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Estradiol Acutely Potentiates Hippocampal Excitatory
Synaptic Transmission through a Presynaptic Mechanism

Tereza Smejkalova and Catherine S. Woolley

Department of Neurobiology and Physiology, Northwestern University, Evanston, Illinois 60208

Although recent evidence suggests that the hippocampus is a source of 17 3-estradiol (E2), the physiological role of this neurosteroid E2,
as distinct from ovarian E2, is unknown. One likely function of neurosteroid E2 is to acutely potentiate excitatory synaptic transmission,
but the mechanism of this effect is not well understood. Using whole-cell voltage-clamp recording of synaptically evoked EPSCs in adult
rat hippocampal slices, we show that, in contrast to the conclusions of previous studies, E2 potentiates excitatory transmission through
a presynaptic mechanism. We find that E2 acutely potentiates EPSCs by increasing the probability of glutamate release specifically at
inputs with low initial release probability. This effect is mediated by estrogen receptor 3 (ER3) acting as a monomer, whereas ERa is not
required. We further show that the E2-induced increase in glutamate release is attributable primarily to increased individual vesicle
release probability and is associated with higher average cleft glutamate concentration. These two findings together argue strongly that
E2 promotes multivesicular release, which has not been shown before in the adult hippocampus. The rapid time course of acute EPSC
potentiation and its concentration dependence suggest that locally synthesized neurosteroid E2 may activate this effect in vivo.

Introduction

Recent studies support the idea that the hippocampus, a known
target of the steroid hormone 17B-estradiol (E2), is also a site of
E2 synthesis. The possibility that the brain produces its own ste-
roids, neurosteroids, was first proposed almost 30 years ago (Cor-
pechot et al., 1981). More recently, all enzymes needed to
synthesize E2 from cholesterol, as well as significant levels of
intermediate metabolites and E2 itself, have been demonstrated
in the adult rat hippocampus (Kimoto et al., 2001; Hojo et al.,
2004, 2009). This raises the question, what is the physiological
role of neurosteroid E2 as distinct from ovarian E2?

One likely answer lies in the ability of E2 to acutely potentiate
excitatory synaptic transmission. Within minutes of application
to hippocampal slices, E2 increases field EPSP slope (Teyler et al.,
1980; Sharrow et al., 2002; Kim et al., 2006; Kramar et al., 2009)
and potentiates intracellularly recorded EPSPs and EPSCs in CA1
(Wong and Moss, 1992; Foy et al., 1999; Rudick and Woolley,
2003). E2 also acutely increases CA1 neurons’ responses to glu-
tamate receptor agonists applied to slices (Wong and Moss, 1992)
or dissociated cells (Gu and Moss, 1996, 1998). Several observa-
tions suggest that brain-derived E2, not ovarian E2, is the endog-
enous steroid that activates these effects in vivo. First, although
acute potentiation can occur with E2 concentrations matching
peak circulating levels (~100 pMm), it is more robust with higher
concentrations, and potentiation of agonist-evoked responses re-
quires =10 nM E2. Second, acute potentiation occurs in slices
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from male as well as female hippocampus (Teyler et al., 1980;
Kramar et al., 2009). Finally, the ability of E2 to act within min-
utes is much more rapid than any fluctuations in circulating E2.

The mechanism(s) of acute potentiation of synaptic transmis-
sion by E2 are not well understood. Intracellular recording stud-
ies have shown that only some CA1 cells are E2 responsive,
suggesting that E2 action is cell specific. Furthermore, the studies
using exogenous agonist application led to the conclusion that E2
enhances postsynaptic sensitivity to glutamate. It is not clear,
however, whether conclusions based on nonsynaptic stimulation
apply to E2 effects on synaptic transmission. Therefore, we stud-
ied acute potentiation of synaptic responses by E2 using whole-
cell voltage-clamp recording of synaptically evoked EPSCs in
adult rat hippocampal slices. Consistent with previous reports,
we observed a response to E2 in only a subset of experiments.
Interestingly, however, the E2-responsive subset shared the char-
acteristic of relatively high initial paired-pulse ratio (PPR), and
E2 decreased PPR in parallel with synaptic potentiation, sugges-
tive of presynaptic mechanisms. Indeed, we found that E2 acutely
potentiates excitatory synaptic transmission in an input-specific
manner, through an increase in the probability of glutamate re-
lease specifically at inputs with low initial release probability. This
potentiation depends on activation of estrogen receptor 3 (ERf3)
and not ERa. Further investigation of mechanisms involved in
the E2-induced increase in glutamate release revealed that E2
increases individual vesicle release probability as well as average
cleft glutamate concentration, strongly suggesting that E2 pro-
motes multivesicular release.

