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Abstract——Converging evidence from cellular, elec-
trophysiological, anatomic, and behavioral studies
suggests that the remodeling of synapse structure and
function is a critical component of cognition. This mod-
ulation of neuroplasticity can be achieved through the
actions of numerous extracellular signals. Moreover,
it is thought that it is the integration of different ex-
tracellular signals regulation of neuroplasticity that
greatly influences cognitive function. One group of
signals that exerts powerful effects on multiple neuro-
logic processes is estrogens. Classically, estrogens have
been described to exert their effects over a period of
hours todays.However, there isnow increasing evidence
that estrogens can rapidly influence multiple behaviors,
including those that require forebrain neural circuitry.
Moreover, these effects are found in both sexes. Criti-
cally, it is now emerging that themodulation of cognition
by rapid estrogenic signaling is achieved by activation of
specific signaling cascades and regulation of synapse
structure and function, cumulating in the rewiring of

neural circuits. The importance of understanding the
rapid effects of estrogens on forebrain function and
circuitry is further emphasized as investigations
continue to consider the potential of estrogenic-based
therapies for neuropathologies. This review focuses on
how estrogens can rapidly influence cognition and the
emerging mechanisms that underlie these effects. We
discuss the potential sources and the biosynthesis of
estrogens within the brain and the consequences of
rapid estrogenic-signaling on the remodeling of neural
circuits. Furthermore, we argue that estrogens act via
distinct signalingpathways tomodulate synapse structure
and function in a manner that may vary with cell type,
developmental stage, and sex. Finally, we present a model
in which the coordination of rapid estrogenic-signaling
and activity-dependent stimuli can result in long-lasting
changes in neural circuits, contributing to cognition,
with potential relevance for the development of novel
estrogenic-based therapies for neurodevelopmental
or neurodegenerative disorders.

I. Introduction

It was first proposed by Ramón y Cajal (1911) that
individual neurons form the basic building blocks of the
nervous system. This led to the understanding that
neurons do not act in isolation but act as a population of
physically interconnected cells in a network or neural
circuit. Activity in neural circuits is essential for normal
brain processes including cognition and behavior. Un-
derstanding the principles of information processing by
neural circuits will guide us in delineating how the
brain transduces environmental cues into physiologic
responses, cognition, and complex behaviors. One way
to understand how neural circuits react to such stimuli

is to study how individual neurons respond to various
extracellular signals and to uncover the underlying
molecular mechanisms that allow these events to occur.

Steroid hormones, including estrogens, have long
been known to influence nervous system development
and function (Bueno and Pfaff, 1976; Toran-Allerand,
1976; Losel and Wehling, 2003). Estrogens are among
the most studied steroid hormones and have consis-
tently been shown to affect a broad range of physiologic
functions, including reproductive, developmental,
cardiovascular, and neuronal function (McEwen and
Alves, 1999; Nilsson et al., 2001; Lee and Pfaff, 2008;
Brinton, 2009; Levin, 2011). Over recent years, there

ABBREVIATIONS: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, brain-derived neurotrophic factor; CNS, central
nervous system; CREB, cAMP -esponse element binding; DHEA, dehydroepiandrosterone; DHEAS, sulfated form of DHEA; DPN,
diarylpropionitrile; ER, estrogen receptor; ERK, extracellular signal-regulated kinase; GABA, g-aminobutyric acid; GAP, GTPase-activating
proteins; GEF, guanine nucleotide exchange factors; GPCR, G-protein-coupled receptor; KO, knockout; LTD, long-term depression; LTP, long-
term potentiation; MAPK, mitogen-activated protein kinase; mEPSC, miniature excitatory postsynaptic currents; MNAR, modulator of
nongenomic actions of estrogen receptor; NCM, caudomedial nidopallium; NMDA, N-methyl-D-aspartic acid; OVX, ovariectomized; PAK, p21-
activated kinases; PELP, proline-, glutamic acid-, and leucine-rich protein; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; PKC,
protein kinase C; p-LIMK, LIM-kinase; PPT, propyl pyrazole triol; PSD, postsynaptic density protein; rACC, rostral anterior cingulate cortex;
RNAi, RNA interface; SERM, synthetic estrogen receptor modulators; StAR, steroidogenic acute regulatory protein; TSWP, two-step wiring
plasticity; WASP, Wiskott-Aldrich syndrome protein; WAVE, WASP-family verprolin-homologous protein.
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has been a growing appreciation of the complex actions
of estrogens within the brain. In addition to their
actions in the hypothalamus (Kelly et al., 2005), it
has become clear that estrogens can exert effects in
multiple regions of the brain, including the cerebral
cortex and hippocampus (McEwen and Alves, 1999;
Brinton, 2009; Srivastava et al., 2011). The actions
of estrogens in these areas are not limited to those
observed in females but have also been consistently
reported to occur in males as well, albeit in a sexually
dimorphic manner in certain cases (Gillies and McArthur,
2010). The emerging notion that estrogens can act in
multiple areas of the brain has been accompanied by
clinical and basic scientific studies implicating estro-
gens in regulating cognitive processing and memory
in both animal models and humans (Luine, 2008;
Sherwin and Henry, 2008; Brinton, 2009; Henderson,
2009). The early findings that estrogens can modulate
neuronal physiology and morphology (Bueno and Pfaff,
1976; Kelly et al., 1976; Toran-Allerand, 1976; Gould
et al., 1990) have led to an increased focus on how this
group of steroids regulates neuroplasticity in neural
circuits and thus contributes to cognitive function. The
effects of estrogens on cognitive function are of signifi-
cant interest because of evidence that estrogens may
delay the onset or ameliorate the severity of a number
of psychiatric and neurodegenerative disorders, such as
schizophrenia, anxiety, depression, and Alzheimer’s dis-
ease (Cahill, 2006; Kulkarni et al., 2008; Hughes et al.,
2009; Gillies and McArthur, 2010; Srivastava and Penzes,
2011). Therefore, elucidating the molecular and cellular
mechanisms that underlie estrogenic effects on neuro-
plasticity is essential not only for understanding their role
in normal brain function but also their contribution to
neuropathologies and the potential role of estrogens as
treatment of such disorders. As with most steroids,
estrogens’ actions were thought to occur mainly via the
regulation of gene transcription, which often takes
hours to days to manifest. Despite the fact that some of
the earliest reports of estrogenic actions in the brain were
of a rapid nature (Bueno and Pfaff, 1976; Kelly et al., 1976;
Toran-Allerand, 1976), much of the work performed to date
has focused on the long-term actions of estrogens in the
nervous system. However, there are an increasing number
of studies that investigate the consequence of rapid
estrogenic-signaling on neuronal function and have further
linked these effects with the regulation of behavior and
cognition (McEwen and Alves, 1999; Kretz et al., 2004;
Woolley, 2007; Luine, 2008; Brinton, 2009; Srivastava
et al., 2011). In addition, investigations into the cellular
and molecular underpinnings of estrogenic signaling are
starting to reveal some of the critical mechanisms involved
in the modulation of neuroplasticity and thus cognition.
In this review, we will discuss recent insights into

rapid modulation of neuroplasticity by brain estrogens
within the mammalian forebrain, focusing on its rele-
vance for the rapidmodulation of cognition. In particular,

we will highlight relevant behavioral studies that indi-
cate a role for estrogens in rapidly modulating cognitive
behaviors, mediated by areas located in the forebrain
(e.g., cortex and hippocampus); 2) describe the mecha-
nisms that control the bioavailability of active estrogens
within discrete regions of the brain, in particular focusing
on the ability to synthesize estradiol in nervous tissue; 3)
examine the cellular consequence of rapid estrogenic-
signaling on plasticity of excitatory neurons, specifically
focusing on synapse structure and function; and 4) explore
the cellular mechanisms and pathways that potentially
underlie estrogen-induced neuroplasticity in excitatory
neurons.

By use of this body of literature, we will attempt to
establish a model by which estrogenic modulation of
neuroplasticity may be used in a physiologic context.
We further argue that one way in which estrogens can
modulate cognitive function is through (micro) rewiring
(Chklovskii et al., 2004; DeBello, 2008) of neural circuitry
by centrally (brain) synthesized estrogens. Although this
may be only one of a number of mechanisms employed by
estrogens to influence cognitive function, we hope this
review will aid in broadening overall comprehension of
the rapid actions of estrogens in neuronal tissue.

II. Definitions and Concepts

To facilitate our exploration of the mechanisms by
which estrogens can regulate neuroplasticity, it is
instructive to briefly highlight some basic terminology
and concepts. Foremost, we use the term “estrogens” to
refer to a class of steroid compounds, of which 17b-
estradiol (also known as estradiol and often abbreviated
to E2) is considered to be the most biologically active
form (Blaustein, 2008). Throughout this review we will
interchange between these terms. We use the term
cognition, or cognitive function, to refer to processes such
as attention, learning, and memory that require frontal
brain areas including the cortex and hippocampus.
Owing to the burgeoning interest in understanding the
effect of rapid estrogenic signaling on neuroplasticity, it
is not possible to cover all of themany interesting studies
exploring rapid estrogenic signaling within the mam-
malian forebrain. Therefore, where possible, we direct
the reader to other reviews covering more specific topics.

A. Neuroplasticity in Neural Circuits

During the initial formation of neural circuits,
neuronal connections are highly "plastic," they can
undergo changes in morphology and number in re-
sponse to numerous stimuli. However, once a neural
circuit has been formed, the connections, or synapses,
between neurons retain a degree of plasticity, permit-
ting morphologic alterations in response to a number of
environmental and extracellular stimuli throughout
adulthood. These stimuli include activity-dependent,
neuromodulatory, and neurosteroidal signals (Alvarez
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and Sabatini, 2007; Bhatt et al., 2009; Holtmaat and
Svoboda, 2009), and it is thought that the resultant
synaptic structural plasticity is essential for normal
cognitive function (Chklovskii et al., 2004; DeBello,
2008; Bhatt et al., 2009; Holtmaat and Svoboda, 2009).
The majority of the excitatory synapses in the mam-
malian forebrain occur on specialized structures known
as dendritic spines (Fig. 1). These micron-scale, actin-
rich structures garnish the dendritic arbor and typi-
cally consist of a spine neck and a spine head. It is the
changes in morphology and/or number of these excit-
atory connections that are thought to be a major driving
factor in normal brain function (Fig. 1). In addition to
physical modifications, alterations in the amount of
information flow between neurons through the fine
tuning of postsynaptic glutamate receptors is another
essential component of functional circuit refinement
(Malenka and Bear, 2004; Shepherd andHuganir, 2007;
Kessels and Malinow, 2009). This coordination of struc-
tural and functional plasticity, which can be referred to as
neuroplasticity, can influence physiologic, cognitive, and
behavioral processes.

B. Rapid Steroid Signaling in the Nervous System?

Classically, steroid function has been described to
occur via the regulation of gene transcription, a process
that typically takes hours to days to manifest (Beato,

1989). However, it has been known for many years that
steroids can also elicit cellular actions that occur as
fast as seconds to minutes, but generally within 1 hour
(Losel and Wehling, 2003). The rapid actions of ste-
roids have been described as “nongenomic” and are
characterized by the following features: rapid effects
taking only seconds to minutes to manifest; actions
insensitive to gene and protein synthesis inhibitors;
actions initiated by steroid analogs unable to cross the
plasma membrane (Losel and Wehling, 2003). Inter-
estingly, these rapid actions of steroids are likely
to be evolutionarily conserved mechanisms, as they
have been described for both vertebrate and inverte-
brate organisms (Srivastava et al., 2005; Wehling and
Losel, 2006; Evans et al., 2009; Sakamoto et al., 2012;
Thomas, 2012). In the mammalian nervous system,
steroids have been reported to have effects ranging
from the modulation of neurotransmitter systems to
the induction of signal pathways as well as effects on
synaptic physiology (Paul and Purdy, 1992; McEwen
and Alves, 1999; Woolley, 2007; Brinton, 2009; Lokuge
et al., 2010; Melcangi et al., 2011). As will be discussed
in greater detail in section V, it is becoming clear that
the rapid intracellular signaling actions initiated by
steroids can subsequently result in the regulation of
nuclear events (Vasudevan and Pfaff, 2008), which can
occur within 1 hour.

Fig. 1. Examining neural circuits by two-photon imaging of transgenic mice expressing GFP. (A) Two-photon image of cortical pyramidal neurons in
coronal sections of GFP M-line mice; a subset of layer 5 cells express GFP. The main (apical) dendrite of these cells is branched and projects to layer 1;
dendritic spines are located along the dendrite. (B) High magnification image of dendrite, dendritic spines, and axon imaged by intravital two-photon
microscopy. Dendritic spines protrude from dendrites, allowing neurons to make synaptic connections. Note that the axon is thinner than dendrites
and does not have spines. Image demonstrates dendritic spines synapsing with an axon. (C) Examples of dendritic spine plasticity, imaged in vivo:
novel spines can form (formation), whereas existing spines can change shape and size (retract, grow, or become longer); spines can also be eliminated.
Dendritic spines change morphology in response to numerous extracellular stimuli; this can be a consequence of synaptic activity or neuromodulatory
stimuli. Intravital two-photon images were acquired with the aid and expertise of Dr. Jack Waters, Northwestern University. (D) Schematic of cortical
circuitry rewiring. The strengthening or weakening of existing synaptic connections and the addition or elimination of synaptic connections allows for
the bidirectional rewiring of cortical circuits.
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It also is important to differentiate between the
sources of steroids and their action within the nervous
system. It was considered for some time that the only
sources of steroids that could act within the brain were
limited to those produced by steroidogenic tissue (e.g.,
sex organs, adrenal cortex) outside of the central
nervous system (CNS). However, observation made by
Baulieu and colleagues in the 1980s changed our views
regarding the location of steroid synthesis within the
brain (Baulieu and Robel, 1990). As such, steroids
acting on nervous tissue can be classified into two
groups. Firstly, steroids synthesized outside the ner-
vous system can cross the blood-brain barrier because
of their lipophilic nature. Once within the brain, these
steroids directly exert actions through interacting with
steroid receptors within the brain; such steroids have
been coined “neuroactive steroids” (Paul and Purdy,
1992; Rupprecht and Holsboer, 1999). On the other
hand, the observations that steroids could accumulate
in the brain even in the absence of either gonads or the
adrenal cortex and that steroids levels within the brain
did not always match those within the periphery, led to
the proposal that steroids could be synthesized de novo
within the brain (Baulieu and Robel, 1990; Do Rego
et al., 2009). Following the discovery that the enzymes
required for the synthesis of steroids could be localized
to a number of neuronal cell types (Do Rego et al., 2009;
Pelletier, 2010), steroids synthesized locally in the brain
have been termed “neurosteroids” (Baulieu and Robel,
1990; Paul and Purdy, 1992). In this review, we will
refer to estrogens produced outside of the nervous
system as “peripherally synthesized” and those within
the CNS as “centrally” or “brain-synthesized.”

III. Rapid Estrogenic Regulation of Behavior

Estrogenic regulation of behaviors, including cognitive
function, has been the focus of a number of extensive
reviews (Galea et al., 2008;Walf and Frye, 2008; Brinton,
2009; Frick, 2009; Henderson, 2009; Saldanha et al.,
2011; Choleris et al., 2012). As such, we only wish to
highlight studies that provide clues regarding the ability
of rapid estrogenic signaling to modulate cognition.
Specifically, we will review studies in which the time-
specific administration of estrogens can modulate cogni-
tion or studies in which behavioral paradigms assess
cognitive function within 1 hour.Wewill focus on studies
from avian and rodent model systems as they have
provided a large amount of information in this area.

A. Studies from Zebra Finch

Studies in the Zebra Finch songbird have demon-
strated a critical role for brain-synthesized estrogens in
the rapid processing of sensory information. These birds
learn complex vocalizations, or songs, which require the
encoding of behaviorally relevant auditory signals and
subsequent reproduction of these vocalizations (London

and Clayton, 2008; Mooney, 2009). The processing of
these signals occurs predominately within the caudo-
medial nidopallium (NCM) nucleus of the Zebra Finch
forebrain, which is the songbird homolog of the mam-
malian auditory association cortex (London and Clayton,
2008; Mooney, 2009). The NCM is rich in components
required for the rapid production and detection of
estrogenic signals (Saldanha et al., 2000; Remage-
Healey et al., 2008; Tremere et al., 2009), offering an
excellent model to investigate how brain-derived estro-
gens can modulate sensory encoding and processing.
Rapid (within minutes) 17b-estradiol production in the
NCMhas been detected in response to social interactions
(Remage-Healey et al., 2008). This increase in 17b-
estradiol levels increases the gain of auditory-driven
responses via a nongenomicmechanismand is likely also
to involve inhibition of presynaptic GABAergic trans-
mission (Tremere et al., 2009). In addition, it has been
suggested that the main role for increased local pro-
duction of 17b-estradiol within the NCM is to increase
auditory coding efficiency (Remage-Healey et al., 2010;
Tremere and Pinaud, 2011). Accordingly, acute blockade
of 17b-estradiol synthesis within the NCM disrupts
songbird song preference (Remage-Healey et al., 2010).
Together these studies have pointed to an essential role
of brain-synthesized 17b-estradiol in the rapid modula-
tion of sensory encoding and socially relevant auditory
discrimination, specifically in cortical circuitry found in
the NCM of Zebra Finch songbirds.

