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Brain-synthesized estrogen has been shown to influence synaptic structure, function, and cognitive processes. However, the molecular
mechanisms underlying the rapid effects of estrogen on the dendritic spines of cortical neurons are not clear. Estrogen receptor � (ER�)
is expressed in cortical neurons, and ER� knock-out mice display impaired performance in cortically mediated processes, suggesting that
signaling via this receptor has profound effects on cortical neuron function. However, the effect of rapid signaling via ER� on dendritic
spines and the signaling pathways initiated by this receptor in cortical neurons are unknown. Here, we show that activation of ER� with
the specific agonist WAY-200070 results in increased spine density and PSD-95 (postsynaptic density-95) accumulation in membrane
regions. Activation of ER� by WAY-200070 also resulted in the phosphorylation of p21-activated kinase (PAK) and extracellular signal-
regulated kinase 1/2 (ERK1/2) in cultured cortical neurons, suggesting a mechanism for the regulation of the actin cytoskeleton. More-
over, we found that aromatase, an enzyme critical for estrogen production, is present at presynaptic termini, supporting a role for
brain-synthesized estrogen as a neuromodulator in the cortex. These results implicate ER� signaling in controlling dendritic spine
morphology, in part via a PAK/ERK1/2-dependent pathway, and provide mechanistic insight into the rapid cellular effects of estrogen on
brain function.

Introduction
In the mammalian forebrain, dendritic spine morphogenesis is
an important constituent of structural plasticity (Segal, 2005),
and modulating dendritic spine shape and number is thought to
underlie information processing and storage in the cortex (Holt-
maat and Svoboda, 2009). Conversely, abnormal structural plas-
ticity has been strongly associated with many neuropathologies
(Fiala et al., 2002), highlighting the importance of appropriate
regulation of these structures for neuronal function. Signaling via
Rho family (Rac/Cdc42) and Ras family (Ras/Rap) small GTPases
potently regulates cytoskeletal rearrangement necessary for mod-
ification of spine morphology (Penzes et al., 2008; Srivastava et
al., 2008). Downstream targets of these small GTPases include
p21-activated kinase (PAK) and B-Raf, and both kinases have
been shown to be involved in mediating changes in structural
plasticity (Jones et al., 2009; Woolfrey et al., 2009). Regulation of
these pathways is thought to be an important mechanism for
regulating spine morphology.

The role of estrogen in modulating dendritic spine remodel-
ing has been well established (Woolley, 2007; Srivastava et al.,

2008). Furthermore, aromatase, a key enzyme required for estro-
gen production, has been found in the cortex (Yague et al., 2006),
leading to the suggestion that brain-synthesized estrogen can rap-
idly affect neuronal function (Balthazart and Ball, 2006). How-
ever, the effect of rapid signaling through estrogen receptor �
(ER�) in cortical neurons is not known. ER� is abundantly ex-
pressed in the cortex (Mitra et al., 2003) and has been shown to be
important for memory and hippocampal synaptic plasticity (Liu
et al., 2008). ER� knock-out mice display impaired learning (Liu
et al., 2008), in addition to depressive and anxious behavioral
phenotypes (Hughes et al., 2008), suggesting that ER� signaling
may play a role in these cortically mediated behaviors. However,
the effects of ER�-mediated signaling on dendritic spines of cor-
tical neurons and the underlying molecular mechanisms are
unknown.

Here, we show that activation of ER� in cortical neurons by
WAY-200070 (herein referred to as 070) results in increased den-
dritic spine density and clustering of PSD-95 (postsynaptic density-
95) at the membrane. Signaling via ER� also resulted in activation of
a PAK/ERK1/2 (extracellular signal-regulated kinase 1/2) signaling
pathway. Furthermore, we find that aromatase is enriched at syn-
apses of cortical neurons. These data suggest that signaling through
ER� results in rapid modification of dendritic spines of cortical neu-
rons, supporting the role of brain-synthesized estrogen as a postsyn-
aptic morphogen.

