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Cytoskeletal Changes Underlie Estrogen’s Acute Effects on
Synaptic Transmission and Plasticity
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Estrogen, in addition to its genomic effects in brain, causes rapid and reversible changes to synaptic operations. We report here that these
acute actions are due to selective activation of an actin-signaling cascade normally used in the production of long-term potentiation
(LTP). Estrogen, or a selective agonist of the steroid’s �-receptor, caused a modest increase in fast glutamatergic transmission and a
pronounced facilitation of LTP in adult hippocampal slices; both effects were completely eliminated by latrunculin, a toxin that prevents
actin filament assembly. Estrogen also increased spine concentrations of filamentous actin and strongly enhanced its polymerization in
association with LTP. A search for the origins of these effects showed that estrogen activates the small GTPase RhoA and phosphorylates
(inactivates) the actin severing protein cofilin, a downstream target of RhoA. Moreover, an antagonist of RhoA kinase (ROCK) blocked
estrogen’s synaptic effects. Estrogen thus emerges as a positive modulator of a RhoA�ROCK�LIM kinase�cofilin pathway that regu-
lates the subsynaptic cytoskeleton. It does not, however, strongly affect a second LTP-related pathway, involving the GTPases Rac and
Cdc42 and their effector p21-activated kinase, which may explain why its acute effects are reversible. Finally, ovariectomy depressed
RhoA activity, spine cytoskeletal plasticity, and LTP, whereas brief infusions of estrogen rescued plasticity, suggesting that the deficits in
plasticity arise from acute, as well as genomic, consequences of hormone loss.

Introduction
Discussions about how estrogen produces strong, positive effects
on memory and cognition have largely focused on genomic ac-
tions of the steroid. Circulating levels of estrogen influences the
number of dendritic spines in certain hippocampal subfields
(Gould et al., 1990) and regulates neurotransmitter levels through-
out much of the cortical telencephalon (Fink et al., 1996; Lee and
Pfaff, 2008). Estrogen also modulates the production of brain
growth factors responsible for the maintenance of neuronal pro-
cesses (Singh et al., 1995; Sohrabji et al., 1995; Pan et al., 1999).
Effects of these types, as discussed in the literature, provide reason-
able explanations for the link between estrogen and cognition.

Despite the above, recent work suggests that acute, nontran-
scriptional effects may also contribute to estrogen’s influence
over behavior. Short infusions of 17-�-estradiol (hereafter re-
ferred to as estradiol or E2), a main form of estrogen, cause small
but rapid increases in fast excitatory synaptic responses and
markedly facilitate the formation of LTP in hippocampal slices
(Foy et al., 1999; Bi et al., 2000; Sharrow et al., 2002; Foy et al.,
2008). The plasticity effects are mediated by estradiol �-type
receptors (ER�s), which are present in synaptic membranes

(Milner et al., 2005), and are accompanied by increased surface
expression of AMPA-type glutamate receptors (Liu et al., 2008).
These short-latency effects on transmission and plasticity are
likely related to the acute, nongenomic influence of estradiol on
learning (Packard and Teather, 1997; Luine et al., 2003; Rhodes
and Frye, 2006) and could therefore underlie variations in mem-
ory performance associated with cyclic or age-related changes in
E2 production.

Surprisingly little is known about the steps linking estradiol
receptors to the complex machinery that regulates synaptic
strength. However, work on non-neuronal tissue indicates that
the steroid regulates actin dynamics and thereby modifies the
submembrane cytoskeleton (Giretti et al., 2008). This is of poten-
tial relevance to its acute actions in adult brain because rapid,
activity-driven changes to the spine cytoskeleton play an essential
role in the production of LTP (Lynch et al., 2007; Messaoudi et
al., 2007). Questions thus arise as to whether estradiol acutely
regulates the cytoskeleton at adult synapses and whether such
effects are responsible for its actions on baseline transmission,
plasticity, and learning. Moreover, a short-latency connection to
actin networks would help explain why natural fluctuations in
estradiol levels, or acute injections of the steroid, are accompa-
nied by changes in spine morphology and number.

Here we report that estradiol produces its acute synaptic ac-
tions by selectively stimulating one of the multiple actin signaling
cascades involved in the production of stable LTP. We also found
that ovariectomy depresses the same pathway, suggesting that the
loss of plasticity associated with this chronic manipulation (Singh
et al., 1994; Fink et al., 1996; Smith and McMahon, 2005, 2006;
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Liu et al., 2008) arises from the continuing absence of estradiol’s
acute effects on synapses. Initial tests of this idea proved positive.
The linkages between estradiol receptors and the spine cytoskel-
eton described here may thus have significance for ideas about
the origins of, and potential treatments for, memory problems
that can accompany surgical ovariectomy or menopause.

Materials and Methods
All animal procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and
with protocols approved by the Institutional Animal Care and Use Com-
mittee of the University of California at Irvine. This includes efforts to
minimize animal suffering and numbers of rats used in the work
described.

Slice preparation and recording. Studies used young adult (30 – 42 d
old) male Sprague Dawley rats (Charles River) and middle-aged (retired
breeders at 9 –10 months old) ovariectomized (OVX) Long–Evans rats
(Charles River). Methods were slightly modified from those described
previously (Kramár et al., 2006). Briefly, acute hippocampal slices were
prepared and maintained in an interface recording chamber containing
preheated artificial CSF (aCSF) of the following composition (in mM):
124 NaCl, 3 KCl, 1.25 KH2PO4, 1.5 MgSO4, 2.5 CaCl2, 26 NaHCO3, and
10 glucose and maintained at 31 � 1°C. Slices were continuously per-
fused with this solution at a rate of 1.75–2 ml/min while the surface of the
slices were exposed to warm, humidified 95% O2/5% CO2. Recordings
began following at least 1.5 h of incubation.

Field EPSPs (fEPSPs) were recorded from CA1b stratum radiatum
using a single glass pipette (2–3 M�). Stimulation electrodes (twisted
nichrome wires, 65 �m) were positioned at two sites (CA1a and CA1c) in
the apical Schaffer collateral– commissural projections to provide con-
vergent activation of CA1b pyramidal cells. Pulses were administered in
an alternating manner to the two electrodes at 0.05 Hz using a current
that elicited a 50% maximal response. After establishing a 10 –20 min
stable baseline, test compounds (see below) were introduced into the
infusion line by switching from control aCSF to drug-containing aCSF.
To determine the LTP threshold and ceiling effect in control and drug-
treated slices, the number of “theta” bursts delivered to induce LTP
varied from 2 to 10, with each burst consisting of four pulses at 100 Hz
and the bursts themselves separated by 200 ms (i.e., theta burst stimula-
tion or TBS). The stimulation intensity was not increased during TBS.
Data were collected and digitized by NAC 2.0 Neurodata Acquisition
System (Theta Burst) and stored on a disk.

Reagents. WAY200070 (WAY) and 4,4�,4�-[4-propyl-(1 H)-pyrazole-
1,3,5-triyl]trisphenol (PPT) were provided by Wyeth Pharmaceuticals.
H-1152P dihydrochloride (Tocris Bioscience), D-(�)APV (Tocris
Bioscience), DNQX (Tocris Bioscience), picrotoxin (Sigma), and
saclofen (Tocris Bioscience) were prepared fresh in aCSF, while PPT,
WAY, 17-� estradiol, ICI-182,780 (Tocris Bioscience), and latrunculin A
(EMD Chemicals) were dissolved in DMSO and diluted to working con-
centrations in aCSF (DMSO �0.01%, final).

