical estrogen ge-
nomic signaling via ERa/B in nucleus regulates transcription of
genes that influence cell functions. (6) Nongenomic signaling ef-
fects of estrogen postulated to contribute to homeostasis, neuro-
protection and plasticity/cognition actions of estrogen as dis-
cussed in the review. (Contributions by genomic effects of estro-
gen may contribute to these functions as well.)

signaling remains controversial, and detailed studies in
the brain are lacking. Thus, additional studies are urgent-
ly needed to determine the precise role, if any, of GPR30
in estrogen rapid signaling in the brain. Finally, there is
growing interest in ER-interacting proteins such as
MNAR/PELP], striatin and p130Cas and the role they
may play in mediating estrogen activation of kinase sig-
naling in the brain. These ER-interacting proteins have
been shown to couple ER to kinases such as Src and PI3K
and to mediate rapid estrogen activation of ERKs and Akt
in non-neuronal cells. While the role of these ER-inter-
acting proteins in rapid estrogen signaling in the brain

Neurosignals 2008;16:140-153 149



has not been examined, MNAR/PELPI1 has been shown
to be localized in key brain regions that are targets of es-
trogen action, and it has been shown to be colocalized
with ERa in the brain. Striatin and p130Cas are also lo-
calized in the brain, but there colocalization with ER«

nificance.

has not been established. For the field to advance, studies
using gene knockdown or knockout animal models are

needed to establish whether these ER-interacting pro-

teins have a physiologically important role in the signal-

ing and functional effects of estrogen in the brain. In con-
clusion, while much has been learned in the past decade
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