Materials and Methods
Cell cultures and transfections. Dissociated cultures of primary cortical
neurons were prepared from embryonic day 18 Sprague Dawley rat em-
bryos (Woolfrey et al., 2009). Neurons were transfected with pEGFP-N2
using Lipofectamine 2000 (Invitrogen) at 24 days in vitro (DIV24) for

Received June 24, 2010; revised Aug. 9, 2010; accepted Aug. 13, 2010.
This work was supported by National Institutes of Health Grant R01MH 071316, the Alzheimer’s Association, the

National Alliance for Research on Schizophrenia and Depression, and the National Alliance for Autism Research
(P.P.); an American Heart Association Postdoctoral Fellowship (D.P.S.); and an American Heart Association Predoc-
toral Fellowship (K.M.W.). We thank Kelly Jones and Igor Rafalovich for editing.

Correspondence should be addressed to Deepak P. Srivastava or Peter Penzes, Ward 7-174, Department of
Physiology, Northwestern University Feinberg School of Medicine, 303 E. Chicago Avenue, Chicago, IL 60611. E-mail:
d-srivastava@northwestern.edu or p-penzes@northwestern.edu.

DOI:10.1523/JNEUROSCI.3264-10.2010
Copyright © 2010 the authors 0270-6474/10/3013454-07$15.00/0

13454 • The Journal of Neuroscience, October 6, 2010 • 30(40):13454 –13460



48 h. Cells were then treated with 10 nM 070 (synthesized by Wyeth
Chemical and Screening Sciences) before being processed for immu-
nocytochemistry or biochemistry (Srivastava et al., 2008).

Quantitative analysis of spine morphology. Images of immunostained
neurons were obtained with a confocal microscope using a 63� oil-
immersion objective (numerical aperture � 1.4). Two-dimensional maxi-
mum projection reconstructions of images, morphometric analysis (area,
length, and breadth), and quantification were done with MetaMorph
software (Universal Imaging). Between 9 and 12 neurons from three
experiments were analyzed. Experiments were done blind to condition,
and on sister cultures. Fluorescence intensities of phosphorylated or en-
dogenous proteins were quantified as described previously (Woolfrey et
al., 2009). Statistical analyses (one-way ANOVA) were performed in
SPSS (SPSS Inc.).

Biochemistry. Subcellular fractions were prepared by using a Proteo-
Extract kit (EMD Biosciences), and whole-cell lysates were prepared as

described previously (Woolfrey et al., 2009).
Lysates were subjected to Western blotting,
membranes were probed with the appropriate
antibodies, and band intensities were quanti-
fied by densitometry using ImageJ.

Results
Activation of ER� induces formation of
dendritic spines
EGFP-expressing cortical neurons were
treated with the ER�-specific agonist
WAY-070 (10 nM; EC50 ER�: 2.3 nM vs
ER�: 155 nM) (Liu et al., 2008). Treatment
with 070 for 30 – 60 min resulted in an in-
crease in the number of dendritic spines
(Fig. 1a,b) (dendritic spine density; 0
min: 8.07 � 0.52 spines per 10 �m; 30 min:
11.86 � 0.98 spines per 10 �m; 60 min:
10.36 � 0.53 spines per 10 �m; p �
0.001). Analysis of dendritic spine mor-
phology revealed a decrease in mean spine
area after treatment with 070. Dendritic
spines at 60 min were significantly larger
compared with spines after 30 min of treat-
ment, but were still significantly smaller
than spines at 0 min (Fig. 1c) (spine area; 0
min: 0.73 � 0.016 �m 2; 30 min: 0.61 �
0.009 �m 2; 60 min: 0.68 � 0.011 �m 2;
p � 0.001). Histograms of spine area con-
firm an increase in the number of smaller
spines (Fig. 1d), suggesting that newly
formed spines are smaller than existing
spines. The reduction in spine area was
driven by a reduction in the average
breadth of dendritic spines at 30 min, but
not in the average length (supplemental
Fig. 1a, available at www.jneurosci.org as
supplemental material). Interestingly, af-
ter 60 min of 070 treatment, the average
spine breadth was not significantly differ-
ent from 0 min, but a trend toward longer
spines was seen (supplemental Fig. 1a,
available at www.jneurosci.org as supple-
mental material). To further understand
the effect 070 was having on dendritic
spine shape, we calculated the breadth-to-
length ratio for each spine. This parameter
reveals information regarding the spine’s
shape independent of the spine size:

