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Abstract
Over the years, our ideas about estrogen signaling have greatly expanded. In addition to estradiol
having direct nuclear actions that mediate transcription and translation, more recent experiments
have demonstrated membrane-initiated signaling. Both direct nuclear and estradiol membrane
signaling can be mediated by the classical estrogen receptors, ERα and ERβ, which are two of the
numerous putative membrane estrogen receptors. Thus far, however, only ERα has been shown to
play a prominent role in regulating female reproduction and sexual behavior. Because ERα is a
ligand-gated transcription factor and not a typical membrane receptor, trafficking to the cell
membrane requires post-translational modifications. Two necessary modifications are
palmitoylation and association with caveolins, a family of scaffolding proteins. In addition to their
role in trafficking, caveolin proteins also serve to determine ERα interactions with metabotropic
glutamate receptors (mGluRs). It is through these complexes that ERα, which cannot by itself
activate G proteins, is able to initiate intracellular signaling. Various combinations of ERα-mGluR
interactions have been demonstrated throughout the nervous system from hippocampus to striatum
to hypothalamus to dorsal root ganglion (DRG) in both neurons and astrocytes. These
combinations of ER and mGluR allow estradiol to have both facilitative and inhibitory actions in
neurons. In hypothalamic astrocytes, the estradiol-mediated release of intracellular calcium stores
regulating neurosteroid synthesis requires ERα-mGluR1a interaction. In terms of estradiol
regulation of female sexual receptivity, activation of ERα-mGluR1a signaling complex leads to
the release of neurotransmitters and alteration of neuronal morphology. This review will examine
estradiol membrane signaling (EMS) activating a limbic-hypothalamic lordosis regulating circuit,
which involves ERα trafficking, internalization, and modifications of neuronal morphology in a
circuit that underlies female sexual receptivity.
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INTRODUCTION
How does estradiol affect CNS circuits that control reproduction and sexual receptivity?
Over the years there has been a subtle debate about whether estradiol is permissive or
whether it is inductive. According to the “permissive hypothesis,” estradiol acts to allow
certain inputs to activate reproductive circuits, like a person allowing another admission by
opening a gate. The “inductive hypothesis” stresses that estradiol restructures reproductive
circuits. In essence, this was a debate about whether estradiol altered the neurochemistry,
transmitters, peptides and receptors; or whether estradiol altered the morphology of the
brain, changing projections and synaptic contacts of reproductive circuits. Of course these
hypotheses were not mutually exclusive and a great deal of evidence was generated to
bolster each. Over the years, investigators demonstrated the estradiol regulation of gene
transcription and the expression of a cornucopia of neuropeptides, transmitters, enzymes and
their cognate receptors [89]. Altered ratios of transmitters and neuropeptides modified
circuits in which the flow of information was different when estradiol was present compared
to when estradiol was not. In parallel, the inductive hypothesis was supported by findings
that estradiol changed the structure of the brain. Initially, this was thought to be restricted to
development, during so-called “critical periods” [59, 78, 116, 151]. Some 20 years ago, it
was revealed that estradiol also altered dendritic morphology in the adult brain. Initially, this
was observed in the mediobasal hypothalamus, including the arcuate (ARH) and
ventromedial nucleus (VMH; [45, 47, 79, 80]) and then the hippocampus, where it has been
studied most extensively ([161, 162]; reviewed in [29]). Thus, estradiol is both permissive
and inductive, altering both the neurochemistry and the morphology of the brain.

Concentrations of sex steroids in the brain are the result of gonadal steroidogenesis and
brain synthesis [6, 64, 88, 127, 149]. These neurosteroids may be members of yet another
class of transmitters, messengers that are controlled at the level of their synthesis. These
transmitters, nitric oxide, carbon monoxide, endocannabinoids and steroids, are not stored
but are rapidly released as soon as they are synthesized [88]. Additionally, estradiol has
actions that resemble transmitter molecules that modify neuronal excitation and influence
second messenger signaling. Such actions are mediated by estrogen receptors (ERs) that
appear to function as G protein-coupled receptors (GPCRs) and mediate “rapid”,
“membrane”, or “non-nuclear” actions. Membrane actions span the gamut from association
with receptor tyrosine kinases to direct gating of channels to activating G proteins to
transactivating other membrane receptors [105, 106]. “Membrane and non-nuclear” are
terms that refer to the initial site of estradiol interaction with its receptor and do not exclude
the possibility that transcription will eventually result. Indeed, one characteristic of
membrane-initiated signaling has been activation of cAMP response element binding
(CREB) protein [1, 16]. We refer to relatively rapid actions, those that are initiated within
seconds to minutes at the membrane, as estradiol membrane signaling (EMS). Several
putative receptors have been implicated in EMS and we will review the experimental
evidence that this signaling is important in reproduction in terms of regulating sexual
receptivity. The role of EMS in estrogen positive feedback regulating the LH surge has
recently been reviewed and will only briefly be touched here [68, 90, 92, 123, 125]