B. Studies Using Rodent Models

Rodent models have been extensively used to in-
vestigate the role of estrogens in the control of cognitive
function, including learning and memory, and are
reflected by the number of publications in this area.
Ovariectomy has been widely used to examine the
contribution of circulating hormones to various behav-
iors. This approach preserves normal development and
effectively removes the circulating estrogens and pro-
gesterone in adult animals. However, it is noteworthy
that some androgens are produced by the adrenal cortex
and thus may still be present after ovariectomy. In
addition, the time between ovariectomy surgery and
behavioral testing varies between studies, and thus the
amount of time without these sex hormones can be
significant. Moreover, the effect of ovariectomy on brain-
synthesized estrogens, or the contribution of centrally
produced estrogens on cognition, is less clear. These
important limitations should be kept in mind when
interpreting the extensive behavioral literature on ovari-
ectomized (OVX) female rodents.

Studies in rats have yielded ample evidence that
estrogens exert powerful actions on cognitive processes.
OXV female rats display impaired performance in
working memory and spatial navigation such as demon-
strated by delayed match-to-sample tasks, T-maze
alternation tasks, and various radial maze tasks (Daniel
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et al., 1997; Bimonte and Denenberg, 1999; Gibbs, 2007;
Gibbs and Johnson, 2008). In many of these studies,
these effects were reversed by an acute treatment with
17b-estradiol or other potent estrogens, including syn-
thetic estrogen receptor modulators (SERMs) (Daniel
et al., 1997; Bimonte and Denenberg, 1999; Gibbs, 2007;
Gibbs and Johnson, 2008; Sherwin and Henry, 2008).
Similar effects have also been observed in female
OVX rats in object recognition tasks, which rely on both
cortical and hippocampal processing (Ennaceur et al.,
1997; Barker andWarburton, 2011). In female OVX rats,
administration of 17a-estradiol or 17b-estradiol, either
30 minutes prior or immediately post-training, was able
to enhance memory acquisition and consolidation (Luine
et al., 2003). Interestingly, this enhancement was not
observed when either estradiol isomer was administered
2 hours post-training, suggesting that there is a spe-
cific time frame in which these estrogens were able to
enhance memory acquisition and consolidation (Luine
et al., 2003). In a separate study, it was shown that
treatment of OVX rats with the SERMs propyl pyrazole
triol [PPT; selective agonist for estrogen receptor (ER) a]
or diarylpropionitrile (DPN; selective agonist for ERb)
was able to enhance memory performance in object rec-
ognition tasks when administered immediately but
not 60 minutes post-training (Walf et al., 2006). This
indicates that both estrogen receptors can contribute to
rapid estrogenicmodulationofmemoryandhavea specific
time frame in which they may be effective.
It is critical to note that in the studies described above

use behavioral paradigms in which, after an initial
training phase, memory is tested at least 4 hours later.
Nevertheless, the administration of estrogens prior to
behavioral training may indicate a role of estrogens in
enhancing the acquisition/formation of memory, whereas
post-training administrations may be more indicative of
a role for estrogen in memory consolidation (Luine et al.,
2003; Luine, 2008; Walf et al., 2006). These data have
been suggested to demonstrate a specific time frame, or
“critical time,” in which 17b-estradiol or SERMs are
effective in enhancing memory (Luine, 2008; Inagaki
et al., 2010). The existence of a specific time frame for
estradiol-mediated enhancements of cognition suggests
that the mechanism by which estrogens enhance cogni-
tion is rapid and transient. Therefore, initiation of these
estrogen-dependent mechanisms must be timed, or co-
ordinated, with the onset of learning and memory (this
potential mechanism will be explored in greater detail in
section IX). A possible caveat to this interpretation lies in
the fact that the administered hormones may not have
been fully metabolized and are still present within the
animal several hours later when testing occurs. There-
fore, it is possible that the estrogens are influencing
memory retrieval, rather than formation or consolidation.
However, the presence of enzymes involved in the meta-
bolism of estrogens (see section IV) in multiple brain
regions diminishes viability of this alternative hypothesis.

Multiple studies have also used mouse models to
investigate rapid estrogenic influences on behaviors
(Frick, 2009; Choleris et al., 2012). In female OVX mice,
administration of 17b-estradiol immediately after train-
ing enhances memory consolidation, as determined in
an object recognition behavioral paradigm (Fernandez
et al., 2008; Fan et al., 2010). In addition, 17b-estradiol
rapidly (within 1 hour) increased the phosphorylation,
and thus activation, of extracellular signal-regulated
kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)
(Fernandez et al., 2008; Fan et al., 2010). These
data would seemingly suggest that rapid activation of
membrane/cytosolic signaling pathways are required for
estradiol-mediated memory enhancements. However,
memory was tested (up to) 48 hours after training and
17b-estradiol administration, providing sufficient time
for gene transcription to occur. Critically, the adminis-
tration of inhibitors that blocked ERK or PI3K signaling
pathways, simultaneously with 17b-estradiol, abolished
estradiol-dependent enhancement of memory (Fernandez
et al., 2008; Fan et al., 2010). This strengthens the notion
that the initiation of rapid membrane/cytosolic signal-
ing pathways is required for estradiol enhancement
of memory consolidation. However, it does not occlude
the possibility that some form of cross-talk or coordinated
signaling is occurring between membrane/cytosolic and
nuclear compartments (see section V for a more in-depth
discussion). Recently, Phan and colleagues (2011, 2012)
have used “rapid learning” paradigms in which the time
from the initial injection of drug to the end of the test is
45 minutes. These experiments showed that treatment of
OVX female mice with specific concentrations of 17b-
estradiol or PPT 15 minutes prior to training were able
to increase social and nonsocial learning (Phan et al.,
2011, 2012). Conversely, DPN only had a slight effect on
object placement but not object recognition. The lack of
effect of DPN on object recognition differs from that seen
in rat (Walf et al., 2006); however, whether this is because
of species difference, treatment timing (pre- vs. post-
training administration), or difference in paradigms is not
known. Nevertheless, these studies clearly demonstrate
that estrogens are capable of modulating cognitive
function in a time frame that is consistent with a non-
genomic mode of action.

Studies of knockout mice lacking either of the two
classic estrogen receptors (ERa, ERb) have added sup-
port for a critical role of estrogens in rapidly modulating
cognitive ability. Indeed, OVX wild-type, but not ERb
knockout (KO), mice administered with 17b-estradiol
or DPN immediately after training displayed improved
performance in both object recognition and placement
tasks (Walf et al., 2008a). Comparisons of the ability of
17b-estradiol to influence ERa and ERb KO mice on a
Y-maze task revealed that ERa KO, but not ERb KO,
mice showed an improvement after treatment with 17b-
estradiol (Liu et al., 2008), indicating a critical role for
ERb in mediating rapid estrogenic regulation of cognitive
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function. Interestingly, double ERa/b KO mice are still
responsive to acute 17b-estradiol administration (Kudwa
and Rissman, 2003), indicating that other estrogen
receptors may also contribute to the rapid regulation of
estrogenic actions in vivo.
A number of studies have also examined whether

estrogens are able to influence cognition inmale rodents.
Castration of male rats impairs working memory tasks
in an estrogen-sensitive manner (Kritzer et al., 2007;
Luine, 2007; Aubele et al., 2008; Gibbs and Johnson,
2008), whereas male estrogen receptor knockout mice
display impaired social recognition memory (Sanchez-
Andrade and Kendrick, 2011). Additionally, administra-
tion of 17b-estradiol in aged male and female mice was
able to improve performance in inhibitory and water
maze learning tasks (Frye et al., 2005). Perhaps some of
the most compelling behavioral data for a role of estro-
gens in influencing male cognition come from mice
lacking the aromatase cytochrome P450 enzyme. Aroma-
tase, encoded by the cyp19 gene, is the final enzyme and
rate-limiting step in the biosynthesis of estrogens and is
highly expressed in multiple regions of the brain (see
section IV for an expanded discussion). Several strains of
aromatase KO mice have been produced (Fisher et al.,
1998; Honda et al., 1998; Toda et al., 2001), resulting in
mice that are estrogen deficient and hyperandrogenic.
Male aromatase KO mice display impairments in spatial
reference memory (Martin et al., 2003), whereas severe
deficits in social memory were seen in both gonadally
intact and castrated male aromatase KO mice (Pierman
et al., 2008). Interestingly, when gonadally intact or
castrated male aromatase null mice were treated with
estradiol benzoate, in association with dihydrotestoster-
one propionate, a recovery in social recognition was
observed (Pierman et al., 2008). Collectively, these
studies indicate that 17b-estradiol contributes to cogni-
tion in male rodents. Further work will be necessary to
describemechanisms of estrogen production and action in
the male brain and to contrast these mechanisms with
their female analogs.
The use of KO animal models should overcomemany of

the potential confounding issues arising from a pharma-
cological approach. However, current ER- and aromatase-
KO mouse models are, for the most part, conventional
knockouts, in which the gene of interest is lacking
throughout the body. The use of alternative strategies,
such as conditional gene knockout methods, would allow
researchers to manipulate the expression of estrogen-
related genes in a region-specific, cell type-specific, and
even temporally controlled manner. For example, this
would provide a more suitable system in which to in-
terrogate the role(s) of classic and nonclassic ERs
expressed in the forebrain in fastmodulation of cognition.
Using conditional gene knockout mice to manipulate
aromatase expression would address the relative contri-
bution of centrally/brain-synthesized estrogens in learn-
ing and memory. Region- and cell-specific ER knockout

mice were used previously to understand estrogen’s role
in reproduction and neuroprotection (Dupont et al., 2000;
Spence et al., 2011), demonstrating the feasibility of
such animal models. Another approach that has recently
been employed to examine the role of ERa in sexual and
aggressive behavior has been to knock down protein
expression using virally encoded si- or sh-RNA interfer-
ence (RNAi) constructs in a brain-specific manner (Ribeiro
et al., 2012; Sano et al., 2013). Such approaches, when
combined with cell-specific promoters, would potentially
enable examination of ER function in both a site- and
cell-specific manner. An alternative to resource-intensive
transgenic mouse generation and viral-based RNAi
vectors is to electroporate plasmid DNA into fetuses in
utero (Taniguchi et al., 2012). This technique allows for
spatially restricted gene manipulation in a temporally
controlled manner without the use of episomal viral
vectors (Srivastava et al., 2012c; Taniguchi et al., 2012).

C. Dose and Routes of Administration

A number of studies have also investigated what dose
of estrogens is most effective at enhancing performance
on various behavioral tasks (Luine et al., 2003; Inagaki
et al., 2010; Phan et al., 2011). This has revealed an
inverted U-shaped dose response curve as opposed to
a more traditional sigmoid log-dose response curve for
the enhancing actions of estrogens on cognition. For
example, in OVX female rats, a single post-training
subcutaneous injection of either 5 mg/kg 17b-estradiol or
1–2 mg/kg 17a-estradiol, but not lower or higher
concentrations, was effective in enhancing object recog-
nition (Inagaki et al., 2010). In female OVX mice,
a single pretraining subcutaneous injection of 50 or 75 mg
(per 30 g mouse) PPT was sufficient to enhance object
recognition, whereas single injections of lower or higher
concentrations were not (Phan et al., 2011). Interest-
ingly, an inverse U-shaped dose-response curve has also
been reported in estrogenic-mediated enhancement of
spatial memory in OVX female mice (Gresack and Frick,
2006). This suggests that an inverse U-shaped pattern
of estrogenic effects on memory may be applicable to a
number of memory tasks. This inverted U-shaped pattern
of estrogen’s effect on cognition may reflect the optimal
level of receptor activation. Another interpretation of
these data are that different doses can induce agonist-
specific coupling, or “ligand-selective receptor conforma-
tion,” differentially coupling receptors to distinct signaling
pathways or specific receptor states (e.g., dimerization,
inactivation/desensitization, internalization) (Evans et al.,
1995; Christopoulos and Kenakin, 2002; Srivastava et al.,
2005). A similar phenomenon has been described for
a Drosophila G-protein-coupled receptor activated by
ecdysteroids (insect sex hormones) (Srivastava et al.,
2005; Evans et al., 2009). The vast majority of studies
examining the rapid effects of estrogens on cognition in
rodents have used single systemic injections of 17b-
estradiol. Often the concentration of estradiol within
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specific regions of the brain has not been measured. Thus,
it is not entirely clear what is the actual concentration
of estradiol acting at receptors in the brain. In addition,
although a range of 17b-estradiol doses has been used in
different studies, the majority are reported to fall within
physiologic levels of plasma estradiol levels; however,
higher doses of 17b-estradiol are thought to produce
supraphysiological levels of plasma estradiol (MacLusky
et al., 2005; Scharfman et al., 2007; Phan et al., 2012;). On
the other hand, it has been argued that such concen-
trations are representative of local estradiol levels within
the brain and that such concentrations are required to
initiate rapid molecular and cellular responses (see
section IV; Cornil et al., 2006; Hojo et al., 2009 for greater
discussion). But it is not clear what effect these supra-
physiological levels could have, if any, outside the central
nervous system. Indeed, it is difficult to rule out effects of
estrogens on peripheral systems that may contribute
(directly or indirectly) to the observed effects on cognition.
To circumvent these limitations, a number of studies have
infused 17b-estradiol directly into the brain. The local
administration of estradiol benzoate into the frontal
cortex of OVX female rats 40 minutes prior to testing
significantly improved performance compared with con-
trol mice in a win-shift version of the radial arm maze
to test spatial working memory (Sinopoli et al., 2006).
Similarly, infusion of 17b-estradiol directly into the dorsal
third ventricle or dorsal hippocampus immediately post-
training was also sufficient to enhance object recognition
in middle-aged female OVX mice (Fernandez et al., 2008;
Fan et al., 2010). Recently it has been shown that acute
inhibition of local synthesis of estrogens or the acute
blockage of estrogen receptors by directly infusing drugs
into the rostral anterior cingulate cortex (rACC), but not
the prefrontal cortex, was sufficient to block formalin-
induced conditional place aversion in male, female, and
OVX female rats (Xiao et al., 2013). Importantly, this
indicates a critical role for centrally synthesized 17b-
estradiol, specifically within the rACC, in aversive learn-
ing. It is also noteworthy that this study suggests that
the acute effects of centrally synthesized estrogens, at
least on pain-related aversion cognitive tests, do use
overlapping mechanisms in male and female rats (Xiao
et al., 2013).
The aforementioned behavioral investigations clearly

show that estrogens infused directly into cortex or
hippocampus are able to rapidly modulate cognition.
This site-specific distinction is important because there
are functional interactions between specific areas of the
cortex (e.g., the prefrontal cortex) and the hippocampus
required for complex behaviors (Snyder et al., 2010).
Despite arguments regarding the existence of a dis-
crete prefrontal cortex in rodents (Uylings et al., 2003),
it is nevertheless clear that interactions between
cortical and hippocampal areas are required for
complex behaviors (Ennaceur et al., 1997; Barker and
Warburton, 2011). Although the consequences of rapid

estrogenic signaling on hippocampally based behaviors
have been well investigated, our understanding of the
influence of estrogens on cortically based behaviors is
not as well developed. Therefore, to fully appreciate the
extent of the modulatory actions estrogens exert in the
forebrain, further investigation is needed.

Collectively, the extant literature demonstrates that
estrogens are capable of rapidly influencing cognition
in both male and female animals. It has also been
demonstrated that infusion of an aromatase inhibitor,
leading to a rapid decrease (within 30 minutes) in local
estradiol levels, immediately before training attenuates
behavioral responses (Xiao et al., 2013). Critically, in-
hibition of aromatase blocked the acquisition of song
learning as assessed within 30 minutes (Remage-Healey
et al., 2010). These data suggest that local estradiol
production in specific brain regions can modulate cogni-
tion and, moreover, that locally produced estradiol is
required for certain rapid behavioral responses. However,
the contribution of peripherally versus centrally synthe-
sized estrogens to the rapid modulation of behavior has
yet to be fully explored. It is clear that a combination of
approaches ranging from pharmacology to gene manipu-
lation will be required to fully understand the contribu-
tion of estrogens to cognitive performance in a region-,
cell-, and age-specific manner.

