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Estrogen-Induced Increase in the Magnitude of Long-Term
Potentiation Occurs Only When the Ratio of NMDA
Transmission to AMPA Transmission Is Increased
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Elevated levels of estradiol enhance learning in mammals, including humans, likely a result of hormone-induced heightened plasticity at
CA3–CA1 synapses. The increase in long-term potentiation (LTP) magnitude is considered to be a consequence of the estradiol-induced
increase in dendritic spine density and NMDA receptor (NMDAR)-mediated transmission; however, direct evidence linking these
changes together is lacking. Alternatively, alterations in GABAergic inhibition or presynaptic release probability could contribute. Here,
we show in time course studies using hippocampal slices from estradiol-treated ovariectomized rats that the LTP magnitude is increased
only when spine density is increased simultaneously with an increase in NMDAR transmission relative to AMPA receptor (AMPAR)
transmission, with no role for alterations in GABAergic inhibition or release probability. With time after hormone treatment, AMPAR
transmission gradually increases during the maintained increase in spine density and NMDAR transmission. Eventually, the balance
between NMDAR and AMPAR transmission is reestablished, and the LTP magnitude is no longer increased. Blocking genomic estrogen
receptors prevents the heightened spine density, NMDAR transmission, and LTP magnitude, suggesting a tight mechanistic coupling
between these morphological and functional changes. Thus, we propose that the hormone-induced increase in functional synapse density
alone is not sufficient to support heightened plasticity. Rather, estradiol increases LTP via enhancing NMDAR transmission, likely
through receptor insertion into newly formed or preexisting synapses. Later, when excitability in the circuit is at its highest and spine
density remains elevated, the LTP magnitude is no longer increased, probably as a consequence of the delayed increase in AMPAR
transmission that resets the balance between NMDAR and AMPAR transmission.
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Introduction
Memory processing in mammals, including humans, varies
across the estrous cycle, such that elevated levels of estrogen are
positively correlated with enhanced short-term memory, and
when estrogen levels fall, there is a temporary decline in memory
processing (Phillips and Sherwin, 1992a,b). Permanent loss of
estrogen, a consequence of normal aging, is associated with a
decline in memory acquisition, which in some cases can be res-
cued with estrogen replacement therapy (Fader et al., 1999;
Gibbs, 1999; Frick et al., 2002; Rapp et al., 2003). The precise
cellular mechanisms underlying these behavioral effects of estro-
gen are unknown but likely reside in the profound effects of this
hormone on the function of the hippocampus, a brain region
required for normal learning and memory.

Elevated levels of 17�-estradiol enhance the magnitude of
long-term potentiation (LTP) (Warren et al., 1995; Cordoba
Montoya and Carrer, 1997; Good et al., 1999), a cellular correlate
of memory (Malenka and Bear, 2004). Elucidating the mecha-
nisms underlying this enhanced plasticity could provide impor-
tant clues about the process whereby estradiol heightens learning
and memory. Estradiol increases apical dendritic spines that are
opposed by presynaptic terminals on hippocampal CA1 pyrami-
dal cells via a tamoxifen-sensitive mechanism that requires acti-
vation of a classical genomic estrogen receptor, likely to be estro-
gen receptor � (ER�) (Gould et al., 1990; Woolley et al., 1990,
1996; Woolley and McEwen, 1993; Murphy and Segal, 1996;
Woolley, 1998; Hao et al., 2003; MacLusky et al., 2005). Further-
more, estradiol decreases GABAergic inhibition, which is
thought to trigger the increase in spine density (Murphy et al.,
1998; Rudick and Woolley, 2001) and selectively increases
NMDA receptor (NMDAR) expression and transmission (Wei-
land, 1992; Warren et al., 1995; Gazzaley et al., 1996; Cordoba
Montoya and Carrer, 1997; Woolley et al., 1997; Good et al.,
1999; Cyr et al., 2000, 2001; Bi et al., 2001; Rudick and Woolley,
2001). It has been assumed that the hormone-induced morpho-
logical change and enhanced NMDAR transmission are necessary
for the elevation in LTP, but this has not been tested directly.

Alternatively, the genomically mediated increase in spine den-
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sity may not be required for the enhancement in LTP, because
acute application of estradiol to naive hippocampal slices in vitro
increases NMDAR and AMPA receptor (AMPAR) transmission
and LTP expression within minutes (Wong and Moss, 1992; Foy
et al., 1999; Kim et al., 2002; Bi et al., 2003). These effects of
estradiol are believed to be mediated by the yet-to-be-identified
membrane-associated estrogen receptor, which may couple
through G-proteins to increase Src and mitogen-activated pro-
tein kinase (MAPK) signaling (Kuroki et al., 2000; Bi et al., 2003;
Qiu et al., 2003). The rapid onset of these functional changes
implies that they do not require the hormone-induced increase in
spine density. Thus, these data raise important questions about
whether the increase in spine density contributes to the estradiol-
induced heightened LTP magnitude.

In this study, we assessed what mechanisms underlie the ob-
served increase in plasticity after estradiol treatment in vivo. Us-
ing Golgi impregnation staining and extracellular dendritic field
potential recordings in area CA1 in slices from ovariectomized
female rats treated with proestrous levels (80 –120 pg/ml) (Wool-
ley and McEwen, 1993) of 17�-estradiol benzoate (or oil vehicle),
we find that the magnitude of LTP is increased only when spine
density is elevated together with an increase in NMDAR trans-
mission relative to AMPAR transmission. This enhanced LTP
magnitude is not dependent on alterations in GABAergic inhibi-
tion or in presynaptic glutamate release. Furthermore, these
functional synaptic changes require activation of genomic estro-
gen receptors and NMDARs during estradiol treatment similarly
to the increase in spine density, indicating a tight mechanistic
coupling between these changes. With time after hormone treat-
ment, although spine density remains elevated, the LTP magni-
tude is normalized when the enhanced NMDAR transmission is
accompanied by a delayed increase in AMPAR transmission that
reestablishes the balance between NMDAR and AMPAR trans-
mission. Thus, the increase in spine density may be important for
the increase in plasticity observed, but alone this alteration in
morphology is not sufficient to increase LTP magnitude. Our
data indicate that the selective increase in NMDAR transmission,
which occurs on either existing spines or possibly only on the
newly developed spines as “silent” (NMDAR-only) synapses, is
critical for the enhanced plasticity. Thus, we propose that a shift
in the normal balance of glutamate transmission toward in-
creased NMDAR transmission heightens the LTP magnitude. Ac-
cordingly, when the relative contribution of NMDAR to AMPAR
transmission is reset with time after hormone treatment, the plas-
ticity is restored to control levels despite the heightened excitabil-
ity in the circuit and an increased density of synapses.

Materials and Methods
Animal treatments. All procedures used in this study were approved by
the University of Alabama Institutional Animal Care and Use Committee
and follow the guidelines outlined by the National Institutes of Health.

Young adult (7- to 9-week-old) female Sprague Dawley rats were
ovariectomized (OVX) under 80 mg/kg ketamine and 5 mg/kg xylazine
or 2.5% isoflurane in 100% oxygen, using aseptic conditions. Ten to 12 d
after surgery, animals were given two subcutaneous injections (24 h in-
terval) of either 10 �g of 17�-estradiol dissolved in 100 �l of cottonseed
oil or oil alone and divided into the following experimental groups: oil
vehicle-treated control, estradiol 24 (E24), E48, E72, and E120, where the
number corresponds to hours after the second estradiol injection. The
postsurgery time frame, although slightly different from that of Woolley
et al. (Woolley and McEwen, 1992; Woolley et al., 1997), was chosen to
effectively and evenly deplete endogenous circulating estradiol, because
animals were at different stages in the estrous cycle when they were
ovariectomized. Our model is also similar to that of Zamani et al. (2000),

who used a postoperative window of 6 –10 d. The slight differences in the
postoperative window between research groups are not likely to cause a
major problem when comparing our findings to current literature, be-
cause the alterations in spine density, NMDAR transmission, and LTP
magnitude we report compare very well with those already published
when similar time points after estradiol administration are compared.
Because we have done a comprehensive time course that has not ap-
peared previously in the literature, much of the data presented here is
being reported for the first time.

In some experiments (see Fig. 2), animals were treated with only a
single hormone or oil injection and were killed at either 24 h after the
injection [E24 single (E24S)] or at 48 h [E48 single (E48S)]. The concen-
tration of estradiol used in all experiments yields circulating estradiol
concentrations of 80 –120 pg/ml in vivo (Woolley and McEwen, 1993).
To ensure animals in estradiol-treated groups had received successful
hormone injections and to ensure that the ovaries had been completely
removed from vehicle-treated control animals, uteri were removed, ex-
amined for vascularization and the presence of fluid, patted dry, and
weighed (Hall et al., 1992). Uteri from estradiol-treated animals, on av-
erage, weighed double that of uteri obtained from oil vehicle-treated
animals and were highly vascularized and filled with uterine fluid (uter-
ine weight; vehicle, 0.09 � 0.01 g; E24, 0.23 � 0.02 g; E48, 0.19 � 0.01 g;
E72, 0.17 � 0.01 g; E120, 0.14 � 0.01 g; E24S, 0.18 � 0.01 g; E48S, 0.17 �
0.01 g). An animal was not included in the study if the uterine weight was
not consistent with the average uterine weight from the corresponding
group. In some experiments, OVX female rats were treated with an in-
traperitoneal injection of either 2 mg/kg tamoxifen (genomic estrogen
receptor antagonist) (see Fig. 6) or 0.2 mg/kg NMDAR antagonist dizo-
cilipine maleate (MK-801) (see Fig. 7) given just before estradiol when
specified.