Regulation of sexual receptivity
Estradiol is now known to affect almost all parts of the CNS and to influence a wide variety
of functions from nociception to energy regulation to cognition. In addition, estradiol has
been implicated in neuroprotection in degenerative diseases such as Parkinson's disease and
Alzheimer's disease [30, 121], as well as acute neurotrauma and ischemia ([160]; reviewed
in [144]). Arguably the best studied and most robust actions of estradiol in the brain are on
neural circuits controlling female sexual receptivity and the hypothalamo-pituitary-gonadal
(HPG) axis that regulates reproduction (reviewed in [10, 44, 68, 87, 90, 92, 115]).
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Estradiol acting on a highly distributed circuit that receives olfactory inputs from the
accessory olfactory system and tactile sensory inputs from the flanks and perineum induces
sexual receptivity (reviewed in [115]). This information is integrated in a limbic-
hypothalamic lordosis-regulating circuit, including posterodorsal medial amygdaloid
nucleus, bed nucleus of the stria terminalis, medial preoptic nucleus (MPN) and the
ventromedial nucleus of the hypothalamus (VMH; reviewed in [91]). The final common
outflow of this circuit is through the VMH, which projects to nuclei in the periaqueductal
grey (PAG), vestibular complex and spinal cord motoneurons. More recently, it has been
appreciated that the hypothalamic arcuate nucleus (ARH) through its β-endorphin (β-END)
projection to the MPN is an important component of the circuitry regulating sexual
receptivity ([87, 95]; Fig 1).

Although estradiol eventually induces the capacity for lordosis behavior, immediately after
systemic estradiol treatment females are not sexually receptive [8]. The delayed response is
at least partially dependent on inhibitory mechanisms activated by estradiol [134, 137, 138].
Initially, systemic estradiol treatment activates μ-opioid receptors (MOR) in the MPN [40].
The time course of MOR activation is such that nuclear estradiol action was thought not to
be involved; MOR is activated within 30 minutes of estradiol treatment. A membrane
constrained estradiol construct, E-biotin, microinjected into the ARH internalized MOR
[35], a circuit-activating event tied to the full display of sexual receptivity [138, 152, 153].
These results suggested that EMS preceded a nuclear action of estradiol. Indeed, such
cooperativity between EMS and nuclear signaling was demonstrated by substituting
stimulation by free estradiol with a membrane-constrained form of estradiol, E-BSA [62].
When E-BSA was applied first, followed by free estradiol, lordosis behavior was facilitated
to the same level as with two injections of estradiol. These results are consistent with our
results showing an estradiol activation of MOR and the electrophysiological observation of
an estradiol inhibition of MPN neurons [18].

A circuit-level explanation of the initial inhibition of lordosis by estradiol is that estradiol
acting in the ARH, releases NPY activating NPY-Y1 receptors on β-END neurons [95].
Subsequently, it was demonstrated that EMS in the ARH required ERα transactivation of
mGluR1a to stimulate MOR in the MPN [35, 94]. First, ERα is colocalized with mGluR1a
in a population of ARH neurons; second, ERα co-immunoprecipitates with mGluR1a in a
membrane preparation from ARH tissue; and third, antagonism of mGluR1a attenuates
estradiol-induced MOR activation and lordosis. Finally, in terms of activation, mGluR1a
antagonism in the ARH blocks estradiol induction of lordosis behavior only at the time of
estradiol treatment. Metabotropic GluR1a antagonism hours after estradiol treatment or
microinjection of the mGluR1a antagonist LY367,385 into the MPN do not prevent lordosis
behavior reinforcing the idea of a rapid activation of ER [35]. These results suggest that
during the estrus cycle when estradiol levels are low (estrus and diestrus), the ARH-MPN
projection is quiescent, indicated by the non-activated MOR (localized on the membrane) in
the MPN, and the animal is not sexually receptive [93]. On proestrus, as systemic estradiol
levels spike, β-END is released in the MPN and transiently activates/internalizes MOR,
which is required for the full display of sexual behavior. Thirty to forty eight hours after the
peak of estradiol, this MOR-mediated inhibition of lordosis wears off or is turned off by
progesterone ([136]; Sinchak and Wagner, this volume), and estradiol activates full sexual
receptivity (reviewed in [89]). The initial inhibition of lordosis through the rapid MOR
activation likely allows time for the activation of transcription and translation by the nuclear
ER. By inhibiting sexual behavior until later time points, the membrane ER works in concert
with the nuclear receptor to allow for maximal receptivity. The MOR cells in the MPN
project to the VMH [135], which is a critical integrator of information related to sexual
behavior. It is likely that it is through this connection that lordosis is inhibited. Membrane
ERα can be pharmacologically bypassed by directly stimulating mGluR1a under low
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estradiol conditions, resulting in MOR internalization and facilitation of lordosis [35].
Conversely, antagonizing mGluR1a when estradiol levels are high blocks MOR
internalization and attenuates lordosis behavior. These data are consistent with the in vitro
demonstration of ERα-mGluR1a signaling in hippocampal neurons and provided the first in
vivo evidence that EMS requires the transactivation of mGluR1a. Further evidence of this
rapid estradiol signaling is that estradiol in vivo stimulates the phosphorylation of a novel
calcium independent PKCθ in the arcuate nucleus [36]. Pharmacological stimulation of PKC
can overcome both ER and mGluR1a antagonism and stimulate lordosis behavior. This set
of experiments demonstrates that lordosis behavior, a classical assay of estradiol action, has
a membrane-initiated estradiol signaling component and underscores the importance of ER-
mGluR interactions in neural function. To be clear, EMS by itself does not induce sexual
receptivity. The function of EMS is to augment nuclear estradiol signaling, which is a
necessary and important component of the induction of female sexual receptivity, as
discussed below.