In situ phalloidin labeling. Methods were slightly modified from those
described previously (Kramár et al., 2006). Rhodamine- (Sigma) or Al-
exa568 (Invitrogen)-phalloidin (6 �M) was applied topically from a mi-
cropipette every 5 min for 20 min either (1) at the end of the experiment
in slices that received low-frequency stimulation in the presence or ab-
sence of drugs or (2) 10 to 60 min after the delivery of theta bursts. Slices
were then collected and prepared for microscopy. Labeling was examined
using a Zeiss Axioskop microscope (40�, Apochromat, NA 1.2) and an
Axiocam camera. Identification and measurement of labeled spines was
performed on a 35,700 �m 2 sampling area within the zone of physiolog-
ical recording as described previously (Lin et al., 2005; Kramár et al.,
2006; Rex et al., 2007). To quantify the total number of labeled spines, a
fixed-interval intensity threshold series (15–75% of maximum, spaced by
4%) was used to detect boundaries of both faintly and densely labeled
spines under conditions of drug application during low-frequency stim-
ulation. Redundant observations from the threshold series were analyzed
using Matlab (MathWorks) to produce a best boundary estimate for each
spine. Spine intensity was calculated as mean pixel intensity for all pixels

assigned to a given spine. In slices receiving TBS, analysis by single
threshold was set at 75% of maximum image intensity to detect only
densely labeled spines.

Chronic estradiol treatment. Long–Evans rats at middle age (9 –10
months old) were ovariectomized and 6 months later randomly divided
into two groups: One group received estradiol replacement therapy (con-
trol group) and the other remained estradiol-depleted (experimental
group). For hormone replacement, the estradiol analog 17-� estradiol
benzoate (EB), maintained in a stock solution of 10 �g/0.1 ml in sesame
oil, was injected subcutaneously once per day, every other day, for 2
weeks (Woolley and McEwen, 1993). Experimental animals received
similar injections of sesame oil. At 24 h after the last injection, rats were
decapitated, one side of the hippocampus was used for slice physiology
experiments and the other was frozen and used to measure activated
RhoA (see below). To verify the ovariectomy and sufficiency of EB re-
placement, the uterus was severed from the cervix, cleared of fat from the
uterine tubes, and blotted dry on tissue paper to remove luminal fluid
before being weighed. Uteri from EB-injected animals weighed, on aver-
age (�SEM), twice as much as uteri collected from vehicle-injected rats
and were highly vascularized and filled with fluid (uterine weight:
0.185 � 0.02 g, and 0.373 � 0.02 g for vehicle- and EB-treated rats,
respectively; n 	 8/group).

Western blot analysis. Hippocampal slices were pooled (2–3/group),
homogenized in radioimmunoprecipitation assay buffer containing
Phosphatase Inhibitor Cocktails 1 and 2 and Complete Protease Inhibi-
tor Cocktail (Roche Diagnostics) (Rex et al., 2007), normalized for pro-
tein content (Bio-Rad Protein Assay), separated by 12% SDS-PAGE, and
processed for Western blot analysis using rabbit antisera to pPAK1/2/3
(44-940G; S141, Biosource) and pCofilin (112866; S3, Abcam) and the
ECL Plus chemiluminescent detection system (Amersham). Blots were re-
blotted (Millipore) and probed for �-tubulin and �-actin (Sigma) as loading
controls. ImageJ (NIH) software was used to measure the intensity of immu-
noreactive bands. Statistical significance was determined by two-tailed Stu-
dent’s t test. N values are presented as number of samples tested.

Pull-down assays for activated Rho GTPases. Samples (6 –10 slices
pooled) were homogenized in 1� Mg 2
 lysis buffer (MLB) (Millipore)
with Complete Protease Inhibitor Cocktail (Roche Diagnostics) and 10%
glycerol. Protein levels were measured and normalized. Samples were
incubated with Rac/Cdc42 (PAK-1 PBD; 14-325, Millipore) or RhoA
(Rhotekin RBD; 14-383, Millipore) assay reagent and gently rocked for
4 h at 4°C. Substrate rhotekin binds strongly to both RhoA and RhoC, but
weakly to RhoB (Reid et al., 1996). RhoC is not present in brain, thus
RhoA was specifically detected in blots probed with the RhoA antibody.
Agarose beads were collected by centrifugation (10 s, 14,000 � g, 4°C)
and washed three times with MLB, resuspended and boiled in Laemmli
buffer, and then separated by SDS-PAGE. Western blot analysis was
performed using mouse anti-RhoA (418; Santa Cruz Biotechnology),
mouse anti-Rac (05-389; Millipore), or rabbit anti-Cdc42 (4201; Milli-
pore). For GTP and GDP loading controls, samples were incubated with
100 �M GTP�S or 1 mM GDP (30 min at 30°C with agitation) before assay
with reagents.

Data analysis. All electrophysiological measures are presented in the
text as mean � SD and in figures as mean � SEM. Data were collected
from control slices in parallel with experimental tissue for each treatment
tested. The sample size for all experiments represents the number of
animals used unless otherwise noted. At the end of each experiment,
measurements from control slices were pooled and used as the compar-
ison to drug-treated slices. Student’s t tests, using p � 0.05 significance
criteria (two-tailed), were used to compare groups for electrophysiology,
Western blot analyses and measures of spine labeling. Analysis of mean
spine labeling intensity used the nonparametric Kruskal–Wallis one-way
ANOVA by ranks test. Pairwise comparisons were evaluated post hoc
using the method of Bonferroni. The � level of these comparisons was set
at p � 0.01, following a round-robin-style assessment of variance be-
tween repeated trials (�100) of the Kruskal–Wallis test with control
group data.
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Results
Estradiol increases synaptic responses via an action on
AMPA receptors
In agreement with earlier reports (Foy et al., 1999; Bi et al., 2000;
Sharrow et al., 2002; Foy et al., 2008), infusion of 1 nM estradiol
(E2) caused a rapid increase in the synaptic response elicited by
stimulation of the Schaffer– commissural projections to field
CA1b stratum (str.) radiatum. The effect, which began within
5–10 min after the start of infusion and reversed completely dur-
ing washout, was highly reproducible and consisted of a 17 � 3%
increase over baseline by 20 min after the start of infusion. The
magnitude of the increase was comparable to that reported by
other groups. The threshold for the E2-induced changes in base-
line transmission fell between 0.01 nM (�1 � 0.3%) and 0.1 nM

(
6 � 1.6%) (Fig. 1A). The changes to the fEPSP slope produced
by 0.1 and 1.0 nM E2 were significantly different from those ob-
tained with 0.01 nM E2 ( p � 0.05, ANOVA with post hoc tests).
Comparable results were obtained with a 20 min infusion of
WAY, a selective agonist of ER-�: 10 and 100 nM treatments
increased fEPSP slopes by 5 � 2% and 17 � 4% respectively,
while 1 nM had no detectable effect (Fig. 1B). PPT, an agonist for
estradiol receptor � (ER-�), at 100 nM did not reliably affect
synaptic responses (
1 � 1%). The differences between groups
infused with WAY and PPT were highly significant ( p � 0.001,
ANOVA: F 	 56.09) and the increases found with WAY at 10 and
100 nM were reliably larger in post hoc tests than those obtained
with 1 nM WAY or PPT.