Hippocampal slice preparation. Treated OVX female rats were decapi-
tated after deep halothane anesthesia, and brains were removed and
placed in ice-cold artificial CSF (aCSF) containing the following (in mM):
119 NaCl, 26 NaHCO3, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2, 1.3 MgSO4, and
10 glucose, saturated with 95% O2 and 5% CO2, pH 7.4. Coronal slices
(400 �m) were cut from dorsal hippocampus in the above solution and
were held for 1– 4 h in a submersion chamber at room temperature and
continuously bubbled with the oxygen/carbon dioxide mixture. Record-
ings were performed in a submersion chamber perfused continuously
with aCSF (26 –28°C) at 2–3 ml/min. In some experiments, the noncom-
petitive GABAA receptor antagonist picrotoxin (100 �M) was added to
the aCSF, and the Ca 2�/Mg 2� ratio was increased from 2.5:1 to 4:4. In
these experiments, it was important to remove CA3 pyramidal cell bodies
from the slice to prevent epileptic activity.

Extracellular recordings. To stimulate Schaffer collateral axons, a bipo-
lar stimulating electrode was placed in stratum radiatum within 200 –300
�m of a recording electrode. Baseline field EPSPs (fEPSPs) were obtained
by delivering 0.1 Hz stimulation at 300 – 400 �A to elicit baseline fEPSPs
of 0.6 – 0.7 mV in amplitude (�50% of maximal response) for 20 min
with �8% variance. Raw fEPSP slopes recorded during baseline trans-
mission were compared between experimental groups before the data
were normalized to ensure that any findings observed were not an artifact
resulting from differences in starting baseline transmission. Data were
collected using an Axopatch 1D amplifier (Molecular Devices, Union
City, CA) in current-clamp mode, and signals were magnified 1000�,
filtered at 2 kHz, and acquired using software written in Labview (gift
from Dr. Richard Mooney, Duke University, Durham, NC). LTP was
induced by delivering high-frequency tetani [high-frequency stimula-
tion (hfs); four trains at 100 Hz; 0.5 s duration; 20 s interval] at 1.5 times
the baseline stimulation intensity. Experiments were performed for at
least 40 min after hfs. The amount of potentiation was calculated at 30
min after tetanus. Significance from baseline was determined using Stu-
dent’s t test ( p � 0.05), and values reported are the means � SEMs. All
experiments were included in the averaged data set regardless of the
amount of potentiation generated. Only those experiments in which the
baseline drifted by �5% or in which there was an increase in fiber volley
amplitude after hfs were discarded from analysis. The steady-state den-
dritic depolarization during the tetanus was analyzed during all four
trains by measuring the deviation from baseline at 130 ms (time at which
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tetani delivered in slices from vehicle-treated control reached a steady
state) and statistics are represented as a deviation from baseline during
the fourth train.

Stimulus–response curves were generated by incrementally (50 �V)
increasing the stimulus intensity from a threshold stimulus until a max-
imal fEPSP was generated. AMPAR-mediated fEPSPs were isolated by
bath-applying 100 �M D,L-APV (NMDAR antagonist) and NMDAR-
mediated fEPSPs were isolated by bath-applying 10 �M DNQX (AMPAR
antagonist) in nominally Mg 2�-free aCSF. Two stimulus–response
curves were collected from each slice, and all events (at least eight fEPSPs)
at each stimulus intensity were averaged and plotted as a single value. An
experiment was considered acceptable only when the variance between
the two stimulus–response curves from a single slice was �10% at each
stimulus intensity, and statistical significance was determined using Stu-
dent’s t test at each stimulus intensity ( p � 0.05).

Because of the inherent variability between the stimulating electrodes,
it was important for new control data to be collected each time a new
stimulating electrode was used. This was particularly important in gen-
erating stimulus–response curves, because there is also a great deal of
inherent variability between slices. This practice ensured that appropri-
ate and accurate comparisons are made between control and treated
experimental groups. With respect to the stimulus–response curves in
Figure 5, it is important to note that different control data were obtained
at each time point. (Note: the same electrode was used for E72 and E120
so that data could be compared with the same control data.) Therefore,
accurate comparisons can be made only between stimulus–response curves
generated in slices from vehicle-treated control versus estradiol-treated
within each time point and not across time points, because maximal trans-
mission stimulated can be affected by the stimulating electrode used. Thus,
maximal transmission cannot be compared across groups, because, in most
cases, different stimulating electrodes were used to collect the data.

Histology. Treated animals were perfused with 4% paraformaldehyde
(PFA) in 0.1 M PBS with 1.5% (v/v) picric acid and postfixed for 1 week in
the PFA–picric acid perfusate. We processed 100 �m sections using a
modified version of the rapid Golgi procedure as described previously
(Gabbott and Somogyi, 1984). Sections were cleared, mounted on slides,
and coverslipped. Animal groups were coded, and spine counts were
performed blind by imaging three to five sections, one to three dendritic
segments per section, per animal (n � 3– 6 animals per group) using
confocal microscopy (100�; 1.4 numerical aperture objective). Images
were deconvolved, and only obvious spine-like structures were counted
per 10 �m segment of dendrite. Statistical significance was determined
using Student’s t test ( p � 0.05). Images shown in Figure 4 are light
microscopic images of a single focal plane.

Results
Time-dependent changes in the estradiol-induced increase in
LTP magnitude
In this study, we used extracellular dendritic field potential re-
cordings (fEPSPs) in area CA1 of acute hippocampal slices pre-
pared from OVX female rats to determine whether hormone-
induced alterations in GABAergic inhibition, presynaptic
glutamate release, or changes in spine density and glutamate
transmission contribute to the enhanced plasticity. We first in-
vestigated the time course over which the LTP magnitude is al-
tered after estradiol administration to OVX rats (80 –120 pg/ml)
(Woolley and McEwen, 1993). In control experiments, we tested
whether stress from injections could artificially affect LTP mag-
nitude induced by comparing the LTP magnitude measured in
acute slices prepared from oil vehicle-treated OVX animals (24 h
after the last injection) to the LTP magnitude measured in slices
from uninjected OVX animals. This was important because the
effects of hormone on LTP magnitude are measured at varying
time points distant from the injection time and are compared
with the same control data. We find no significant difference in
the LTP magnitude between oil vehicle-injected and uninjected
control groups and have therefore pooled the data as a single

control (126 � 6% of baseline fEPSP slope in slices from vehicle-
injected control animals, n � 8 slices/7 animals; vs 125 � 4% of
baseline fEPSP slope in slices from uninjected control animals,
n � 5 slices/5 animals; p � 0.05).

We next compared the amount of LTP generated in slices
from estradiol-treated animals to the pooled control data. At 24
(E24) and 48 (E48) h after the last injection of hormone (two
injections separated by 24 h; 10 �g/100 �l), the magnitude of
tetanus-induced LTP is significantly increased relative to that
measured in slices from vehicle (oil)-treated and uninjected con-
trol animals (E24 vs control, p � 0.001; E48 vs control, p � 0.02)
(Fig. 1A,B). However, in slices prepared 72 h (E72) after hor-
mone treatment, the LTP magnitude is no longer significantly
elevated above control and the same was true at the latest time
point measured (E120) (E72 vs control, p � 0.05; E120 vs control,
p � 0.05) (Fig. 1B). The temporal change in LTP magnitude after
estradiol treatment is summarized in the cumulative probability
plot shown in Figure 1C. Estradiol significantly shifts the distri-
bution of LTP magnitude toward enhanced potentiation at E24
and E48 compared with control, E72, and E120 ( p � 0.05 using
Kolmogorov–Smirnov test). To ensure that these differences in
LTP magnitude observed are not an artifact of differences in base-
line transmission (stimulus intensity was set to generate baseline
fEPSPs of consistent size between experimental groups) (see Ma-
terials and Methods), we compared the raw fEPSP slope values
between groups before normalizing the data, as shown in Figure
1. We find no statistical difference in baseline transmission be-
tween control and E24 (0.18 � 0.008 mV/ms fEPSP slope in slices
from E24 vs 0.16 � 0.008 mV/ms fEPSP slope in slices from
control animals; p � 0.05), indicating that increased LTP at E24
cannot be explained by a difference in magnitude of baseline
transmission. Furthermore, the time-dependent decrease in LTP
magnitude induced at E24, E48, E72, and E120 is also not a result of
differences in baseline transmission recorded from slices in each
group, because baseline fEPSP slope values are not different between
any of the hormone-treated groups (0.18 � 0.008 mV/ms fEPSP
slope in slices from E24; 0.18 � 0.01 mV/ms fEPSP slope in slices
from E48; 0.20 � 0.008 mV/ms fEPSP slope in slices from E72;
0.18 � 0.01 mV/ms fEPSP slope in slices from E120; p � 0.05 be-
tween all groups). Therefore, differences in LTP magnitude mea-
sured at time intervals distant to the time of hormone injection can-
not be explained by differences in baseline transmission.