IV. Control of Estrogen Bioavailability in
the Brain

A major question can be posed from the animal
studies above: what is the origin of the estrogens that
underlie these rapid effects? Currently there is a pau-
city of studies that have directly addressed this aspect
of estrogen signaling experimentally, but several in-
depth reviews have been written addressing this issue
(Balthazart and Ball, 2006; Cornil et al., 2006; Warner
and Gustafsson, 2006; Pfaff and Ribeiro, 2010). Here we
only wish to highlight some specific aspects that are
relevant for the estrogens’ fast control over cognition in
the forebrain. Specifically we consider the potential
source(s) of estrogens and also the mechanisms that
control the bioavailability of 17b-estradiol and its pre-
cursors, within discrete regions of the brain.

A. Peripherally Versus Centrally
Synthesized Estrogens

It has been suggested that for estrogens to rapidly
influence behavior, its bioavailability must be rapidly
controlled (Cornil et al., 2005; Balthazart and Ball, 2006).
It has been argued that the primary source of estrogens
underlying these rapid actions are estrogens synthesized
de novo in the brain (Cornil et al., 2006; Azcoitia et al.,
2011; Saldanha et al., 2011; Srivastava andPenzes, 2011).
This claim is strengthened by observations that even after
removal of sex organs (gonadectomy) there are still
significant levels of estrogens in both male and female
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brains (Yague et al., 2006; Ishii et al., 2007; Hojo et al.,
2009; Boon et al., 2010; Konkle and McCarthy, 2011;
Saldanha et al., 2011). However, this situation is
complicated by the fact that the bioavailability of estro-
gens can also be influenced by the presence of peripherally
or centrally produced androgen precursors [e.g., testos-
terone, dehydroepiandrosterone (DHEA) and androstene-
dione]. Indeed, the adrenal cortex is also a source of
DHEA inmales and females. As this tissue is not removed
during gonadectomy, it can represent a potential source
for the production of estrogens. Collectively, it could be
suggested that there are three potential sources for the
estrogens that act within the forebrain:

Source 1: Circulating estrogens produced outside
the CNS;

Source 2: Estrogens produced through the conver-
sion of circulating androgen precursors locally
within nervous tissue; and

Source 3: Local estrogen synthesis directly from
cholesterol sources.

Considering the rapid onset and the transient nature
of the rapid modulation of cognition by estrogens, it is
unlikely that fluctuations in circulating plasma levels of
estrogens (Source 1) are dynamic enough to explain
rapid responses in male and female brains. Rises in the
level of estrogens occur over a period of hours during
proestrus. Moreover, changes in circulating levels of
estrogens occur on a much slower scale in males (Cornil
et al., 2006; Pfaff and Ribeiro, 2010). It has been reported
that plasma concentrations of estrogens are not high
enough to trigger these rapid responses (Balthazart and
Ball, 2006; Hojo et al., 2009). Although the physiologic
relevance of the reported concentrations required to
initiate rapid actions have been questioned (Warner and
Gustafsson, 2006), recent reports have described pico-
molar to nanomolar concentrations of estrogens within
the specific brain regions, compared with lower picomo-
lar concentrations in the plasma (Ishii et al., 2007; Hojo
et al., 2009; Konkle and McCarthy, 2011). This suggests
that a nanomolar concentration of estradiol is required
to initiate rapid molecular and cellular responses, and
moreover, it is not a concentration reached by the
circulating hormone. It is also important to note that
changes in circulating estradiol levels would affect all
estrogen-sensitive regions of the brain and would not
allow for region- or cell-specific actions of estrogens.
Studies by Naftolin et al. (1971a,b) first demon-

strated that nervous tissue was capable of synthesizing
estradiol from androgen precursors. The central syn-
thesis of estrogens from androgens would allow
synthesis of estrogens within a time frame consistent
with rapid actions and at a high enough concentration
to initiate rapid responses. Moreover, it would allow
estrogens to act in a region-, cell-, or even synapse-
specific level (Saldanha et al., 2011; Srivastava et al.,

2011). The conversion of circulating androgens (Source
2) into estrogens locally within the brain is controlled
by the enzyme aromatase. As will be discussed in
greater detail in the following sections, aromatase is
distributed throughout the male and female brain,
and its enzymatic activity can be rapidly modulated,
resulting in the production of estrogens in a matter of
minutes (Balthazart and Ball, 2006; Cornil et al., 2006;
Azcoitia et al., 2011; Saldanha et al., 2011). Therefore,
the conversion of androgens into estrogens can occur
within a time frame consistent with rapid estrogenic
responses in male and female brains (Rune and
Frotscher, 2005; Ishii et al., 2007; Hojo et al., 2009;
Azcoitia et al., 2011; Konkle and McCarthy, 2011). It
must be noted that these mechanisms are dependent
on the bioavailability of the androgen precursors. As
such, controlling levels of the precursor would, there-
fore, impact local estrogen levels within the brain. This
may be achieved via a number of possibilities that
include variations in circulating androgen. However,
whether this pathway is sufficient to account for the
production of estrogens even in the absence of steroido-
genic tissues outside of the brain has yet to be experimen-
tally determined.
Evidence for the presence of multiple enzymes allow-

ing the biosynthesis of estrogens from brain-derived
cholesterol (Do Rego et al., 2009; Pelletier, 2010; Pfrieger
and Ungerer, 2011) offers another mechanism for
controlling the bioavailability of estrogens within the
brain (Source 3) and is covered in detail in thenext section.
This mechanism would provide a source of estradiol
independent of nonneuronal sources, but it would seem
that coordinating the effect of estradiol in large ormultiple
areas would be difficult to achieve because of the re-
quirement for rapid and reliable androgen precursor
synthesis.
In the context of forebrain function, current experimen-

tal evidence does not allow us to identify with certainty
the source of estrogens that underlies modulation of
cognition. In reality, it is likely that a complex interaction
between peripherally and centrally synthesized estro-
gens contributes to the rapid modulation of behavior by
estrogens.

B. Steroidogenic Enzymes in the Central
Nervous Systems

The enzyme StAR (steroidogenic acute regulatory
protein) is a transport protein that regulates the transfer
of cholesterol within the mitochondria membrane, which
is thought to be the rate-limiting step in general
steroidogenesis (Stocco, 2001). In addition to its expres-
sion in the ovary and adrenal glands, StAR is expressed
widely throughout the brain (Furukawa et al., 1998;
Lavaque et al., 2006), including cortical and hippocampal
pyramidal neurons and astrocytes (Wehrenberg et al.,
2001; Lavaque et al., 2006). Once in mitochondria
membrane, the cytochrome P450 cholesterol side-chain
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cleavage enzyme converts cholesterol into pregnenolone,
a precursor for a number of steroids, including DHEA,
androstenedione, and estradiol. P450 side-chain cleav-
age is abundant in human cortex and hippocampus
(Pelletier, 2010), and it has been shown to be coexpressed
in pyramidal neurons that also express StAR in rodents
(Wehrenberg et al., 2001).
The presence of the enzyme cytochrome P450 17a-

hydroxylase has also been described in neurons and
astrocytes (Zwain and Yen, 1999). This enzyme metab-
olizes pregnenolone into DHEA, which can then be
metabolized into androstenedione and finally into
estradiol (Zwain and Yen, 1999). A number of other
enzymes including 3b-hydroxysteroid dehydrogenase)
and 17b-hydroxysteroid dehydrogenase have also been
identified within the brain (Wehrenberg et al., 2001;
Pelletier, 2010), collectively providing a direct biochem-
ical pathway for the biosynthesis of steroid precursors of
estrogens from cholesterol or from circulating precur-
sors. It is also important to note that many of these
estrogenic precursors have actions of their own within
the CNS (Rupprecht and Holsboer, 1999; Belelli and
Lambert, 2005), complicating signal transduction. For
discrete, centrally produced estrogens to be the primary
source that modulates cognition, it would be predicted
that the mechanism(s) underlying the biosynthesis of
estradiol would need to be highly regulated and efficient.
Aromatase has been identified in the hypothalamus,

hippocampus, visual cortex, and temporal cortex in
avian, mammalian, and human brain (Rune and
Frotscher, 2005; Yague et al., 2006; Boon et al., 2010;
Azcoitia et al., 2011; Saldanha et al., 2011). Although the
expression of aromatase has been found in glial cells, it is
highly expressed in pyramidal neurons (Kretz et al.,
2004; Yague et al., 2006, 2008). Enzymes, including 2-
and 4-hydroxylase and catechol-O-methyltransferase,
which are involved in the metabolism of estrogens into
inactive (or less active) water-soluble metabolites, have
also been detected within the brain (Zhu and Conney,
1998). Additionally, sulfotransferase and sulfatase
enzymes have also been localized to nervous tissue
(Mensah-Nyagan et al., 2000; Kríz et al., 2008). These
enzymes facilitate the sulfation or the hydrolysis of
steroid sulfates into their unconjugated forms (Hobkirk,
1985). Sulfated estrogens are unable to bind to ERs and
thus are inactive, providing anothermechanism for their
inactivation. In androgen biosynthesis, these enzymes
play a critical role in the conversion of DHEA to its
sulfated form (DHEAS). DHEAS is a precursor for
androstenedione that can be converted into estradiol
(Kríz et al., 2008); the conversion of DHEA into DHEAS
provides anothermechanism to control the bioavailability
of estrogen precursors within nervous tissue. These
enzymes demonstrate that there aremechanisms in place
within the brain that can metabolize estrogens into less
active metabolites. Together the presence of these
enzymes demonstrates that specificmechanisms required

for the rapid synthesis andmetabolism of estrogens in the
brain exist.

C. Control of Aromatase Function

Aromatase enzyme activity has been described in
several brain regions and cell types in vertebrate brains
ranging from fish to humans (Naftolin et al., 1971a,b;
Callard et al., 1978; MacLusky et al., 1986). Changes in
aromatase activity can occur in a matter of minutes. For
example, the enzyme activity of aromatase is signifi-
cantly reduced after copulatory behavior (Cornil et al.,
2005; Saldanha et al., 2011). Moreover, pharmacological
investigations have demonstrated that acute activation
of glutamate receptors or potassium-induced depolariza-
tion can rapidly (within minutes) decrease aromatase
activity in the quail brain (Balthazart et al., 2001). This is
mirrored by findings in Zebra Finch, where retrodialysis
of glutamate reduces local 17b-estradiol concentra-
tions within a similar time frame (Remage-Healey et al.,
2008). Recently, evidence was presented that acute
fluctuations in brain-synthesized 17b-estradiol levels,
mediated by aromatase activity in the cortex of Zebra
Finch, are controlled by specific depolarization-sensitive,
calcium-dependent events (Remage-Healey et al., 2011).

More recent work has now gone on to show that
aromatase activity can be regulated by phosphorylation
of the aromatase protein in a Ca2+-dependent manner
and by protein kinase A (PKA) and protein kinase C
(PKC) (Balthazart et al., 2006; Charlier et al., 2011).
Moreover, mutagenesis studies of predicted phosphor-
ylation sites on human aromatase have revealed that
a predicted PKA phosphorylation site is required for
basal aromatase activity. Indeed, mutation of the serine
118 residue to alanine (S118A) was sufficient to reduce
basal aromatase activity (Charlier et al., 2011). How
this mutation may affect neural circuits or behavior is
not known. Nevertheless, unmasking the mechanisms
that rapidly control aromatase activity, and therefore
local production of estrogens, will provide critical
insight into the role of estrogens in the brain.

D. Synaptic Localization of Aromatase

Extensive evidence suggests that aromatase is a syn-
aptic protein. In the hypothalamus, electronmicroscopy
imaging has demonstrated a synaptic localization for
aromatase in avian, mammalian, and human tissue
(Naftolin et al., 1971a,b; Callard et al., 1978; MacLusky
et al., 1986; Naftolin et al., 1996; Yague et al., 2006,
2008; Srivastava et al., 2010; Remage-Healey et al.,
2011). Biochemical studies using subcellular prepara-
tions of brain tissue have detected high levels of
aromatase activity in isolated presynaptic tissue prep-
arations (Mak et al., 1985; Schlinger and Callard, 1989;
Peterson et al., 2005; Remage-Healey et al., 2011),
indicating a potential role of estrogens at synapses. In
mature cultured cortical neurons derived from embry-
onic rats, we found aromatase immunoreactivity to be
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present at synapses (Srivastava et al., 2010). Aromatase
colocalizes with the postsynaptic marker postsynaptic
density protein 95 (PSD-95) and the presynaptic marker
bassoon in cortical neurons. In addition, aromatase was
detected in tau5-positive axonal processes, indicating
that a portion of aromatase is present at presynaptic
terminals (Srivastava et al., 2010). Consistent with this
anatomic localization for aromatase, it has been shown
that rapid (30 minutes) changes in 17b-estradiol levels,
under the control of an excitatory, voltage-gated Ca2+

channel-dependent mechanism, were seen at presynap-
tic terminals in the NCM of songbirds (Remage-Healey
et al., 2011). This study presents strong evidence that
local production of estrogens within the brain is regu-
lated by electrochemical signals, supporting a hypothesis
that estrogens may be considered a neuromodulator (see
Saldanha et al., 2011 for a recent in-depth review on this
topic). Collectively, the presence and regulation of aroma-
tase at presynaptic terminals places the machinery
required for the de novo production of estrogens at an ideal
location for this neurosteroid to act on postsynaptic
structures.
Interestingly, a number of studies have also demon-

strated that aromatase is located in postsynaptic struc-
tures (Naftolin et al., 1996;Kretz et al., 2004; Prange-Kiel
et al., 2006). These data suggest that estrogens may be
produced on either side of the synapse. Such a pattern of
localization conveys great flexibility in estrogenic signal-
ing; anterograde, retrograde, and paracrine signaling by
brain-synthesized estrogens will need experimental
verification but may have substantial implications for
brain circuit development and function. Despite these
outstanding questions, it is clear that complementary
mechanisms are in place within the brain for the tight
temporal and spatial regulation of the synthesis and
metabolism of estrogens.

V. Coupling of Estrogen Receptors to Second
Messenger Systems

There is a considerable amount of evidence indicating
that the rapid actions of 17b-estradiol in the nervous
system involve activation of multiple kinase pathways,
including the mitogen-activated protein kinase (MAPK)/
ERK pathway, the phospholipase C (PLC) pathway,
PKC, PI3K/Akt (also referred to as protein kinaseB), and
PKA pathways (Srivastava et al., 2011; Scott et al.,
2012). Despite the canonical concept of ERs as transcrip-
tion factors, it is clear now that the ERa, ERb, and the
G-protein-coupled receptor (GPCR), G protein-coupled
estrogen receptor 1 (also known as GPR30) can medi-
ate rapid estrogenic signaling (Brinton, 2009; Prossnitz
and Barton, 2011; Srivastava et al., 2011), providing
amechanism for coupling rapid estrogenic signalingwith
intracellular signaling cascades. Importantly, rapid sig-
naling events may also be mediated by yet uncharac-
terized cell surface signalingmolecules, such asERX and

the STX-sensitive Gq-membrane estrogen receptor
(Toran-Allerand, 2004; Micevych and Kelly, 2012) (Fig.
2). It is also possible that the different rapid effects of
17b-estradiol are mediated by different combinations of
the above receptor types in different neuronal cell types
(Raz et al., 2008; Spary et al., 2009; Scott et al., 2012;
Akama et al., 2013; Srivastava and Evans, 2013). There
is also increasing evidence that a subpopulation of ERs
are found at extranuclear sites and specifically at syn-
apses, a subcellular localization consistent with the abil-
ity of these receptors to couple to second messenger
signaling pathways. Others have suggested that rapid
actions of estrogens are mediated by splice variants of
ERs (Toran-Allerand, 2004; Zhao et al., 2005; Chung
et al., 2007; Ishunina and Swaab, 2008; Ishii et al., 2011;
Kobayashi et al., 2011; Wu et al., 2012).

A. Subcellular Localization of Estrogen Receptors
ERa, ERb, and GPER1

The presence of receptors specific for estrogens has
been well documented with ERa, ERb and GPER1
expression being detected in several regions of the
brain (Brinton, 2009; Hughes et al., 2009; Gillies and
McArthur, 2010; Prossnitz and Barton, 2011). A
detailed review of ERa and ERb structure and function
has been published elsewhere (Nilsson et al., 2001).
ERa has been observed in the extracellular regions of
neurons in the cortex and hippocampus of mouse, rat,
rhesus monkey and humans, albeit with a higher
expression in the latter region (Milner et al., 2001;
Adams et al., 2002; Kritzer, 2002; Mitra et al., 2003;
Milner et al., 2005; Gonzalez et al., 2007; Wang et al.,
2010). Electron microscopy has located ERa immuno-
reactivity in dendritic spines, where it associates with
spine apparati and/or polyribosomes in rat and rhesus
monkey forebrain (Milner et al., 2001; Wang et al.,
2010) (Fig. 2). In presynaptic structures, ERa-labeled
unmyelinated axons and axon terminals containing
synaptic vesicles form asymmetric (excitatory) and
symmetric (inhibitory) synapses. A recent study sup-
ports a presynaptic localization of ERa in female hip-
pocampus, where it localizes with both glutamate and
GABA containing synaptic vesicles (Tabatadze et al.,
2013). ERa has also been shown to be expressed in
astrocytes that are often found near the spines of
pyramidal cells (Kritzer, 2002; Milner et al., 2005) and
microglia (Sierra et al., 2008).

