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Rapid actions of estrogens were first described >40 years ago. However, the importance of rapid estrogen-mediated actions in the CNS is
only now becoming apparent. Several lines of evidence demonstrate that rapid estrogen-mediated signaling elicits potent effects on
molecular and cellular events, resulting in the “fine-tuning” of neuronal circuitry. At an ultrastructural level, the details of estrogen
receptor localization and how these are regulated by the circulating hormone and age are now becoming evident. Furthermore, the
mechanisms that allow membrane-associated estrogen receptors to couple with intracellular signaling pathways are also now being
revealed. Elucidation of complex actions of rapid estrogen-mediated signaling on synaptic proteins, connectivity, and synaptic function
in pyramidal neurons has demonstrated that this neurosteroid engages specific mechanisms in different areas of the brain. The regula-
tion of synaptic properties most likely underlies the fine-tuning of neuronal circuitry. This in turn may influence how learned behaviors
are encoded by different circuitry in male and female subjects. Importantly, as estrogens have been suggested as potential treatments of
a number of disorders of the CNS, advancements in our understanding of rapid estrogen signaling in the brain will serve to aid in the

development of potential novel estrogen-based treatments.

Introduction
The fine-tuning of neuronal circuits underlies the processing and
storage of information in the brain. This fine-tuning, driven by
changes in synaptic function and structure, is thought to be a key
cellular determinant of memory and learning, behavior, and cog-
nition (Chklovskii et al., 2004; DeBello, 2008; Holtmaat and Svo-
boda, 2009). Multiple factors, including genes, environment, and
extracellular signals, contribute to the refinement of neuronal
circuits. Critically, several pathologies of the brain, including
stress, neurodevelopmental, neurodegenerative, and psychiatric
disorders have been associated with abnormal neuronal circuitry
(Fiala et al., 2002; van Spronsen and Hoogenraad, 2010; Penzes et
al., 2011b). Moreover, it has been suggested that targeting the
mechanisms that control the remodeling of neuronal circuitry
may offer an avenue for the treatment of such disorders.
Estrogens have long been known to influence a number of
physiological processes in the brain, including cognition and be-
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havior (McEwen and Alves, 1999; Luine, 2008; Brinton, 2009).
The term “estrogens” refers to a class of biologically active C18
steroid hormones, of which estradiol is thought as the predomi-
nant biologically active form (Blaustein, 2008). Estrogens exert
powerful effects on both molecular and cellular mechanisms,
leading to the modulation of neuronal circuits, which ultimately
is thought to contribute to this neurosteroid’s effects on cog-
nition and behavior. It is also important to note the difference
between a neuroactive steroid and a neurosteroid (Paul and
Purdy, 1992). Estrogens synthesized by an endocrine gland and
secreted into the blood, where it can regulate target tissues such as
the brain, are referred to as a neuroactive steroid. On the other
hand, estrogens synthesized from androgen precursors, such as
testosterone, or directly from cholesterol de novo in the brain are
referred to as neurosteroids. Moreover, it is generally thought
that the actions of neuroactive estrogens underlie the classic ac-
tions of this steroid, whereas that produced de novo in the brain
may be the source of rapid estrogen signaling within the brain
(Cornil et al., 2006).

Classically, estrogens’ action has been described to occur via
the regulation of gene transcription, taking hours to days to man-
ifest (McEwen and Alves, 1999; Brinton, 2009). However, there is
growing evidence that estrogens can rapidly influence cognition
and behavior, as well as cellular and molecular events. Indeed, the
emergence that brain-synthesized estrogens, mediated by the en-
zyme aromatase, may be the source of rapid estrogen effects
within the brain (Balthazart and Ball, 2006; Garcia-Segura, 2008)
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Emerging evidence suggests that rapidly synthesized estradiol within the brain, mediated by synaptically located aromatase, is the source of rapid estrogen signaling in the brain.