Alterations in GABAergic inhibition are not a major
contributor to the heightened LTP magnitude
Disinhibition of pyramidal cells facilitates activation of
NMDARs, which could facilitate induction of NMDAR-
dependent LTP. Proestrous levels of estradiol depress GABAergic
inhibition and disinhibit pyramidal cells as early as 24 h after a
single injection of hormone (E24 single) (at the same concentra-
tion used in our two-injection model) (Rudick and Woolley,
2001). Therefore, if the hormone-induced increase in LTP mag-
nitude is a direct consequence of decreased inhibitory drive onto
pyramidal cells, then the LTP magnitude should be heightened by
24 h after a single injection of estradiol. Thus, we tested this idea
and found no differences in LTP magnitude at this time com-
pared with control slices (E24 single vs control; p � 0.05) (Fig.
2A). We considered the possibility that the mechanisms required
for the increase in LTP magnitude could take longer to develop
than the decrease in inhibition, so we waited an additional 24 h
[48 h after the single hormone injection (E48S)] before killing the
animals and testing for an increase in LTP magnitude. Still, the LTP
magnitude was not different between groups (E48S vs control; p �
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0.05) (Fig. 2B). These findings indicate that the estradiol-induced
decrease in GABAergic inhibition is not likely responsible for the
increase in plasticity and, furthermore, that estradiol must be ele-
vated for a longer period of time (as in our standard two-injection
protocol) for the heightened LTP expression to occur.

Using a second strategy to test the role of altered inhibition, we

reasoned that if disinhibition is responsi-
ble for the difference in LTP magnitude
between E24 (in our two-injection model)
and vehicle-treated control, then pharma-
cologically blocking GABAA receptors
(GABAARs) with picrotoxin (100 �M)
should prevent this difference. Interest-
ingly, we noted that slices from estradiol-
treated animals had a much greater ten-
dency to become epileptic, and this was
even more pronounced in the presence of
picrotoxin, clearly demonstrating the in-
creased excitability induced by hormone
treatment. Therefore, in these experi-
ments, CA3 cell bodies were removed
from the slice and the Ca 2�/Mg 2� ratio
was changed from 2.5:1.3 to 4:4 mM to de-
crease epileptic activity in the presence of
picrotoxin. We found that the LTP mag-
nitude generated in slices from vehicle-
treated animals in the presence of picro-
toxin was still significantly different from
that generated in E24 slices (E24 plus picro-
toxin vs vehicle plus picrotoxin; p � 0.05)
(Fig. 2C), indicating that disinhibition is
likely not responsible for the enhanced LTP
magnitude.

Finally, we wondered whether the rees-
tablishment of the control level of
GABAergic inhibition (which occurs after
elevated levels of estradiol) (Rudick and
Woolley, 2001) is the reason that the LTP
magnitude induced at E72 is no longer sig-
nificantly elevated above control. If inhi-
bition is more potent at E72 than at E24,
then, in theory, the same tetanus delivered
would not activate NMDARs as effectively
at E72 as at E24; thus, a smaller amount of
LTP would be induced. If this is true, then
pharmacologically blocking inhibition at
E72 should increase the LTP magnitude
toward that observed at E24. However, in
the presence of picrotoxin, the LTP mag-
nitude at E72 remained at control levels
(E72 plus picrotoxin vs vehicle plus picro-
toxin; p � 0.05) (Fig. 2D). Together, these
findings show that alterations in GABAer-
gic inhibition do not underlie the increase
in LTP at E24 or the return of LTP at E72.

Estradiol does not alter the paired-pulse
facilitation ratio
We next considered that the hormone-
induced increase in plasticity could result
from an increase in release of glutamate.
To investigate a potential increase in re-
lease probability, we measured the paired-

pulse facilitation (PPF) ratio, an indirect measure of presynaptic
release probability (Dobrunz and Stevens, 1997), at several inter-
stimulus intervals (10 –50 ms) in E24 slices (because LTP magni-
tude is maximal at this time point) and compared them to those
measured in vehicle-treated control slices. No differences were
found at any of the tested intervals, including the 10 ms interval,

Figure 1. Time course of the estradiol-induced increase in LTP magnitude. A, Representative fEPSP waveforms at baseline (a)
and 30 min after tetanus (b) recorded in slices from oil vehicle-treated control animals [vehicle (V)], and 24 h (E24), 48 h (E48), 72
h (E72), and 120 h (E120) after estradiol treatment are shown. B, Summary plots of the magnitude of LTP induced with a
high-frequency tetanus (hfs; 100 Hz; 0.5 s duration; repeated 4 times with a 20 s interval between each tetanus; stimulus intensity
during tetanus, 1.5� baseline) in slices from E24, E48, E72, E120, and vehicle-treated/uninjected control animals [E, estradiol;
F, control (vehicle)]. Control experiments (125 � 4%) were performed in n � 13 slices/12 animals, E24 (158 � 7%) in n � 10
slices/9 animals, E48 (145 � 6%) in n � 10 slices/9 animals, E72 (131 � 6%) in n � 6 slices/4 animals, and E120 (125 � 3%) in
n � 5 slices/5 animals. LTP magnitude is increased compared with control (V) at E24 ( p � 0.001) and E48 ( p � 0.02) but not at
E72 ( p � 0.05) or E120 ( p � 0.05). The dotted line represents the magnitude of LTP measured at E24. Control LTP is replotted on
each graph for comparison. C, Cumulative probability plot shows potentiation in all animal groups. The plot shows enhanced
potentiation at E24 and E48 compared with E72, E120, and vehicle. Error bars represent SEM.
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which is the stimulus interval during the
100 Hz tetanus ( p � 0.05) (Fig. 3A). These
findings suggest that estradiol does not
cause a dramatic increase in release prob-
ability. However, a lack of change in the
PPF ratio does not rule out all potential
presynaptic effects of estradiol. Interest-
ingly, during the high-frequency tetanus
(hfs) delivered to slices from animals
treated with estradiol, we observed an in-
crease in the steady-state dendritic depo-
larization at E24, E48, and E72, but not at
E120, compared with vehicle-treated con-
trol slices (E24, E48, E72 vs vehicle, all at
p � 0.05; E120 vs vehicle, p � 0.05; p val-
ues represent comparisons between the
fourth tetanus; measurements were made
when the depolarization reached a steady
state in control slices at 130 ms) (Fig. 3B).
The increase in depolarization was ob-
served during all four tetani used to in-
duce LTP (fourth tetani are shown), and
no differences in the magnitude of the de-
polarization were found when E24 was
compared with E48 and E72 (E24 vs E48,
p � 0.05; E24 vs E72, p � 0.05).

Currently, we do not know what mech-
anism mediates the increase in depolariza-
tion during hfs. On close inspection of the
traces (Fig. 3B), there appears to be less
tetanus-induced depletion of neurotrans-
mitter in slices from hormone-treated animals, but this remains
to be investigated further. Importantly, our data indicate that,
regardless of the mechanism, the increase in dendritic depolar-
ization achieved during hfs is not the major mechanism driving
the heightened LTP magnitude, because at E72 the steady-state
depolarization is clearly apparent, precisely when the magnitude
of LTP has returned to control levels.

A temporal relationship exists between the hormone-induced
increase in LTP magnitude, spine density, and glutamate
transmission
The above data suggest that neither a decrease in GABAergic
inhibition nor an increase in presynaptic release is responsible for
the hormone-induced heightened LTP magnitude. Previous re-
ports have suggested that an important consequence of the
estradiol-induced increase in spine density and NMDAR trans-
mission is an increase in plasticity (Woolley, 1998), although this
has not been investigated thoroughly. If the increase in spine
density and NMDAR transmission are critical contributors to the
heightened plasticity, then the time course of these changes
should directly overlap in time with the changes in LTP
magnitude.

We examined the time course of changes in spine density on
CA1 pyramidal cells, using Golgi impregnation staining of hip-
pocampal slices from perfusion-fixed animals (estradiol-treated
or vehicle as above). We find that spine density is elevated at E24
with a maximal increase at E48 (E24 vs vehicle, p � 0.001; E48 vs
vehicle, p � 0.001) (Fig. 4). The spine density remains elevated at
E72, near that measured at E24 (E72 vs vehicle; p � 0.001) (Fig.
4). By E120, the spine density decreased to a level below that
measured in vehicle-treated control slices (E120 vs vehicle; p �
0.02) (Fig. 4). Thus, the temporal relationship between the

changes in spine density (Fig. 4) and LTP magnitude (Fig. 1) do
not exactly correlate.

To evaluate the time course of the changes in glutamate trans-
mission, we performed stimulus–response curves in separate
slices, examining pharmacologically isolated NMDAR- and
AMPAR-mediated transmission. Experiments were performed at
E24, when LTP is at its highest magnitude and spines are elevated;
at E48, when LTP is still significantly elevated and spine density is
at its maximum; at E72, when LTP has returned to control levels
but spines remain elevated; and at E120, when both LTP magni-
tude and spine density have returned to control levels. To relate
changes in NMDAR transmission to changes in AMPAR trans-
mission across the time periods studied, we calculated a ratio by
dividing the averaged maximum NMDAR response by the aver-
aged maximum AMPAR response at E24, E48, E72, and E120,
and we refer to this as an NMDAR/AMPAR ratio. These ratios
were calculated from stimulus–response curves obtained from at
least five slices from five animals in each experimental group. At
E24, NMDAR transmission is selectively enhanced, with no sig-
nificant effect on AMPAR transmission (Woolley et al., 1997;
Rudick and Woolley, 2001) (Fig. 5A–C, first column) (glutamate
transmission at E24 vs vehicle, p � 0.05; isolated AMPAR trans-
mission at E24 vs vehicle, p � 0.05; isolated NMDAR transmis-
sion at E24 vs vehicle, p � 0.01). Because NMDAR-mediated
transmission is selectively increased, the NMDAR/AMPAR ratio
is significantly increased compared with vehicle (Fig. 5D, first
column) (p � 0.03). Importantly, the selective increase in
NMDAR transmission (Fig. 5C, first column) occurs when spine
density (Fig. 4) is increased and when the LTP magnitude is at its
highest (Fig. 1).