higher values represent stubby (mushroom) shapes, whereas
lower values are indicative of thinner/longer spines (supplemen-
tal Fig. 1b, available at www.jneurosci.org as supplemental mate-
rial). After 30 or 60 min of 070 treatment, the number of spines
with lower breadth-to-length ratios increased (Fig. 1e; supple-
mental Fig. 1a, available at www.jneurosci.org as supplemental
material), indicating an increase in the prevalence of spines with
a thinner/longer morphology. To determine whether ER�-
induced spines were functional, we calculated the number of
spines that overlapped with the presynaptic, active zone marker
bassoon. Treatment with 070 induced a significant increase in the
total number of spines and the number of spines overlapping
bassoon (Fig. 1f,g) (total spines vs spines with bassoon; 0 min:

Figure 1. Activation of ER� with 070 results in dendritic spine remodeling. a, Time course of dendritic spine morphogenesis in
response to 10 nM 070. Cultured cortical neurons (DIV25) expressing EGFP were treated with 10 nM 070 in artificial CSF containing
2-amino-5-phosphonovaleric acid for 0 – 60 min. b, c, Quantification of dendritic spine morphogenesis in a. d, e, Histograms of
spines area and breadth-to-length ratio show that 070-treated neurons have an increase in spines with smaller areas and lower
breadth-to-length ratios. f, g, 070 treatment results in an increase in total spine density and number of spines forming contacts
with the presynaptic termini. #,*p � 0.001. Scale bars, 5 �m.
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6.75 � 0.4 vs 4.95 � 0.51 spines per 10
�m; 30 min: 10.75 � 0.42 vs 7.6 � 0.65
spines per 10 �m; 60 min: 10.6 � 0.79 vs
7.62 � 0.9 spines per 10 �m; #bassoon
positive spines, *total spines, p � 0.001).
Together, these data demonstrate that
treatment with 070 leads to the formation
of functional dendritic spines that form
presynaptic contacts and are thinner per
unit length.

ER� activation increases
PSD-95 clustering
PSD-95 is a critical component of mature
dendritic spines (Gerrow et al., 2006). Be-
cause 070 treatment induces the forma-
tion of nascent spines, we investigated
whether these spines contained PSD-95.
Subcellular fractionation of treated corti-
cal neurons revealed a time-dependent in-
crease in PSD-95 expression in the
membrane fraction, paralleled by a time-
dependent reduction in PSD-95 in the cy-
tosol fraction, suggesting that PSD-95
enriched in the membrane fraction may
have moved from the cytosol (Fig. 2a).
This pattern of PSD-95 redistribution was
supported by line scan analysis of endog-
enous PSD-95 immunostaining in 070-
treated cells (supplemental Fig. 2a,b,
available at www.jneurosci.org as supple-
mental material). Immunostaining of en-
dogenous PSD-95 in EGFP-expressing cells
demonstrated that there was an overall in-
crease in PSD-95 cluster number after
treatment with 070 (supplemental Fig. 2c,
available at www.jneurosci.org as supple-
mental material). 070 treatment led to a
significant increase in the total number of
spines, concurrent with an increase in
PSD-95-positive spines. Importantly, in
all conditions �70% of spines were posi-
tive for PSD-95, suggesting that nascent
spines did contain PSD-95 (Fig. 2b,c) (to-
tal spines vs spines with PSD-95; 0 min:
7.17 � 0.33 vs 5.38 � 0.43 spines per 10
�m; 30 min: 11.03 � 0.32 vs 7.98 � 0.41
spines per 10 �m; 60 min: 10.56 � 0.53 vs
7.62 � 0.67 spines per 10 �m; #PSD-95
positive spines, *total spines, p � 0.001).
Interestingly, 070 treatment did not change the expression of
PSD-95 (supplemental Fig. 2d, available at www.jneurosci.org as
supplemental material). Closer examination of PSD-95 immu-
nostaining demonstrated that there was an increase in PSD-95
cluster number in spines with a corresponding decrease in
PSD-95 cluster number in the dendritic shaft (Fig. 2d,e). Fur-
thermore, there was a reduction in PSD-95 cluster intensity in
the dendritic shaft after 070 treatment, consistent with a split-
ting of PSD-95 clusters in the cytosol (Fig. 2e). These data
suggest that 070 induces PSD-95 clustering into nascent
spines, likely via the redistribution of pre-existing clusters
from the cytosol to new synapses.