Importantly, the requlation of aromatase will modulate the availability of estradiol within the brain. Exposure of estradiol results in the activation of synaptically localized ERs. The functional coupling
of ERs with G-protein-sensitive mechanisms results in the initiation of second messenger systems and allows for the activation of multiple intracellular cascades, including those which converge onto
the actin cytoskeleton and regulation of local proteins synthesis. This in turns leads to the modulation of synaptic proteins, connectivity, and function. Alterations in synaptic properties result in
long-term changes in neuronal circuitry. Ultimately, these changes in neuronal circuitry contribute to rapid estradiol influences in behavior and cognition. Moreover, such mechanismsinfluence the

circuitry used to encode learned behaviors in a sex-specific manner.

has galvanized research into detailing the consequence of rapid
estrogen signaling on neuronal circuitry (Fig. 1). Furthermore,
there is evidence that regulation of synaptically localized aroma-
tase is a mechanism for the controlled production and release
of estradiol from presynaptic terminals (Remage-Healey et al.,
2011; Saldanha et al., 2011). This suggests that this neurosteroid
may act as a neuromodulator, and is ideally placed to regulate the
fine-tuning of neuronal circuits. Here we discuss recent advances
in our understanding of rapid estrogen signaling, at multiple mo-
lecular and cellular levels, which broaden our overall comprehen-
sion of the mechanisms underlying estrogen-induced fine-tuning
of neuronal circuitry (Fig. 1). First we will explore the synaptic
localization of estrogen receptors and the mechanisms of how
these receptors may couple their signals to second messenger
pathways allowing for the generation of rapid cellular responses.
We will then go on to describe how rapid estradiol signaling in
either the cortex or hippocampus uses distinct molecular mech-
anisms to modulate synaptic structure and function. We will also
describe how rapid estrogen signaling may influence sex differ-
ences in neuronal circuitry during the acquisition of learned be-
haviors under stressful conditions. Finally we will discuss the
effect of estradiol on rapid protein synthesis through translation
and the importance of this effect on synaptic structure and func-
tion. Altogether, the elucidation of the mechanisms underlying
rapid modulation of neuronal circuits by estrogens may allow for
a greater understanding of the potential for estrogen-based ther-
apies for a range of neuropathologies (Fig. 1).

Estrogen regulation of estrogen receptor a and f3 suggests
differential roles in neuronal plasticity

There are two known forms of classical nuclear estrogen re-
ceptors (ERs), ERa and ERB. Both ERa and ER are found in
nuclear and extranuclear sites throughout the brain. In the hip-
pocampus, electron microscopic studies have revealed that ER«
and ERB immunoreactivity are located predominantly at ex-
tranuclear sites, including dendritic spines, axons, terminals, and

glia (Milner et al., 2001, 2005; Mitterling et al., 2010). The local-
ization of ERs throughout cell compartments, coupled with the
multiple cellular sites of actions of estrogen in addition to inputs
originating from other estrogen-sensitive brain regions, serves to
highlight the complex modulatory effects of estrogen mediated
by ERs. The general lack of nuclear ERs, even during high-
estrogen states, is highly suggestive of an environment in which
ERs, rather than translocating into the nucleus to alter cellular
physiology through gene transcription, act locally to modulate
cell signaling pathways that have immediate or rapid effects on
cell behavior. Through these rapid effects on cell signaling path-
ways, activation of ERs outside the soma can lead to gene tran-
scriptional effects although on a longer timescale. However, the
extracellular localization of these ERs provides compelling evi-
dence that estrogens’ rapid effects on synapses occur locally
rather than through regulation of nuclear transcription.

In the hippocampal formation, extranuclear ERa is found in
pyramidal and granule cells, while nuclear ERo immunoreactiv-
ity is found only in interneurons (Milner et al., 2001, 2005). In the
postsynaptic cell, ERa immunoreactivity is found in dendritic
spines, many originating from pyramidal cells, in association
with spine apparatuses and/or polyribosomes. In presynaptic
structures, ERa-labeled unmyelinated axons and axon terminals
containing synaptic vesicles form asymmetric and symmetric
synapses, suggesting that ERa may be expressed in cells other
than interneurons. In the CAIl stratum radiatum, some of the
ERa-labeled terminals are cholinergic, originating in the medial
septum/diagonal band (Towart et al., 2003). ERa is also present
in astrocytes that are often found near the spines of pyramidal
cells (Milner et al., 2005) and microglia (Sierra et al., 2008). In-
terestingly, ERa immunoreactivity varies across the estrous cycle,
and labeling is highest in metestrus females (low, rising estrogen
levels), particularly in dendritic spines, axons, and glia compared
to proestrous and estrous females and males.