At E48, when LTP magnitude is still significantly elevated
above control, and spine density is maximally increased, the

Figure 2. Alterations in GABAergic inhibition are not responsible for the estradiol-induced increase in LTP magnitude. A, B,
Summary plots show that a single estradiol injection is not sufficient to increase the magnitude of LTP measured at either 24 or 48 h
after the estradiol injection [E, E24 single, 126 � 7%, n � 3 slices/3 animals; E, E48 single, 128 � 3%, n � 9 slices/6 animals;
F, control (vehicle), 125 � 4%, n � 13 slices/12 animals; E24 single vs control (vehicle), p � 0.05; E48 single vs control, p �
0.05]. The dotted line indicates the magnitude of LTP measured 24 h after two estradiol injections. Control LTP in A and B is
replotted from Fig. 1 for comparison. C, Summary plot shows that the magnitude of LTP remains greater in slices 24 h after two
injections of estradiol (E24) (E; 146 � 4%; n � 12 slices/10 animals) compared with oil vehicle-treated control (F; 129 � 5%;
n �6 slices/4 animals; p �0.05) during blockade of GABAA receptors with 100 �M picrotoxin (picro). D, Summary plot shows that
blockade of GABAA receptors with picrotoxin does not increase the LTP magnitude recorded in slices 72 h after two injections of
estradiol (E72;E, 131�4%, n�8 slices/8 animals; vehicle-treated control;F; p�0.05) with respect to vehicle-treated control
slices. LTP from vehicle plus picrotoxin in C is replotted in D for comparison. Error bars represent SEM. E, Estradiol; V, vehicle; picro,
picrotoxin; hfs, high-frequency tetanus.
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heightened NMDAR-mediated transmission is then accompa-
nied by an increase in AMPAR-mediated transmission (Fig.
5A–C, second column) (glutamate transmission at E48 vs ve-
hicle, p � 0.01; isolated AMPAR transmission at E48 vs vehi-
cle, p � 0.02; isolated NMDAR transmission vs vehicle, p �
0.001). Importantly, however, the NMDAR/AMPAR ratio, as
at E24, is increased compared with vehicle (Fig. 5D, second
column) (p � 0.01), and, at both time points, the magnitude
of LTP is significantly increased.

At E72, both NMDAR- and AMPAR-mediated transmission
remain elevated above control (Fig. 5A–C, third column). How-
ever, in contrast to that at E48, the NMDAR/AMPAR ratio at E72
is not different from that measured in vehicle-treated control
slices (Fig. 5D, third column), and, likewise, the LTP magnitude
is also not different from control. Thus, at this time, although the
maximum amount of transmission mediated by each receptor
subtype is significantly increased, the relative contribution of
each receptor is normalized, which is correlated with the return of
the LTP magnitude to control (Fig. 5A–D, third column) (gluta-
mate transmission at E72 vs vehicle, p � 0.01; isolated AMPAR
transmission at E72 vs vehicle, p � 0.04; isolated NMDAR trans-
mission vs vehicle, p � 0.05; NMDAR/AMPAR ratio at E72 vs
vehicle, p � 0.05).

At E120, the system has completely reset. The NMDAR/AM-
PAR ratio at this time point, as at E72, is not different from the
control ratio; however, unlike that at E72, the maximum trans-

mission mediated by both NMDARs and
AMPARs has now returned to the level
measured from vehicle-treated control
slices (Fig. 5A–D, fourth column) (gluta-
mate transmission at E120 vs vehicle, p �
0.05; isolated AMPAR transmission at
E120 vs vehicle, p � 0.05; isolated
NMDAR transmission at E120 vs vehicle,
p � 0.05; NMDAR/AMPAR ratio at E120,
p � 0.05). The reestablishment of the
NMDAR- and AMPAR-mediated trans-
mission to control levels occurs precisely
when spine density has also returned to
the density measured in vehicle-treated
control slices (Fig. 4), indicating that the
density of functional synapses at E120 and
in vehicle treated-control slices is similar.

The above data show that the eleva-
tion in LTP magnitude at E24 is tempo-
rally correlated with an enhancement in
NMDAR transmission and an increase
in the NMDAR/AMPAR ratio, which
occurs when spine density is also ele-
vated, suggesting estradiol may upregu-
late NMDAR-only-containing synapses.
Interestingly, at E48, when LTP is still
elevated and spine density is at its max-
imum, an increase in AMPAR transmis-
sion accompanies the increase in
NMDAR transmission, but the
NMDAR/AMPAR ratio, as at E24, is still
significantly elevated above control.
Lastly, at E72, the tetanus-induced LTP
and the NMDAR/AMPAR ratio have
been normalized to that measured in
slices from vehicle-treated control.
Whether the alterations in glutamate

transmission are a result of receptor insertion into new or
existing spines is not clear. However, the simultaneous return
of spine density and evoked glutamate transmission to control
levels at E120 argues that the enhanced transmission is caused
by receptor insertion into new synapses.

Tamoxifen prevents the effects of estradiol on spine density,
NMDAR transmission, and LTP magnitude
The estradiol-induced increase in spine density requires activa-
tion of a tamoxifen-sensitive genomic estrogen receptor, likely
ER� (Murphy and Segal, 1996). If the changes in morphology
and function are mechanistically coupled, then it is predictable
that the hormone-induced increase in NMDAR transmission and
LTP magnitude would also be sensitive to blockade by tamoxifen.
Ovariectomized animals were concurrently treated with estradiol
and tamoxifen (2 mg/kg), and as predicted, the estradiol-induced
increase in spine density was completely prevented, as was the
increase in NMDAR transmission, and LTP magnitude (LTP,
E24 vs vehicle, p � 0.001; E24 vs vehicle plus tamoxifen, p �
0.001; E24 plus tamoxifen vs E24, p � 0.01; E24 plus tamoxifen vs
vehicle plus tamoxifen, p � 0.05) (spine density, E24 vs vehicle
plus tamoxifen, p � 0.04; E24 vs E24 plus tamoxifen, p � 0.001;
E24 plus tamoxifen vs vehicle plus tamoxifen, p � 0.05) (isolated
NMDAR transmission, E24 vs vehicle, p � 0.001; E24 vs vehicle
plus tamoxifen, p � 0.003; E24 plus tamoxifen vs E24, p � 0.02;
E24 plus tamoxifen vs vehicle plus tamoxifen, p � 0.05) (Fig.

Figure 3. Estradiol does not alter the PPF ratio. A, Overlaid averaged pairs of fEPSP waveforms (8 –10 events) elicited at 10, 20,
30, 40, and 50 ms interstimulus intervals obtained from vehicle-treated control and E24 slices show no difference in paired-pulse
facilitation (top). Bar chart shows averaged paired-pulse facilitation ratios recorded at the various interstimulus intervals in slices
from vehicle-treated control and E24 animals (bottom). At least 8 –10 trials at each interval were averaged per slice and at least
five slices were recorded from at least five animals from each group. Error bars represent SEM. No significant differences were
found at any interval ( p � 0.05). B, Representative fEPSP waveforms during high-frequency tetanus (hfs) from E24, E48, E72, and
E120 compared with control. E, Estradiol; V, vehicle-treated control. The steady-state dendritic depolarization during hfs is ele-
vated at E24, E48, and E72 ( p � 0.05) but returns to vehicle-treated control by E120 ( p � 0.05). Measurements for statistical
analysis were made once steady state was reached in slices from vehicle-treated control animals (i.e., 130 ms from stimulus
artifact).
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6A–C). Importantly, in control experi-
ments, tamoxifen alone had no effect of
its own on the magnitude of LTP, spine
density, or NMDAR transmission (LTP,
vehicle vs vehicle plus tamoxifen, p �
0.05; spine density, vehicle vs vehicle
plus tamoxifen, p � 0.05; NMDAR-
mediated transmission, vehicle vs vehi-
cle plus tamoxifen, p � 0.05) (Fig. 6 A–
C). Together, these data suggest that the
increase in NMDAR transmission and
LTP magnitude require activation of
genomic estrogen receptors, similarly to
the increase in spine density (Murphy
and Segal, 1996), rather than to activa-
tion of the unidentified membrane-
associated estrogen receptor (Foy et al.,
1999; Fugger et al., 2001). In support of
this idea, we tested whether the increase
in NMDAR transmission induced by
acute application of estradiol (1 nM) to
naive slices could persist in the presence
of tamoxifen (100 nM) and found that
transmission was still significantly en-
hanced (our unpublished observation).
This supports our interpretation of the
involvement of genomic receptors in
mediating the increase in NMDAR trans-
mission we observe. Thus, the increase in
spine density, NMDAR transmission, and
LTP magnitude are similarly dependent on
activation of genomic estrogen receptors, al-
though it is not clear whether these changes
are mediated by a single cellular pathway
that induces sequential changes in spine
density and synaptic function or via inde-
pendent but parallel pathways that all re-
quire activation of ER� for their initiation.