It is thought that ERb is expressed more highly
compared with ERa in the cortex and hippocampus in
mouse, rat, and humans (Mitra et al., 2003; Gonzalez
et al., 2007; Handa et al., 2012) and is also expressed in
the cerebellum and hypothalamic nuclei (Mitra et al.,
2003). In a similar manner to ERa, ERb has been
shown to be expressed in both nuclear and extranuclear
compartments (Kritzer, 2002;Gonzalez et al., 2007). ERb
immunoreactivity has also been reported on or near
the plasma membrane of somata and dendritic shafts
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and spines in pyramidal neurons (Kritzer, 2002; Milner
et al., 2005; Gonzalez et al., 2007;Mitterling et al., 2010).
Within spines, ERb was found to reside at the base of
spines as well as within spines (Milner et al., 2005;
Mitterling et al., 2010). Furthermore, ERb has been
localized in axons and axon terminals and both in the
cytoplasm and on endomembranes near mitochondria
(Yang et al., 2004; Milner et al., 2005). ERb immunore-
activity is present primarily in pyramidal cells but also is
found in interneurons and a few glial cells (Kritzer, 2002;

Milner et al., 2005; Fan et al., 2006). In addition, neurons
generated by adult neurogenesis in the dentate gyrus of
the hippocampus also express ERb (Herrick et al., 2006).

Some controversy surrounds whether estrogens are the
true ligand for GPER1 (Langer et al., 2010); nevertheless,
there are numerous reports that have indicated that this
receptor is highly responsive to acute estradiol treatment
(Prossnitz and Maggiolini, 2009; Maggiolini and Picard,
2010; Nadal et al., 2011). Investigations into the local-
ization of this receptor within the brain have shown

Fig. 2. General schematic of the localization of ERs and signaling cascade engaged during rapid estrogenic signaling. All 3 forms of ERs (ERa, ERb,
and GPER) have been localized to pre- and postsynaptic structures where they are thought to associate with lipid-rich structures and spine organelle,
including the plasma membrane spine apparatus and endoplasmic reticulum. Emerging evidence suggests that rapidly synthesized estrogens within
the brain, mediated by synaptically located aromatase, is the source of rapid estrogenic signaling in the brain. Synthesis and “release” of estrogens onto
postsynaptic cells results in the activation of ERs and the rapid transactivation of other membrane receptors or (direct) association with signaling
molecules. The functional coupling of ERs via these mechanisms thus allows activation of second messenger systems and multiple intracellular
cascades that ultimately lead to the regulation of the cytoskeleton, trafficking of proteins, and even the rapid synthesis of proteins, resulting in the
remodeling of synapse structure and function.
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expression in several areas, including the cortex,
hippocampus, and hypothalamus (Brailoiu et al., 2007;
Hazell et al., 2009; Hammond et al., 2011). In pyramidal
neurons, GPER1 has been shown to be expressed at the
plasma membrane and in the cytoplasm, as well as along
the dendritic processes (Hazell et al., 2009; Hammond
et al., 2011). In hippocampal neurons, GPER1 has been
shown to localize to synaptic and extrasynaptic regions
within dendritic spines (Akama et al., 2013). Further-
more, GPER1 was shown to interact with PSD-95, sug-
gesting that the receptor may couple to singling pathways
within dendritic spines through its interaction with this
scaffold protein (Akama et al., 2013; Srivastava and
Evans, 2013).
A caveat to these studies is the dubious specificity of

antibodies raised against ERs. For example, evidence
has been presented that the commercially available
antisera for ERb recognize seemingly specific bands in
knockout and null mouse tissue (Snyder et al., 2010).
This has been further supported by evidence that ERb-
specific antibodies demonstrate cross-reactivity for
ERa (Wu et al., 2012). Such data clearly demonstrate
the requirement for highly specific antibodies that
specifically recognize ERs and/or their splice variants,
as has been recently reported (Wu et al., 2012). As
such, caution should be taken when attempting to
interpret the subcellular localization of ERs. These
technical points, when considered with the methodo-
logical approaches used, may help to account for the
disparities in localization and/or expression profile of
the various ERs reported in the literature.

B. Surface Expression of ERs

A number of groups have attempted to determine
whether extranuclear ERs are inserted into the plasma
membrane or whether they simply associate with the
plasma membrane (Fig. 2). Several mechanisms have
been proposed for both possibilities. On the one hand,
work using bovine serum albumin-conjugated 17b-estra-
diol has demonstrated that binding of this compound to
extracellular sites was capable of increasing intracellular
Ca2+ levels (Wu et al., 2011). It is noteworthy that one
potential issue of conjugated forms of 17b-estradiol
(either to bovine serum albumin or horseradish peroxi-
dase) is the presence of unconjugated 17b-estradiol,
which could cloud the potential membrane actions of the
steroid (Stevis et al., 1999). The possibility of surface-
expressing receptors has also been suggested by various
biochemical studies. Using surface biotinylation assays,
Dominguez and Micevych (2010) demonstrated the sur-
face expression of ERa and potential splice variants in
mixed sex hypothalamic cultures, supporting evidence
from reports using conjugated 17b-estradiol that ERs are
expressed on the surface.
ERs have also been shown to associate with lipid-rich

microdomains, such as caveolae, through the palmitoy-
lation of ERa and ERb at a conserved palmitoylation

motif in the ligand binding domain of these receptors
(Pedram et al., 2007). Palmitoylation is known to in-
crease the association of ERs with caveolae rafts,
which provide a local environment rich in signaling
proteins to which these receptors could couple. How-
ever, the mechanisms that underlie the palmitoylation
of ERs in neurons have yet to be fully determined. It has
also been demonstrated that methylation of ERa at
Arg260 by the protein arginine N-methyltransferase 1
enzyme promotes cytoplasmic localization and its in-
teraction in a protein complex with PI3K and Src
signaling proteins (Le Romancer et al., 2008). This
mechanism has been shown to couple ERa with the
insulin-like growth factor and PI3K in adult rat brain
(Mendez et al., 2003). As both palmitoylation and
methylation are reversible modifications, it is possible
that these two mechanisms fit better with the hypoth-
esis that rapid membrane actions by 17b-estradiol are
achieved by ERs that dynamically shuttle between the
membrane and the nucleus. In this scenario, ERs
destined for the nucleus are capable of first initiating
local signaling events before translocating to the
nucleus and participating in the regulation of gene
transcription (Beyer et al., 2003). Another potential
mechanism that has been proposed is the identification
of splice variants of both ERa and ERb in neuronal
tissue with extranuclear expression (Price et al., 2001;
Ishii et al., 2011). Splice variants for both receptors can
generate receptors lacking specific motifs, such as the
nuclear localizing signal, or even the N or C termini
(Price et al., 2001; Chung et al., 2007; Ishunina and
Swaab, 2008; Ishii et al., 2011; Kobayashi et al., 2011).
Therefore, it is plausible to suggest that these splice
variants could function solely as a membrane ER,
capable of coupling to second messenger signaling
pathways. As of yet, the functional implications of ER
splice variants in the CNS remain to be determined.

AsGPER1 is a seven-transmembrane receptor, it would
be expected to be expressed at the plasma membrane.
However, this has been the source of some controversy.
Several studies have suggested that GPER1 is indeed
incorporated into plasma membrane (Akama et al., 2013;
Srivastava and Evans, 2013), where it colocalizes with
concanavalin A, a marker of the membrane (Filardo and
Thomas, 2012), thus placing it in an ideal location to
couple with Ga and b/g subunits to initiate intracellular
signaling. On the other hand, GPER1 has been shown to
colocalize with markers of the endoplasmic reticulum
(Prossnitz andMaggiolini, 2009). Although themajority of
GPCRs are expressed in the plasma membrane, it is
becoming accepted that some GPCRsmay be functionally
expressed at intracellular sites (Gobeil et al., 2006). This is
particularly true of GPCRs with lipophilic ligands. It is
also interesting to point out that there is some evidence
that G-protein bg subunits can be targeted to the
endoplasmic reticulum, where they subsequently associ-
ate with G-protein a subunits, providing the requisite
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machinery for GPER1 to initiate signaling. Thus it can be
speculated thatGPER1exists at both subcellular locations
and translocates from the cell surface to the endoplasmic
reticulum or vice versa. Consistent with such a mecha-
nism, it was recently shown that GPER1 localizes to the
plasma membrane and traffics to intracellular sites via
cytokeratin intermediate filaments (Sanden et al., 2011).
However, whether such amechanism is used in neurons is
not known. However, it is noteworthy that given the fact
that GPER1’s ligand estrogen is membrane permeable,
either intracellular or plasma membrane localization of
the receptor would not rule out its function as an estrogen
receptor.

C. Scaffold Protein Mediators of ER Signaling

The extranuclear localization of ERs, whether at the
plasma membrane or at cytoplasmic sites, begs the
question of how these receptors can couple to classic
second messenger signaling cascades. It has been
shown that GPER1 directly couples with Gi or Gq/11
small G-proteins (Prossnitz and Maggiolini, 2009) and
potentially couples to signaling proteins via its in-
teraction with PSD-95 (Akama et al., 2013); therefore,
it can directly regulate intracellular signaling. Con-
versely, the classic ERs seemingly require specialized
mechanisms to couple with signaling cascades (Raz
et al., 2008). Although investigation of these mecha-
nisms are currently lacking in neuronal cell types,
studies from breast cancer cells and endothelial cells
have identified a number of ER-interacting proteins
that can scaffold ERs to signaling proteins (Fig. 2).
The proline-, glutamic acid-, and leucine-rich protein

(PELP)1, ormodulator of nongenomic actions of estrogen
receptor (MNAR), was first identified as a novel binding
partner of ERa, with high expression in human brain,
testes, and mammary glands (Vadlamudi et al., 2001;
Khan et al., 2005;). PELP1/MNAR contains a conserved
LXXLL motif that has been shown to interact with the
AF-2 domain of steroid receptors and an SRC homology 3
domain (SH3 domain), which serves as a binding site for
SH3 domain proteins (Vadlamudi et al., 2001; Khan
et al., 2005). Although PELP1/MNAR has been shown to
be required for rapid, nongenomic signaling in breast
cancer cells (Boonyaratanakornkit, 2011), the role of this
protein in regulating either ERa or ERb signaling in
neurons has yet to be established. Another protein called
striatin is a 110-kDa protein that contains a putative
caveolin-binding motif, a Ca2+-calmodulin binding site,
and has been localized to synapses of neurons in the
striatum and cortex (Castets et al., 1996; Gaillard et al.,
2006). In nonneuronal cells, striatin has been shown to
interact with ERa at residues 183–253, which mediates
it ability to complex with Gai G-proteins and activate
rapid MAPK- and Atk-dependent signaling (Lu et al.,
2004). Currently it is not clear whether other ERs
interact with striatin, and furthermore, it is not known
whether this occurs in neurons and what impact this

scaffold protein has on rapid estrogenic signaling in the
brain.

D. ER Interactions with Metabotropic
Glutamate Receptors

Another mechanism by which ERs may initiate rapid
signaling pathways is via the functional coupling of ERs
to other GPCRs. Indeed, several studies have shown
that membrane-localized ERa and ERb are capable of
activating multiple metabotropic glutamate receptors in-
dependent of glutamate, leading to downstream second
messenger signaling (Boulware et al., 2005; Grove-
Strawser et al., 2010) (Fig. 2). In female-derived hippo-
campal neurons, 17b-estradiol stimulation of membrane
ERa was found to trigger mGlu1a signaling. This led to
the activation of Gq-mediated stimulation of phospholi-
pase C, PKC, and inositol trisphosphate signaling and
eventual MAPK-dependent cAMP response element-
binding (CREB) phosphorylation. In the same population
of neurons, membrane-localized ERa and ERb could
also trigger activation of mGlu2, leading to Gi/o-coupled
decreases in cAMP and subsequent attenuation of L-type
calcium channel-dependent CREB phosphorylation. In-
terestingly, caveolin-1 expression is essential for the
functional coupling and compartmentalization of ERa
withmGlu1a. In contrast, isolation of ERa and ERbwith
mGlu2 is achieved via expression of caveolin-3. In theCA1
region of the hippocampus, 17b-estradiol has been shown
to suppress inhibitory synaptic transmission via an ERa/
mGlu1-dependent mobilization of the retrograde endocan-
nabinoid anandamide (Huang and Woolley, 2012). Impor-
tantly, this effect is seen only in female rats, demonstrating
a sex-specific mechanism. Nevertheless, it provides a sex-
specific mechanism for the similar coupling of rapid
estrogenic-signaling with signaling pathways.

E. Cooperation of Rapid Nongenomic and
Genomic Signaling

As described above, a range of signaling pathways is
activated within 1 hour of exposure to estradiol (Losel
and Wehling, 2003; Raz et al., 2008; Lokuge et al., 2010;
Srivastava et al., 2011). However, it is also emerging that
there is considerable cross-talk, or a convergence, be-
tween rapidly activated signaling cascades and tran-
scriptional machinery (Vasudevan and Pfaff, 2007, 2008;
McDevitt et al., 2008; Ordonez-Moran and Munoz, 2009)
(Fig. 2). These suggestions partly come from the ability of
estrogens to activate Akt and ERK-pathways, which are
known to regulate transcriptional machinery. Although
several studies have reported that estrogens can engage
such mechanisms in neuroblastoma cells (Vasudevan
and Pfaff, 2007), there is currently relatively little
evidence that this can occurs in neurons. It is also
important to note that the regulation of transcriptional
machinery by these signaling pathways occur in addition
to their effects on cellular processes within the cytosol
(Thomas and Huganir, 2004; Cohen and Greenberg,

Rapid Modulation of Neuroplasticity by Brain Estrogens 1331



2008). Indeed, although regulation of transcriptional
machinery may occur within the time frame of rapid
responses (within 1 hour), it is not clear whether the
resulting gene products can influence cellular events
within this time. Nevertheless, it is likely that extranu-
clear and nuclear signaling initiated by rapid estrogenic-
signaling act either in cooperation to enhance or in
parallel to increase signaling diversity within neurons.
Epigenetic modifications of histones, the core proteins

required for the packaging of tightly coiled chromatin,
are essential transcriptional regulatory mechanisms
(Riccio, 2010). The phosphorylation or acetylation of
histones is associated with the initiation of gene
transcription, whereas the methylation of DNA is
generally associated with the repression of gene tran-
scription (Berger, 2007). Importantly, in neuronal cells,
extracellular signals can impact epigenetic mechanisms
through Ca2+ signals, the translocation of ERK or other
soluble cytosolic proteins to the nucleus (Cohen and
Greenberg, 2008; Jordan and Kreutz, 2009; Day and
Sweatt, 2011; Maze et al., 2013). Indeed, epigenetic
mechanisms are now thought to play a critical role in the
formation and consolidation of memory and other
cognitive functions (Cohen and Greenberg, 2008; Jordan
and Kreutz, 2009; Day and Sweatt, 2010, 2011; Maze
et al., 2013). In a series of investigations, Frick and
colleagues demonstrated that estradiol-mediated en-
hancement of memory consolidation occurred through
the cross-talk between the rapid activation of cytosolic
signaling and regulation of epigenetic mechanisms (Frick
et al., 2011; Zhao et al., 2010, 2012). They showed that the
infusion of estradiol into the dorsal hippocampus resulted
in acetylation of the H3 histone protein as well as DNA
methylation within 30 minutes. Moreover, infusions of
pharmacological inhibitors of H3 histone acetylation or
DNA methylation immediately after training blocked
estradiol’s ability to enhance memory consolidation
(Zhao et al., 2010, 2012). These studies, although still at
a relatively early stage, provide compelling evidence that
signals generated in the cytosol by 17b-estradiol can
rapidly lead to epigenetic alterations, which is required for
the modulation of memory consolidation. However, it is
not clear what the relationship is between cytosolic and
epigenetic signaling. For example, is the consequence of
this cross-talk to produce proteins that can reinforce the
cellular actions initiated by rapid estrogenic signaling? As
future studies in this emerging area are performed, details
such as the identity of epigenetically modified gene loci,
the identity of affected cells, the temporal dynamics of
thesemodifications, and the role that they play in relation
to rapid estrogenic cytosolic signaling will be revealed.
In addition to the control of epigenetic mechanisms,