On the other hand, ERB immunoreactivity is often detected
on or near the plasma membrane of somata and dendritic shafts
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and spines in hippocampal neurons (Milner et al., 2005). Fur-
thermore, ERB has been localized in axons and axon terminals
and both in the cytoplasm and on endomembranes near mito-
chondria in vivo (Milner et al., 2005) and within mitochondria in
vitro (Yang et al., 2004). ERB immunoreactivity is present pri-
marily in pyramidal cells but also is found in newly generated cells
in a few interneurons and in glia (Milner et al., 2005; Herrick et
al., 2006). The amount and types of ER 3-labeled profiles has been
shown to vary depending on sex and estrous cycle phase (Mitter-
ling et al., 2010). In particular, ERB-labeled dendritic spines and
glial profiles were more numerous in estrous and diestrous fe-
males (low-estrogen phases) compared to proestrous females and
males.

More recently, synaptic ERs have been shown to be regulated
by estrogen in an age-dependent manner. In the hippocampal
region CALl stratum radiatum, estradiol treatment increases syn-
aptic ERB labeling both in young and aged female rats compared
to vehicle-treated animals (Waters et al., 2011). Conversely, syn-
aptic ERa immunoreactivity is decreased by estradiol in young
animals and unaffected by estrogen in aged animals (Adams et al.,
2002). These selective effects of estradiol on ER expression have
been shown to occur within targeted areas of the synapse.
Changes in ER expression occur in the presynaptic membrane,
cleft, and postsynaptic membranes, where neurotransmitter re-
lease and postsynaptic receptor binding occurs. Conversely, ERa
changes are detected presynaptically in synaptic vesicles and
postsynaptically in plasmalemmal and cytoplasmic regions of
spine heads where protein translation occurs. Accordingly, alter-
ations in the ratio of ERB to ERa likely contribute to changes in
estrogen-modulated synaptic function and behavior across the
lifespan, including age-related decline of estrogen-induced synapse
formation (Adams et al., 2001) and hippocampal-dependent mem-
ory (Boulware et al., 2011).

Estrogen receptor interactions with mGluRs

The evidence that ERs are found at extranuclear sites in a number
of cell types, including neurons, suggests that these receptors may
be able to couple to traditional second messenger signaling path-
ways. While the membrane actions of estrogens (and other ste-
roid hormones) impact a variety of cells and cellular functions,
the identity (and even existence) of the cognate membrane recep-
tors has for years remained controversial (Micevych and Mer-
melstein, 2008). This controversy has subsided in recent years, as
in most cell types, membrane-initiated steroid hormone action
appears due to the activation of a subpopulation of classical nu-
clear receptors that have been modified to traffic to and act at the
surface membrane (Levin, 2011). Clues to the mechanism by
which membrane-localized ERa and ERP exert effects on cell
function came from descriptions that estrogen’s actions are sen-
sitive to G-protein manipulation (Mermelstein et al., 1996; Qiu et
al., 2003). Subsequent studies have determined that membrane-
localized ERa and ERP are capable of activating multiple metabo-
tropic glutamate receptors (mGluRs) independent of glutamate,
leading to downstream second messenger signaling (Boulware et al.,
2005; Grove-Strawser et al., 2010).

First described in female hippocampal neurons, estradiol
stimulation of membrane ERa was found to trigger mGlula sig-
naling. This led to the activation of G-mediated stimulation of
phospholipase C (PLC), protein kinase C (PKC), and inositol
trisphosphate (IP3) signaling, and eventual MAPK-dependent
CREB phosphorylation. In the same population of neurons,
membrane-localized ERa and ERB could also trigger activation
of mGlu2, leading to G;,,-coupled decreases in cAMP and subse-
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quent attenuation of L-type calcium channel-dependent CREB
phosphorylation. While CREB phosphorylation is only one of
many downstream targets of mGluR signaling, it was somewhat
odd to observe these opposing processes working within the same
cell. A follow-up study then established that there was spatial
segregation of these two opponent processes through expression
of multiple caveolin proteins (Boulware et al., 2007). Specifically,
caveolin-1 expression is essential for the functional coupling and
compartmentalization of ERa with mGlula. In contrast, isola-
tion of ERa and ERB with mGlu2 is achieved via expression of
caveolin-3. Taken with the recent evidence of de novo estradiol
synthesis within the hippocampus and other brain regions
(Woolley, 2007), it seems highly likely that activity-dependent
estradiol signaling can play an essential role in the modulation of
discrete signaling units within individual cells, affording fine-
tuned control of neuronal excitability.