The NMDAR antagonist MK-801 prevents the hormone-
induced changes in spine density, NMDAR transmission, and
LTP magnitude
In an attempt to separate the functional synaptic changes from
the morphological changes, we treated animals concurrently with
estradiol and MK-801 (0.2 mg/kg), an NMDAR antagonist
known to prevent the estradiol-induced increase in spine density
(Woolley and McEwen, 1994; Murphy and Segal, 1996) and
asked whether the elevation in LTP magnitude and NMDAR
transmission could persist in the absence of an increase in spine
density. First, to ensure MK-801 is successfully cleared from the
animal and does not artificially influence the experimental out-
come, animals were treated with MK-801, and LTP experiments
were performed at 6 or 12 h after MK-801 treatment. By 12 h after
the injection, we found the amount of LTP induced after a single
MK-801 treatment is not different from that observed in control
animals (125 � 4% of baseline fEPSP slope in control, n � 13
slices/12 animals, vs 133 � 5% of baseline fEPSP in MK-801-
treated, n � 3 slices/3 animals; p � 0.05) (data not shown), indi-
cating that the antagonist has been successfully cleared from the
animal and that this treatment regime will not interfere with our
results. In other control experiments, we found that the 2 d treat-
ment of animals with MK-801 also had no significant effect of its
own on LTP magnitude, spine density, or NMDAR transmission

compared with vehicle-treated controls (LTP, vehicle vs vehicle
plus MK-801, p � 0.05; spine density, vehicle vs vehicle plus
MK-801, p � 0.05; NMDAR-mediated transmission, vehicle vs
vehicle plus MK-801, p � 0.05) (Fig. 7A–C).

Similar to tamoxifen, MK-801 completely prevented the in-
crease in spine density, NMDAR transmission, and LTP magni-
tude (LTP, E24 vs vehicle, p � 0.001; E24 plus MK-801 vs E24,
p � 0.01; E24 plus MK-801 vs vehicle, p � 0.05) (spine density,
E24 vs vehicle plus MK-801, p � 0.001; E24 plus MK-801 vs E24,
p � 0.001; E24 plus MK-801 vs vehicle, p � 0.05) (isolated
NMDA transmission, E24 vs vehicle, p � 0.01; E24 plus MK-801
vs E24, p � 0.01; E24 plus MK-801 vs vehicle, p � 0.05) (Fig.
7A–C). Furthermore, we find a single dose of MK-801 given on
either day 1 or day 2 of estradiol treatment is sufficient to prevent
the functional synaptic changes, indicating that NMDAR activa-
tion is needed on both days of hormone treatment to induce these
functional effects [NMDAR transmission, E24 plus MK-801 on
day 1 (0.05 � 0.007 mV/ms) or day 2 (0.05 � 0.007 mV/ms) vs
vehicle (0.05 � 0.006 mV/ms), both with p � 0.05; LTP, E24 plus
MK-801 on day 1 (128 � 4%) or day 2 (124 � 4%) vs vehicle
(125 � 4%), both with p � 0.05]. Thus, our findings indicate that
both the functional and morphological changes require activa-
tion of NMDARs during hormone treatment, which provides
additional evidence that these changes are tightly coupled to one
another mechanistically.

Figure 4. Time course of estradiol-induced changes in spine density. A, Deconvolved confocal images of Golgi-stained apical
dendrites from vehicle-treated control, E24, E48, E72, and E120. Scale bar, 10 �m. B, Bar chart displays the number of dendritic
spines/10 �m of apical dendrite from each experimental group (vehicle-treated control slices, 6.9 � 0.4 spines/10 �m, 29
sections of dendrite from 3 animals; E24, 10.6 � 0.3 spines/10 �m, 42 sections from 6 animals; E48, 14.2 � 0.7 spines/10 �m,
25 sections from 4 animals; E72, 12.0�0.6 spines/10 �m, 28 sections from 4 animals; E120, 5.4�0.3 spines/10 �m, 23 sections
from 7 animals were analyzed). E24, E48, and E72 versus vehicle, p � 0.001; E120 versus vehicle, p � 0.02; E24 versus E48, p �
0.001; E24 versus E72, p � 0.04. Asterisks denote significance as indicated. Error bars represent SEM.

7786 • J. Neurosci., August 24, 2005 • 25(34):7780 –7791 Smith and McMahon • Estradiol, LTP, and NMDAR Transmission



Discussion
Estradiol increases the magnitude of LTP at CA3–CA1 synapses,
which may be critical to the memory-enhancing effects of this
hormone (Phillips and Sherwin, 1992a,b). Many studies, both in
vitro and in vivo, have demonstrated that LTP is heightened after
an increase in circulating hormone (Warren et al., 1995; Cordoba
Montoya and Carrer, 1997; Good et al., 1999; Bi et al., 2001).
Others have shown that synaptic efficacy also can be increased by
a rapid nongenomic mechanism coupled to extracellular signal-
regulated kinase (ERK)/MAPK signaling that is stimulated dur-
ing acute estradiol application to naive slices in vitro (Foy et al.,
1999; Fugger et al., 2001). Given these reports, several mecha-
nisms could contribute to the increase in LTP magnitude.

The goal of this study was to elucidate the mechanisms under-
lying the heightened LTP magnitude after elevated levels of estra-

diol in vivo. Our studies show that a decrease in GABAergic inhi-
bition mediated by GABAARs (Rudick and Woolley, 2001;
Rudick et al., 2003) or an increase in presynaptic release proba-
bility are not major contributors. However, at this time, we can-
not rule out a potential contribution of decreased inhibition me-
diated by postsynaptic GABAB receptors to the enhanced
plasticity. Our time course studies strongly suggest a critical role
for specific and timely alterations in glutamate transmission. We
find that the LTP magnitude is increased only when NMDAR
transmission is increased relative to AMPAR transmission, which
occurs during a time when spine density is also elevated. Later,
although spine density remains high, the magnitude of tetanus-
induced LTP and the ratio of NMDAR to AMPAR transmission
have been normalized. Thus, reestablishing the relative contribu-
tion of NMDAR transmission to AMPAR transmission in the

Figure 5. Time-dependent modulation of glutamate transmission by estradiol. Summary plots show stimulus–response curves of glutamate transmission (A, glutamate), pharmacologically
isolated AMPAR transmission (B, AMPAR only), or NMDAR transmission (C, NMDAR only). AMPAR transmission was isolated by blocking NMDARs with 100 �M D,L-APV, and NMDAR transmission was
isolated by blocking AMPARs with 10 �M DNQX in nominally Mg 2�-free aCSF. Open circles (E) represent data obtained in slices from estradiol (E)-treated animals, and filled circles (F) represent
data from vehicle (V)-treated control animals. A, Glutamate transmission is unchanged at E24 (first column, E24, 0.35 � 0.04 mV/ms; V, 0.28 � 0.04 mV/ms, p � 0.05), is increased at E48 (second
column, E48, 0.45 � 0.04 mV/ms; V, 0.29 � 0.02 mV/ms; p � 0.01) and E72 (third column, E72, 0.55 � 0.05 mV/ms; V, 0.32 � 0.05 mV/ms, p � 0.01), and is normalized by E120 (fourth column,
E120, 0.30 � 0.04 mV/ms; V, 0.32 � 0.05 mV/ms, p � 0.05). B, Pharmacologically isolated AMPAR-mediated transmission is unchanged at E24 (first column, E24, 0.33 � 0.05 mV/ms; V, 0.32 �
0.04 mV/ms, p � 0.05), is increased at E48 (second column, E48, 0.43 � 0.04 mV/ms; V, 0.30 � 0.02 mV/ms, p � 0.02) and E72 (third column, E72, 0.47 � 0.03 mV/ms; V, 0.37 � 0.03 mV/ms,
p � 0.05), and is normalized by E120 (fourth column, E120, 0.33 � 0.04 mV/ms; V, 0.37 � 0.03 mV/ms, p � 0.05). C, NMDAR-mediated transmission is selectively increased at E24 (first column,
E24, 0.1 � 0.01 mV/ms; V, 0.05 � 0.006 mV/ms, p � 0.03) and remains increased at E48 (second column, E48, 0.07 � 0.004 mV/ms; V, 0.03 � 0.004 mV/ms, p � 0.001) and at E72 (third column,
E72, 0.12 � 0.01 mV/ms; V, 0.08 � 0.01 mV/ms, p � 0.04) and is normalized by E120 (fourth column, E120, 0.07 � 0.01 mV/ms; V, 0.08 � 0.01 mV/ms, p � 0.05). Asterisks denote significance
from vehicle-treated control (p � 0.05). D, Bar graphs show the maximum amplitude of evoked AMPAR and NMDAR transmission (measured at 800 �A) and the NMDAR:AMPAR ratio calculated
by dividing the maximal NMDAR response by the maximal AMPAR response measured in slices from E24 (first column, E24, 0.51 � 0.09; V, 0.16 � 0.02, p � 0.03), E48 (second column, E48, 0.17 �
0.01; V, 0.11 � 0.01, p � 0.01), and E72 (third column, E72, 0.28 � 0.05; V, 0.21 � 0.06, p � 0.05), and E120 (fourth column, E120, 0.21 � 0.05; V, 0.21 � 0.06. p � 0.05) compared with
vehicle-treated control. Each point represents the averaged responses obtained from at least five slices from five animals in each group. Calibration: 0.5 mV, 5 ms (for glutamate and AMPAR
transmission); 0.4 mV, 10 ms (for NMDAR transmission). Error bars represent SEM.
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circuit returns a homeostatic balance in
excitatory drive while synapse density re-
mains elevated.