Morphological plasticity
A parallel series of experiments demonstrated a sex steroid modulation of dendritic structure
throughout the CNS (reviewed in [29]). Estradiol and testosterone were shown to regulate
dendritic length and the density of spines in the spinal cord nucleus of the bulbocavernosus
(SNB), VMH, ARH, medial amygdala, striatum, cortex and hippocampus ([5, 17, 26, 34, 45,
48, 50, 69, 70, 79–81, 115, 147, 151]; see Luine et al and MacLusky et al., this volume). The
most dramatic effects of estradiol on neuronal number and morphology occur during
development, but significant steroid regulation of dendritic structure also occurs in
adulthood. In the CA1 region of the hippocampus, the density of spines and synapses
fluctuates during the estrus cycle due to the actions of estradiol and progesterone [161]. The
greatest spine density occurred during proestrus when estradiol levels are high. A significant
decrease was noted on estrus, when estradiol and progesterone levels had waned after
peaking. Other experiments with gonadectomized rats utilized an estradiol treatment for
several days, which restored the ovariectomy-induced loss of spines [163]. Interestingly,
progesterone decreases estradiol induced spines [103].

In the VMH, a nucleus intimately associated with sexual receptivity, estradiol increased
spine density and dendritic branching that mimicked the changes during the estrous cycle
([20, 21, 45, 74]; reviewed recently in [51]). Estradiol treatment of ovariectomized rats
dramatically increased the number of spines on neurons that did not appear to express ERα
[20, 21, 74]. Interestingly, estradiol also reduced the length of a class of long primary
dendrites that extend laterally out of the VMH. The time course of this two-phased estradiol
action suggests that retracting the extra-VMH dendrites while increasing spines on intra-
VMH dendrites leads to an increase in sexual receptivity. The increase in intra-VMH spines
being tied to lordosis behavior is congruent with observation that afferents to the VMH are
initially inhibited by MOR activation [135]. In the context of a circuit, as MOR inhibition
wears off or is blocked with progesterone, excitatory afferents contact newly formed
dendritic spines, exciting the VMH.

More recently, we have examined the estradiol-induced morphological plasticity in the ARH
[26]. As in the hippocampus and VMH, estradiol treatment induced dendritic spines. In
these experiments, 4 hours of estradiol treatment was sufficient to increase ARH spine
density, which remained at that level for the duration of the experiment, 48 hours. However,
their morphology evolved. The newly formed spines were thin with a filapodial appearance.
Spines with no or small heads are considered immature, unstable and not functional [60].
Filapodial spines are highly labile rapidly appearing and disappearing during intense neural
activity until they are stabilized by contacting an appropriate signaling partner [53, 110,
154]. Spines with large heads (e.g., mushroom-shaped) are thought to be mature, stable and
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functional. These larger heads contain an extensive protein rich structure, known as the
postsynaptic density, which is composed of receptors and anchoring proteins that allow for
efficient synaptic transmission. The stabilization involves receptors being recruited into the
spine membrane and anchored at the postsynaptic specialization by scaffold proteins [56, 61,
82, 165]. In the ARH, mushroom-shaped spines did not appear until 20 hours after estradiol
treatment, the first time point after estradiol treatment that lordosis behavior can be elicited,
suggesting that both spinogenesis and maturation are critical for regulating sexual
receptivity.

Spinogenesis requires the rearrangement of β-actin to deform the membrane and induce a
filapodial outgrowth. This increase in β-actin immunoreactivity is correlated with direct
observation of spines with Golgi staining [26]. In the ARH, pharmacological inhibition of β-
actin polymerization with cytochalasin D prevented spinogenesis and attenuated sexual
receptivity [26]. Since actin remodeling is highly regulated by cell signaling cascades that
are initiated at the cell membrane, we examined whether EMS was involved in spinogenesis.
Group I mGluRs play an important role in the elongation of spines [33, 156]. The activation
of these receptors leads to the release of calcium from internal stores as well as an increase
in transcription, both of which are required for mGluR-mediated spine elongation [156]. The
release of calcium leads to the activation of calmodulin and the eventual activation of CREB
[122]. The role of estradiol activation of ERα-mGluR1a is underscored by the observation
that intracellular calcium is increased and the MAPK pathway leading to phosphorylation of
CREB is activated [16, 35, 66].