Recent studies have examined potential ER/mGluR interactions
in other brain regions. Analogous to results from studies in hip-
pocampal tissue, activation of ER« leads to the phosphorylation of
CREB, whereas ERa and ERf attenuate L-type calcium channel-
dependent CREB phosphorylation in female striatal neurons
(Grove-Strawser et al., 2010). Both pathways were similarly depen-
dent upon CAV1 and CAV3. However, surprisingly the mGluRs
responsible for membrane estrogen receptor signaling in striatum
are different. In substitution of mGlula, ERa is functionally coupled
to mGlu5. Likewise in striatum, ERa and ERB are paired with
mGlu3 (as opposed to mGlu2). These results are particularly intrigu-
ing as all four mGluRs are expressed in both hippocampus and stria-
tum. Regardless of the mechanism for differential pairing of ERs and
mGluRs across neuronal subtypes, these data suggest that ERs may
be coupled to various GPCRs, and not a select population.

In rapid succession, the functional coupling of estrogen recep-
tors to mGluRs has been demonstrated within many other re-
gions of the nervous system. As examples, in the arcuate nucleus,
ERa/mGlula signaling impacts lordosis (Dewing et al., 2007).
Within hypothalamic astrocytes, ER« activation of mGlul is es-
sential for neuroprogesterone synthesis and regulation of the
estrous cycle (Kuo et al., 2010; Micevych et al., 2010). In dorsal
root ganglion (DRG) neurons, estrogen receptor activation of
mGlu2/3 attenuates ATP-induced increases in intracellular cal-
cium (Chaban et al., 2007). Additionally, estrogen-induced mas-
culinization of the medial preoptic area is dependent upon
mGluR activation (Wright and McCarthy, 2009). It would be
expected that these may be just some of the many examples of
ER/mGIuR coupling that occur within the nervous system.

Modulation of cortical neuron connectivity: a role for
estrogen-induced “two-step wiring plasticity”

In addition to the work described above, recent studies have
started to uncover the complex effects of rapid estrogen signaling
at the cellular level. In pyramidal neurons, dendritic spines form
the postsynaptic compartment of synapses and are the site for the
majority of excitatory synapses in the mammalian forebrain (Al-
varez and Sabatini, 2007; Penzes et al., 2011a). These structures
arerich in actin and readily undergo changes in morphology (size
and/or number) in response to a number of stimuli (Alvarez and
Sabatini, 2007; Kasai et al., 2010a). Moreover, changes in den-
dritic spine morphology are often accompanied by alterations in
synapse function, and thus mediate the remodeling of neuronal
circuitry (Segal, 2005). Therefore, understanding the actions of
estrogens on dendritic spine structure and function may offer an
insight into the means by which this neurosteroid may rapidly
modulate neuronal circuitry.
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Figure 2.  Examples of rapid estrogen-induced effects on neuronal circuitry. a, Estradiol rapidly induces the formation of nascent synaptic connections in cortical neurons. Without a second

stimulus, circuitry returns to control levels; addition of a second activity-dependent stimulus results in the stabilization and long-lasting increase in synaptic connectivity. b, ¢, The two diagrams
illustrate persistent and opposite effects of acute stress on associative learning in females (b) versus males (c). Under unstressed conditions, females outperform males. However, after stress, females
do not learn well, whereas males express more learned responses. The effects of stress on learning change numerous times across the female lifespan and can be ameliorated by various treatments
and hormonal manipulations. In contrast, learning in males is less dynamic, with enhanced responding from puberty through middle age. d, The proposed model for rapid translational mechanism
underlying estrogen-mediated synaptic plasticity in hippocampal neurons. Estrogen alleviates downstream translational repression, such as controlled by eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1). This results in the upregulation of key synaptic modulators such as PSD-95 and GluA1, and may alter dendritic and synaptic structure as well as the facilitation of LTP.

In rat cortical neurons, estradiol has been shown to rapidly
induce the formation of novel dendritic spines within 30 min (Sriv-
astava et al., 2008). These novel protrusions contain a number of
synaptic proteins, including PSD-95 and GluN1-containing NMDA
receptors. Furthermore, they form contacts with presynaptic ter-
mini, demonstrating a transient increase in connectivity. In addi-
tion, activation of ERpB in cortical neurons also increased spine
density within 30 min (Srivastava et al., 2010). These novel protru-
sions also contained PSD-95 and make connections with presynap-
tic termini. Interestingly, estradiol-induced dendritic spines were
only transient, and were preferentially eliminated by 60 min, return-
ing spine density to control levels by 60 min, suggesting that estradiol
is able to transiently increase the connectivity of cortical neurons
(Srivastava et al., 2008) (Fig. 2a).