Rapid phosphorylation of PAK by ER�
The Rho-like small GTPases Cdc42 and Rac are important regu-
lators of the actin cytoskeleton in neurons (Tada and Sheng,
2006; Penzes et al., 2008). Similarly, Ras and Rap, members of the
Ras-like family of small GTPases, also exert profound effects on
dendritic spine morphology (Tada and Sheng, 2006; Woolfrey et
al., 2009). The serine/threonine kinase, PAK, a downstream tar-
get of Cdc42 and Rac, plays an important role in regulating den-
dritic spine morphology (Jones et al., 2009) and is rapidly
activated by estrogen in the hypothalamus (Zhao et al., 2009).
B-Raf, a serine/threonine kinase, is a downstream target of both
Ras and Rap and has also been implicated in structural modifica-
tion of dendritic spines (Woolfrey et al., 2009). To investigate

Figure 2. ER� activation by 070 mobilizes cytosolic PSD-95, resulting in increased membrane association. a, Cortical neurons
(DIV24) were treated for 0 – 60 min with 10 nM 070 in artificial CSF containing 2-amino-5-phosphonovaleric acid. Cell fractions
were prepared and analyzed by SDS-PAGE. This revealed an increase in PSD-95 in the membrane fraction and a reduction in PSD-95
in the cytosolic fraction after treatment. b, c, Treatment with 070 increased total spine numbers and number of spines containing
PSD-95. The dendritic shaft is outlined by yellow dashed lines. d, e, Analysis of PSD-95 cluster number and intensity in spines and
dendritic shaft. #bassoon positive spines, *total spines, p � 0.001. Scale bars, 5 �m.
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whether signaling via ER� could lead to the phosphorylation of
(i.e., activation of) either PAK (p-PAK) or B-Raf (p-B-Raf), we
immunostained treated cortical neurons for either p-PAK or
p-B-Raf. Neurons treated with 070 demonstrated a time-
dependent increase in p-PAK levels in the dendritic shaft and in
spines (Fig. 3a) (p-PAK levels; 0 min: 4.84 � 0.12 arbitrary units;
30 min: 9.58 � 0.52 arbitrary units; 60 min: 15.14 � 0.59 arbi-
trary units; p � 0.001). Western blotting of treated cortical
neurons confirmed the time-dependent increase in p-PAK
levels (Fig. 3b). Conversely, immunostaining of treated neu-
rons for p-B-Raf revealed that there was no change in p-B-Raf level
(supplemental Fig. 3a,b, available at www.jneurosci.org as sup-
plemental material). Western blotting of cell lysates of treated cells
confirmed that there was no increase in p-B-Raf levels after ER�
activation (supplemental Fig. 3c,d, available at www.jneurosci.org as
supplemental material). Together, these data demonstrate that acti-
vation of ER� results in activation of a PAK-dependent pathway that
may lead to the regulation of the actin cytoskeleton.

ERK1/2, but not CaMKII�, is phosphorylated in response to
ER� activation
The MAP (mitogen-activated protein) kinases ERK1/2 have
been shown to be important in the formation of memory and
are strongly associated with structural changes in dendritic spines