Thus, EMS which involves mGluR1a may modulate actin dynamics through
phosphorylation of several molecules important for spine formation including cofilin, an
actin depolymerizing factor (for review see [128]). To allow the formation of filamentous
actin, cofilin must be deactivated, which occurs when it is phosphorylated. Within an hour
of estradiol treatment, increased levels of phosphorylated cofilin (p-cofilin) were observed
in the ARH, strongly suggesting a rapid activation of intracellular signaling ([26]; Fig 2). A
strong indication of the involvement of EMS is that the estradiol-induced phosphorylation of
cofilin was attenuated by antagonism of mGluR1a indicating that the mERα-mGluR1a
complex initiated cell signaling. Our data are consistent with the idea that EMS activates
LIM kinase-1, which in turn phosphorylates cofilin. The deactivation of cofilin allows the
establishment of new spines [7, 84]. Regulation of the actin cytoskeleton is a mechanism by
which estradiol induces the formation of filapodial dendritic spines in the ARH (Fig 3).
Additionally, p-cofilin has been associated with the stabilization of long term potentiation
(LTP) in the hippocampus synapses through the expansion of synaptic contacts [41].
Therefore, the estradiol regulation of cofilin may explain the generation and maturation of
dendritic spines associated with lordosis behavior: initially increasing spine density and
subsequently assisting in spine maturation. One hypothesis is that estradiol increases the
expression of genes involved in spine maturation. Another idea for the mechanism is
encapsulated in the “two-step wiring” hypothesis ([146]; reviewed in [145]). Estradiol
rapidly induces spinogenesis, but these spines are very labile unless another stimulus
stabilizes them. In the hippocampus, estradiol paired with a LTP protocol results in an
increase in connectivity [63]. In the ARH and the VMH, estradiol provides the initial
spinogenesis, but the salient reproductive sensory input (olfactory and tactile) occurs too
slowly to be the second input required for two-step wiring. Sexually receptive females
respond to males immediately, so the sensory information from this interaction cannot be the
driving force for spine maturation and circuit rewiring. It is not clear whether there is
sufficient time to stabilize the synapses. Thus, another input may be required for two-step
wiring. Ultimately, this will need to be tested directly. In the ARH, disruption of
spinogenesis at the time of estradiol administration with the infusion of an
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actindepolymerizing agent, cytochalasin D (CD), demonstrated that morphological plasticity
in the ARH is necessary for female sexual receptivity.

Whether estradiol acts directly on neurons undergoing spinogenesis or transsynaptically
remains an open question. Observations suggest that the type of estradiol action may be
specific for a particular region and neuron. For example, rather than the positive action in
the ARH and VMH, estradiol decreased spine density in the nucleus accumbens core [147].
In this nucleus, estradiol was seen to shift the population of spines from a more mature to a
less mature morphology, suggesting a decrease in synaptic excitability. These results are
diametrically opposed to the ARH, but can be accounted for by the observation that in the
striatum, ERα interacts with mGluR3 leading to an inhibition of adenylyl cyclase and
inhibition of L-type voltage-gated calcium channels, as also seen in DRG neurons [52, 85].

Do these findings indicate a direct estradiol action on neurons that increases spine density?
Such a direct effect requires ER expression in spinogenic neurons. On its face, the lack of
nuclear ERα expression in CA1 pyramidal neurons supports an indirect mechanism [55,
158]. However, ERα immunoreactivity has been localized to dendritic structures including
spines [96, 97]. At present how ERα, a nuclear receptor, is targeted to dendritic spines is
only beginning to be worked out. As mentioned below, alternatively spliced ERα products
are preferentially targeted to the cell membrane. An indirect site of estradiol action is
bolstered by the estradiol-induced decrease of GABA tone and estradiol-induced
spinogenesis in some brain areas also dependent on glutamate ([4, 102, 104, 126, 132, 162];
for review see [141]). Another proposed transsynaptic mechanism involves the estradiol-
induced activation of BDNF [130, 142]. In midbrain, a direct action of estradiol is
suggested. Estradiol rapidly activates PKA and the PI3 kinase/ Akt signaling cascade both of
which have been implicated in neurite outgrowth in these neurons [11, 58, 120]. In the ARH,
the site of action has not been resolved. It is not known if the same neurons that express
ERα have estradiol-induced spines. Further studies will be needed to answer this question,
just as further studies will sort out how spinogenesis fits into the time course of estradiol
activation of MOR in the MPN and the lagging lordosis behavior. Estradiol stimulates the
circuit such that within 5 mins, MORs are internalized. We do not know how quickly
estradiol induces spinogenesis, and whether these early, immature spines are capable of
synaptic transmission [140]. Estradiol actions on dendritic morphology have a relatively
rapid, EMS component and slower, transcriptional component – much like the process of
sexual receptivity. It may be that the inhibitory action of estradiol is independent of new
spinogenesis and only the facilitative circuits require newly formed, mature spines.