The enhanced responses in the presence of 1 nM E2 and 100 nM

WAY were not accompanied by changes in paired-pulse facilita-
tion ( p � 0.5 at all intervals tested), and so are not likely due to
changes in transmitter release kinetics (Fig. 1C). They were also
selective to glutamate receptors because E2 did not affect the size
of the “field IPSP” (fIPSP), a picrotoxin-sensitive response re-
corded in the presence of AMPA and NMDA receptor antago-
nists. Specifically, the amplitude of the fIPSP recorded 30 min
after infusing 1 nM E2 was within 1 � 11% of the prehormone
baseline (Fig. 2A). We also tested whether E2 affects the presyn-
aptic GABAB autoreceptors that shape transmitter release from
feedforward GABAergic interneurons with repetitive stimulation
(Arai et al., 1995). As shown in Figure 2A, the fIPSP generated by
the second of two stimulation pulses under baseline conditions
(aCSF) is reduced relative to the first response when the pulses are

separated by 200 ms. The paired-pulse depression effect during
baseline (�47 � 11%), which is significantly reduced by the
GABAB receptor antagonist saclofen (�36 � 6.8%, p � 0.002),
was unaffected by infusions of 1 nM E2 (�46 � 6%; aCSF vs E2,
p 	 0.38).

By exclusion, the above results point to ionotropic glutamate
receptors as the likely sites at which E2 acts to increase transmis-
sion. Given their preeminent role in mediating fast EPSPs, AMPA
receptors emerge as the probable targets. This does not rule out
the possibility that the steroid also impacts the NMDA receptors,
something that would be of great importance to an analysis of
how it influences LTP. Accordingly, we pharmacologically iso-
lated the NMDA receptor-mediated component of the synaptic
response by infusing DNQX (20 �M) and picrotoxin (100 �M) to
block AMPA and GABAA receptor-mediated response compo-
nents, and then tested for possible effects of E2. Infusions that
reliably enhanced fEPSPs in untreated slices did not measurably
change the amplitude of the NMDA receptor-dependent fEPSP
20 min after the start of infusion (aCSF 	 
1 � 2.5% vs 1 nM

E2 	 �1 � 1.1%, p � 0.60) (Fig. 2B). This result, in addition to
ruling out an action on NMDA receptors, reinforces the conclu-
sion that E2 does not enhance release or cause generalized
changes to the postsynaptic environment. Finally, we confirmed,
as expected from the above, that pharmacologically isolated
AMPA receptor-mediated fEPSPs (NMDA and GABAA receptors
blocked) are positively modulated by 1 nM E2 (Fig. 2C).

Estradiol lowers the threshold and raises the ceiling for LTP
We tested for LTP in the presence of E2 after adjusting the stim-
ulation pulse strength to produce responses equivalent in size to
those recorded during the preinfusion baseline. Past studies have
shown that estradiol enhances the potentiation effect (Foy et al.,
1999, 2008; Bi et al., 2000); we were interested in whether this
reflects a reduction in the LTP threshold or an elevation of its
normally present ceiling, two variables that are diagnostic with
regard to mechanisms. A single pair of theta bursts did not pro-
duce stable potentiation in vehicle-treated slices (30 min after
induction 	 
2 � 4%), but did cause potentiation (
23 � 3%)
in slices infused with 1 nM E2. The delivery of three bursts had
small, variable effects in control slices (
14 � 6%) but generated
robust LTP when delivered in the presence of 1 nM E2 (
44 �
5%). Five theta bursts produced stable potentiation in the con-

Figure 1. Estrogen receptor stimulation reversibly increases synaptic transmission. Field EPSPs (fEPSPs) elicited by stimulation of the Schaffer– commissural projections were recorded in CA1b
stratum radiatum of slices prepared from the hippocampus of adult male rats. A, Infusion of estradiol (E2) at concentrations of 0.01 (n 	 3), 0.1 (n 	 4), and 1 (n 	 4) nM caused a rapid,
dose-dependent, and reversible increase in fEPSP slope (infusion period indicated by bar). Inset, Traces collected during baseline and at the end of E2 infusion (calibration: 1 mV, 5 ms). B, The effects
of E2 were reproduced by 20 min infusions of WAY (1–100 nM, n 	3–5), a selective agonist for estrogen’s � receptors. An agonist for the � receptors of estrogen (PPT: 100 nM, n 	3) had no evident
effects on synaptic responses. Inset, Traces collected during baseline and at peak response to 100 nM WAY (calibration: 1 mV/5 ms). C, The graph shows the percentage (mean � SEM) paired-pulse
facilitation (ppf) of the initial slope of fEPSPs expressed as a function of the interpulse interval (40, 60, 100, and 200 ms) for responses recorded before (dotted lines) and during (solid lines) infusion
of 1 nM estradiol (n 	 5) or the selective agonist 100 nM WAY (n 	 5). Neither treatment significantly influenced paired-pulse facilitation.
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trols (
27 � 2%) and a supranormal amount of potentiation in
slices infused with E2 (
63 � 6%). Slices perfused with 100 nM

WAY reproduced the pattern of results obtained with E2 (2
bursts 	 
20 � 4%, 3 bursts 	 
33 � 5%, 5 bursts 	 
73 �
11%), while responses in slices infused with the ER-� agonist PPT
(2 bursts 	 
2 � 2%, 3 bursts 	 
10 � 3%, 5 bursts 	 
30 �
9%) were comparable to controls (Fig. 3A). Past studies have
shown that TBS trains with �10 bursts, or with spaced adminis-
tration of multiple 10 burst trains, do not generate greater re-
sponses than are obtained with a single train (Larson et al., 1986;
Kramár et al., 2004); both E2 (
80 � 15%) and WAY (
109 �
26%) nearly doubled the amount of potentiation normally ob-
tained with a conventional 10-burst train (Veh: 
45 � 6%; PPT:

50 � 18%). Slices infused with E2 or WAY had significantly
greater LTP at 30 min after TBS than control or PPT-treated cases
(F 	 30.5, p � 0.001). Thus, E2 both lowers the threshold and
raises the ceiling for LTP induced by naturalistic patterns of af-
ferent stimulation.

In an effort to determine whether the steroid acts on the synaptic
events used to induce LTP, we measured the extent to which the
burst responses facilitated over the course of a theta train. There
were no evident differences between control slices and those
treated with estradiol, or the estrogen receptor agonists, on this
measure ( p 	 0.22, one-way ANOVA) (Fig. 3B). The magnitude
of the NMDA receptor-mediated component of the burst re-
sponses was assessed by comparing the size of the second of the
responses to a pair of theta bursts in the presence and absence of
the selective NMDA receptor antagonist APV (Fig. 3C). The
NMDA receptor contribution to burst size was the same in con-
trol (
37 � 6%) and 1 nM E2-treated slices (
35 � 4%; n 	 4,
p � 0.8). We conclude from this set of results that acute estradiol
exerts its effects at a stage following the triggering events for LTP.