there is now evidence emerging that rapid estrogenic
signaling may also affect local protein synthesis. Ribo-
somes, translation factors, andmRNAarepresent not only
in the neuronal soma but also in dendrites and dendritic
spines (Steward and Schuman, 2001). Numerous reports

suggest that that local protein synthesis in the vicinity of
the synapse can support long-lasting synaptic plasticity
without engaging transcriptional processes in the neuro-
nal soma. Local protein synthesis can occur in a matter of
minutes if the target mRNA is present at the site of
translation (Steward and Schuman, 2001; Klann et al.,
2004), which would indicate that such a mechanism can
occur within a rapid time frame. Estrogens have been
shown to regulate protein synthesis, mainly through
a translation-dependentmechanism. However, 17b-estra-
diol stimulates the rapid activation of specific signal
transduction pathways, such as the activation of Akt,
a key signal transduction intermediate that initiates
protein translation by alleviating the downstream trans-
lational repression of eukaryotic initiation factor 4E-
binding protein 1 (4E-BP1) (Akama and McEwen, 2003)
(Fig. 2). Specifically, estrogen rapidly (within 1 hour)
increases the phosphorylation of Akt as well as the
phosphorylation of eukaryotic initiation factor 4E-
binding protein 1, which suggests a mechanism leading to
protein translation of dendrite-localized mRNA tran-
scripts in the hippocampus in vivo. Mirroring this, it has
been shown that 17b-estradiol can activate the mamma-
lian target of rapamycin signaling pathway, via ERK and
Akt kinases, leading to an increase in the phosphorylation
of eukaryotic initiation factor 4E-binding protein 1 in the
dorsal hippocampus of female mice within 5 minutes,
indicating that local protein synthesis is occurring
(Fortress et al., 2013). Moreover, inhibition of ERK, Atk,
or mammalian target of rapamycin was sufficient to block
estradiol-induced object memory consolidation, poten-
tially linking a role of rapid estrogenic-regulation of local
proteins synthesis (Fortress et al., 2013). Importantly, it
should be noted that the current evidence indicates that
estrogens can rapidly regulate signaling pathways that
can subsequently convergence on local protein synthesis
mechanisms; regulation of this machinery is likely to
occur in addition to other cellular responses. Indeed it
remains to be seen what protein(s) are synthesized in
response to the regulation of local protein synthesis.
Moreover, whether these proteins are required for the
initial cellular effects that occur within a rapid time
frame or whether they function as part of a mechanism
that reinforces these initial cellular events has yet to be
determined. Nevertheless, the potential that estrogens
can rapidly induce local protein synthesis offers a novel
mechanism by which long-term influences on synaptic
plasticity and neural circuitry may be achieved (Fig. 2).

VI. Estrogenic Modulation of Neural Circuits

The rapid modulatory effects of estrogens on cogni-
tion suggest that modifications of specific neural
circuitry are occurring. Evidence has been presented
that estrogen can regulate neurogenesis and even the
remodeling of gross neuronal morphology that may
contribute to the modulation of cognition (Galea et al.,
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2008; Brinton, 2009). However, these mechanisms
alone cannot account for the rapid time frame in which
estrogens influence cognition. Another prominent mech-
anism by which estrogens could modulate cognition is
through the rapid fine tuning of synaptic structure and
function. The resultant change in neuronal connectivity
is likely to be a fundamental mechanism of rapid
estrogenic modulation of cognition.

A. Structural Remodeling of Neural Circuits

Glutamatergic synapses (excitatory synapses), the
focus of substantial research attention, comprise the
majority of connections between pyramidal neurons in
the forebrain and predominantly occur on dendritic
spines (Fig. 1). These synapses are highly plastic and
play essential roles in learning, memory, and cognition
(Bhatt et al., 2009; Holtmaat and Svoboda, 2009). It is
within the spine head of these specialized structures
that the postsynaptic density (PSD) is found, a region
rich in postsynaptic proteins including the gluta-
mate receptors N-methyl-D-aspartic acid (NMDA) and
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors (Fig. 2). Dendritic spines exhibit both
transient and enduring lifetimes, persisting from
minutes to years in vivo (Bhatt et al., 2009; Holtmaat
and Svoboda, 2009). A myriad of dendritic spine mor-
phologies are observed in the brain, and the notion that
spine structure is highly correlated with important
synaptic properties, and thus cognition, has become
a recurrent theme over the last decade (Kasai et al.,
2010). For example, large dendritic spines are likely to
feature large PSDs and make strong connections,
whereas small dendritic spines are indicative of weak
connections and may be highly plastic. Importantly,
dendritic spines are not static structures and exhibit
a wide spectrum of structural reorganizations, ranging
from formation and elimination to more subtle changes
in size and shape (Fig. 1) (Bonhoeffer and Yuste, 2002).
One key sequela of this structural dynamism is the
ability to sample the surrounding neuropil for incident
axons (Konur and Yuste, 2004), a phenomenon that we
examine closely in section IX. Critically, dendritic spines
undergo structural reorganization in response to a num-
ber of extracellular signals, ranging from formation and
elimination to more subtle changes in size and shape
(Fig. 1) (Xie et al., 2007; Penzes et al., 2008; Bhatt et al.,
2009; Jones et al., 2009; Woolfrey et al., 2009; Srivastava
and Penzes, 2011). Indeed, the complementary mecha-
nisms of spinogenesis (Tada and Sheng, 2006) and spine
pruning (Segal, 2005) are essential components of circuit
fine tuning (Fig. 1D). Overall, agents that modulate
dendritic spine linear density and morphology are
critical determinants of glutamatergic circuit function.

B. Remodeling of Dendritic Spines by Estrogens

Classic studies by Woolley, Gould, and McEwan were
the first to demonstrate that dendritic spine density in

the CA1 both fluctuated over the estrus cycle and that
OVX-induced loss of dendritic spines could be rescued
by chronic treatment with 17b-estradiol (Gould et al.,
1990; Woolley et al., 1990). Dendritic spines on layer II/III
and layer V pyramidal neurons in the sensorimotor
cortex, as well as on neurons in the medial nucleus of
the amygdala, also vary over the course of the estrus
cycle (Rasia-Filho et al., 2004; Chen et al., 2009).
Furthermore, in young and aged OVX rhesus monkeys,
long-term replacement with 17b-estradiol increased
spine number on cortical neurons in the dorsolateral
prefrontal cortex (Hao et al., 2007; Dumitriu et al.,
2010). Overall, these reports demonstrate the effects of
continuous/cyclic estrogen treatment on controlling
spine number.

A number of studies have attempted to investigate the
effects of centrally synthesized estrogens on dendritic
spines. In cultured hippocampal neurons and hippocam-
pal slices, inhibition of aromatase activity by letrozole
(reversible aromatase inhibitor) produces a decrease in
17b-estradiol levels within the cultured medium and
a concurrent loss of dendritic spines (Kretz et al., 2004).
Importantly, this loss of dendritic spines was rescued by
exogenous application of 17b-estradiol (Zhou et al.,
2007). We have reported similar effects in cultured rat
cortical neurons; treatment of cultures with androsta-
trienedione (irreversible aromatase inhibitor) also re-
duced dendritic spine density in cortical pyramidal
neurons (Srivastava et al., 2008). Interestingly, letrozole
treatment of cycling or OVX mice was also sufficient to
reduce dendritic spine density in hippocampal neurons
(Zhou et al., 2010). Together, these studies suggest that
estrogens synthesized locally within discrete brain
regions can regulate dendritic spine density indepen-
dently of the circulating hormone. However, there is
currently a lack of studies that investigate the ability of
centrally synthesized estrogens to regulate dendritic
spine function in vivo.

C. Rapid Regulation of Dendritic Spines by 17b-
Estradiol in Cortical and Hippocampal Neurons

During early postnatal development, dendritic protru-
sions first appear as long, thin, highly motile structures
known as filopodia, which can initiate synaptic contacts
with nearby axons (Ziv and Smith, 1996). This initial
contact between pre- and postsynaptic sides is a key step
in synaptogenesis. Indeed, the structural similarities
between these dendritic protrusions and dendritic spines
suggest that filopodia are precursors of dendritic spines.
In young, cultured cortical neurons, treatment with
10 nM 17b-estradiol resulted in a rapid increase in the
number of filopodia. This effect was maximal after 20
minutes of treatment but was transient because the
number of filopodia returned to pretreatment levels by
60 minutes (Sanchez et al., 2009). The ability of 17b-
estradiol to rapidly remodel dendritic filopodia in young,
developing neurons indicates a role for estrogens in
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modulating synaptogenesis during early development of
cortical circuitry.
Following the formation of synapses, dendritic spines

predominate and are significantly more stable than
filopodial protrusions. However, spines still display the
ability to respond to a number of stimuli and change
shape, size, and number (Bhatt et al., 2009; Holtmaat
and Svoboda, 2009; Srivastava, 2012). Using cultured
rat cortical neurons, grown for at least 21 days in vitro
to allow development of mature dendritic spines with
distinct head structure and that contain PSD-95 (Xie
et al., 2007; Srivastava et al., 2008, 2010; Jones et al.,
2009; Woolfrey et al., 2009), we investigated the ability
of estrogens to rapidly modulate spine morphology and
density. Treatment with 17b-estradiol (10 nM) in-
creased the number of dendritic spines within 30
minutes. Interestingly, spine density returned to pre-
treatment levels by 60 minutes (Srivastava et al.,
2008). Time-lapse imaging further demonstrated
that 17b-estradiol-induced spines were selectively elim-
inated. Importantly, 17b-estradiol-induced spines were
juxtaposed to presynaptic terminals, suggesting that
they were making synaptic connections (Srivastava
et al., 2008). Close examination of dendritic spine
morphology revealed that 17b-estradiol-induced spines
had a thin morphology. A similar result was also
reported after 17b-estradiol treatment of cortical
neurons in the rACC (Xiao et al., 2013). This indicates
the formation of highly dynamic synapses that can
readily be either potentiated and stabilized or elimi-
nated (Xie et al., 2005; Penzes et al., 2011b). A number
of groups have proposed that the presence of 17b-
estradiol, in sufficient enough concentration to initiate
rapid responses, at synapses is subject to tight
temporal regulation and, furthermore, that the initial
cellular actions would be independent of transcription
and translation (Balthazart and Ball, 2006; Saldanha
et al., 2011; Srivastava and Penzes, 2011). Thus, it
could be reasoned that estradiol must be able to
modulate dendritic spines even when present only for
a short amount of time. Concordant with this pre-
diction, exposure of cortical neurons to 17b-estradiol
for 5 minutes was able to transiently increase spine
density over 60 minutes. Furthermore, 17b-estradiol-
dependent increases in dendritic spine density was
unaffected by the protein synthesis inhibitor cyclohex-
imide D. This strongly suggests that the immediate
effects of 17b-estradiol on dendritic spines are in-
dependent of translational regulation (Srivastava et al.,
2008).
In hippocampal slices made from 12-week-old male

rats, Kawato and colleagues observed a rapid increase in
dendritic spine density after 30 minutes of 1 nM 17b-
estradiol treatment, but was maximal after 2 hours.
Morphologic analysis also revealed an increase in the
number of thin dendritic spines and filopodia-like
protrusions (Murakami et al., 2006; Mukai et al., 2007).

These results parallel a recent study of 17b-estradiol
remodeling of dendritic spines in CA1 cells of hippocam-
pal slice cultures prepared from both male and female
mice. Time-lapse imaging of these slices revealed that
17b-estradiol increased the rate of novel dendritic spine
formation and subsequent synapse formation. Intrigu-
ingly, 17b-estradiol-induced dendritic spines were
preferentially eliminated upon removal of the steroid
without affecting the rate at which pre-existing den-
dritic spines were eliminated (Mendez et al., 2011).
Taken together, these studies demonstrate that estradiol
can rapidly, and often transiently, increase the rate of
formation and elimination of novel dendritic spines in
forebrain neurons without affecting pre-established net-
works (Mendez et al., 2011).Wewill explore the potential
implications of this transient modulation of synaptic
connectivity and its relevance for the remodeling of
neural circuits and cognitive function in section IX.

D. The Role of Specific ERs in Spine Formation

Recently, we showed that treatment of cultured rat
cortical neurons with WAY-200070 [7-bromo-2-(4-
hydroxyphenyl)-1,3-benzoxazol-5-ol], an ERb-selective
agonist (Liu et al., 2008), resulted in a rapid (within 30
minutes) increase in the number of thin spines
(Srivastava et al., 2010). Moreover, we found that the
majority of dendritic spines following WAY-200070
treatment overlapped with the presynaptic marker
bassoon and that the majority of spines were positive
for PSD-95, suggesting the formation of functional
spines that make connections with presynaptic part-
ners (Srivastava et al., 2010). We did not observe an
increase in PSD-95 proteins levels; however, we did
observe a reduction of PSD-95 puncta within the
cytosol/dendritic shaft of cells concurrent with an
increase of puncta within spines. Thus, it appeared
that a redistribution of PSD-95 from cytosolic regions
into ERb-induced nascent spines underlies this process
rather than an overall increase in PSD-95 protein ex-
pression (Srivastava et al., 2010).

In male rat hippocampal slices, treatment with PPT
(ERa selective agonist) but not DPN (ERb selective
agonist) increased dendritic spine density in CA1
pyramidal neurons within 2 hours (Murakami et al.,
2006;Mukai et al., 2007).Moreover, this increase in spine
number was dependent on NMDA receptors, inasmuch
as blockade of this receptor abolished PPT-induced spine
increase (Murakami et al., 2006;Mukai et al., 2007). This
pharmacological profile differs to that seen in cultured
rat cortical neurons. However it should be noted that
spine density was only assessed 2 hours after treatment,
and thus it is possible that activation of ERb has an effect
at an earlier time point. Conversely, 17b-estradiol and
PPT, but not DPN, treatment resulted in a decrease in
the number of CA3 thorny synapses (complex post-
synaptic structures consisting of multiple heads) located
in the stratum lucidum after 2 hours of treatment
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(Tsurugizawa et al., 2005). However, when individual
spines on CA3 pyramidal neurons were examined, none
of the tested compounds had an effect on dendritic spine
density (Tsurugizawa et al., 2005). It is not clear why
these estrogenic compounds have opposing effects on
distinct pyramidal neurons within the hippocampus, but
these studies clearly indicate cell-specific effects; it is
likely that differences in the local environments of
signaling proteins in each cell type underlie the disparity
in these rapid estrogenic responses.
More recently, the effect of ER selective agonists on

rapid hippocampal-based learning tasks and concur-
rent changes in spine density on CA1 neurons was
investigated within the same animals (Phan et al.,
2011). These experiments revealed that PPT-induced
rapid enhancement of social recognition, object recog-
nition, and placement is mirrored by an increase in
dendritic spine density. On the other hand, treatment
with DPN had a complex effect on behavior, with an
impairment of social recognition and a modest im-
provement in object placement, concomitant with
a reduction in spine density in CA1 neurons (Phan
et al., 2011). Inasmuch as behavioral testing occurred
40 minutes after drug treatment, these findings
provide strong evidence that, concurrent with rapid
ER-dependent modulation of learning, there are
changes in dendritic spine density. Moreover, these
data support the hypothesis that estrogenic-induced
alterations in dendritic spine density may be a cellular
correlate of rapid estrogenic modulation of cognitive
function.

E. Role of Inhibitory Neurons and Astrocytes in 17b-
Estradiol-Mediated Spinogenesis

The studies discussed above focus on the effects of
estrogens on excitatory neurons. The contribution of
estrogenic regulation of inhibitory neurons and astro-
cytes in the regulation of dendritic spines has been
explored in a number of studies (Murphy et al., 1998;
Amateau and McCarthy, 2002; Zhou et al., 2007;
Azcoitia et al., 2010; Wojtowicz and Mozrzymas, 2010)
but not always in a time frame consistent with that of
rapid actions. Previous studies suggested that the
ability of estradiol to increase spine density is through
a reduction of inhibitory and an increase in excitatory
drive in hippocampal neurons (Murphy et al., 1998;
Wojtowicz and Mozrzymas, 2010). Treatment of culture
hippocampal neurons with 17b-estradiol for between
24 and 48 hours reduced the expression of glutamate
decarboxylase-positive neurons, and g-aminobutyric
acid (GABA) receptor mediated miniature inhibitory
postsynaptic currents (Murphy et al., 1998). Moreover,
blocking GABAA/B receptor function with mercapto-
propionic acid resulted in an increase in spine density
and a concurrent decrease in glutamate decarboxylase
expression. The authors concluded that the long-term
actions of estradiol on dendritic spines involve the

inhibition of GABAergic function (Murphy et al., 1998).
Few studies have investigated the possible contribu-
tion of GABAergic signaling to rapid estrogenic effects
on spines. In cultured rat cortical neurons we inhibited
GABA receptor function using picrotoxin. However, no
effect on spine density was observed within 30
minutes. It should be noted that picrotoxin is selective
for GABAA receptors, but the contribution of GABAB
receptors on rapid changes in spine density was not
tested. Nevertheless, this suggests that, at least in
cortical neurons, GABAA receptors do not contribute to
estradiol’s ability to rapidly modulate dendritic spines
(Srivastava et al., 2008).