Recent studies have started to elucidate the signaling pathways
important in the remodeling of dendritic spines (Tada and
Sheng, 2006; Penzes et al., 2008; Yoshihara et al., 2009). The small
GTPase family and their associated signaling cascades represent
prime candidates for mediating estradiol’s effects on dendritic
spines, through the regulation of the actin cytoskeleton. Indeed,

treatment with estradiol resulted in the activation of the small
GTPase Rap, in a timeframe mimicking estradiol’s effects on den-
dritic spines. Furthermore, acute treatment with estradiol re-
sulted in the phosphorylation (activation) of extracellular signal-
regulated kinase (ERK) 1/2 and an increase in synaptic clustering
of the PDZ protein afadin (also known as AF-6) in the same
timeframe, suggesting that these proteins may play a role in me-
diating estradiol’s effects on dendritic spines. Interestingly, as
described above, coupling of estrogen receptors with mGluRs can
lead to the activation of MAP kinase-dependent pathways, sug-
gesting that a potential pathway that can lead to the activation of
ERK1/2 in cortical neurons. However, whether mGluRs or caveo-
lin proteins are required for estradiol-mediated spine formation
has yet to be determined. Importantly, blocking Rap, ERK1/2 or
afadin function was sufficient to block estradiol-induced increases in
dendritic spine density, thus demonstrating a role for these proteins
in estradiol-mediated increase in cortical connectivity (Srivastava et
al., 2008).

It is also interesting to note that structural plasticity is often
accompanied by alterations in synaptic function induced by the
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trafficking of glutamate receptors to and/or from synapses (Segal,
2005). In cortical neurons, estradiol induced the bidirectional
trafficking of GluA1-containing AMPA glutamate receptors; syn-
aptic expression of GluA1 was reduced after 30 min of treatment
with estradiol, but returned to control levels by 60 min. Consis-
tent with this trafficking, a transient decrease in AMPA receptor-
mediated transmission was observed after 30 min, but not after
60 min, of treatment with estradiol.

A key question lies in understanding the relevance of these
transient effects of estradiol on synapse structure and function
and how they may relate to overall effects on neuronal circuitry.
One possibility is that estradiol’s transient effects may serve to
prime neurons to respond to subsequent stimuli with greater
efficacy, as has been suggested to occur following the generation
of nascent connections (Kasai et al., 2010b). In support of this
hypothesis, the coupling of estradiol treatment with a chemical
long-term potentiation (cLTP) protocol, mimicking an activity-
dependent stimulus, resulted in a sustained increase in connectivity
for up to 24 h. Moreover, an increase in surface synaptic expression
of AMPA receptors and an increase in AMPA receptor-mediated
transmission were also observed. It is of note that the trafficking of
AMPA receptors induced by estradiol most likely occurs via a non-
genomic pathway that does not require gene transcription. How-
ever, itis currently not clear whether a translational mechanism such
as that mediated by local protein synthesis (described below) is re-
quired for the increase in surface synaptic expression of AMPA re-
ceptors following the combined treatment of estradiol with a cLTP.

This cellular model, termed “two-step wiring plasticity,” may
offer a cellular mechanism underpinning the acute effects of estra-
diol on cortical circuitry by regulating synaptic connectivity and glu-
tamate receptors (Srivastava et al., 2008) (Fig. 2a). Furthermore, it
may offer insights into potential mechanisms underlying the bene-
ficial effects of estradiol in a number of neuronal pathologies.

Estrogen and the subsynaptic cytoskeleton: surprising
partners in regulating excitatory transmission

The acute effects of estradiol on LTP and memory encoding have
important implications for arguments about why cognitive per-
formance fluctuates with the estrous cycle and declines with age
(Markowska, 1999). They are also suggestive of therapeutic ap-
plications, particularly in the light of evidence that highly selec-
tive agonists for ERB enhance plasticity and memory in the
absence of many of estradiol’s peripheral actions (Liu et al., 2008).
However, further progress in these areas will require information
about how estradiol produces its rapid actions.