(Thomas and Huganir, 2004). Further-
more, activation of CaMKII� (Ca 2�/
calmodulin-dependent protein kinase
II�) is important in regulating activity-
dependent spine changes (Penzes et al.,
2008). Acute estrogen treatment has been
shown to activate ERK1/2 and CaMKII�
in cortical and hippocampal neurons
(O’Neill et al., 2008; Srivastava et al.,
2008). Because CaMKII� activity can lead
to PAK activation, and ERK1/2 is down-
stream of PAK activation, we reasoned that
signaling via ER� could lead to activation of
CaMKII�, ERK1/2, or both. Cortical neu-
rons treated with 070 were immunostained
for p-ERK1/2; these cells displayed a time-
dependent increase in ERK1/2 phosphory-
lation in the dendritic shaft and in spines
(Fig. 3c) ( p-ERK1/2 levels; 0 min: 32.13 �
4.07 arbitrary units; 30 min: 69.98 � 5.42
arbitrary units; 60 min: 123.99 � 10.76 ar-
bitrary units; p � 0.001). This was further
confirmed by Western blot analysis of corti-
cal neurons treated with 070 (Fig. 3d). No
increases in p-CaMKII� levels were seen in
070-treated cells by immunostaining (sup-
plemental Fig. 4a,b, available at www.
jneurosci.org as supplemental material).
This was supported by Western blotting of
cortical cell lysates treated with 070 (supple-
mental Fig. 4c, available at www.jneurosci.
org as supplemental material). These data
suggest that 070 activation of ER� results in
activation of ERK1/2, but not CaMKII�, in
cortical neurons.

Localization of aromatase in
cortical neurons
Aromatase is the key enzyme in the con-

version of androgens into estrogen. Previous studies have de-
tected aromatase in several areas of the brain, including the cortex
and hippocampus (Yague et al., 2006). Inhibition of aromatase
activity results in a reduction of spine density in hippocampal
neurons (Kretz et al., 2004), leading to the suggestion that brain-
synthesized estrogen can rapidly act on postsynaptic structures.
However, the precise subcellular localization in cortical neurons
is not known. In cortical neurons, we found that aromatase co-
localized with the synaptic markers PSD-95 and bassoon, indi-
cating enrichment at synapses (Fig. 4a,b). Quantification of
colocalization shows that a substantial amount of aromatase is
present at synapses, in addition to other subcellular compart-
ments (Fig. 4c,d). In areas that did not contain dendrites, aro-
matase was found to colocalize with bassoon and the axonal
marker tau5, indicating that a portion of aromatase is present at
presynaptic terminals (Fig. 4e,f). Together, these data demon-
strate a strong presence of aromatase at synapses and presynaptic
terminals, consistent with the idea that estrogen produced in the
cortex can act on postsynaptic structures.

Discussion
Recent studies have shown that estrogen can rapidly influence
dendritic spine structure in multiple brain regions, including the
cortex and hippocampus (Mukai et al., 2007; Srivastava et al.,

Figure 3. ER� activation by 070 induces PAK and ERK1/2 phosphorylation in a time-dependent manner. a, p-PAK levels in the
dendrites and spines of cortical neurons after 070 treatment. White dotted lines indicate dendritic shaft, and white arrows indicate
dendritic spines. b, Representative Western blot of p-PAK levels after treatment with 070. c, p-ERK1/2 levels in the dendrites and
spines increases with time after treatment with 070. White dotted lines indicate dendritic shaft, and white arrows indicate
dendritic spines. d, Representative Western blot of p-ERK1/2 levels after treatment with 070. *p � 0.001. Scale bars: 5 �m.
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2008). This structural plasticity induction
is in line with estrogen’s ability to rapidly
influence synaptic functional plasticity
and learning behaviors (Woolley, 2007;
Liu et al., 2008). Our data reveal that sig-
naling through ER� in cortical neurons
results in an increase in the number of
dendritic spines and the phosphorylation
of PAK and ERK1/2, two kinases that have
been shown to be important for remodel-
ing of dendritic spines. Furthermore, we
found that aromatase has a strong pres-
ence at cortical neuron synapses, support-
ing a role for brain-synthesized estrogen
as a neuromodulator. Together, these data
support a role for the ER� receptor in
mediating estrogen’s rapid effects on
dendritic spines, likely through a PAK/
ERK1/2-dependent pathway (supple-
mental Fig. 5, available at www.
jneurosci.org as supplemental material).