It is increasingly becoming apparent that astrocytes
and neurons are involved in a tripartite partnership at
synapses, where astrocytes take part in active inter-
actions with neurons (Perea et al., 2009). These cells
respond to synaptic transmission and help to regulate
and process synaptic information under basal and
active conditions (Perea and Araque, 2007; Panatier
et al., 2011). Interestingly, estradiol can initiate rapid
cellular responses in astrocytes regulating their func-
tion (Azcoitia et al., 2010; Micevych et al., 2010), and
these cells are capable of synthesizing estradiol (Yague
et al., 2006; Azcoitia et al., 2011). However, it is not
known what role, if any, astrocytes play in mediating
the rapid responses of estrogens, be it as a source of
estradiol or by directly contributing to the remodeling
of spine morphology/number. Therefore, it would be
worthwhile in future studies to further interrogate
glia-neuron interactions in the context of rapid estra-
diol signaling (see Azcoitia et al., 2011 for further
discussion).

Collectively, these studies provide a potential cellu-
lar mechanism by which rapid estrogenic signaling can
lead to the fine tuning of synaptic connectivity in
developing and established neuronal circuitry. It is
noteworthy that there are a number of discrepancies
in the literature regarding the contribution, or lack
thereof, of ERs to the remodeling of dendritic spines.
Some of these discrepancies can be attributed to the
use of cells from different developmental time points,
concentrations of agonists or antagonists used, region
specific tissue (i.e., cortex as opposed to hippocampus),
or even treatment timing. It is, however, somewhat
surprising that loss of function studies, such as using
tissue from ER knockout mice, or RNAi approaches to
silence specific receptor subtypes have not been used to
elucidate the relative contribution of specific ERs to the
regulation of dendritic spines. Future studies using
conditional ER or aromatase knockout animals to
isolate the actions of estrogens in a brain region and/or
cell-specific manner, in combination with in vivo imaging
approaches to examine dendritic spines (Bhatt et al., 2009;
Srivastava et al., 2012b), will provide unprecedented
insight into the contribution of centrally synthesized
estrogens on the rapid modulation of synapse structure.
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VII. Regulation of Synaptic Function
by Estrogens

The effects of acute 17b-estradiol treatment on the
intrinsic excitability of neurons have been widely
reported (Kelly et al., 1976; Nabekura et al., 1986; Wong
and Moss, 1991; Mermelstein et al., 1996). In addition,
17b-estradiol has been shown to rapidly modulate
synaptic transmission and plasticity (Woolley, 2007).
Two prominent cellular mechanisms thought to underlie
rapid, activity-dependent synaptic tuning are long-term
potentiation (LTP) and long-term depression (LTD), both
of which have received extensive research attention
(Kessels and Malinow, 2009). Both LTP and LTD are
thought to be critical mechanisms in the encoding and
storage of information (Cooke and Bliss, 2006; Kerchner
and Nicoll, 2008). It is widely accepted that the bidi-
rectional trafficking of NMDA and AMPA receptors is
a key mechanism in controlling synaptic transmission
and plasticity, and thus a critical mechanism in the
refinement of neuronal circuitry. Here we review some
recent studies that provide an insight into the rapid
regulation of synaptic function by estrogens.

A. Estrogenic Modulation of Long-term Potentiation
and Long-term Depression

In hippocampal slices taken from male rats, 17b-
estradiol increases the magnitude of LTP induced by
high-frequency stimulation (Foy et al., 1999). In a similar
manner, 17b-estradiol has also been shown to enhance
LTP at CA3-CA1 synapses in response to theta burst
stimulation in male rat hippocampal slices (Kramar
et al., 2009). This enhancement of theta burst-inducted
LTP was dependent on ERb, but not ERa, and required
actin polymerization (Kramar et al., 2009). Dependence
on actin polymerization is consistent with the remodel-
ing of dendritic spines but could also reflect the role of
actin remodeling in the trafficking of AMPA receptors
(Gu et al., 2010). NMDA receptors have also been
implicated in estrogenic facilitation of LTP at CA3-CA1
synapses in OXV mice (Smith and McMahon, 2006);
however, whether this is a sex-specific mechanism is not
clear. Moreover, in intact cycling females, the magnitude
of LTP has also been reported to vary: induction of LTP is
greater during proestrus (high estrogen levels) compared
with diestrus (low estrogen levels) (Bi et al., 2001),
consistent with previous reports of the fluctuations of
dendritic spine density andER expression levels over the
estrus cycle in the hippocampus (Woolley and McEwen,
1992; Mitterling et al., 2010; Waters et al., 2011).
In the male rat hippocampus, 17b-estradiol has been

reported to enhance LTD in CA1, CA3, and dentate
gyrus with estrogenic facilitation of LTD occurring via
an ERa-, but not ERb-dependent pathway (Mukai et al.,
2007). Although this demonstrates that estrogens can
modulate multiple forms of synaptic plasticity, it is also
interesting to note the reported importance of ERb for

LTP and ERa for LTD (Mukai et al., 2007; Kramar
et al., 2009). ER receptor expression diversity among
cells could thus favor potentiation versus depression in
response to estrogen. Recently it was also shown that
17b-estradiol can facilitate the induction of LTP in layer
2/3 neurons of the rACC in both male and female rats
(Xiao et al., 2013), demonstrating that estrogens can
affect synaptic plasticity in brain regions outside the
hippocampus in males and females. However, inasmuch
as the majority of studies investigating the effects of
estrogens on synaptic plasticity have focused primarily
at CA3-CA1 synapses, further research is required to
fully understand the modulatory effects of these com-
pounds on synaptic transmission and plasticity through-
out the forebrain.

B. Rapid Estrogenic Modulation of Glutamate
Receptor Trafficking in Cortical Neurons

To fully understand the rapid modulation of LTP and
LTD by estrogens, it is necessary to determine their
effects on NMDA and AMPA receptors. Indeed, synaptic
strengthening by LTP is achieved through at least two
complementary mechanisms: lateral diffusion of extra-
synaptic surface AMPA receptors into the postsynaptic
density (Ehlers et al., 2007; Opazo et al., 2012) and
insertion of endosomal-resident AMPA receptors into
specialized perisynaptic exocytic zones (Kennedy et al.,
2010). However, the effects of rapid estrogenic-signaling
on the trafficking of NMDA and AMPA receptors have
been far less studied. Multiple studies have indicated
that structural and functional changes in synapses often
go hand in hand (Matsuzaki et al., 2001; Kasai et al.,
2010). For example, enlargement of dendritic spine size
in response to activity-dependent stimulation is accom-
panied with an increase in synaptic GluA1-containing
AMPA receptors and thus an increase in AMPA receptor-
mediated miniature excitatory postsynaptic currents
(mEPSCs) (Xie et al., 2007). Conversely, shrinkage of
dendritic spine size is mirrored by a loss of surface
GluA2-containing AMPA receptors and reduced AMPA
receptor-mediated mEPSCs (Woolfrey et al., 2009).
However, this is not always the case (Segal, 2010).
Synapses containing NMDA receptors, but lacking AMPA
receptors (silent synapses), are known to be rapidly
potentiated during plasticity and are considered a major
mechanism for the remodeling of neuronal circuits (Isaac
et al., 1995; Kerchner and Nicoll, 2008; Ashby and Isaac,
2011). In cultured rat cortical neurons, we found that
acute treatment with 17b-estradiol induced the removal
of the GluA1-containing AMPA receptors from synapses
at 30 minutes, while inducing insertion of the GluN1-
containing NMDA receptors to synapses. Remarkably, by
60 minutes of treatment, GluA1 and GluN1 synaptic
content had returned to control levels (Srivastava et al.,
2008). Time-lapse imaging of GFP-tagged GluA1 demon-
strated that GluA1 was being internalized from pre-
existing dendritic spines and returning into the same
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spine without entering nascent spines (Srivastava et al.,
2008). Electrophysiological recordings of AMPA
receptor-mediated mEPSCs demonstrated that 17b-
estradiol induced a transient reduction in AMPA
receptor-mediated mEPSC frequency, but not ampli-
tude, indicating a change in the number of active
synapses (Srivastava et al., 2008). Together, these
data indicate that 17b-estradiol transiently increases
the number of synapses containing NMDA receptors
but lacking AMPA receptors, consistent with the
formation of silent synapses. Interestingly, in cortical
slices of the rACC, application of 17b-estradiol induced
a robust increase in the ratio of NMDA/AMPA EPSCs,
indicating the formation of silent synapses (Xiao
et al., 2013). Critically, the effect of 17b-estradiol on
the ratio of NMDA/AMPA EPSC corroborates the
trafficking of GluN1-containing NMDA receptors and
GluA1-containing AMPA receptors reported in cul-
tured cortical neurons (Srivastava et al., 2008; Xiao
et al., 2013).

C. Modulation of Glutamate Receptor Trafficking in
Hippocampal Neurons

A limited number of studies have also assessed the
effects of estrogen on glutamate receptor trafficking in
hippocampal neurons. Estrogenicmodulation of synaptic
transmission, as determined through the measurement
of extracellular postsynaptic potentials in the CA1,
evoked by the stimulation Schaffer collateral pathway,
was shown to be dependent on calpain (Zadran et al.,
2009). This work in acute hippocampal slices also
revealed a distinct mode of action of 17b-estradiol on
AMPA receptors. Treatment of 30 minutes with 17b-
estradiol resulted in an increase in levels of membrane
GluA1-, but not GluA2/3-containing AMPA receptors
(Zadran et al., 2009). This increase in membrane GluA1
was mediated via a MAPK- and calpain-dependent
pathway (Zadran et al., 2009). It is likely that the
differences seen inGluA1 trafficking in hippocampal and
cortical neurons is due to the different signaling
mechanisms activated by 17b-estradiol in these different
cell types.
Collectively, these data indicate that estrogenic

enhancements of LTP, LTD, and synaptic transmission
are mediated by specific ERs and require activation of
mechanisms underlying the trafficking of glutamate
receptors to the membrane and rearrangement of the
actin cytoskeleton. Such findings indicate that concur-
rent alterations of synaptic structure and glutamate
receptor trafficking are required for estrogen-induced
modulation of synaptic transmission and plasticity.
However, more in-depth studies of how specific ERs
regulate both the synaptic expression of NMDA and
AMPA receptors and their subunits are required to
fully understand how estrogens can rapidly modulate
synaptic function.

VIII. Molecular Mechanisms Underlying the
Remodeling of Dendritic Spines

Dendritic spines are proteinaceous structures and are
estimated to contain over 1000 different proteins (Emes
et al., 2008), including scaffold proteins, receptors,
signaling proteins, and cytoskeletal proteins (Fig. 3). A
major component of these postsynaptic structures is the
actin cytoskeleton, which is a key regulator of spine
morphology (Fig. 3) (Fischer et al., 1998; Hotulainen
et al., 2009); tight control of the actin cytoskeleton is
crucial to proper synaptic function (Yoshihara et al.,
2009; Hotulainen and Hoogenraad, 2010; Penzes and
Cahill, 2012). But what are the putative molecular
mechanisms that connect extracellular signals, such as
estrogens, to the remodeling of dendritic spines?
Multiple signaling pathways, many involving the
superfamily of small GTPase proteins, impinge on the
actin cytoskeleton, linking extracellular signals with
spine remodeling (Penzes et al., 2008; Penzes and
Cahill, 2012). Accordingly, 17b-estradiol has been
shown to regulate both small GTPase signaling and
actin dynamics in non-neuronal cells (Sanchez et al.,
2010a), suggestive that estrogenic signaling-mediated
spine remodeling may employ such mechanisms.

A. Key Determinants of Dendritic Spine Morphology

The morphologic malleability of dendrite spines is
a result of a dynamic actin cytoskeleton (Fischer et al.,
1998; Hotulainen et al., 2009). Spines are rich re-
positories of filamentous and monomeric actin (Fig. 3)
and achieve both stability and dynamism through
a turnover process known as treadmilling, where
monomers are simultaneously added to the barbed
end (at the spine periphery) and removed from the
pointed end of the filament (near the spine’s core) (Star
et al., 2002; Frost et al., 2010). Members of the Ras
superfamily of small GTPases are molecular switches
that regulate diverse cellular functions (Takai et al.,
2001). Small GTPases exist in binary “on” and “off”
states when bound to GTP and GDP, respectively.
Perhaps best studied among these family members are
Rac1 and RhoA, which have potent and opposite
effects on the structure of dendritic spines (Tashiro
and Yuste, 2004). Each GTPase can be regulated by
a variety of different guanine nucleotide exchange
factors (GEFs), which facilitate the binding of GTP by
the GTPase, and GTPase activating proteins (GAPs),
which catalyze the hydrolysis of GTP to GDP. GEFs
and GAPs allow for both signaling diversity and
spatial specificity. Indeed, by responding to extracel-
lular signals including neuromodulators and neuro-
nal activity, GEFs can achieve bidirectional control
over spine morphology and synaptic strength by
regulating their target GTPases (Xie et al., 2007;
Penzes et al., 2008, 2011b; Jones et al., 2009; Woolfrey
et al., 2009).
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Downstream of small GTPases are a series of effector
proteins that convey signaling to direct regulators of
the actin cytoskeleton. This includes the p21-activated
kinases (PAKs) (Manser et al., 1994): when active
(phosphorylated) PAK1 can phosphorylate LIM-kinase
(Lin11, Isl-1, and Mec-3 domain kinase) that in turn
inhibits cofilin activity (Edwards et al., 1999). Members of
the Wiskott-Aldrich syndrome protein (WASP) family
bind both monomeric and filamentous actin (Egile et al.,
1999) and are relieved from autoinhibition by Rho-
GTPases (Kim et al., 2000). N-WASP, a brain enriched
WASP, appears to be critical for spine and excitatory
synapse formation (Wegner et al., 2008). Small GTPases
also exert control over the similarWASP-family verprolin-
homologous protein (WAVE) family. These proteins play
a role in spine maintenance (Soderling et al., 2007) and
formation (Kim et al., 2006); deficient WAVE1 expression
is accompanied by spatial memory deficits in mice
(Soderling et al., 2003).
The Arp2/3 complex is a well-studied actin nucleator

and facilitator (Goley and Welch, 2006). The Arp2/3
complex is downstream of Rho family GTPases, WASP
and WAVE proteins (Takenawa and Suetsugu, 2007),
and is likely instrumental in dendritic spine remod-
eling during spine growth (Hotulainen et al., 2009). As
mentioned above, cofilin is another critical determinant
of actin skeletal dynamics and competes with the Arp2/3
complex by severing and debranching actin filaments
(Chan et al., 2009). Although prolonged cofilin activa-
tion promotes a reduction in spine size (Shi et al., 2009),
it appears that a transient burst of cofilin activity is
required for spine growth during chemically induced
LTP (Gu et al., 2010). A recent review of small GTPase
control of the actin cytoskeleton covers these pathways
in greater detail (Penzes and Cahill, 2012). Overall,
a stereotyped spine-morphogenic signaling cascade

begins with an extracellular signal that is conveyed to
GEFs or GAPs that control small GTPase activity,
which in turn influences actin-binding proteins through
small GTPase effectors.

B. Convergent Actin Regulating Pathways Underlie
Rapid Estrogenic-Mediated Dendritic Spine
Remodeling in Cortical Neurons

Investigations into the molecular mechanisms of estro-
genic modulation of dendritic spines in cortical neurons
have revealed the involvement of multiple pathways that
converge onto the actin cytoskeleton. In young developing
cortical neurons, 17b-estradiol-mediated filopodia forma-
tion occurs via the activation of a c-SRC/Rac1/Cdk5/
WAVE1/Arp2/3 pathway and a RhoA/ROCK-2/moesin
cascade (Sanchez et al., 2009). Although phosphorylation
of WAVE1 was only achieved by 17b-estradiol and PPT,
but not DPN, suggesting an ERa-dependent pathway, the
direct effects of ERa activation on filopodial formation
was not tested. Interestingly, silencing of moesin by
siRNAs only attenuated 17b-estradiol-induction of filopo-
dia, suggesting only a partial role for a moesin-dependent
pathway in this cellular event. Nevertheless, these data
directly link 17b-estradiol-signaling with the rearrange-
ment of the actin cytoskeleton via parallel pathways
involving WAVE1/Arp2/3 and moesin in developing
cortical neurons.