Recent progress in understanding the effects of rapid estrogen
signaling in the hippocampus strongly suggests that estrogen’s
rapid facilitatory effect on synaptic physiology involves the sub-
synaptic cytoskeleton (Kramdr et al., 2009). Importantly, control
of the actin cytoskeleton is essential for the remodeling of den-
dritic spines, for the trafficking of glutamate receptors, and in the
stabilization of long-term potentiation (Penzes et al., 2008; Sriv-
astava et al., 2008; Yoshihara et al., 2009). As such, control of the
subsynaptic cytoskeleton by estrogens may contribute signifi-
cantly to estrogen-induced fine-tuning of neuronal circuitry. La-
trunculin, a highly selective toxin that prevents the assembly of
actin monomers into filaments, completely blocks estradiol-
triggered increases in fast glutamatergic transmission. Moreover,
estradiol causes actin polymerization in dendritic spines in adult
hippocampal slices (Kramar et al., 2009). A search for the actin
signaling pathway responsible for these effects led to a sequence
composed of the small GTPase RhoA, its effector ROCK, LIM
kinase, and the actin-severing protein cofilin (Kramar et al.,
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2009). It has been shown that estradiol activates RhoA and causes
the phosphorylation of cofilin at hippocampal synapses; further-
more, highly selectively inhibitors of ROCK completely block
estradiol’s actions on synaptic responses without affecting base-
line physiology (Kramar et al., 2009).

The RhoA/LIMK/Cofilin actin polymerization pathway has
been implicated in LTP (Chen et al., 2007; Rex et al., 2009) and
therefore provides a plausible route whereby estradiol could en-
hance EPSPs. Itis also involved in the production of new spines in
cultured neurons. The critical question thus arises as to whether
the actin signaling pathway involved in estradiol-induced facili-
tation of EPSPs is also responsible for estradiol actions on spine
proliferation. A first step in addressing this issue is to determine
how estradiol engages the RhoA-polymerization cascade. One
possibility, as suggested by others, is that estradiol may transac-
tivate neighboring receptors that then engage GTPase signaling,
leading to cytoskeletal reorganization. Synaptic adhesion recep-
tors belonging to the 81 integrin family are a potential candidate
since they are concentrated in synapses and play an essential role
in activity-induced actin polymerization and LTP. In support of
this notion, recently obtained preliminary data suggest that estra-
diol activates 81 integrins in adult hippocampal slices. Notably,
B1 activation was evident at the same early time point at which
estradiol begins to increase the amplitude of synaptic responses.
Additional pilot studies then showed that neutralizing antibodies
against the B1 integrin completely blocked the facilitation of
estradiol-induced increases in EPSPs. Therefore, these findings
lead to a working model in which ERB transactivates classes of
receptors that engage in RhoA signaling, actin filament assembly,
and enhanced synaptic responses in hippocampal neurons.

Males and females use different brain circuits to learn after
stressful life experience

The potential rapid effects of estrogen on learning and memory
processes are many. Estrogens most certainly contribute to
learned thoughts and behaviors associated with sexual activity
and reproduction as well as those engaged during motherhood
and menopause. However, rapid effects of estrogen are probably
not limited to learning about reproduction, per se, and are likely
to include general mechanisms related to learning itself. For ex-
ample, learning processes can be modified by the presence of
estrogen during a stressful life event.

Exposure to an acute stressful event suppresses learning in
female rats, as assessed by an associative learning task known as
the classically conditioned eyeblink response (Wood and Shors,
1998) (Fig. 2b). The detrimental effect of stress on learning is
induced in a relatively short period of time (10-30 min) but has
a long-lasting effect on cognition, persisting days after the stres-
sor has ceased (Wood et al., 2001). These effects of stress on
learning are mediated by the presence of estrogen, because they
do not occur in females that are ovariectomized or in those that
are stressed in the presence of the selective estrogen receptor
modulator tamoxifen. The deficit in learning is also sensitive to
naturally varying levels of estrogen (Shors et al., 1998). It is not
evident before maturation of the estrous cycle. In other words,
prepubescent and pubescent females learn well even after a stres-
sor (Hodes and Shors, 2005). Once females begin to cycle, the
suppressed learning emerges. It is especially evident in females
that are stressed during diestrus and trained during proestrus
when estrogen levels are elevated. Moreover, the suppression is
not evident in females that are lactating or even in virgins that are
simply caring for young (Leuner and Shors, 2006). Finally, we
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structures differ between the sexes. For ex-
ample, the bed nucleus of the stria ter-
minalis is necessary in males but not in
females, unless they have been mascu-
linized at birth (Bangasser and Shors,
2008). The medial prefrontal cortex is
necessary for the suppressed learning in
females after stress, but not the en-
hanced performance in males after
stress (Maeng et al., 2010). Finally, re-
cent data suggest that communication
between the prefrontal cortex and
amygdala is necessary for the sup-
pressed learning in females after stress
(Maeng et al., 2010).