Acute synaptic effects of estradiol involve actin
polymerization within dendritic spines
Infusions of ICI-182,780 (100 �M), which blocks binding to es-
tradiol’s nuclear receptors, did not alter baseline synaptic trans-
mission or affect the rapid increases in fEPSP responses induced
by 1 nM E2 (Fig. 4A). The response facilitation produced by E2 in
the presence of ICI-182,780 (
14 � 3%) was comparable to that
obtained in multiple experiments (e.g., Fig. 1) without the inhib-
itor (
17 � 3%; p � 0.3).

We then used latrunculin, a toxin that blocks the addition of
actin monomers to growing filaments, to test whether actin po-
lymerization plays a role. The compound had no measurable
influence on baseline fEPSP slope, in accord with previous re-
ports (Krucker et al., 2000; Rex et al., 2007), but eliminated the
effects of E2 on fEPSPs (Fig. 4B). E2 also failed to promote LTP in
latrunculin-treated slices: Attempts to induce potentiation in the
experimental pathway resulted in a robust short-term potentia-
tion that gradually decayed back to baseline (60 min after TBS 	

4 � 5% vs baseline). These results confirm that facilitation of
LTP by E2 is thoroughly dependent upon the same actin assembly
processes that operate in the absence of the steroid.

Latrunculin by itself did not alter the amplitude of the isolated
NMDA receptor response (baseline 	 0.22 � 0.03 mV vs 60 min
infusion of latrunculin 	 0.22 � 0.03 mV), the composite re-

Figure 2. Estradiol selectively facilitates AMPA receptor-mediated components of fast
EPSPs. A, Pharmacologically isolated IPSPs (responses recorded in the presence of 20 �M DNQX
and 100 �M APV, antagonists for AMPA and NMDA receptors, respectively) were elicited by
stimulation of the Schaffer– commissural projections. These responses were completely
blocked by the GABAA receptor antagonist picrotoxin (PTX, upper right traces) and were unaf-
fected by infusions of 1 nM E2 (upper left traces; also see text). Paired-pulse depression (200 ms
interstimulus interval), a characteristic feature of fast IPSPs (see text), was unaffected by E2
(upper left traces and graph); subsequent infusion of the presynaptic GABAB receptor antago-
nist saclofen (100 �M) (upper right traces and graph) confirmed that the depression was due to
GABA autoreceptors (n 	 5). Calibration: 0.1 mV, 50 ms. B, The NMDA receptor component of the
fEPSP was isolated by incubating the slices with 20 �M DNQX and 100 �M PTX. The resultant evoked
potentials were unaffected by 20 min infusions of 1 nM E2 and were eliminated by APV (n 	 4). The
traces included in the inset illustrate the slow kinetics of the isolated NMDA response (calibration: 0.1
mV, 20 ms) and the extent to which it is insensitive to E2. C, E2 (1 nM) enhances isolated
AMPA-receptor-mediated fEPSPs. The graph summarizes the results for a group of slices (n 	
4) tested in the presence of APV and PTX. E2 (1 nM) caused an �20% increase in the amplitude

4

of the isolated AMPA receptor-mediated fEPSP, a value comparable to that obtained in un-
treated slices (see Fig. 1). The traces included in the inset illustrate the E2 effect and the extent
to which the responses were eliminated by the AMPA receptor antagonist DNQX.
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sponse (4 overlapping EPSPs) to a single
theta burst (areas of burst response 54 �
11 mV � ms for vehicle-treated slices and
45 � 8 mV � ms for the latrunculin cases;
p 	 0.15), or the NMDA receptor-
mediated component of burst size (Veh 	
33.0 � 8.9% vs latrunculin 	 33.7 �
11.6% of the total response area). The fa-
cilitation of burst responses that occurs
within a train was similarly unaffected by
the toxin (% facilitation of area from burst
1 to burst 5 was 88 � 42% and 66 � 22%
for vehicle vs latrunculin slices; p � 0.3).
Theta burst responses and their enhance-
ment are markedly affected by manipula-
tions acting on frequency facilitation of
transmitter release, NMDA receptors,
GABA receptors, and afterhyperpolariz-
ing potentials (Larson et al., 1986; Arai
and Lynch, 1992; Sah and Bekkers, 1996).
The failure of latrunculin to change burst
responses or short-term potentiation thus
constitutes strong evidence that acute ad-
ministration of the toxin does not signifi-
cantly influence the complex machinery
that regulates the magnitude of synaptic
responses. More extended treatments,
however, would be expected to disrupt
ongoing filament assembly/disassembly
processes underlying the maintenance of
cell junctions including synapses.

E2 produced its normal increase in
synaptic responses in both control and ex-
perimental pathways when applied after a
90 min washout of latrunculin (control
path 	 
14 � 4% and experimental
path 	 
20 � 8%) (Fig. 3B). WAY-
induced increases in fEPSPs were also thoroughly and reversibly
blocked by latrunculin (latrunculin 
 WAY 	 �6 � 6%; WAY
alone 	 
16 � 7%, p � 0.001) (Fig. 4C).

The above results suggest that E2 triggers actin filament as-
sembly in the subsynaptic region. Direct tests of this were per-
formed by applying fluorescence- tagged phalloidin, a toxin that
selectively binds to filamentous (F-) actin, to slices following a 20
min infusion of E2. The slices were fixed, sectioned, and exam-
ined with epifluorescence microscopy. Field CA1 str. radiatum con-
tained a sparse population of small, densely fluorescent structures
in slices receiving low-frequency stimulation (LFS) in the absence
of estrogen (Fig. 5A, top left); previous work indicates that these
profiles correspond to labeled dendritic spines (Lin et al., 2005;
Kramár et al., 2006; Rex et al., 2007). It appeared from survey
micrographs that E2 increased the number of phalloidin-positive
spines throughout field CA1 (Fig. 5A, top right). This effect was
altogether absent in E2 slices that had been pretreated for 30 min
with latrunculin (Fig. 5A, bottom right). Blind quantitative anal-
yses using an automated system (see Materials and Methods)
confirmed that slices receiving a 20 min infusion of E2 had a
greater number of spines containing high concentrations of
F-actin than did yoked control slices ( p 	 0.0005) (Fig. 5B).
Further analysis of all (light to dense) labeled spines showed that
the frequency distribution of labeling intensities was shifted in a
latrunculin-sensitive manner toward higher values (Kruskal–
Wallis, �2 	 343.75, p � 0.001) (Fig. 5C). This is as expected if E2

acts uniformly to increase F-actin in a population in which individ-
ual elements (spines) differed significantly with regard to starting
concentrations of F-actin.