In more developed cortical neurons, the morphology of
17b-estradiol-induced nascent spines is suggestive of
Rap pathway activation, because this small GTPase
results in the formation of highly dynamic, thin
dendritic spines when active (Xie et al., 2005; Woolfrey
et al., 2009; Penzes et al., 2011b). Accordingly we ob-
served a rapid time-dependent increase in active Rap
(GTP bound) levels after treatment with 17b-estradiol
in vitro. In situ inhibition of Rap signaling, through the

Fig. 3. Dendritic spines and the cytoskeleton. Immunofluorescence staining with phalloidin, a marker of endogenous F-actin in cortical neurons,
reveals enrichment of actin in dendrites and dendritic spines. Schematic drawing of how extracellular signals can act via specific receptors and act via
small GTPases to regulate actin dynamics and/or receptor trafficking. The dynamic actin cytoskeleton confers much of the structure of the dendritic
spines, and alterations in synaptic expression of glutamate receptors (e.g., AMPA receptors) are thought to play a major role in modulating synaptic
function.
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overexpression of RapGAP or dominant-negative Rap
(RapN17), blocked 17b-estradiol-induced spinogenesis.
In contrast, pharmacological inhibition of the closely
related small GTPase, Ras, did not block 17b-estradiol-
induced nascent spine formation (Srivastava et al.,
2008). When the activity of Rac was examined, a modest
decrease was observed after 60 minutes of 17b-estradiol
treatment. It is possible that this small inhibition of Rac
activity is sufficient to drive 17b-estradiol-induced spine
numbers back to a level similar to control, because
previous studies have shown that Rac inhibition reduces
spine numbers (Tashiro and Yuste, 2004). Further
investigation of the downstream targets of Rap signaling
revealed that ERK1/2 were required for 17b-estradiol-
induced spinogenesis, consistent with a role for this
kinase in the remodeling of dendritic spines and
acquisition of learning and memory (Thomas and
Huganir, 2004). The PDZ containing protein AF-6 (also
known as afadin) is a direct target of Rap and is required
for Rap-dependent spine plasticity (Xie et al., 2005;
Srivastava et al., 2012a). After treatment of cultured
cortical neurons with 17b-estradiol, AF-6 clustered to
synapses, paralleling 17b-estradiol’s effects on dendritic
spine density; interfering with AF-6 function through the
overexpression of a mutant AF-6 with an inactive PDZ
domain prevented estradiol-dependent spinogenesis.
Taken together, these data suggested that 17b-estradiol
signaling via a Rap/ERK/AF-6-dependent pathway is
required for increased dendritic spine number in mature
cortical neurons (Srivastava et al., 2008).
Examination of the signaling pathways activated

after ERb stimulation revealed an increase in the
phosphorylation (activation) of PAK and ERK1/2
kinases in dendritic spines as well as in the dendritic
shaft, consistent with cytoskeleton rearrangements and
spine formation (Srivastava et al., 2010). Although ERs
have been localized to dendritic spines and dendritic
shaft (Mitra et al., 2003; Milner et al., 2005), it is not
clear how activation of these receptors can lead to the
formation of nascent dendritic spines. Recent work
investigating the spatiotemporal pattern of small
GTPase activity after the activation of single dendritic
spines, has demonstrated that small GTPase signals
spread from the activated spine into the surrounding
dendritic shaft (Yasuda andMurakoshi, 2011; Murakoshi
and Yasuda, 2012). Although the significance of this
signal spreading is not fully understood, this is a
speculative mechanism by which the trafficking of
cytosolic proteins and/or the initiation of nascent
dendritic spines can be achieved (Yasuda and Mura-
koshi, 2011; Murakoshi and Yasuda, 2012). Therefore, it
is interesting to consider that phosphorylation of PAK
and ERK1/2 in spines, as well as in the dendritic shaft,
may be part of a mechanism mobilizing cytosolic PSD-
95 and the formation of novel synapses. However,
further investigation is required to validate this model.

C. Molecular Mechanisms of Dendritic Spine
Remodeling in Hippocampal Neurons

Investigation into the molecular mechanisms that
underlie estrogenic-dependent spinogenesis in hippo-
campal neurons has revealed several potentially over-
lapping mechanisms. In the hippocampal CA1 region,
it has been reported that rapid induction of spino-
genesis on basal and apical dendrites by 17b-estradiol
is dependent on NMDA receptor function (Murakami
et al., 2006; Mukai et al., 2007). Conversely, 17b-
estradiol-mediated loss of dendritic thorns on CA3
neurons does not require NMDA receptors (Tsurugi-
zawa et al., 2005). Blocking of AMPA receptors by
CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) seemed
to differentially affect rapid estrogenic signaling
according to cell type. Rapid loss of dendritic thorns
by 17b-estradiol in CA3 neurons could be blocked by
CNQX; however, in CA1 neurons, estrogenic signaling-
induced spinogenesis was only blocked by CNQX on
basal dendrites but not apical dendrites (Tsurugizawa
et al., 2005; Murakami et al., 2006; Mukai et al., 2007).
This may suggest that cell type is important for
determining both rapid estrogenic effects and the
underlying molecular mechanisms and that there are
compartment-specific (i.e., apical versus basal den-
drites) 17b-estradiol signaling mechanisms. Such
a scenario is not unprecedented because differential
mechanisms have been described for the development
and maintenance of apical and basal architecture
(Romand et al., 2011; Srivastava et al., 2012c). If
distinct regions of the dendritic tree contain specific
molecular mechanisms that control dendritic arboriza-
tion, it is plausible that a similar subcompartmental
specialization may exist for the regulation of synapse
structure.

A number of studies have also demonstrated that
estrogenic signaling can activate LIM-kinase (p-LIMK)
and subsequently phosphorylate cofilin (p-cofilin),
resulting in the inhibition of cofilin activity (Yildirim
et al., 2008; Kramar et al., 2009; Yuen et al., 2011). In
the dorsal hippocampus of mice, p-LIMK levels were
increased during the high-estradiol phase of proestrus
(Spencer et al., 2008). Work performed in acute rat
hippocampal slices treated with 17b-estradiol rapidly
resulted in increased polymerization of actin through
a RhoA/ROCK/cofilin-dependent pathway (Kramar
et al., 2009). Although these data strongly support
this pathway in the control of actin rearrangement,
the requirement of this pathway in directly regulat-
ing dendritic spine morphology was not tested.
Nevertheless, as activation of a p-LIMK/p-cofilin cas-
cade can control the polymerization of actin (poten-
tially via a RhoA/ROCK-dependent pathway), it
provides another mechanism by which estrogens may
control the remodeling of dendritic spines in hippo-
campal neurons.
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D. Divergent and Parallel Pathways in Estrogenic
Control of Spine Morphology

As discussed in this and in section V, there are
important differences in the morphologic plasticity
pathways activated in young, developing, cortical
neurons and those employed in more mature neurons.
One potential explanation of this signaling divergence
could be attributed to differential developmental ex-
pression of ERs (Gonzalez et al., 2007) and signaling
proteins, including regulators of small GTPase path-
ways (Penzes et al., 2008). Moreover, the mechanisms
underlying estrogen-dependent spinogenesis seemingly
differ according to brain region. This could be attributed
to region-specific expression of ERs (Mitra et al., 2003)
and signaling proteins that regulate the remodeling of
dendritic spines (Penzes et al., 2008). Thus, separate
regions of the brain may well employ distinct molecular
mechanisms to transduce rapid estrogenic signaling
into morphologic changes (Fig. 2). Ultimately, these
discrete mechanisms may be important for how estro-
gens modulate neuroplasticity in each area.
It is also important to note that, to a great extent, the

immediate changes in spine morphology seen in response
to extracellular signals are transcription/translation
independent, consistent with small GTPase-dependent
regulation of the actin cytoskeleton. This is also congruent
with our reports that the rapid inductionof spine formation
by 17b-estradiol was independent of protein synthesis but
dependent on small GTPase activity (Srivastava et al.,
2008). However, activation of ERK-dependent pathways
may point to the initiation of transcriptional mechanisms
(see also section V). An increase in cAMP-response
element-binding (CREB) protein phosphorylation has also
been reported in hippocampal neurons after acute 17b-
estradiol treatment (O’Neill et al., 2008) and is required for
long-term (24–48 hours) estrogenic-increases in dendritic
spines (Murphy and Segal, 1997). As such, it should be
recognized that parallel signaling cascade may be acti-
vated that, although not required for the immediate
actions of 17b-estradiol on spines, can contribute to other
aspects of neural circuit remodeling.

IX. Estrogens and “Two-Step Wiring Plasticity”

As discussed in sections VI and VII, the rapid effects
of estrogens on synapse structure and function are
often transient. Time-lapse imaging demonstrates that
rapid estrogenic signaling has little to no effect on the
structure of existing synapses but almost exclusively
results in the formation of new connections (Srivastava
et al., 2008; Mendez et al., 2011). So how do these
transient cellular effects relate to rapid estrogenic
modulation of cognition? One hypothesis is that estro-
gens are capable of enhancing plasticity or rewiring of
neural circuits and thus facilitate information storage.
Two methods of cortical circuit rewiring in the adult

brain have been proposed. In the first instance, changes
in synaptic strength, and thus the capacity for in-
formation flow between existing synaptic connections, is
believed to be a critical mechanism underlying in-
formation processing and storage in the cortex. An
alternative proposal postulates that information storage
can be accomplished by increasing or decreasing the
number of functional synapses between two cells
(Chklovskii et al., 2004; Le Be and Markram, 2006;
DeBello, 2008), thereby augmenting the storage capac-
ity of cortical networks. Theoretical work, backed by
evidence from in vivo and in vitro studies (Bourne and
Harris, 2008; Kasai et al., 2010; Segal, 2010), has
posited that cortical networks feature many points
where dendrites and axons are sufficiently close for
additional synapses to be formed (Chklovskii et al.,
2004). Together, these two mechanisms constitute
“wiring plasticity,” whereby altering synaptic efficacy
and changing the connectivity between cells are the
underlying mechanisms of neuronal circuit rewiring and
critical to the acquisition of behaviors and general
cognitive function (DeBello, 2008) (Fig. 1D). It is
important to note that this “wiring” model is not limited
to the remodeling of synapses but accounts for the
potential that both axons and dendrites can undergo
structural alterations in the mature brain, albeit under
specialized circumstances (Chklovskii et al., 2004;
Holtmaat and Svoboda, 2009). The term “micro-rewir-
ing” specifically focuses on the remodeling of synapses
in reference to linking circuit remodeling with behavior
(DeBello, 2008). However, we do not discount the potential
for estrogenic regulation of axonal and/or dendritic gross
structure. As such, we do not distinguish between the
terms “wiring plasticity” and “micro-rewiring” but accept
that our current description may be better described by
the latter terminology.

Recent experimental evidence has linked the rewiring
of neural circuits with behavior. For example, in vivo
imaging of cortical motor neurons has demonstrated
increased dendritic spine density concurrent with the
acquisition of a learned motor behavior (Yang et al.,
2009). Moreover, in Zebra Finches, the acquisition of
singing behavior is accompanied by enlargement and
stabilization of dendritic spines in forebrain neurons
(Roberts et al., 2010). These in vivo imaging studies
elegantly demonstrate that cortical circuit remodeling
accompanies behavioral modification and implicate
circuit rewiring as a powerful mechanism for informa-
tion storage in the cortex. To date, the molecular and
cellular mechanisms underlying such circuit plasticity
remain mysterious. Here we propose that cortical circuit
rewiring is a compelling candidate mechanism for the
rapid modulation of cognition by estrogens.

A. Estradiol-Induced “Two-Step Wiring Plasticity”

Recognizing the ability of 17b-estradiol to rapidly
induce spine formation and silence a subset of synapses
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in cortical neurons led us to several questions: what is
the physiologic role of such a transient increase in silent
synaptic connections, what relevance does this increase
have for the rewiring of cortical circuits, and how do
these effects relate to estradiol’s ability to rapidly
modulate cognition? As discussed in section III, behav-
ioral studies indicate that there is a specific time frame in
which rapid estrogenic signaling is effective in enhancing
memory acquisition/consolidation. Thus, it could be
further suggested that the cellular mechanism un-
derlying estrogen’s enhancement of cognition must also
be transient. This idea would be consistent with the
transient effect of 17b-estradiol on synapse structure
and function (Srivastava et al., 2008). In vivo work has
demonstrated that cortical neurons can make transient
synapses. This is achieved when nascent spines sample
presynaptic contacts and form connections; however,
these spines are thought to lack AMPA receptors and
are therefore unlikely to be functional (Holtmaat et al.,
2005). Moreover, these novel connections are not
permanent and retract unless a subsequent Hebbian-
like or activity-dependent stimulus is provided that
stabilizes or holds the new connections (Holtmaat
et al., 2005; Fu and Zuo, 2011). Furthermore, activity-
like stimuli are also thought to potentiate these con-
nections via the insertion of AMPA receptors, making
them functional (Chklovskii et al., 2004; Holtmaat
et al., 2005). Therefore, it has been proposed that
information can be stored through a “sample and hold”
or “two-step” model (Holtmaat et al., 2005). Because even
adult cortex is sparsely connected, this model represents
a mechanism that features enormous capacity for in-
formation storage (Fig. 1) (Chklovskii et al., 2004; Le Be
and Markram, 2006; DeBello, 2008; Srivastava, 2012).
On the basis of these observations, it could be

hypothesized that 17b-estradiol’s ability to transiently
induce nascent silent synaptic connections may serve to
“prime” neurons to respond to activity-dependent stimuli
with greater efficacy, thus participating in a “two-step”
model of (micro-)wiring plasticity. Estrogenic signaling-
induced nascent, immature spines, would sample the
presynaptic environment forming new synapses contain-
ing NMDA but lack AMPA receptors. If a second
stimulus is not applied, these novel connections retract,
allowing the cell to return to its “resting state” (Fig. 4).
However, if a second, activity-dependent stimulus is
applied, these newly formed synapses may become
stabilized and potentiated, leading to an increase in
connectivity between cortical neurons and enhanced
network storage capacity.
Treatment with 17b-estradiol followed by an activity-

dependent stimulus, achieved through activation of
NMDA receptors by a chemical LTP paradigm (Srivas-
tava et al., 2008; Xie et al., 2007), resulted in a stabiliza-
tion of 17b-estradiol-induced spines that persisted for up
to 24 hours. Importantly, these spines overlapped with
the presynaptic marker bassoon, demonstrating that the

combined treatment of 17b-estradiol and an activity-
dependent stimulus had induced a long-term increase in
connectivity in neurons. Furthermore, investigations of
the effect of these two treatments on synapse function
revealed that there was an increase in the surface
expression of GluA1 at synapses that was paralleled by
an increase in overall AMPA receptor-mediated trans-
mission (Fig. 4). Previous reports demonstrated that
Ca21/calmodulin-dependent protein kinase II (CaMKII) is
required for NMDA receptor-dependent changes in spine
morphology and GluA1 insertion into synapses (Xie et al.,
2007). Indeed, the combined treatment of 17b-estradiol
and activity-dependent stimuli resulted in an increase in
active levels of CaMKII (Srivastava et al., 2008).However,
whether this kinase directly plays a role in mediating the
stabilization of increased connectivity and transmission
by these two extracellular signals is currently not known.
In summary, these data demonstrate that the combined
treatment of 17b-estradiol and activity-dependent stimu-
lus was able to induce both a long-lasting increase in
synaptic connectivity and enhanced synaptic communica-
tion between neurons (Fig. 4).

B. Physiologic Relevance of “Two-Step
Wiring Plasticity”

Our cellular and molecular studies into rapid action of
17b-estradiol on cortical neurons have led us to propose
the following model: 17b-estradiol can rapidly “prime”
neurons to respond to subsequent synaptic activity-like
stimuli with greater efficacy (Srivastava et al., 2008).
This is achieved by 17b-estradiol modulation of spine
structure and synapse function in neural circuits. To
understand the complex mechanisms underlying this
form of wiring plasticity termed “two-step wiring plastic-
ity” (TSWP), we have divided it into three conceptual
phases (see Fig. 4):

Phase 1: 17b-estradiol transiently increases the
number of dendritic spines and generates silent
synapses by removing GluA1-containing AMPA
receptors from existing spines and inserting
GluN1-containing-NMDA receptors into nascent
synapses. Increased physical connectivity and
generation of silent synapses places the neurons
in a “primed” state, ready to respond to sub-
sequent stimuli with greater efficacy.

Phase 2a: Without a second stimulus, 17b-estradiol-
induced novel spines are preferentially eliminated,
and GluA1-containing AMPA receptors and
GluN1-containing NMDA receptors return to pre-
existing spines. This mechanism allows the cell to
return to a “resting state.”