Together, these studies indicate that fe-
males and males can use different brain re-
gions to modify learning after an acute
stressful experience. Because the brain re-
gions are different, the circuits that are crit-
ically engaged must also be different (albeit,
under these limited conditions). Thus, the
mechanisms that are both necessary and
sufficient for these particular sex differences
in learning must be different as well. Using
inactivation procedures, it is clear that at
least some of the stress effects on learning
discussed here occur during the stressful ex-
perience itself and therefore are induced
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encoding of specific cognitive behaviors is requlated by both sex and stressful events.

have recent evidence to suggest that learning in females with any
offspring whatsoever is immune to the effects of stress on learn-
ing (Maengand Shors, 2011). In summary, it is clear that estrogen
not only has powerful consequences for processes of learning, but
these effects are dynamic and impermanent.

Interestingly enough, males that are exposed to the same stressful
event actually learn much better (Wood and Shors, 1998) (Fig. 2¢).
The enhanced learning is not observed if they are adrenalectomized
(Wood et al., 2001). Castration is of no consequence regardless of
when it occurs. That said, females that are masculinized at birth
behave as males when they reach adulthood (Shors and Miesegaes,
2002). With these studies, one can conclude that these opposite ef-
fects of stress on learning are organized by the presence of sex hor-
mones in utero and/or during early development.

The circuitry through which these sex differences occur is just
now emerging. The hippocampus and the basolateral nucleus of the
amygdala are necessary for both the enhanced learning in males after
stress and the suppression of learning in females after stress (Bangas-
ser and Shors, 2007; Waddell et al., 2008). However, other critical

Schematic of rapid estrogen actions in neurons. 1, Activation of synaptically located ERcx or ER(3 can result in the transacti-
vation of mGluRs. 2, Activation of ER/mGIuR (or just ER) results in the activation of specific intracellular mechanisms, induding activation of
kinases, small GTPases, or local protein synthesis mechanisms. Importantly, neuronsin different areas of the brain (i.e., cortex vs hippocam-
pus) result in the activation of distinct mechanisms. 3, Rapid activation of intracellular cascades induces changes in synaptic protein
localization and expression levels. 4, The cumulative effect of rapid estrogen signaling results in the modulation of synaptic connectivity and
synaptic function, and thus the fine-tuning of neuronal circuitry. 5, Estrogen-mediated fine-tuning of specific neuronal circuitry for the

within minutes or tens of minutes. That
said, it is unclear whether they are as “rapid”
as other estrogen-related mechanisms and
may even depend on changes in gene ex-
pression. It is more likely a combination of
mechanisms, both rapid and sustained, that
accounts for the complex nature of
stress/learning interactions. Further-
more, these mechanisms may have im-
plications not only for how information
is encoded in a sex-specific manner, but
also for why sexual dimorphisms occur
in the susceptibility, symptomatology,
and course of a number of brain disor-
ders that affect cognition.

Estrogen effects on rapid protein synthesis through a
translation-dependent mechanism

The predominant model of rapid estrogen signaling occurs via a
nongenomic mechanism, not involving gene transcription. How-
ever, recent data indicates that rapid effects of estrogen can involve
local protein synthesis, which is a critical component of long-lasting
hippocampal synaptic plasticity (Klann et al., 2004). Interestingly,
ribosomes, translation factors, and mRNA are present not only in
the neuronal soma, but also in dendrites and dendritic spines (Stew-
ard and Schuman, 2001). This indicates that local protein synthesis
in the vicinity of the synapse could support long-lasting synaptic
plasticity without engaging transcriptional processes in the neuronal
soma. Estrogen can also regulate rapid protein synthesis, mainly
through a translation-dependent mechanism. Estrogen has been
shown to stimulate the rapid activation of specific signal transduc-
tion pathways, such as the activation of Akt (protein kinase B), a key
signal transduction intermediate that initiates protein translation by
alleviating the downstream translational repression of eukaryotic
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initiation factor 4E-binding protein 1 (4E-BP1) (Akama and McE-
wen, 2003). Specifically, estrogen rapidly (within 1 h) increases the
phosphorylation of Akt, as well as the phosphorylation of 4E-BP1,
which suggests a mechanism leading to protein translation of
dendrite-localized mRNA transcripts in the hippocampus in vivo.