Clearly, changes in glutamate trans-
mission are correlated with the alterations
in LTP magnitude, but what is the role of
the increase in dendritic spine density?
Our findings do not show definitively that
the increase in synapse density contributes
to the heightened plasticity. A contribu-
tion of the increase in spine density is an
attractive mechanism, however, because
changes in the density of excitatory gluta-
mate synapses alter memory acquisition
(Leuner et al., 2003) and learning, and
memory is enhanced during the time
frame when estradiol induces an increase
in synapse density (Leuner et al., 2003). If
the increase in spine density is required,
then there must be an accompanying in-
crease in glutamate transmission, because
these new spines must form functional
synapses to be involved in heightened
plasticity. Accordingly, the increase in
NMDAR transmission we observe at E24
could result from insertion of newly ex-
pressed NMDARs into the newly devel-
oped synapses, an idea supported by bind-
ing studies that show increased NMDAR
expression (Weiland, 1992; Daniel and
Dohanich, 2001) and electrophysiological
recordings (performed during the time
frame that spines are elevated), which in-
dicate that at least a portion of these recep-
tors are synaptically located (Woolley et
al., 1997; this study). However, no study to
date (including this study) has determined
directly at the level of single synapses
whether the new NMDARs are inserted
into preexisting synapses, are exclusively
inserted into the newly developed spines,
or some combination of the two. Selective
insertion into new spines would increase
the density of highly plastic silent
(NMDAR-only-containing) synapses
whose conversion to active (AMPAR- and
NMDAR-containing) synapses after an LTP-inducing stimulus
could be responsible for the enhanced plasticity (Isaac et al., 1995;
Liao et al., 1995). Thus, based on the temporal relationship we
observe between the estradiol-induced changes in spine density,
glutamate transmission, and LTP magnitude, a plausible scenario
compatible with our results is that estradiol creates new synapses
that are initially silent (contain only NMDARs) at E24, thereby
increasing the magnitude of LTP that can be induced. Later, at
E72, the newly developed silent synapses have been converted to
active synapses through the insertion of AMPARs. This de-
layed increase in AMPAR transmission reestablishes the
NMDAR/AMPAR ratio and the ratio of silent to active syn-
apses, thereby resetting the magnitude of LTP that can be
induced to control levels. This idea is consistent with the ob-
servation that, at E72, the maximal amount of AMPAR-
mediated transmission is now increased along with a main-
tained increase in NMDAR transmission (Fig. 5A–C, right)

and spine density (Fig. 4). Furthermore, at E120, the simulta-
neous return of spine density and maximal evoked glutamate
transmission to basal levels suggests that the enhanced trans-
mission is the result of receptor insertion into the new
synapses.

Of course, mechanisms alternative to the one described above
must be considered. Recently published findings challenge the
need for an increase in NMDAR expression and spine density in
the enhancing effects of estradiol on LTP magnitude. Within
minutes of bath application of estradiol to either slices from male
rats or untreated OVX female rats, NMDA and AMPA transmis-
sion are potentiated, as well as the magnitude of LTP (Wong and
Moss, 1992; Foy et al., 1999; Kim et al., 2002; Bi et al., 2003). The
rapid time course of these effects suggests that estradiol can alter
synaptic function in the absence of an increase in spine density,
which requires a genomic mechanism (Murphy and Segal, 1996;
this study). Thus, estradiol most likely increases synaptic func-

Figure 6. Tamoxifen blocks the estradiol-induced increase in spine density, the selective increase in NMDAR transmission, and
LTP magnitude. A, Summary plot of LTP experiments obtained in slices from vehicle-treated control (V) (F; 125 � 4%; n � 13
slices/12 animals replotted from Fig. 1), V plus tamoxifen (T), a selective estrogen receptor modulator (2 mg/kg) [V � T (▫);
123 � 4%; n � 7 slices/7 animals], E24 (E; 158 � 7%; n � 10 slices/9 animals; replotted from Fig. 1), and E24 � T (‚; 122 �
5%; n � 7 slices/7 animals). Tamoxifen blocks the estradiol-induced increase in LTP magnitude (V � T vs E24 � T, p � 0.05; V
� T vs V, p � 0.05). B, Bar chart displays the number of dendritic spines/10 �m of apical dendrite from each experimental group
[V (6.9 � 0.4 spines/10 �m; n � 29 sections of dendrite from 3 animals), V�T (5.9 � 0.4 spines/10 �m; n � 11 sections of
dendrites from 4 animals), E24 (10.6 � 0.3 spines/10 �m; n � 42 sections from 6 animals), and E24�T animals (5.4 � 0.2
spines/10 �m; n � 30 sections of dendrites from 5 animals)]. Both V and E24 are replotted from Figure 4 for comparison. C,
Summary plot showing stimulus–response curves of pharmacologically isolated NMDAR transmission (10 �M DNQX; nominally
Mg 2� free) obtained in slices from V (F; 0.06�0.002 mV/ms), V� T (▫; 0.06�0.003 mV/ms), E24 (E; 0.08�0.002 mV/ms),
and E24 � T (‚; 0.06 � 0.005 mV/ms) (E24 vs E24 � T, p � 0.02; E24 � T vs V � T, p � 0.05; V � T vs V, p � 0.05). Asterisk
denotes significance as indicated. Each point within this plot represents averaged responses obtained from at least five slices from
five animals in each group. *p � 0.04, **p � 0.001. Error bars represent SEM.

Figure 7. MK-801 blocks the estradiol-induced increase in spine density, the selective increase in NMDAR transmission, and LTP
magnitude. A, Summary plot of LTP experiments obtained in slices from vehicle-treated control (V) (F; 125 � 4%; n � 13
slices/12 animals replotted from Fig. 1), V � MK-801 (M), an NMDAR antagonist (0.2 mg/kg) (▫; 130 � 7%; n � 5 slices/5
animals), E24 (E; 158 � 7%; n � 10 slices/9 animals replotted from Fig. 1), and in E24 � M (‚; 128 � 4%; n � 8 slices/5
animals). MK-801 blocks the estradiol-induced increase in LTP magnitude (V � M vs E24 � M, p � 0.05; V � M vs V, p � 0.05).
B, Bar chart displays the number of dendritic spines/10 �m of apical dendrite from each experimental group [V (6.9 � 0.4
spines/10 �m; n � 29 sections of dendrite from 3 animals), V � M (6.1 � 0.5 spines/10 �m; 17 sections of dendrites from 5
animals), E24 (10.6 � 0.3 spines/10 �m; n � 42 sections from 6 animals), and E24 � M (6.0 � 0.4 spines/10 �m; 21 sections
from 4 animals)]. Both V and E24 are replotted from Figure 4 for comparison. C, Summary plot showing stimulus–response curves
of pharmacologically isolated NMDAR transmission (10 �M DNQX; nominally Mg 2� free) obtained in slices from V (F; 0.05 �
0.006 mV/ms; replotted from Fig. 5), V � M (▫; 0.06 � 0.009 mV/ms), E24 animals (E; 0.1 � 0.01 mV/ms; replotted from Fig.
5), and in E24 � M (‚; 0.05 � 0.001 mV/ms) (E24 vs E24 � M, p � 0.01; E24 � M vs V � M, p � 0.05; V � M vs V, p � 0.05).
Each point within this plot represents the averaged responses obtained from five slices from five animals in each group. *p �
0.001. Error bars represent SEM.
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tion via the unidentified membrane-associated receptor. This
would potentially lead to stimulation of Src and ERK/MAPK sig-
naling, resulting in an increase in NMDAR phosphorylation and
function (Bi et al., 2001). However, alterations in membrane ex-
citability could contribute to the enhanced NMDAR transmis-
sion observed by us and others (Woolley et al., 1997), because
estradiol reduces the amplitude of the afterhyperpolarization via
altering intracellular Ca 2� levels and the function of KCa2� chan-
nels (Kumar and Foster, 2002; Carrer et al., 2003). Increasing
NMDAR activation would result in an increase in LTP induction.
This potential mechanism would bypass the need for increased
synapse density and NMDAR expression. Zamani et al. (2004) have
shown recently that pharmacologically enhancing NMDAR trans-
mission, by recording in 0 mM Mg2� and 10 �M glycine, eliminates
the selective increase in NMDAR transmission (with respect to
AMPA transmission) after estradiol replacement to OVX animals.
These authors suggest that the increase in monosynaptic NMDAR
potentials originally reported by Woolley et al. (1997) (and con-
firmed in this study) result not from increased receptor expression as
interpreted (but see Weiland, 1992; Daniel and Dohanich, 2001) but
rather are a result of a mechanism involving estradiol-induced
changes in membrane depolarization.

However, neither of these potential mechanisms can explain
our results. First, all of the morphological and functional effects
we observe require 24 – 48 h to occur after in vivo hormone ad-
ministration and are prevented by the genomic estrogen receptor
antagonist, tamoxifen, indicating that a genomic mechanism
rather than the rapid membrane-associated mechanism is re-
quired. Furthermore, the combined sensitivity of the morpho-
logical and functional changes to blockade by tamoxifen and the
NMDAR antagonist MK-801 indicates that these estradiol-
induced changes require the same mechanistic pathway, tightly
coupling them together. This strengthens the idea that the in-
crease in spine density underlies the changes in synaptic function
and plasticity. Unfortunately, we cannot eliminate the possibility
that separate NMDAR-dependent and tamoxifen-sensitive
mechanisms individually mediate the increase in spines,
NMDAR transmission, and LTP magnitude. However, we favor
the possibility that these events are sequentially related, because
we have been unable to separate them and because of the pro-
longed period of time over which these changes occur. Second,
although an increase in excitability could, in theory, account for
the increase in NMDAR transmission we and others observe
(Woolley et al., 1997), it is difficult to explain how this mecha-
nism could contribute to the delayed increase in AMPAR trans-
mission we observe first at E48 (which is maintained at E72),
because AMPARs are not voltage dependent. An obvious mech-
anism is an increase in expression of AMPARs, an interpretation
that is supported by others (Palomero-Gallagher et al., 2003).
Whether NMDAR transmission is elevated by increased excit-
ability or through insertion of NMDARs into newly formed syn-
apses as our data suggest requires additional investigation at the
level of single synapses. But regardless of the mechanism, our data
clearly indicate that increased NMDAR transmission relative to
AMPA transmission is required and that a simple increase in
excitability may not be all that is needed. This idea is strongly
supported by our finding that tetanus-induced dendritic depo-
larization remains significantly increased above control at E72
and is similar in magnitude to that at E24, where LTP is at its
highest. However, at E72, the LTP magnitude induced is no
longer significantly different from control level, indicating that
enhanced excitability is not the major contributor to the height-
ened plasticity.