We have shown previously that treat-
ment of cortical neurons with 17�-
estradiol (the biologically active form of
estrogen) results in a rapid elevation in the
number of dendritic spines (Srivastava et
al., 2008). Specific activation of ER� by
070 resulted in an increase in the number
of dendritic spines, suggesting that this re-
ceptor may play some part in the 17�-
estradiol’s ability to elevate spine numbers
in cortical neurons. In hippocampal neu-
rons, 17�-estradiol has been shown to in-
crease spine density in a ER�-, but not
ER�-, dependent manner (Mukai et al.,
2007). This disparity could be explained
by a number of factors. In the study by
Mukai et al., they used adult rat hip-
pocampi. We have used cultured neurons
grown for 25–28 DIV, which may be more representative of an
adolescent time point (Zuo et al., 2005). At this time point, spines
are mature in morphology (having a distinct head and containing
PSD-95), but are still subject to intense plasticity as compared
with adult neurons (Zuo et al., 2005). Because regulators of spine
morphology are also developmentally regulated (Penzes et al.,
2008), it is possible that the differences seen between these studies
could be caused by developmentally regulated mechanisms that
govern structural plasticity. For example, in the adult hippocam-
pus, ER�-induced spine changes required NMDA receptor acti-
vation, whereas ER�-dependent spine changes in cortical
neurons do not. Thus, it is possible that these differences are
caused by examining the effects of ER�- and ER�-dependent
spine changes in neurons from different brain regions.

Investigation into the effect of 070 on spine shape revealed
that concurrent with the formation of new spines there was an
increase in the prevalence of thinner spines. This is consistent
with novel spine formation, because thinner spines are consid-
ered to be less mature than larger spines (Holtmaat and Svoboda,
2009). Interestingly, the average spine after 60 min of 070 treat-
ment had an intermediate morphology between control and
spines 30 min after treatment. Analysis of the spine morphology
in parallel with the breadth-to-length ratio revealed that den-
dritic spines after 60 min of ER� activation have a thinner, yet

slightly longer, phenotype. This is possibly representative of
newly formed spines becoming more mature over time. There-
fore, these data suggest that ER� activation leads to an increase in
dendritic spine density; newly formed spines are immature in
shape after only 30 min of treatment, but become more mature by
60 min. Importantly, signaling through ER� may play a critical
part in the mechanism underlying estrogen’s ability to rapidly
enhance synaptic plasticity and ultimately learning behaviors.

The scaffold protein PSD-95 is a critical component of syn-
apses. Trafficking of PSD-95 into postsynaptic regions is required
for the maturation of filopodia-like protrusions (Gerrow et al.,
2006). We observed an increase in the localization of PSD-95
clusters to spines after treatment with 070, without an increase in
total PSD-95 levels. Imaging of PSD-95 in EGFP-expressing cells
after 070 treatment confirmed that the majority of spines were
positive for PSD-95. This redistribution of PSD-95 seems to be
driven by the recruitment of cytosolic PSD-95 into nascent
spines; there is a concurrent reduction in PSD-95 cluster number
and cluster intensity in the dendritic shaft and an increase in
PSD-95 clustering in spines, consistent with previous reports of
mobile cytosolic PSD-95 clusters that localize to new functional
synapses (Gerrow et al., 2006). These data strongly suggest that
this redistribution mechanism supplies newly formed dendritic
spines with PSD-95.