Phase 2b: Addition of a subsequent activity-
dependent stimulus leads to persistence of 17b-
estradiol-induced spines and the trafficking of
GluA1-containing AMPA receptors into both pre-
existing and novel spines. This results in long-term
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(at least 24 hours) increase in synaptic connectivity
and transmission.

On the basis of our current data, it is possible that
the priming of dendritic spines in cortical neurons may
serve to augment the acquisition or consolidation of
certain behaviors. Evidence that 17b-estradiol initi-
ated rapid signaling responses can improve perfor-
mance on behavioral tasks when administered in
a time-specific manner (Luine, 2008; Walf and Frye,
2008; Frick, 2009) supports a role for TSWP in the
acquisition/consolidation of learned behaviors. This is
further supported by studies demonstrating that estro-
gens can enhance performance in rapid learning
paradigms, concurrent with increases in dendritic
spine density (Phan et al., 2012). Furthermore, Xiao
and colleagues (2013) demonstrated that 17b-estradiol-
dependent acquisition of learned aversion behavior
occurs concurrently with the facilitation of NMDA
receptor-mediated synaptic transmission and increased
dendritic spine density in the rACC. Collectively these
data indicate that estrogens may act as a neuro-
modulator, with the capability of rapidly influencing
cognition through the fine tuning of neural circuitry
(Saldanha et al., 2011; Srivastava et al., 2011), and it is
certainly compelling to consider that a mechanism
similar to TSWP may contribute to the modulation of
cognitive function.

C. “Two-Step Wiring Plasticity” Molecular
Underpinnings—A Convergence of Pathways

Elucidation of the molecular pathways activated after
acute 17b-estradiol treatment in cortical neurons has
offered insight into the critical signals required for this
form of microrewiring to occur. Activation of signaling

pathways that are consistent with spinogenesis and
subsequently with spine stabilization is required.
Moreover, mechanisms required for the trafficking of
synaptic proteins, including NMDA and AMPA recep-
tors and PSD-95, to nascent and existing synapses
would also be needed. Our current data suggest that
activation of a Rap/AF-6/ERK1/2 pathway is crucial for
the 17b-estradiol-mediated increase in spine density
seen in Phase 1. During Phase 2a, it is possible that
a decrease in Rac activity may be required to induce the
retraction of 17b-estradiol-induced spines. Conversely,
during Phase 2b, activation of Rac via an NMDA
receptor/CaMKII pathway as previously shown (Xie
et al., 2007) may be required for the stabilization of
nascent spines and the potentiation of silent synapses
(Fig. 4). Although our understanding of the molecular
mechanisms of TSWP are currently in their infancy, it
should be noted that this form of (micro-)rewiring may
not be limited just to the pairing of estrogens and
activity-dependent stimuli. It could involve the conver-
gence of other signals such as estrogens and brain-
derived neurotrophic factor (BDNF) (Srivastava et al.,
2013) or other neuromodulatory signals with activity-
dependent stimuli.

Because the aforementioned studies were performed
using an in vitro system (Srivastava et al., 2008, 2010;
Srivastava, 2012), it will be important to confirm the
effects of TSWP within more intact systems and
eventually in vivo. However, the use of in vitro systems
offers an excellent platform for dissecting the potential
molecular mechanisms underlying this form of plastic-
ity. One of the more compelling aspects to this model
lies in the flexibility it offers for information storage. It
has been speculated that because changes in synaptic
strength are restricted by the number of receptors/ion

Fig. 4. Estrogen-induced “two-step wiring plasticity” in cortical neurons. This form of “wiring” plasticity can be divided into three distinct phases.
Phase 1: treatment with 17 b-estradiol induces the formation of novel spines, which form connections with pre-synaptic partners within 30 minutes.
Concurrently GluA1-containing AMPA receptors are removed from existing spines, and GluN1-containing NMDA receptors are trafficked into nascent
spines. Overall, this results in an increased number of connections between cells and a reduction in AMPA receptor transmission. Phase 2A: effect on
dendritic spines and glutamate receptors is transient: 60 minutes after treatment, estradiol-induced spines are preferentially eliminated and GluA1-
containing AMPA receptors and GluN1-containing NMDA receptors return to control levels. Therefore, the number of connections returns to control
levels, and AMPA receptor-transmission returns to normal. Or, Phase 2B: addition of a second synaptic activity-like stimulus results in the
stabilization of estradiol-induced spines and a trafficking of GluA1-containing AMPA receptors back into existing and nascent synapses as observed
immediately after the completion of treatment or 24 hours post-treatment. This combined treatment may lead to long-lasting (24 hour) increase in
connectivity and increase synaptic communication.
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channels that can be trafficked to the PSD of dendritic
spines, there is also a theoretical limit for changes in
information flow (Chklovskii et al., 2004). On the other
hand, changes in the number of connections is only
limited by the number of potential synapses, offering
a greater flexibility in the capacity of information storage;
according to geometric analysis of cortical neurons,
nearly all neighboring neurons have the capacity to
become connected (Chklovskii et al., 2004; Stepanyants
and Chklovskii, 2005; DeBello, 2008). Therefore, by
inducing both changes in synaptic strength of existing
connections and increasing the overall number of
connections, TSWP is a model that offers an enormous
capability for the storage of information in a physiologic
context. Disruption of such a mechanism could greatly
impact brain function. On the other hand, gaining
insight into the mechanistic underpinnings of TSWP
could provide powerful therapies for a variety of brain
pathologies (Srivastava and Penzes, 2011).

D. Neural Circuits and Pathology

Deficits in cognitive function, notably in working,
spatial, and reference memory, as well as social
interactions, are core features of a great number of
neurologic disorders (DSM-IV, 2000). Inasmuch as there
is increasing evidence for an intimate link between
dendritic spines and cognition it may not be surprising
that multiple neuropathologies are strongly associated
with disruptions of neural circuits (van Spronsen and
Hoogenraad, 2010; Penzes et al., 2011a). It is currently
posited that dendritic spine dysmorphogenesis can lead
to defective or excessive synapse function and connectiv-
ity resulting in disruptions in neural circuitry (see Tau
and Peterson, 2010; van Spronsen and Hoogenraad,
2010; Penzes et al., 2011a for recent reviews on this
topic). Dysregulation of the complex mechanisms that
control dendritic spine structure and function may
contribute to these synaptic irregularities and contribute
to the cognitive deficits seen in many of these disorders
(Gray and Roth, 2007; Insel, 2010). Understanding the
cellular mechanisms by which dendritic spine morpho-
genesis occurs will not only expand our knowledge of
normal brain function, but that of abnormal brain
function as well. Harnessing structural plasticity may
offer a powerful future therapeutic avenue for treating
neuropathologies (Gray and Roth, 2007; Insel, 2010).

E. Estrogenic Regulation of Neural Circuitry
and Disease

The potential role(s) of estrogens in psychiatric and
neurodegenerative diseases, as well as their potential
beneficial actions as a therapeutic has been extensively
reviewed elsewhere (Hughes et al., 2009; Kulkarni,
2009; Gillies and McArthur, 2010; Sanchez et al.,
2010b; Nilsson et al., 2011; Srivastava and Penzes,
2011; Torrey and Davis, 2012; Brinton, 2013). Owing
to the neuroprotective and neurotrophic effects of

17b-estradiol it is not surprising that its use as an
adjunct treatment in a number of disorders has been
investigated. Results for a limited number of clinical
studies have indicated a potential beneficial role of estro-
gens in disorders such as schizophrenia (Cyr et al., 2000;
Kulkarni et al., 2008; Hughes et al., 2009; Kulkarni, 2009;
Sanchez et al., 2010b).However, itmust be noted that long-
term treatments of women aged 65 years with conjugated
equine estradiol and medroxyprogesterone showed no
beneficial effect of this treatment in protection against
cognitive decline. Conversely, these trials suggested
a potential increase in cognitive decline and increased
risk for a number of risk factors for cardiovascular
problems, stroke, and cancer (Rossouw et al., 2002;
Espeland et al., 2004; Shumaker et al., 2004). Although
there is controversy regarding the results of these
findings (Craig et al., 2005), it is clear that caution
must be taken when examining the potential beneficial
effects of estrogens in psychiatric and neurodegener-
ative disorders. An alternative approach would be to
mimic estrogenic-mediated positive effects by modu-
lating specific ERs (Zhao et al., 2005; Hughes et al.,
2009) and/or regulating 17b-estradiol intracellular
molecular targets. Such strategies could exploit the
beneficial effects of estrogens without the harmful side
effects.

Although many studies have focused on the neuro-
protective effects of estrogens, there is growing
evidence that the beneficial effects of 17b-estradiol in
psychiatric and neurodegenerative diseases are me-
diated, in part, through the modulation of neural
circuitry. The antidepressive effect of 17b-estradiol in
a learned helplessness model of depression occurs
concurrently with an increase in spinogenesis in CA1
neurons (Hajszan et al., 2010). As loss of dendritic
spines is thought to contribute to depressive symptoms
(Nestler et al., 2002) could the antidepressive effects of
17b-estradiol be driven in part by an increase in the
number of synaptic connections? Furthermore, selec-
tive activation of ERb has antidepressive-like effects in
a number of cognitive tests (Walf et al., 2008b); this is
in addition to ERb-mediated modulation of synapse
structure and function (Liu et al., 2008; Srivastava
et al., 2010). It is also interesting to note that the
actions of antidepressants are speculated to occur by
increasing the plasticity of neurons, allowing them to
respond to subsequent experience-dependent plasticity
with greater efficacy (Castren and Hen, 2013), a mech-
anism that bears similarity to TSWP. Recently it was
shown that rapid estradiol signaling, acting via
a mechanism identical to TSWP, was sufficient to
rescue spine loss induced by soluble beta amyloid (Ab)
oligomers cultured hippocampal neurons (Logan et al.,
2011). Despite the potential beneficial effects of 17b-
estradiol in neurodegenerative and psychiatric disor-
ders through the modulation of synaptic structure and
function, it will remain important to continually assess
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any 17b-estradiol-induced harmful side effects. As
such, a greater understanding of the molecular and
cellular mechanisms underlying 17b-estradiol’s effects
on both neuroprotection and neuronal circuitry will
likely identify new restitutive targets in the develop-
ment of certain CNS disorders.

X. Summary and Future Directions

This review of the how rapid estrogenic signaling can
modulate neuroplasticity and thus influence cognition
and highlights the complexities of uncovering the
underlying cellular and molecular mechanisms that
govern these effects. Converging lines of research
indicate that rapid estrogenic signaling can influence
behavior (Galea et al., 2008; Walf and Frye, 2008; Frick,
2009; Choleris et al., 2012). The application of estrogens
either 30 minutes before or immediately after an initial
training phase can enhance cognitive performance even
when tested several hours or even days later. Estro-
gen treatment activates multiple signaling pathways
within 1 hour, and blocking many of these pathways
abolishes estrogen’s ability to enhance cognition. This
suggests that the signaling pathways regulated by
rapid estrogen signaling can modulate cognition. More-
over, recent studies using rapid learning paradigms
provide strong evidence that estrogens can influence
cognition within 1 hour (Choleris et al., 2012). These
studies also demonstrate that estrogens act on both
cortical and hippocampal systems to affect multiple
behaviors; however, the underlying neural circuitry for
many of these behaviors are not well understood.
Functional interactions between specific areas of the
cortex (e.g., the prefrontal cortex) and the hippocampus
are required for complex behaviors (Euston et al., 2012).
Although the consequences of rapid estrogenic signaling
on hippocampally based behaviors have been well
investigated, in comparison, our understanding of the
influence of estrogens on cortically based behaviors are
not as well developed. Therefore, to fully appreciate the
extent of the modulatory actions of estrogens on
cognition it is critical to consider the effects it has on
both areas.
Another issue that we attempted to highlight is the

complex question of the source, or sources, of estro-
gens that result in these rapid responses. A popular
hypothesis is that centrally produced estrogens un-
derlie the rapid actions seen within the brain (Cornil
et al., 2006; Garcia-Segura, 2008; Saldanha et al., 2011).
There is much evidence that supports this hypothesis,
which has led to the idea that centrally synthesized
estrogens are not only neurosteroids but may also be
neuromodulators. This hypothesis, also referred to as
“synaptocrine” signaling, was reviewed in depth re-
cently (Balthazart and Ball, 2006; Garcia-Segura, 2008;
Saldanha et al., 2011). Although it may be argued that
estrogens synthesized in the periphery cannot achieve

sufficient concentration to initiate rapid cellular
responses, it is clear that controlling the bioavailability
of androgens in the circulating system would impact
estradiol synthesis within the brain. Thus, it is clear
that the interplay between peripheral and central
sources of estrogens is not straightforward. A critical
question still remaining is what are the physiologic
conditions and circumstances in which sufficient con-
centrations of estrogens are produced to initiate rapid
responses and how these mechanisms are controlled in
specific brain regions? To fully understand the inter-
action between these sources of estrogens it is necessary
to develop strategies to manipulate either or both
sources.

At the molecular level we have begun to elucidate
the mechanisms that contribute to rapid estrogenic
responses. However, much of our understanding of how
estrogen receptors couple to signaling pathways cur-
rently relies heavily on investigations in non-neuronal
cells. As such, more detailed studies in neurons are
required to validate these observations and to further
dissect the molecular responses of rapid estrogenic
signaling within the CNS. Estrogens have been shown to
activate multiple signaling pathways dependent on cell
type and even between brain regions. One possible
explanation of how this signaling diversity arises comes
from recent evidence that ERs can directly or indirectly
interact with other receptors (Boulware et al., 2005;
Vivacqua et al., 2009; Akama et al., 2013; Srivatsava and
Evans, 2013). Formation of such receptor complexes
would be dependent on the expression of specific
receptors within a cell that could result in complex
pharmacological profiles and enable coupling tomultiple
signaling cascades (see Srivatsava and Evans, 2013 for
further discussion). Nevertheless, we are now beginning
to understand how the signaling pathways activated in
response to rapid estrogenic signaling can result in
changes in neuroplasticity and cognition. Interestingly,
emerging evidence suggests that the intracellular path-
ways rapidly activated by estrogens can also regulate
transcriptional and translationalmachinery (Vasudevan
and Pfaff, 2007; Ordonez-Moran and Munoz, 2009;
Srivastava et al., 2011). Moreover, behavioral studies
indicate that this mechanism is important for rapid
estrogenic modulation of cognition (Zhao et al., 2010;
Fortress et al., 2013). In the future it will be important to
clarify what role this cross-talk takes and whether the
gene and/or protein products of this regulation are
required for the initial cellular actions or if they reinforce
the cellular effects of rapid estrogenic signaling, enabling
long-term changes in neural circuitry and cognition.

Estrogens have consistently been shown to rapidly
regulate synapse structure and function (Woolley, 2007;
Srivastava et al., 2011). The underlying signaling mech-
anisms can differ across developmental time points and
according to brain region. In response to rapid estrogen
signaling, neurons within the CA1 of the hippocampus
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display distinct cellular responses, pharmacological
profiles, and activation of signaling pathways compared
with neurons in other hippocampal regions or the cortex.
Furthermore, it is noteworthy that in many cases the
cellular and molecular responses elicited by rapid
estrogenic signaling are transient, leading to ques-
tions of how this can result in the modulation of
cognition. We hypothesize that pairing rapid estrogen
signaling with activity-dependent stimuli, as part of
a “two-step” model of circuit rewiring, results in long-
lasting changes in neuronal connectivity. This model of
circuit remodeling displays similar temporal character-
istics to the reported rapid actions of estrogens on
cognition, and we suggest that TSWP represents one of
the cellular mechanisms that underlies estrogenic modu-
lation of cognition. It is also interesting to consider that
TSWP could be used to describe the interaction of estradiol
and other stimuli (e.g., BDNF) (Srivastava et al., 2013) or
a generalmodel of circuit remodeling that canbe applied to
other neuromodulators is currently unknown.
In summary, althoughmany questions remained to be

resolved, there is substantial evidence that the rapid
regulation of neuroplasticity by estrogens occurs concur-
rently with the modulation of cognition. However, the
source of estrogens responsible for this rapid signaling in
vivo is not clear. The mechanisms underlying the
modulation of cognition by estrogens are due to the
rapid activation of signaling pathways and changes in
neural circuitry driven by alterations in synapses
structure and function. Interestingly, it is emerging that
there is cross-talk between rapid estrogenic cytosolic
signaling and transcriptional/translational machinery,
and such signaling mechanisms could cooperate to
produce long-term changes in neuroplasticity. In addi-
tion,wedescribed a cellularmodel that integrates in vitro
and in vivo observations of neural remodeling to explain
how rapid estrogen signaling can lead to long-term
changes in cognition. Collectively these investigations
argue that the rapid modulation of neuroplasticity by
estrogens play an important role in regulating cognition
but may also be important for our understanding of how
estrogens could be beneficial in neuropathologies.
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