If estradiol by itself causes a modest increase in actin filaments
in spine heads, then it could potentially augment the theta-burst
induced polymerization needed for stable LTP. Tests of this were
performed using a TBS train that was subthreshold for eliciting a
reliable increase in the number of spines containing high concen-
trations of F-actin. Three theta bursts produced a pronounced
short-term potentiation that rapidly decayed back to baseline in
vehicle-treated slices (Fig. 6A). Slices collected 60 min after TBS
had about the same number of phalloidin-labeled spines within
the target dendritic lamina as did control (no TBS) slices (Fig.
6B,C). A 20 min infusion of E2 caused the expected increase in
fEPSPs that decayed over a 60 min washout (Fig. 6A); these slices,
collected at the end of the washout, had the same number of
densely labeled spines as untreated slices (Fig. 6B,C). This result
establishes the point that the E2-driven actin polymerization de-
scribed in Figure 5 is fully reversible. The three-burst theta train that
failed to produce stable LTP under control conditions caused a ro-
bust, nondecremental potentiation effect when administered at the
end of a 20 min E2 infusion (Fig. 6A). It also produced a lasting
increase in phalloidin-labeled spines as seen in slices collected after a
60 min washout of E2 and, accordingly, 60 min after TBS (Fig.
6B,C). In all, a brief exposure to E2 markedly enhances the effects of
TBS on both actin polymerization and LTP.

Figure 3. Effects of estrogen receptor stimulation on the threshold and ceiling for LTP in field CA1. A, Two or three theta bursts
(arrows) did not reliably change the fEPSP slope in hippocampal slices (male rats) continuously infused with vehicle (0.01% DMSO)
or the ER-� agonist PPT, but produced stable potentiation following pretreatment with estradiol (E2) or the ER-� agonist WAY.
Five or ten theta bursts (arrows) generated greater potentiation in E2- or WAY-treated slices than in vehicle- or PPT-infused slices
(n 	 5/group). The upper dashed line denotes maximum LTP during control (aCSF) conditions. Inset: Traces collected during
baseline recording (solid line) and 30 min after delivery of 3, 5 or 10 theta bursts (dotted lines) from slices infused with vehicle, E2
or WAY. Calibration: 1 mV, 5 ms. B, Percentage increase in burst response area across a series of 10 theta bursts in vehicle, PPT, WAY,
and E2-treated slices; within-train facilitation was not significantly different between groups. C, Traces show the composite
responses generated by a pair of theta bursts (200 ms between-burst interval) recorded in the presence and absence of 100 �M

APV; percentage change in the areas of the fourth EPSP (red hash marks) provides a measure of NMDA receptor-mediated
depolarization (calibration: 1 mV, 10 ms). As described in text, E2 did not affect this component of burst responses used to induce
LTP (n 	 4).
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Estradiol selectively facilitates a signaling pathway that
controls actin polymerization
How does E2 promote actin polymerization in dendritic
spines? We investigated this beginning with cofilin, a consti-
tutively active protein that severs dynamic actin polymers.
Phosphorylation inactivates cofilin and accordingly clears the
way for the elongation, branching, and stabilization of fila-
ments. Western blot assays showed that E2, infused for 20 min
as in the electrophysiology experiments, caused an �50% in-
crease in the concentration of phosphorylated (p)-cofilin (n 	
6/group; p 	 0.04), whereas total cofilin levels were unaffected
by treatment (Fig. 7A, left).

LIM kinases (LIMK), the primary up-stream regulators of co-
filin, are targets of two signaling cascades initiated by Rho family
GTPases: (1) Rac/Cdc42�p21-activated kinase (PAK) and (2)

RhoA�RhoA kinase (ROCK) (Edwards et al., 1999; Maekawa
et al., 1999). We used pull-down assays to test whether either of
these pathways is used by E2 and found that the steroid causes a
profound increase in activated (GTP-bound) RhoA (n 	
5/group; p 	 0.04) with little if any change in Rac and Cdc42
activity (n 	 3–5/group; p 	 0.08) (Fig. 7B). The E2-induced
increase in RhoA activity returned to control levels following a 60
min washout (Fig. 7B, right); this supports the hypothesis that
acute applications of E2 cause transient and reversible forms of
plasticity. Total concentrations of the GTPases (active and inac-
tive) were not affected by 1 nM E2. In agreement with its lack of
effect on Rac/Cdc42, E2 caused a small decrease in the phosphor-

Figure 4. Latrunculin blocks the effects of estradiol on synaptic physiology. Responses to
Schaffer– commissural stimulation were recorded from field CA1b of slices (from male rats)
treated with reagents during periods indicated by the horizontal bars. A, Treatment with ICI-
182,780 (ICI, 100 �M) to block estradiol’s nuclear receptor did not reduce E2-induced increases
in fEPSP slope (n 	 5). Inset: representative traces collected during baseline, ICI-182,780 infu-
sion and at peak 1 nM E2 response. Calibration: 1 mV, 5 ms. B, Pretreatment with 500 nM

latrunculin (latrunc.) blocked the effects of E2 on fEPSPs elicited by a collection of Schaffer–
commissural projections stimulated at 0.05 Hz stimulation throughout the experiment (open
circles). Ten theta bursts delivered to a second population of afferents produced a robust short-
term potentiation that rapidly decayed back to baseline (closed circles). A 90 min period of
latrunculin washout restored responsiveness of the fEPSP to 1 nM E2. C, Infusions of 500 nM

latrunculin blocked, in a fully reversible manner, the increase in baseline responses produced by
the ER-� agonist WAY (100 nM; n 	 6). Inset, Representative traces collected during periods of
treatment with latrunculin, WAY, and both. Calibration 1 mV, 5 ms.

Figure 5. Estradiol promotes actin polymerization in dendritic spines. A, The top two panels
compare phalloidin labeling in slices treated with 1 nM E2 or vehicle; the increase in spine-like
profiles (arrows) produced by the steroid is typical of what is found in survey micrographs. The
bottom two panels illustrate the effects of latrunculin (500 nM) alone on baseline and in com-
bination with E2-induced labeling. Scale bar, 5 �m. B, The group mean (�SEM) number of
dendritic spines with phalloidin labeling was significantly greater in E2 slices (n 	 21 slices)
compared with vehicle controls (n 	 14 slices; p 	 0.0005). E2 did not produce a significant
effect in slices that had been pretreated with latrunculin. C, Cumulative frequency distribution
of phalloidin-labeling intensities in CA1b str. radiatum in control versus E2-treated slices; the
steroid shifted the distribution significantly to the right (i.e., toward more intense labeling)
relative to the control profile ( p � 0.001, Kruskal–Wallis test). This effect was blocked by
latrunculin.
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ylation (activation) of PAK, a primary ef-
fector for these two GTPases (n 	
8/group; p 	 0.008) (Fig. 7A, right).

Collectively, the results just described
point to the conclusion that E2 phosphor-
ylates cofilin by activating RhoA- rather
than Rac/Cdc42-initiated signaling. If
RhoA initiates the pathway primarily re-
sponsible for E2’s effects on synaptic
physiology, then selective inhibitors of
RhoA’s effector ROCK should block E2-
induced changes in fEPSPs. In accord with
this, 30 min pretreatment of hippocampal
slices with the selective ROCK inhibitor
H1152P (Sasaki et al., 2002), at concentra-
tions (250 nM) shown in other studies to
block TBS-induced phosphorylation of
cofilin (Rex et al., 2009) eliminated E2’s
effects on fEPSPs (Fig. 7C). A 20 min in-
fusion of H1152P alone did not alter base-
line fEPSP slope (
1 � 2%) but completely
blocked E2-induced increases in synaptic
transmission (�2 � 3%). Following a 60
min washout period, reintroduction of 1 nM

E2 alone caused significant increases in
fEPSP slope (
17 � 2%, p 	 0.003 vs E2 

H1152P) that returned to baseline during
washout.