Estradiol-induced changes are reminiscent of early
synaptic development
During early postnatal development, the density of NMDAR-
only-containing postsynaptically silent synapses is higher than in
a mature hippocampus. This is believed to increase the capacity
of immature circuits for plastic changes in synaptic strength
(Nusser et al., 1998; Petralia et al., 1999). Synapses at this time pre-
dominantly express NMDAR 2B (NR2B)-containing NMDARs
(Portera-Cailliau et al., 1996). Estradiol has been shown to selectively
increase expression of NR2B subunits (Cyr et al., 2001), suggesting
the possibility that this hormone increases the density of synapses
that have immature characteristics and are highly capable of plastic
changes. Thus, we speculate that estradiol takes advantage of mech-
anisms available during development to transiently increase the den-
sity of silent synapses. Thus, estradiol may temporarily heighten
plasticity and learning by modifying a mature synaptic circuit
through the addition of highly plastic immature synapses reminis-
cent of those during early development.

Other mediators of the effects of estradiol on
hippocampal function
The estradiol-induced disinhibition of CA1 pyramidal cells is
believed to trigger the increase in spine growth (Murphy et al.,
1998; Rudick and Woolley, 2001). However, other mechanisms
likely also participate in the morphological and functional effects
of this hormone. Estradiol increases mRNA levels of choline
acetyltransferase, the synthetic enzyme for acetylcholine (ACh),
and increases release of ACh in the hippocampus (Gibbs, 1996;
Gibbs et al., 1997). ACh depresses release of GABA (Pitler and
Alger, 1992), which could contribute to the disinhibition of py-
ramidal cells and facilitate spine growth and thus LTP. Further-
more, the estradiol-induced increase in NMDAR binding re-
quires activation of muscarinic M2 receptors (Daniel and
Dohanich, 2001), and the hormone-induced decrease in
GABAergic transmission and increase in spine density are par-
tially prevented by lesion of the medial septum (Leranth, 2000;
Rudick et al., 2003). Moreover, enhanced memory acquisition
mediated by elevated levels of estradiol requires cholinergic mod-
ulation of hippocampus (Gibbs, 1998). Cholinergic modulation
of hippocampal circuits is clearly important for synaptic plastic-
ity (Ovsepian et al., 2004) and for normal learning and memory
(Hasselmo, 1999); thus, the ability of estradiol to modulate cho-
linergic transmission could underlie the hormone-induced en-
hancement in LTP magnitude as well as memory processing.

In addition, it has been shown recently that BDNF immuno-
reactivity increases in the hippocampus during the estrous cycle,
which is correlated with increases in circulating levels of estradiol
(Scharfman et al., 2003). The increase in BDNF is also correlated
with an increase in neuronal excitability. Because of the well doc-
umented ability of BDNF to increase spine growth (Tyler and
Pozzo-Miller, 2003; Alonso et al., 2004), the possibility exists that
the increase in BDNF after elevations in circulating estradiol
could be causal to the hormone-induced increase in spine den-
sity. Therefore, each one of these molecules, GABA, acetylcho-
line, and BDNF has been shown to be important for alterations in
hippocampal synaptic plasticity (Murphy et al., 1998; Tyler and
Pozzo-Miller, 2001; Alonso et al., 2004; Casasola et al., 2004;
Kramar et al., 2004; Ovsepian et al., 2004). Thus, it is probable
that estradiol may increase the density of silent synapses and
plasticity through one or all of these molecules.

It is clear that spine density, synaptic efficacy, and transmis-
sion play vital roles in learning and memory, and it is quite in-
triguing that estradiol modulates each one of these processes
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(Phillips and Sherwin, 1992a,b; Warren et al., 1995; Cordoba
Montoya and Carrer, 1997; Woolley et al., 1997; Fader et al.,
1999; Gibbs, 1999; Good et al., 1999; Rudick and Woolley, 2001;
Frick et al., 2002; Rapp et al., 2003). We show that the estradiol-
induced alterations in synaptic efficacy require changes in syn-
apse density, which may underlie the estradiol-induced improve-
ments in memory. It is critical to know how estradiol mediates its
effects, because this hormone has been shown to have protective
effects against debilitating diseases such as Alzheimer’s disease
(Garcia-Segura et al., 2001). Thus, determining the mechanisms
by which estradiol modulates hippocampal morphology and syn-
aptic function could provide insight into potential therapeutic
targets against memory deficits that occur during menopause and
with disease.

References
Alonso M, Medina JH, Pozzo-Miller L (2004) ERK1/2 activation is neces-

sary for BDNF to increase dendritic spine density in hippocampal CA1
pyramidal neurons. Learn Mem 11:172–178.

Bi R, Foy MR, Vouimba RM, Thompson RF, Baudry M (2001) Cyclic
changes in estradiol regulate synaptic plasticity through the MAP kinase
pathway. Proc Natl Acad Sci USA 98:13391–13395.

Bi R, Foy MR, Thompson RF, Baudry M (2003) Effects of estrogen, age, and
calpain on MAP kinase and NMDA receptors in female rat brain. Neuro-
biol Aging 24:977–983.

Carrer HF, Araque A, Buno W (2003) Estradiol regulates the slow Ca 2�-
activated K � current in hippocampal pyramidal neurons. J Neurosci
23:6338 – 6344.

Casasola C, Montiel T, Calixto E, Brailowsky S (2004) Hyperexcitability in-
duced by GABA withdrawal facilitates hippocampal long-term potentia-
tion. Neuroscience 126:163–171.

Cordoba Montoya DA, Carrer HF (1997) Estrogen facilitates induction of
long term potentiation in the hippocampus of awake rats. Brain Res
778:430 – 438.

Cyr M, Ghribi O, Di Paolo T (2000) Regional and selective effects of oestra-
diol and progesterone on NMDA and AMPA receptors in the rat brain.
J Neuroendocrinol 12:445– 452.

Cyr M, Ghribi O, Thibault C, Morissette M, Landry M, Di Paolo T (2001)
Ovarian steroids and selective estrogen receptor modulators activity on
rat brain NMDA and AMPA receptors. Brain Res Brain Res Rev
37:153–161.

Daniel JM, Dohanich GP (2001) Acetylcholine mediates the estrogen-
induced increase in NMDA receptor binding in CA1 of the hippocampus
and the associated improvement in working memory. J Neurosci
21:6949 – 6956.

Dobrunz LE, Stevens CF (1997) Heterogeneity of release probability, facili-
tation, and depletion at central synapses. Neuron 18:995–1008.

Fader AJ, Johnson PE, Dohanich GP (1999) Estrogen improves working but
not reference memory and prevents amnestic effects of scopolamine of a
radial-arm maze. Pharmacol Biochem Behav 62:711–717.

Foy MR, Xu J, Xie X, Brinton RD, Thompson RF, Berger TW (1999) 17beta-
estradiol enhances NMDA receptor-mediated EPSPs and long-term po-
tentiation. J Neurophysiol 81:925–929.

Frick KM, Fernandez SM, Bulinski SC (2002) Estrogen replacement im-
proves spatial reference memory and increases hippocampal synaptophy-
sin in aged female mice. Neuroscience 115:547–558.

Fugger HN, Kumar A, Lubahn DB, Korach KS, Foster TC (2001) Examina-
tion of estradiol effects on the rapid estradiol mediated increase in hip-
pocampal synaptic transmission in estrogen receptor alpha knockout
mice. Neurosci Lett 309:207–209.

Gabbott PL, Somogyi J (1984) The “single” section Golgi-impregnation
procedure: methodological description. J Neurosci Methods 11:221–230.

Garcia-Segura LM, Azcoitia I, DonCarlos LL (2001) Neuroprotection by
estradiol. Prog Neurobiol 63:29 – 60.

Gazzaley AH, Weiland NG, McEwen BS, Morrison JH (1996) Differential
regulation of NMDAR1 mRNA and protein by estradiol in the rat hip-
pocampus. J Neurosci 16:6830 – 6838.

Gibbs RB (1996) Fluctuations in relative levels of choline acetyltransferase
mRNA in different regions of the rat basal forebrain across the estrous
cycle: effects of estrogen and progesterone. J Neurosci 16:1049 –1055.

Gibbs RB (1998) Estrogen replacement attenuates effects of scopolamine
and lorazepam on memory acquisition and retention. Horm Behav
34:112–125.

Gibbs RB (1999) Estrogen replacement enhances acquisition of a spatial
memory task and reduces deficits associated with hippocampal musca-
rinic receptor inhibition. Horm Behav 36:222–233.

Gibbs RB, Hashash A, Johnson DA (1997) Effects of estrogen on potassium-
stimulated acetylcholine release in the hippocampus and overlying cortex
of adult rats. Brain Res 749:143–146.