Estradiol membrane signaling (EMS)
Sexual receptivity and ARH spinogenesis both have an EMS component involving ERα.
The classical ERα and ERβ are nuclear ligand-gated transcription factors. These receptors
have a high sequence homology and in the nucleus they bind the major circulating estrogen,
17β-estradiol (estradiol). A sequence of homo- or heterodimerizations, associations with the
estrogen-response-element (ERE) within the promoter region of a gene, and attraction of
transcriptional machinery (including cofactors) leads to the regulation of gene expression
[25]. Although a significant amount of evidence indicates that the same nuclear receptors
can also mediate EMS throughout the brain [92, 93, 112], another three putative mER have
been proposed: ER-X, GPR30, and Gq-ER. ER-X is the least defined, but has been proposed
as a novel mER located in microdomains associated with caveolin proteins in a variety of
tissues including the neocortex. ER-X appears only during development and after injury
[150]. Unlike most ERs, ER-X is not antagonized by ICI 182,780 and is not stereospecific.
Indeed, ER-X preferentially binds 17α-estradiol rather than the endogenously more plentiful
and bioactive 17β-estradiol. Because of its distribution, pharmacology and developmental
profile, ER-X does not appear to regulate reproductive behaviors.
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Another candidate GPR30, also referred to as the GPER, is a membrane-associated protein
expressed throughout the body and in cancer cells [22, 42, 43, 98]. GPR30 is an integral
membrane protein with seven transmembrane domains - a classic GPCR with sequence
homology to angiotensin II 1A, interleukin 8A, and chemokine type 1 receptors [118]).
GPR30 has been difficult to localize to the cell membrane [13, 49, 65], but has been
localized to the Golgi apparatus and endoplasmic reticulum [109, 117]. The idea of GPR30
as a mER has expanded our concepts of membrane-initiated signaling. In particular, a
receptor for estradiol is not required to be localized in the cell membrane. Estradiol is
lipophilic and can readily diffuse into cells activating GRP30 on the smooth endoplasmic
reticulum. In astrocytes, which have the same ERα-mGluR1a EMS as neurons, stimulation
of GPR30 with the selective GRP30 agonist, G-1, released endogenous stores of calcium
[65]. However, the pharmacological profile of G-1 was not similar to the selective ERα
agonist, PPT (4,4′,4″-(4-propyl-[1H]-pyrazole-1,3,5-triyl) trisphenol [148], or the Gq-mER
agonist, STX. In fact, the G-1 dose-response relationship was closest to the ERβ agonist,
DPN (diarylpropionitrile) that does not mediate estradiol facilitated progesterone synthesis
[65]. Moreover, the function of GPR30 in the regulation of reproduction is not well
understood [108]. In vivo, G-1 activation of GRP30 did not modulate lordosis [35]. GPR30
may be like mGluR1a, mediating estradiol signaling through association with ERα, an idea
that is supported by results that G-1 has estrogenic actions in cells expressing ERα or ERβ
([108, 124]; but see [155]).

Finally, an analogue of tamoxifen, STX, activates Gq mediated signaling in ERα−/−/ERβ−/−

mice, [119]. This Gq-mER that has been characterized pharmacologically in both neurons
and astrocytes, is stereospecific, and is antagonized with ICI 182,780 (reviewed in [68, 92]).
Also, STX has been reported to mediate energy balance and gonadotropin releasing
hormone (GnRH) secretion (reviewed in [92]; see Kelly & Ronnekleiv in this issue). In
terms of reproduction, STX activated the lordosis circuit. STX increased MOR
internalization in the MPN and facilitated lordosis behavior 30 hours later in rats treated
with sub-behavioral doses of estradiol [27]. In astrocytes, where estradiol induces
progesterone synthesis via a membrane ERα mechanism, STX has a similar pharmacology
and increased intracellular calcium and progesterone synthesis [65]. While the Gq-mER has
a very tempting pharmacology, it has been difficult to reconcile the results with observations
that ERα is critical for reproduction, and that global ERα knock out (ERKO) or neuron-
specific ERα−/− mice do not display lordosis behavior or have a physiological luteinizing
hormone (LH) surge [31, 32, 159].

ERα at the membrane
Immunohistochemical techniques identified ERα and ERβ associated with the membrane
and in the membrane fraction [11, 24, 75]. While it has been suggested that membrane ERs
(mERs) are attached to the inner leaflet of the cell membrane [143], surface biotinylation, a
method of labeling membrane proteins, demonstrated that membrane-associated ERα has an
exposed extracellular portion [13, 39, 49]. Like ERα, ERβ has also been identified on the
cell membrane [24] and is trafficked to the cell membrane within 5–60 min of hormone
estradiol exposure [133]. Palmitoylation explains how these nuclear ligand-gated
transcription factors can be trafficked to the cell membrane, since these receptors have
neither membrane targeting sequences nor stretches of hydrophobic residues normally
associated with membrane proteins [111, 113, 143].

Palmitoylation is the covalent attachment of fatty acids to cysteine residues of proteins to
increase the hydrophobicity of proteins and their membrane association. Palmitoylation
helps localize ERα to lipid rafts, specialized areas of the cell membrane [72]. Indeed, a
conserved nine amino acid membrane targeting sequence (including Cys447) has been
identified in several steroid receptors including ERα, ERβ, androgen receptor and
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progesterone receptors A and B [113]. When ERα Cys447 is mutated to Ala, palmitoylation
is prevented and ERα trafficking is abrogated [2, 76]. In addition to palmitoylation, ER
trafficking required the association with a family of scaffolding proteins, the caveolins [14,
15, 131]. Caveolins traffic proteins to specific regions of the cell membrane involved in
signal transduction, the lipid rafts [3, 77]. Specificity of ERα downstream signaling is
specified by interactions with different caveolin proteins (reviewed by [86, 93]). This
diversity ER interactions with caveolin is region-specific: in hippocampal neurons, ERα
interacts with caveolin-3 (CAV3) or CAV1; in striatal and hypothalamic neurons, with
CAV1; and in DRG neurons probably with CAV2 [15, 23, 46, 52, 83].

More recently, site-specific microinjections of CAV1 siRNA into the ARH, reduced CAV1
levels by ~60% [28]. CAV1 siRNA did not affect intracellular ERα levels, but reduced ERα
levels on the cell membrane. These results suggest that a reduction of CAV1 interrupts
trafficking of ERα to the cell membrane. The loss of EMS due to reduced membrane ERα
diminished MOR activation/internalization in the MPN and attenuated lordosis behavior.
This highlights the importance of membrane ERα and signaling for regulating female sexual
receptivity.