Actin signaling after prolonged loss
of estradiol
Finally, the question arises as to whether
effects of the type described above con-
tribute to the behavioral changes associ-
ated with extended periods of low
estradiol. We explored this using long-
term (6 month) ovariectomized rats given
estrogen replacement (OVX 
 EB) or ve-
hicle injections (OVX 
 Veh) for 2 weeks before testing. Input/
output curves (Fig. 8A) and paired-pulse facilitation (Fig. 8B)
were comparable for the two groups, and not noticeably different
from results collected from young adult rats (see Fig. 1C). How-
ever, LTP (fEPSP slope 60 min after TBS 	 
17 � 15%) was
clearly impaired in the OVX 
 Veh slices relative to what is found
at the same set of synapses in young adult or middle-aged male
rats (Fig. 8C) (Rex et al., 2005). OVX rats given estrogen replace-
ment for 2 weeks before slice preparation expressed normal ap-
pearing LTP (fEPSP slope 60 min after TBS 	 
54 � 10%; p �
0.0001 vs OVX 
 Veh), as previously reported for mice (Gurev-
iciene et al., 2003) and for short-term OVX rat models (Smith and
McMahon, 2005, 2006). The cause of the impairment in the OVX 

Veh group appears to reside in the processes underlying the sta-
bilization, as opposed to the induction and expression, of LTP.
The size (area) of the four EPSP responses to a single theta burst
was not detectably different in slices from OVX 
 EB versus OVX 

Veh rats (data not shown). The burst facilitation that occurs
within the train was also comparable for the two groups: The
mean percentage enhancement in area for bursts 2–10 relative to
the first burst was 30 � 16% and 33 � 20% in slices from OVX
rats with and without EB replacement, respectively (Fig. 8D).
Beyond this, LTP expression for the first 2 min after TBS was
84 � 45% above baseline in slices prepared from OVX 
 Veh
and 94 � 17% from OVX 
 EB rats ( p � 0.5). However,

despite this initial robust potentiation, LTP decayed rapidly
and failed to establish a stable plateau in the slices from
vehicle-injected OVX rats.

Since actin dynamics play a central role in LTP stabilization
(Okamoto et al., 2004; Kramár et al., 2006; Chen et al., 2007; Rex
et al., 2007), we used the in situ phalloidin labeling technique to
test for changes in TBS-induced actin polymerization. A high
detection threshold was used so that the results could be directly
compared with those from prior work on slices from young adult
rats (Lin et al., 2005; Kramár et al., 2006). The two groups of OVX
slices (with and without prior EB replacement) had the same
number of labeled spines under low-frequency stimulation con-
ditions but differed markedly in their responses to TBS. A 10-
burst train produced an �11-fold increase in the number of
densely labeled spines in slices from OVX 
 EB rats (Fig. 8E,F);
this value is comparable to the 10- to 14-fold effects reported for
slices from 2- to 3-month-old male rats (Lin et al., 2005; Kramár
et al., 2006). A substantially smaller increase (less than fivefold)
was obtained in slices from the OVX 
 Veh group; the difference
between the two OVX groups was highly significant ( p 	 0.0007;
n 	 8 slices/group).

It appears that chronic reduction of E2 depresses one or more
steps in the sequences driving actin filament assembly in spines.
Given that E2 causes a substantial increase in RhoA activity (see
Fig. 7B), we asked whether baseline levels of the small GTPase

Figure 6. E2 enhances theta burst-induced LTP and actin polymerization. A, E2 (1 nM) or vehicle was infused for 20 min. and
then washed out for 60 min. The steroid produced its typical �20%, reversible increase in the slope of the fEPSPs elicited in field
CA1 by single pulse stimulation of the Schaffer– commissural fibers. A single train of three theta bursts delivered at the end of
vehicle infusion caused a robust short-term potentiation that decayed back to baseline over the following 60 min. The same train
applied at the end of E2 infusion generated robust and stable LTP (33 � 9% at 60 min after infusion; p 	 0.005 vs TBS in
vehicle-treated slices). B, Rhodamine-labeled phalloidin was applied at the end of the 60 min washout period and the slices
processed for epifluorescence microscopy. Survey micrographs indicated that slices receiving LFS during E2 treatment (“E2-LFS”)
did not increase the number of labeled spines above levels seen in vehicle-treated cases (“Veh-LFS”). Three theta bursts also
appeared to be without effect when applied in the presence of vehicle (“Veh
TBS”) but caused an evident increase in the numbers
of labeled spines when delivered at the end of E2 infusion (“E2
TBS”). Scale bar, 5 �m. C, An automated system was used to count
the number of spines associated with dense phalloidin labeling in slices collected 60 min after the various treatments. Slices that
received only LFS had the same, low number of labeled spines whether treated with E2 or vehicle. Three theta bursts did not affect
the frequency of phalloidin-positive spines when delivered to vehicle-treated slices but caused a pronounced increase when
administered 60 min earlier in the presence of E2 (*p � 0.0001 vs E2 without TBS) (n 	 8 slices/group).
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differ between OVX rats with and without hormone replacement.
Pull-down assays showed that concentrations of activated GTP-
bound RhoA were substantially lower in hippocampal homoge-
nates prepared from OVX 
 Veh versus OVX 
 EB rats (n 	
4/group; p 	 0.03) (Fig. 8G).

The above findings raise the broad and therapeutically impor-
tant question of whether ovariectomy, without hormone replace-
ment, blocks the acute effects of E2 on actin signaling and
synaptic plasticity. Experiments directed at this issue showed that
a 30 min infusion of 1 nM E2 produces the same rapid and modest
increase in baseline synaptic responses (13 � 4%, p � 0.001 vs
baseline) in slices from OVX 
 Veh rats as in slices from
young adult male rats (Fig. 9A). Acute infusions of E2 also
significantly increased numbers of spines with dense concen-
trations of F-actin [1 nM E2 (15 slices) 	 35 � 19 vs controls
(12 slices) 	 18 � 5; p 	 0.008], caused a significant rightward
shift in the phalloidin-label intensity frequency distribution
( p � 0.001) (Fig. 9 B, C), and rescued TBS-driven increases in
actin polymerization (data not shown). As anticipated from
these effects, 20 min pretreatment with the steroid fully re-
stored stable LTP in slices prepared from middle-aged, OVX
rats (60 min after TBS: 
49 � 12% vs 
19 � 8% for untreated
slices; p 	 0.002) (Fig. 9D).

Discussion
The acute effects of estradiol on LTP and memory encoding have
important implications for arguments about why cognitive per-
formance fluctuates with the estrous cycle and declines with age
(Markowska, 1999). They are also suggestive of therapeutic ap-
plications, particularly in light of evidence that highly selective
agonists for ER-� enhance plasticity and memory in the absence
of many of estradiol’s peripheral actions (Liu et al., 2008). Fur-
ther progress in these areas will require information about how
estradiol produces its rapid actions. The present results point to a
specific conclusion regarding this question; namely, that estra-
diol affects synaptic physiology by partially activating one, but
not all, of the actin signaling pathways used in the generation of
stable LTP. The hormone thus produces a weak and transient
form of LTP; this has the effect of modestly increasing baseline
responses and markedly enhancing the LTP produced by theta
activity.