Good M, Day M, Muir JL (1999) Cyclical changes in endogenous levels of
oestrogen modulate the induction of LTD and LTP in the hippocampal
CA1 region. Eur J Neurosci 11:4476 – 4480.

Gould E, Woolley CS, Frankfurt M, McEwen BS (1990) Gonadal steroids
regulate dendritic spine density in hippocampal pyramidal cells in adult-
hood. J Neurosci 10:1286 –1291.

Hall JA, Cantley TC, Galvin JM, Day BN, Anthony RV (1992) Influence of
ovarian steroids on relaxin-induced uterine growth in ovariectomized
gilts. Endocrinology 130:3159 –3166.

Hao J, Janssen WG, Tang Y, Roberts JA, McKay H, Lasley B, Allen PB, Green-
gard P, Rapp PR, Kordower JH, Hof PR, Morrison JH (2003) Estrogen
increases the number of spinophilin-immunoreactive spines in the hip-
pocampus of young and aged female rhesus monkeys. J Comp Neurol
465:540 –550.

Hasselmo ME (1999) Neuromodulation: acetylcholine and memory con-
solidation. Trends Cogn Sci 3:351–359.

Isaac JT, Nicoll RA, Malenka RC (1995) Evidence for silent synapses: impli-
cations for the expression of LTP. Neuron 15:427– 434.

Kim JS, Kim HY, Kim JH, Shin HK, Lee SH, Lee YS, Son H (2002) Enhance-
ment of rat hippocampal long-term potentiation by 17 beta-estradiol
involves mitogen-activated protein kinase-dependent and -independent
components. Neurosci Lett 332:65– 69.

Kramar EA, Lin B, Lin CY, Arai AC, Gall CM, Lynch G (2004) A novel
mechanism for the facilitation of theta-induced long-term potentiation
by brain-derived neurotrophic factor. J Neurosci 24:5151–5161.

Kumar A, Foster TC (2002) 17beta-estradiol benzoate decreases the AHP
amplitude in CA1 pyramidal neurons. J Neurophysiol 88:621– 626.

Kuroki Y, Fukushima K, Kanda Y, Mizuno K, Watanabe Y (2000) Putative
membrane-bound estrogen receptors possibly stimulate mitogen-
activated protein kinase in the rat hippocampus. Eur J Pharmacol
400:205–209.

Leranth C, Shanabrough M, Horvath TL (2000) Hormonal regulation of
hippocampal spine synapse density involves subcortical mediation. Neu-
roscience 101:349 –356.

Leuner B, Falduto J, Shors TJ (2003) Associative memory formation in-
creases the observation of dendritic spines in the hippocampus. J Neuro-
sci 23:659 – 665.

Liao D, Hessler NA, Malinow R (1995) Activation of postsynaptically silent
synapses during pairing-induced LTP in CA1 region of hippocampal slice.
Nature 375:400 – 404.

MacLusky NJ, Luine VN, Hajszan T, Leranth C (2005) The 17alpha and
17beta isomers of estradiol both induce rapid spine synapse formation in
the CA1 hippocampal subfield of ovariectomized female rats. Endocri-
nology 146:287–293.

Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches.
Neuron 44:5–21.

Murphy DD, Segal M (1996) Regulation of dendritic spine density in cul-
tured rat hippocampal neurons by steroid hormones. J Neurosci
16:4059 – 4068.

Murphy DD, Cole NB, Greenberger V, Segal M (1998) Estradiol increases
dendritic spine density by reducing GABA neurotransmission in hip-
pocampal neurons. J Neurosci 18:2550 –2559.

Nusser Z, Lujan R, Laube G, Roberts JD, Molnar E, Somogyi P (1998) Cell
type and pathway dependence of synaptic AMPA receptor number and
variability in the hippocampus. Neuron 21:545–559.

Ovsepian SV, Anwyl R, Rowan MJ (2004) Endogenous acetylcholine lowers
the threshold for long-term potentiation induction in the CA1 area
through muscarinic receptor activation: in vivo study. Eur J Neurosci
20:1267–1275.

Palomero-Gallagher N, Bidmon HJ, Zilles K (2003) AMPA, kainate, and
NMDA receptor densities in the hippocampus of untreated male rats and
females in estrus and diestrus. J Comp Neurol 459:468 – 474.

Petralia RS, Esteban JA, Wang YX, Partridge JG, Zhao HM, Wenthold RJ,

7790 • J. Neurosci., August 24, 2005 • 25(34):7780 –7791 Smith and McMahon • Estradiol, LTP, and NMDAR Transmission



Malinow R (1999) Selective acquisition of AMPA receptors over post-
natal development suggests a molecular basis for silent synapses. Nat
Neurosci 2:31–36.

Phillips SM, Sherwin BB (1992a) Effects of estrogen on memory function in
surgically menopausal women. Psychoneuroendocrinology 17:485– 495.

Phillips SM, Sherwin BB (1992b) Variations in memory function and sex
steroid hormones across the menstrual cycle. Psychoneuroendocrinology
17:497–506.

Pitler TA, Alger BE (1992) Cholinergic excitation of GABAergic interneu-
rons in the rat hippocampal slice. J Physiol (Lond) 450:127–142.

Portera-Cailliau C, Price DL, Martin LJ (1996) N-Methyl-D-aspartate re-
ceptor proteins NR2A and NR2B are differentially distributed in the de-
veloping rat central nervous system as revealed by subunit-specific anti-
bodies. J Neurochem 66:692–700.

Qiu J, Bosch MA, Tobias SC, Grandy DK, Scanlan TS, Ronnekleiv OK, Kelly
MJ (2003) Rapid signaling of estrogen in hypothalamic neurons in-
volves a novel G-protein-coupled estrogen receptor that activates protein
kinase C. J Neurosci 23:9529 –9540.

Rapp PR, Morrison JH, Roberts JA (2003) Cyclic estrogen replacement im-
proves cognitive function in aged ovariectomized rhesus monkeys. J Neu-
rosci 23:5708 –5714.

Rudick CN, Woolley CS (2001) Estrogen regulates functional inhibition of
hippocampal CA1 pyramidal cells in the adult female rat. J Neurosci
21:6532– 6543.

Rudick CN, Gibbs RB, Woolley CS (2003) A role for the basal forebrain
cholinergic system in estrogen-induced disinhibition of hippocampal py-
ramidal cells. J Neurosci 23:4479 – 4490.

Scharfman HE, Mercurio TC, Goodman JH, Wilson MA, MacLusky NJ
(2003) Hippocampal excitability increases during the estrous cycle in the
rat: a potential role for brain-derived neurotrophic factor. J Neurosci
23:11641–11652.

Tyler WJ, Pozzo-Miller LD (2001) BDNF enhances quantal neurotransmit-
ter release and increases the number of docked vesicles at the active zones
of hippocampal excitatory synapses. J Neurosci 21:4249 – 4258.

Tyler WJ, Pozzo-Miller L (2003) Miniature synaptic transmission and
BDNF modulate dendritic spine growth and form in rat CA1 neurones.
J Physiol (Lond) 553:497–509.

Warren SG, Humphreys AG, Juraska JM, Greenough WT (1995) LTP varies
across the estrous cycle: enhanced synaptic plasticity in proestrus rats.
Brain Res 703:26 –30.

Weiland NG (1992) Estradiol selectively regulates agonist binding sites on
the N-methyl-D-aspartate receptor complex in the CA1 region of the
hippocampus. Endocrinology 131:662– 668.

Wong M, Moss RL (1992) Long-term and short-term electrophysiological
effects of estrogen on the synaptic properties of hippocampal CA1 neu-
rons. J Neurosci 12:3217–3225.

Woolley CS (1998) Estrogen-mediated structural and functional synaptic
plasticity in the female rat hippocampus. Horm Behav 34:140 –148.

Woolley CS, McEwen BS (1992) Estradiol mediates fluctuation in hip-
pocampal synapse density during the estrous cycle in the adult rat. J Neu-
rosci 12:2549 –2554.

Woolley CS, McEwen BS (1993) Roles of estradiol and progesterone in reg-
ulation of hippocampal dendritic spine density during the estrous cycle in
the rat. J Comp Neurol 336:293–306.

Woolley CS, McEwen BS (1994) Estradiol regulates hippocampal dendritic
spine density via an N-methyl-D-aspartate receptor-dependent mecha-
nism. J Neurosci 14:7680 –7687.

Woolley CS, Gould E, Frankfurt M, McEwen BS (1990) Naturally occurring
fluctuation in dendritic spine density on adult hippocampal pyramidal
neurons. J Neurosci 10:4035– 4039.

Woolley CS, Wenzel HJ, Schwartzkroin PA (1996) Estradiol increases the
frequency of multiple synapse boutons in the hippocampal CA1 region of
the adult female rat. J Comp Neurol 373:108 –117.

Woolley CS, Weiland NG, McEwen BS, Schwartzkroin PA (1997) Estradiol
increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA
receptor-mediated synaptic input: correlation with dendritic spine den-
sity. J Neurosci 17:1848 –1859.

Zamani MR, Desmond NL, Levy WB (2000) Estradiol modulates long-term
synaptic depression in female rat hippocampus. J. Neurophysiol
84:1800 –1808.

Zamani MR, Levy WB, Desmond NL (2004) Estradiol increases delayed,
N-methyl-D-aspartate receptor-mediated excitation in the hippocampal
CA1 region. Neuroscience 129:243–254.

Smith and McMahon • Estradiol, LTP, and NMDAR Transmission J. Neurosci., August 24, 2005 • 25(34):7780 –7791 • 7791