Estradiol regulation of membrane ERα levels
Membrane ER levels are dynamic, changing with activity and local environment. As
discussed, an important mechanism is trafficking of the receptor to the cell membrane. Does
exposure to estradiol alter membrane levels of ERα? Surface biotinylation was used to label
membrane proteins after different durations of estradiol exposure [13, 38, 39]. In neurons
and astrocytes, estradiol transiently and in parallel increased the membrane levels of ERα
and an alternatively spliced ERα, the ERαΔ4 [13, 38, 39]. Within 5 mins of estradiol
treatment, membrane levels of each receptor were significantly increased, leading to peak
levels at 30 mins. Two hours of estradiol treatment decreased membrane levels to those in
unstimulated cells. Since ERα is complexed with mGluR1a, as expected, the time course of
mGluR1a trafficking paralleled that of ERα. An indication that EMS is needed to regulate
ERα trafficking was provided when ER antagonism with ICI 182,780 or mGluR1a
antagonism with LY367,385 abrogated trafficking. In immortalized hypothalamic neurons
(N-38 neurons), estradiol stimulation activated PKCθ and increased [Ca2+]i [38]. Blocking
PKC phosphorylation prevented estradiol-induced ERα trafficking. Significantly, the
estradiol increase of pPKCθ in ARH was necessary for the MOR activation and facilitation
of lordosis behavior suggesting that increased membrane ERα-mGluR1a levels increase
circuit activation ([36]; Fig 4).

The other mechanism that regulates membrane receptor levels is removal from the
membrane. Receptor internalization is a well-characterized mechanism of desensitization
that follows receptor activation. Thus, internalization is used as a measure of receptor
activation. Endocytic vesicles with the internalized receptors fuse with endosomes allowing
receptors to release their ligands. Receptors are then sorted into those destined for recycling
back to the membrane and those targeted for degradation in lysosomes. The cycle of
endosomal trafficking is a hallmark of membrane receptors [73, 101, 129, 166].

Estradiol internalizes membrane ERα [13, 37, 39] responding to agonist stimulation like
other membrane receptors in the CNS. Several approaches have been utilized to demonstrate
this. Fluorescently labeled membrane-impermeable estradiol constructs (e.g., E-BSA,
estradiol coupled to bovine serum albumin) were incubated with neurons for increasing
lengths of time. Initially, the fluorescent E-BSA was excluded from the neuron and
visualized outlining the cell, but within minutes of treatment, the fluorescent conjugates
were visualized in early endosome-like structures, an indication of internalization of the ER/
E-BSA complex [9, 37, 99, 100]. Another approach has been the use of estradiol dendrimers
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[54]. Several estradiol molecules are linked to macromolecules which prevent the activation
of nuclear ERs. Estradiol dendrimers activate membrane-initiated cell signaling in cells and
can be found in the cytoplasm, but not the nucleus, after activation of signaling, suggesting
internalization of the estradiol dendrimer [164]. Moreover, using surface biotinylation to
label membrane ERα in primary cultures of neurons, adult astrocytes and immortalized
hypothalamic N-38 neurons treatment with estradiol increased internalization of ERα and
ERαΔ4. In the presence of estradiol, ERα trafficking was increased and at the same time
the receptors were activated and internalized - leading to both an increase in membrane and
internalized ERs. As expected, the receptor antagonist ICI 182,789, prevented
internalization, reinforcing the idea that ERα activation is necessary for intracellular
signaling. ERα behaved like other membrane receptors in response to ligand stimulation
with internalization, and antagonism blocked the internalization (Fig 4). In a physiological
context, these results suggest that when estradiol levels are sufficiently high, mERα are
activated, increasing the rate of internalization (desensitization). In response to constant
stimulation, estradiol eventually down regulates ERα (levels on the membrane and
internalized are below pre-stimulation levels). This regulation of ERα levels is a mechanism
through which estradiol limits the duration of EMS.

Interestingly, by some estimates there are over 12 different splice variants of the ESR1 gene
in the brain [57, 71, 114, 157]. Resulting proteins have varied abilities to bind estradiol and
regulate translation. Changes in relative ratios have been associated with pathologies from
schizophrenia to Alzheimer's disease. In surface biotinylation studies, both a full length ERα
and a ~52 kDa variant have been identified [13, 38, 39, 49]. In fact, the 52 kDa form was
more abundant than the 66 kDa ERα in primary cultures of hypothalamic embryonic and
immortalized neurons, and astrocytes from adult hypothalamus [13, 39]. Two alternatively
spliced ERα mRNA could potentially code for a protein of the 52 kDa size. These variants,
one missing the fourth exon, called ERαΔ4, and the other ERαΔ7, missing exon 7 and the
COOH terminus, had previously been described in the brain [57, 139]. Using RT-PCR and
primers spanning exons 3 to 5, and other primers spanning exon 5 to 8, we found mRNA for
ERαΔ4 in both cultures of primary hypothalamic neurons and in N-38 neurons. The same
52 kDa and 66 kDa ERα immunoreactive proteins are expressed in rat and wild type mouse
astrocytes. Both are missing in ERαKO mice, indicating that they are derived from the
ESR1 gene. Thus, in astrocytes, we assume that like in neurons the 52 kDa ERα is also
derived from the ERαΔ4 mRNA [13]. One explanation for why there is a greater abundance
of ERαΔ4 on the membrane is that the loss of exon 4 impacts the nuclear localization
sequence and hinge region. Site specific mutations in the hinge region suggest that this
region alters nuclear translocation, but in the H2-NES mutated ERα, EMS was retained [19].
However, deletion of exon 4 may also impact the ligand-binding domain, calling into
question the ability of ERαΔ4 to bind estradiol [12].