The first suggestion of a previously unsuspected influence of
estradiol on actin dynamics came with the observation that la-
trunculin, a selective toxin that blocks the addition of actin
monomers to growing filaments, eliminated the hormone’s in-
fluence on baseline synaptic responses. We then found, as antic-
ipated from the latrunculin results, that estradiol caused a modest
but reliable increase in spine concentrations of filamentous actin.
Also in agreement with the idea that estradiol acts on LTP-related
actin signaling pathways, it markedly amplified theta burst-
induced actin polymerization in spines. Given the now extensive
evidence that actin polymerization is essential for the forma-
tion of stable LTP (Krucker et al., 2000; Fukazawa et al., 2003;
Okamoto et al., 2004; Kramár et al., 2006; Rex et al., 2007, 2009),
the observed interaction between estradiol and TBS provides a
likely explanation for why the steroid so potently enhances the
potentiation effect. A selective agonist of ER-� produced effects
comparable to those obtained with estradiol and these were also
blocked by latrunculin.

An analysis of the signaling cascades upstream from actin pro-
vided further support for estradiol’s links to the substrates of
LTP. Theta bursts cause a rapid but transient (�15 min) increase
in cofilin phosphorylation (Chen et al., 2007) and we found that
estradiol produces a similar effect. Cofilin is a constitutively ac-
tive, actin severing protein; phosphorylation inactivates cofi-
lin and facilitates actin filament assembly (Gungabissoon and
Bamburg, 2003; Thirone et al., 2009). Estradiol therefore pro-
motes changes in actin management that enable actin polymer-

Figure 7. Estradiol selectively activates a RhoA-to-actin signaling pathway. Hippocampal
slices (male rats) were treated with vehicle (Veh) or 1 nM estradiol (E2) for 20 min. A, Represen-
tative Western blots show at left levels of phosphorylated (p) cofilin and total cofilin and at right
levels of pPAK and total PAK1 in hippocampal slices treated with vehicle or E2. Quantitative
analyses (n 	 6 slices/group) confirmed that E2 selectively increased levels of pCofilin relative
to total cofilin (bar graph; p � 0.05 for E2 vs Veh), whereas E2 modestly but significantly
reduced pPAK relative to measures from vehicle controls (n 	 8/group; p � 0.01). Total PAK
levels were unaffected. B, Total and active (GTP-bound) levels of RhoA, Cdc42, and Rac in
vehicle- and E2-treated slices as seen in Western blots of material collected with the pull-down
assay. Plots of band densities (bottom panel) indicate that E2 increased slice concentrations of
activated RhoA (n 	 3–5/group; p � 0.05 vs Veh control) while having no effect on total
RhoA. Results from similar experiments detected no effect of E2 on active or total levels of
the related GTPases Rac and Cdc42. Following a 60 min washout of E2, activated RhoA
levels were not significantly different from those in vehicle-treated slices (n 	 3/group).
C, The ROCK inhibitor H-1152P (250 nM; open horizontal bar) reversibly blocked the in-
crease in synaptic responses induced by E2 (n 	 4). Inset, Representative traces collected
during treatment with H-1152P, and E2 alone and in combination. Calibration: 1 mV, 5 ms.

Kramár et al. • Acute Effects of Estradiol on Plasticity J. Neurosci., October 14, 2009 • 29(41):12982–12993 • 12989



ization and support the production of LTP. However, while the
steroid engages certain actin-related effects that follow LTP in-
duction, it leaves others relatively unaffected. In addition to driv-
ing cofilin phosphorylation, theta bursts cause a rapid and
transient increase in the number of synapses in the activated
dendritic zone that are associated with dense concentrations of
phosphorylated (activated) PAK. It was originally thought that
this PAK response to TBS leads to increases in cofilin phosphor-
ylation via PAK�LIMK�cofilin signaling (Chen et al., 2007) but

recent results have called this idea into question. Specifically,
adenosine, a negative modulator of LTP, blocks TBS-induced
cofilin phosphorylation and actin polymerization without de-
pressing TBS effects on PAK phosphorylation (Rex et al., 2009).
Estradiol, which promotes LTP, produces an inverse pattern of
results in that it facilitates cofilin phosphorylation and actin as-
sembly while mildly depressing PAK activation. The steroid did
not measurably affect baseline activation of PAK’s upstream reg-
ulators Rac/Cdc42 (Fig. 7B), so its effect on p-PAK could reflect

Figure 8. Ovariectomy disrupts actin signaling and synaptic plasticity in CA1. Hippocampal slices were prepared from middle-aged (9 –10 months old) rats that had been ovariectomized (OVX)
for 6 months before receiving either estrogen replacement (17�-estradiol benzoate or EB; 10 �g/0.1 ml, n 	 8) or vehicle injections (Veh, sesame oil; n 	 8) every other day for 2 weeks.
A, Input/output curves compare amplitudes of the presynaptic fiber volley to the fEPSP. Linear regression slopes were not detectably different at any current tested (10, 20, 30, 40, and 50 �A) for
slices prepared from OVX 
 Veh versus OVX 
 EB rats (n 	 8 slices/group). Representative traces are shown at right (calibration: 1 mV, 5 ms). B, Paired-pulse facilitation of the initial slope of the
synaptic response was comparable at all interpulse intervals (40, 60, 100, and 200 ms) in the two groups of slices. C, A train of 10 theta bursts produced stable potentiation in slices from OVX rats given
EB but not from those given vehicle. Insets show fEPSP traces collected during baseline recording (solid line) and 30 min after TBS (dotted line). Calibration: 1 mV, 5 ms. D, The facilitation of theta
burst responses within a train was comparable in slices prepared from OVX rats given EB or vehicle. The data are expressed as the percentage increase in the areas of the numbered burst response
over the area of the first burst response (n 	 8/group). E, Survey micrographs of phalloidin labeling in slices prepared from OVX rats. Slices from OVX 
 Veh or OVX 
 EB rats had few labeled spines
following LFS. TBS (10 bursts) produced what appeared to be a modest increase in labeling in OVX 
 Veh slices and a pronounced increase in OVX 
 EB slices. Scale bar, 5 �m. F, Numbers of
phalloidin-labeled profiles measured with an automated counting program. Estimates for the LFS condition were comparable in slices prepared from OVX 
 Veh and OVX 
 EB rats (3 � 2 and 2 �
3 spines per 550 �m 2, respectively) and the groups are combined in the graph (OVX 
 LFS, n 	 10 slices). The TBS-induced increase in numbers of labeled puncta was significantly greater in slices
from OVX 
 EB ( p 	 0.0007; n 	 9 slices) than in OVX 
 Veh (n 	 7 slices) rats. G, Representative Western blots of activated and total RhoA (as determined in pull-down assays) and bar
graph showing quantification of active and total RhoA bands from four experiments. Levels of active RhoA were significantly lower in hippocampal tissue collected from OVX 
 Veh rats
than in OVX 
 EB rats ( p 	 0.03).