Figure 4. Aromatase subcellular localization in cultured cortical neurons. a, b, Cultured cortical neurons (DIV25) were costained
for aromatase and PSD-95 or bassoon. White arrows indicate colocalization; yellow open arrowheads indicate aromatase puncta
lacking colocalization. c, d, Quantification of colocalization in a, b. e, Colocalization of aromatase with bassoon in areas lacking
dendrites. f, Overlap of aromatase with axonal marker tau5 in areas lacking dendrites. White arrows indicate colocalization. Scale
bars: 5 �m.
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The mechanism by which ER� can lead to modifications of
dendritic spine numbers has not been well established. It has
been suggested that the rapid actions of estrogen occurs in part
via a membrane-localized ER� in neurons. In hippocampal neu-
rons, ER� has been suggested to interact with metabotropic glu-
tamate receptors to initiate signaling cascades (Mermelstein and
Micevych, 2008), but it remains to be determined whether this is
the case in cortical neurons. Signaling through Rho and Ras fam-
ily small GTPases are major pathways through which extracellu-
lar signals can alter dendritic spine shape and number (Tada and
Sheng, 2006; Penzes et al., 2008). Treatment with 070 led to an
increase in PAK phosphorylation, but had no effect on B-Raf
phosphorylation. These data are consistent with the activation of
a Cdc42/Rac-dependent, but not a Ras/Rap-dependent, signaling
pathway. A previous study in adult rat hippocampus reported
that 17�-estradiol activated a RhoA-dependent pathway, but not
PAK (Kramár et al., 2009). These differences could be caused by
the use of neurons of different maturity and from different brain
regions. Furthermore, it is of note that cultured neurons may
offer greater sensitivity for the detection of activated pathways
compared with slice preparations, as used in the previous study.
Because Kramár et al. did not investigate whether ER� activation
could lead to PAK activation, further studies are required to de-
termine the nature of the differences between these studies. In the
current study, we observed activation of ERK1/2 kinases in the
same time frame as PAK activation, suggesting that these two
kinases are part of a signaling cascade. Consistent with our data,
the small GTPases Cdc42 and Rac, and the kinases PAK and
ERK1/2, all have been shown to regulate spine density in response
to a number of different stimuli (Thomas and Huganir, 2004;
Tada and Sheng, 2006; Penzes et al., 2008). Therefore, our data
support the hypothesis that signaling via ER� can lead to the activa-
tion of a Cdc42/Rac-dependent pathway that results in PAK and
ERK1/2 phosphorylation, ultimately resulting in changes in den-
dritic spine number. Further studies will be needed to determine the
exact contribution of these components to ER�-dependent estrogen
signaling in cortical neurons.

Our previous study showed that 17�-estradiol only tran-
siently increased spine numbers (Srivastava et al., 2008). In this
study we observed that activation of ER� by its specific ligand led
to a sustained increase in spine number. Although the basis for
these divergent effects is currently unclear, it is interesting to
speculate on the following points. First, because selective ER�
activation fails to mimic 17�-estradiol’s effects on dendritic
spines, it is plausible that a second, ER�-independent mechanism
is activated after 17�-estradiol treatment, resulting in the prefer-
ential elimination of newly formed spines. Because we have in-
vestigated only activation of ER� in this study, it is unclear what
role signaling via other estrogen receptors may play in this pro-
cess. Furthermore, it is possible that these disparate effects are
caused by differential rates of metabolism of 070 and 17�-
estradiol or differential binding kinetics of these agonists to ER�.
Further studies will have to be performed to fully understand the
relative contribution of all of the estrogen receptors and whether
they work in concert or in opposition to produce 17�-estradiol’s
rapid effects on structural plasticity.

Consistent with a role of brain-synthesized estrogen in the
cortex, our data demonstrate that aromatase is enriched at syn-
apses and localizes to presynaptic structures in cortical neurons.
This suggests that a proportion of brain-synthesized estrogen in
the cortex may be produced presynaptically, leading to the pres-
ence of high concentrations of estrogen that can act on postsyn-
aptic structures. It is also interesting to note that we observed

colocalization of aromatase with PSD-95, suggesting that some
estrogen may be produced on the postsynaptic side. Whether the
estrogen produced on the postsynaptic side could act in a para-
crine manner will require further examination. Nevertheless, the
presence of presynaptic aromatase supports a role for estrogen as
a cortical neuromodulator acting on postsynaptic structures
(Balthazart and Ball, 2006; Srivastava et al., 2008).

The findings in this study build on previous reports that ER�
may be important for the encoding of memory (Liu et al., 2008;
Walf et al., 2008). A number of reports have also suggested that
estrogen may have beneficial effects for a variety of neuropsychi-
atric disorders, such as schizophrenia, depression, and anxiety
(Hughes et al., 2008; Kulkarni et al., 2008). Because abnormal
spine morphology has been associated with a number of neuro-
psychiatric disorders (Fiala et al., 2002), it is interesting to suggest
that regulation of dendritic spine remodeling may confer some of
the benefits seen after estrogen administration in a number of
reports studying neuropsychiatric disorders. Understanding the
pathways that underlie estrogen’s effects on spines may offer
novel therapeutic targets that will allow the regulation of synaptic
structures, without the unwanted side effects of long-term estro-
gen treatment.
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