Recently, ERB activation by a selective agonist was shown to
enhance LTP, increase dendritic branching, and produce changes
in spine morphology. These changes are paralleled by upregula-
tion of a number of key synaptic proteins, including the AMPAR
subunit GluA1 and PSD-95. The relatively short timeframe (1-4
h after a single injection of the ERf selective agonist) within
which ERP activation drives changes in synaptic protein levels
(Liu et al., 2008) suggests a nongenomic mechanism of action.
Consistent with the potential translation of dendritic proteins,
estrogen and the ERB-selective agonist stimulate a rapid increase
in PSD-95 and GluAl new protein synthesis without altering
PSD-95 and GluA1 mRNA levels. In the hippocampal slices, the
rapid increases in synaptic protein levels correlate with estrogen-
and ERB (2 h incubation)-mediated enhancement of LTP, and
these effects appear to be independent of gene transcription. This
time course appears to be slightly longer than what has been
described in rapid spine density changes and cytoskeleton-
mediated LTP, but these data clearly suggest that estradiol and
ERp, through activating translational machinery and triggering
rapid protein synthesis, can regulate modulators of synaptic plas-
ticity, in a timescale more rapid than that of classical actions of
estrogens. Future studies will need to focus on whether this rapid
translation is the key mechanism underlying estrogen- and ER3-
mediated memory enhancement previously described (Liu et al.,
2008).

Summary
In summary, new insights into the mechanisms underlying rapid
estrogen signaling in the brain and the consequences these ac-
tions have on neuronal circuitry and behavior are rapidly emerg-
ing on multiple fronts. These include the subcellular localization
of estrogen receptors and the mechanism(s) that allow for the
coupling of these receptors with classic second messenger sys-
tems. This places the machinery required for initiating rapid
estrogen signaling at synapses, thus allowing for the rapid mod-
ulation of synaptic properties (Fig. 3). At the cellular level, we are
beginning to understand how the rapid initiation of signaling
cascades can regulate actin cytoskeletal dynamics to regulate syn-
apse structure and function. Moreover, the pairing of rapid es-
trogen signaling with activity-dependent stimuli can result in
long-lasting changes in neuronal circuitry. Importantly, it is now
emerging that the mechanisms used by estrogens are greatly in-
fluenced by cell type, as demonstrated by differences in the rapid
effects of estrogen in cortical and hippocampal neurons and the
preferential coupling of ERs to different mGluRs in distinct re-
gions of the brain, and may ultimately lead to differential regula-
tion of neuronal circuitry in each area. Furthermore, the effects of
rapid estrogen signaling are not limited to changes in neuronal
connectivity and synaptic transmission, but can influence the
very nature of the circuitry is used for the acquisition of learned
behaviors under stressful conditions in a sex-specific manner.
Finally, the evidence that rapid estrogen signaling can lead to
activation of molecular pathways that can regulate local synthesis
pathways provides a novel direction for our understanding of
rapid estrogen signaling within the brain and its ability to induce
the fine-tuning of neuronal circuits (Fig. 3).

A number of CNS disorders, including Alzheimer’s disease,
schizophrenia and affective disorders, display aberrant synapse
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structure, function, and circuitry. Therefore, development of ef-
fective treatments for such disorders demands elucidation of the
mechanisms controlling remodeling of synaptic networks. The
rapid actions of estrogens on remodeling of neural circuitry high-
light the importance of using suitable blood—brain barrier-
penetrant agents with this mechanism of action for the effective
treatment of neurodevelopmental, neurodegenerative, and psy-
chiatric disorders. For example, targeting specific estrogen recep-
tors, such as ERf receptors, without inducing feminizing side
effects, may provide a novel therapeutic approach for the treat-
ment of Alzheimer’s disease, affective disorders, and schizophre-
nia. Moreover, in contrast to estradiol, such estrogen receptor-
based agents could be used as a potential treatment approach in
both males and female patients.
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