12990 • J. Neurosci., October 14, 2009 • 29(41):12982–12993 Kramár et al. • Acute Effects of Estradiol on Plasticity



an action on the multiple protein phosphatases that target the
kinase (Zhan et al., 2003).

How, then, do theta bursts and estradiol inactivate cofilin?
Beyond its involvement in the Rac/Cdc42�PAK�LIMK cascade,
there is substantial evidence that LIMK is also a target for RhoA’s
effector ROCK (Maekawa et al., 1999; Ohashi et al., 2000; Thi-
rone et al., 2009). Our results indicate that the latter pathway (i.e.,
RhoA�ROCK�LIMK�cofilin) is used by estradiol to modulate
actin polymerization and synaptic physiology. The hormone ac-
tivated RhoA while its actions on synaptic responses were com-
pletely blocked by a selective inhibitor of ROCK. This again links
E2 to an LTP pathway because ROCK inhibitors completely dis-
rupt consolidation of the potentiation effect (Rex et al., 2009).

The above results raise questions about the functional conse-
quences of estradiol’s failure to initiate the cascades involving
Rac/Cdc42�PAK signaling. Possibly related to this, multiple ex-
periments have shown that the actin filaments that quickly form
after TBS are, like LTP itself, unstable for a period of several
minutes and then become resistant to disruption (Krucker et al.,
2000; Kramár et al., 2006; Rex et al., 2007, 2009). Recent work
showed that selective inhibitors of Rac or PAK have no effect on
either TBS-induced actin polymerization, but block the stabiliza-
tion of both the newly formed filaments and LTP that normally
occurs in the 15 min following TBS (Rex et al., 2009). These
observations help explain why estradiol’s acute effects reverse so
readily; that is, the failure of the steroid to engage Rac/Cdc42�
PAK signaling could mean that the actin networks it causes to
assemble remain dynamic and inherently unstable. In accord
with this, we found that a 60 min washout eliminates the increase
in phalloidin labeling of F-actin produced by E2.

The idea that estradiol-induced in-
creases in synaptic responses represent a
type of weak and transient LTP necessarily
predicts that the hormone’s actions on the
cytoskeleton ultimately activate the same
synaptic processes that express the poten-
tiation effect. It is now generally agreed
that the latter events involve expansion of
the pool of AMPA-type glutamate receptors
that mediate fast EPSPs in hippocampus
(Newpher and Ehlers, 2008). Consonant
with this is recent evidence that TBS-
induced phosphorylation of synaptic cofilin
is associated with substantially enlarged
postsynaptic densities (PSDs) (Chen et al.,
2007) and therefore with a greater territory
for docking AMPA receptors (Matsuzaki et
al., 2004; Okamoto et al., 2004). Compara-
ble studies have not been conducted after
acute estradiol treatment but it is known
that estradiol increases surface expression of
the GluR1 subunit of the AMPA receptor
(Liu et al., 2008). It will be of considerable
interest to test whether the hormone
causes a modest enlargement of PSDs
(commensurate with its influence on
EPSPs) and if this effect, along with es-
tradiol’s actions on AMPA receptor sur-
face expression, requires actin filament
assembly.

The actions of estradiol on the spine
cytoskeleton, as described here, also pro-
vide a plausible explanation for fluctua-

tions in spine numbers and LTP in hippocampus across phases of
the estrous cycle (Woolley et al., 1990; Warren et al., 1995). Spine
growth and retraction in dissociated neurons are driven by
changes in the underlying cytoskeleton (Honkura et al., 2008)
while the production of LTP, as noted, depends on actin filament
assembly and stabilization. Baseline concentrations of F-actin
vary considerably across spines (see Fig. 5C) and it is conceivable
that some cytoskeletal configurations are more dependent upon
estradiol than others. In any event, an across days analysis of
spine pCofilin and F-actin concentrations would constitute a first
step in determining whether the mechanisms described here are
involved in spine changes associated with the different stages of
the estrous cycle.

Finally, and of considerable clinical significance, is the issue of
whether the absence of estradiol’s short-latency actions on the
cytoskeleton and plasticity are important contributors to behav-
ioral changes arising from surgical ovariectomy or menopause.
We found that RhoA activity, a key element in the path leading to
stable LTP, was significantly depressed in OVX rats relative to the
levels recorded for hormone replacement animals. Moreover,
spine levels of activated LIMK, a target of RhoA and a key up-
stream regulator of cofilin, are depressed in OVX rats without
hormone replacement (Yildirim et al., 2008). Baseline activity
levels of the small GTPases are not reliably reflected in down-
stream effectors (Thaxton et al., 2007; Rex et al., 2009) but de-
pressed levels of RhoA would place the OVX hippocampus at a
disadvantage with regard to activity-driven cytoskeletal reorgani-
zation and, indeed, we found major deficits in TBS-induced actin
polymerization and LTP consolidation.

Figure 9. Acute infusions of estradiol offset the effects of ovariectomy on actin dynamics and synaptic plasticity. A, E2 (1 nM)
infusions produced a rapid and reversible increase in synaptic responses collected from OVX slices (n 	 6) comparable in magni-
tude to that found in slices from young adult rats (see Fig. 1). Inset: traces collected during baseline (solid line) and at peak response
to infusion of E2 (dotted line). Calibration: 0.5 mV, 5 ms. B, Twenty minute infusions of 1 nM E2 increased phalloidin labeling of
spine heads in OVX slices relative to vehicle-treated cases. Scale bar, 5 �m. C, E2 caused a significant rightward shift in the intensity
versus frequency distribution for phalloidin labeling ( p � 0.001, Kruskal–Wallis test). D, The impairment in LTP (10 theta bursts)
found in slices from OVX rats was offset by infusion of 1 nM E2 (horizontal bar); percentage LTP at 60 min after TBS was 49 � 12%
for E2-treated (n 	 5) and 19 � 8% for vehicle (Veh)-treated (n 	 5; p 	 0.002) slices. Inset: fEPSP traces collected during
baseline (solid line) and at 60 min after TBS (dotted line). Calibration: 1 mV, 5 ms.
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Ovariectomy thus appears to impair the same signaling cas-
cade used by acute estradiol treatments to produce a mild version
of LTP. In accord with these arguments, estradiol infusion
quickly restored TBS-induced actin polymerization and the ca-
pacity for stable LTP in slices from long-term OVX rats. This is
not to say that ovariectomy disrupts plasticity simply by reducing
moment-to-moment levels of estradiol available at synapses.
Prior studies showed that production of NMDA receptor sub-
units is disturbed in OVX rats, resulting in an imbalance between
the two categories of ionotropic glutamate receptors at synapses
(Smith and McMahon, 2005, 2006). There are also a variety of
well established genomic effects associated with ovariectomy that
are likely to affect synaptic mechanisms (Spencer et al., 2008).
Additional studies can thus be expected to reveal defects in the
OVX slice that are not reversed by acute estradiol. Integrating this
information with the findings described here will provide a
framework for addressing the cognitive issues sometimes re-
ported to accompany surgical ovariectomy (Sherwin, 1988) or
menopause (Devi et al., 2005; Wegesin and Stern, 2007).
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