Does ERαΔ4 participate in EMS? In neurons and astrocytes, activation of EMS leads to
increased DAG and IP3 dependent signaling. In hypothalamic astrocytes, EMS facilitates
progesterone synthesis needed for estrogen positive feedback (reviewed in [68, 90]). Like in
neurons, mGluR1 is transactivated by ERα so a protein-protein interaction is expected. Co-
immunoprecipitation demonstrated an interaction between the receptors. In all cases only the
full length (66 kDa) ERα co-immunoprecipitated with mGluR1a. We did not detect an
interaction of ERαΔ4 with mGluR1a suggesting that EMS mediating reproduction involves
the full length ERα and not ERαΔ4 [28, 35, 66]. Moreover, the CAV1 knockdown studies
did not significantly reduce membrane levels of ERαΔ4. The function of ERαΔ4, which is
targeted to the cell membrane in greater abundance than ERα in vitro, remains elusive.

Another interesting facet of EMS is the potential for integrating estradiol and glutamate
signaling. In astrocytes, activation of the mGluR1a without estradiol induced a robust
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[Ca2+]i flux and progesterone synthesis. When estradiol and DHPG were applied together,
the [Ca2+]i flux and consequent progesterone synthesis were greatly amplified suggesting
that an estrogenic response can be augmented by neuronal activity [66]. This intriguing
hypothesis requires further testing in vivo.

SUMMARY
EMS represents a new way of thinking about steroid signaling in the nervous system. These
discoveries need to be coupled with those that point to the production of steroids by the
nervous system. Together neurosteroids and membrane-initiated actions indicate that these
are yet another class of neural signaling molecules. In astrocytes, peaking levels of estradiol
from the ovaries augments progesterone synthesis, helping to trigger the LH surge [88, 90].
The estradiol affects the steroidogenic pathway by transactivating mGluR1a. While
mGluR1a stimulation is not needed for estradiol signaling, in vitro experiments indicate that
the estradiol effect can be facilitated when estradiol and an mGluR1a agonist, DHPG, are
applied together. The estradiol-induced increase in intracellular calcium and the resulting
progesterone synthesis were greatly amplified suggesting that neural activity can augment
EMS [66, 86, 93]. At this point it is unclear whether such an integration of signals is the rule
in EMS or an astrocyte exception.

An emerging concept of ERα in the membrane is that while ERα is not a typical GPCR, it
shares many of the same functional traits. First, like other membrane receptors it is
trafficked to regions of the membrane that segregate signaling molecules, lipid rafts, and
interacts with scaffolding proteins. Second, based on surface biotinylation experiments, ERα
has an extracellular portion. Third, following activation, ERα interacts with β-arrestin and is
internalized [37]. Fourth, ERα interacts with mGluRs to initiate cell signaling. Similar
interactions have been demonstrated for other receptors (oxytocin, [67]; serotonin, [107]).
Internalization reveals a level of regulation not previously appreciated for these receptors.
Estrogen receptors are not a stable population, but are trafficked to and then sequestered
from the cell membrane following activation, as needed. The fact that estradiol increases the
insertion of ERα and ERαΔ4 into the membrane, where estradiol activation leads to
desensitization and down regulation, suggests that continuing exposure to estradiol does not
continually activate membrane ERα. If activity can be based on receptor levels in the
membrane, it may peak within minutes and then, as ERα is removed, estradiol may no
longer be able to signal through this membrane-initiated signaling mechanism. This was
supported by the significantly larger [Ca2+]i at the time when membrane ERα levels peaked,
30 mins of estradiol exposure compared with earlier or later time points. Currently, we do
not know how the levels of Gq-mER on the membrane or GPR30 on smooth endoplasmic
reticulum respond. As previously stated, estradiol can access/activate receptors that are not
on the surface so the localization of ERα is not because of the restrictions of the ligand, but
because of the position of signaling machinery that is activated. In terms of modulating
reproduction, both EMS and direct nuclear action is needed. Since EMS can lead to CREB
activation, transcriptional events also involve membrane to nucleus signaling mediating long
term consequences. This is well demonstrated in terms of the rapid action of estradiol on
spinogenesis, which requires ERα-mGluR1a signaling, but whether EMS has any role in
spine maturation remains to be elucidated. Similarly, estradiol stimulation of NPY to β-END
signaling needed to activate MOR in the MPN depends on EMS, but blocking membrane
signaling with a mGluR1a antagonist dramatically attenuates lordosis behavior - in spite of
the necessity of transcription and translation. But again, is this due to ERE activation or
membrane to nuclear signaling? How all this is integrated into a unified theory of estradiol
signaling in the brain is only now beginning to be unraveled. We speculate that the newly
formed estradiol-induced spines are necessary for the signaling between the ARH and MPN.
The spines begin to form on β-END cells in the ARH when there is only a small amount of

Micevych and Christensen Page 10

Front Neuroendocrinol. Author manuscript; available in PMC 2013 October 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



estradiol present. When levels of estradiol peak, NPY cells signal to β-END to release this
neuropeptide into the MPN to activate the MOR cells and temporarily inhibit lordosis
behavior. Progesterone then has the dual role of releasing the inhibition induced by MOR
activation and removing the newly formed spines, so the cycle can begin anew.

Thus, sexual receptive behavior requires both the inductive and permissive actions of
estradiol, and the details of this interaction are being elucidated. EMS stimulates existing
circuits and initiates changes in morphology of neurons within the circuit controlling sexual
behavior by influencing spinogenesis and dendrite length. Acting more slowly, estradiol
must also increase the expression of neuropeptides, transmitter enzymes and receptors that
regulate the circuit. The combined actions of EMS and transcription by nuclear ERs are
what allow for the full activation of the circuit. The synergy of these signaling mechanisms
allows for the regulation of a complex physiological response – sexual receptivity.
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- Estradiol membrane signaling is required for female sexual receptivity.

- Estradiol-mediated spinogenesis is required for sexual behavior.

- Trafficking of the estrogen receptor to the membrane is regulated by
estradiol.
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Figure 1.
The estradiol induction of sexual receptivity in the female rat is indicated by lordosis
behavior. The CNS regulation of this global response to hormonal and sensory input is
regulated by a diffuse circuit that extends from the limbic system to the spinal cord. Within
this lordosis regulating circuit, estradiol acts rapidly through estradiol membrane signaling
(EMS) to release neuropeptide Y (NPY) in the arcuate nucleus of the hypothalamus (ARH),
which activates β-endorphin (β-END) projection neurons that extend to the medial preoptic
nucleus (MPN). The MPN is an important integrative node receiving accessory olfactory
and limbic input. β-END activates MOR, producing a transient inhibition of the MPN which
is relieved by progesterone in the cycling female. The MPN MOR neurons in turn project to
the ventromedial nucleus of the hypothalamus (VMH), the final common output of the
hypothalamus. The integrated hypothalamic output is modified by inputs from the
periaquaductal gray, and the vestibular complex on its way to the motoneurons mediating
lordosis behavior. The EMS that mediates this activation of the circuit requires the
transactivation on metabotropic glutamate receptor-1a (mGluR1a), which leads to the
phosphorylation of PKCθ and the release of NPY and activation of the Y1 receptor on β-
END projection cells. The EMS and resulting transient inhibition is necessary for the full
expression of lordosis behavior in the rat.
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Figure 2.
Estradiol mediates spinogenesis in the ARH. Animals treated with (A) oil show many fewer
dendritic spines than those treated with (B) estradiol for 48 hrs. (C) The estradiol mediated-
spinogenesis in the ARH begins with the growth of immature, filapodial spines which
mature to more mature mushroom spines at later time points. Filapodial spines are indicated
by white arrowheads in (A) and (B) and mushroom spines are indicated by black
arrowheads. (D) Estradiol was able to increase the phosphorylation of the actin
depolymerizing factor, cofilin. The phosphorylation of cofilin is required for spinogenesis
and was blocked by the mGluR1 antagonist, LY 367,385, supporting the idea that estradiol-
mediated spine induction requires EMS. Scale bar indicates 50 μm. ** indicates P < 0.001.
*** indicates P < 0.0001. (Modified from [26])
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Figure 3.
Estradiol membrane signaling induces spinogenesis in the ARH. (A) During low estradiol
conditions, as during diestrus, ARH neurons have a population of mature spines. The ERα-
mGluR1a signaling complex is not stimulated. (B) Estradiol induces the formation of thin,
filapodial spines by stimulating the ERα-mGluR1a signaling complex leading to activation
of PKC and LIM kinase and the phosphorylation of cofilin. The deactivation of cofilin
allows new spines to grow. EMS stimulates gene expression through the activation of the
MAPK pathway leading to CREB-mediated transcription. (C) With time, mushroom-shaped
spines appear in the ARH. These spines are thought to be functional and stable. The time
course of their appearance coincides with the display of lordosis behavior in the female rat,
starting at 20 hours after estradiol treatment. Whether the necessary gene transcription for
spine maturation is regulated by membrane to nucleus signaling (B) or the result of direct
nuclear action (C) is being investigated. Some immature spines are eliminated (C). In the
ARH, the mechanism of this degeneration is not clear, but is probably due to a failure to
associate with a presynaptic element, which stabilizes the spine.
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Figure 4.
Estradiol regulates membrane ERα levels. ERα is trafficked to the membrane in a complex
with mGluR1a and caveolin. Estradiol activates this complex, and indices the association of
β-arrestin leading to the internalization of the ERα-mGluR1a complex into early
endosomes. The acidic environment in this compartment allows the estradiol to dissociate
from ERα. The ERα-mGluR1a complex can recycle back to the membrane and be activated
again. EMS induces the activation of PKCθ and release of intracellular stores of calcium
(Ca2+). While the phosphorylation of PKCθ is necessary for ERα trafficking, we speculate
that the release of Ca2+ is also required to induce recycling endosomes to fuse with the
membrane. Prolonged estradiol stimulation shifts pathway from recycling to degradation
leading to receptor down regulation and cessation of EMS.
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