Materials and Methods

Animals. All animal procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Northwestern University Animal Care
and Use Committee. Adult female Sprague Dawley rats (50—60 d old;
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Harlan) were ovariectomized under ketamine (85 mg/kg, i.p; Bioniche
Pharma) and xylazine (13 mg/kg, i.p.; Lloyd Laboratories) anesthesia
using aseptic surgical procedures. Either 3 or 7 d after surgery, each rat
was given two injections (subcutaneously) of 10 pg of 17B-estradiol
benzoate in 100 ul of sesame oil, 24 h apart, and slices were prepared 2 d
after the second injection. This estradiol pretreatment produces serum
levels of ~30—40 pg/ml (corresponding to peak proestrus levels) (Smith
etal., 1975) at the time the animal is killed (Woolley and McEwen, 1993),
and has been shown to increase CAl responsiveness to acute effects of
estradiol on excitatory synaptic transmission (Wong and Moss, 1992).

Chemicals. Stock solutions of the following drugs were prepared in
DMSO: (+)-bicuculline, cyclothiazide (CTZ), propylpyrazole triol
(PPT), diarylpropionitrile (DPN), ICI 182,870, 2,3-dioxo-6-nitro-
1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), G-1
(all from Tocris Bioscience), and 17B- and 17a-estradiol (Sigma-
Aldrich). Stock solutions of y-p-glutamylglycine (yDGG) and (RS)-3-
(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid [(RS)-CPP] (both
from Tocris Bioscience) were prepared in ddH,O. Stock solutions were
diluted in artificial CSF (ACSF) on the day of recording to the final
concentrations indicated. Control ACSF contained an equivalent con-
centration of DMSO (<<0.1%). Other chemicals were either from Fisher
Scientific (NaCl, NaHCO,, dextrose, KCl, and NaH,PO,) or from
Sigma-Aldrich (sesame oil, CaCl,, MgCl,, K-gluconate, HEPES, Na,-
creatine phosphate, MgATP, NaGTP, biocytin, and QX314).

Slice preparation and electrophysiology. Rats were deeply anesthetized
with sodium pentobarbital (80 mg/kg, i.p.; Virbac Animal Health) and
perfused transcardially with ice-cold oxygenated ACSF containing the
following (in mm): 125 NaCl, 25 NaHCO;, 25 dextrose, 2.5 KCl, 1.25
NaH,PO,, 1 MgCl,, and 2 CaCl,, 315 Osm, pH 7.4. Transverse slices of
dorsal hippocampus (300 um) were cut into an ice-cold bath of oxygen-
ated ACSF using a Leica VT1000S oscillating tissue slicer. Slices were
allowed to recover submerged in oxygenated ACSF at 35°C for 30 min
and were then kept at room temperature until recording. During record-
ing, slices were perfused with warm (32-35°C) or room temperature
(20-22°C, for high-frequency train experiments and yDGG/NBQX ex-
periments) oxygenated ACSF at a rate of ~2 ml/min in a recording
chamber mounted on a Zeiss Axioskop. Somatic whole-cell voltage-
clamp recordings were obtained from visually identified CA1 pyramidal
cells using patch electrodes (3—5 M(Q) filled with intracellular solution
containing the following (in mm): 115 K-gluconate, 20 KCl, 10 HEPES,
10 Na,-creatine phosphate, 2 MgATP, 0.3 NaGTP, 0.1% biocytin, and
1-5 QX314, 280 Osm, pH 7.3. One or two glass bipolar stimulating
electrodes filled with ACSF were placed in the stratum radiatum ~300
pum apart. At the beginning of every double-stimulation experiment, it
was confirmed that no paired-pulse facilitation [interpulse interval (IPI),
100 ms] occurred when the first pulse was delivered at one stimulation
site and the second pulse was delivered at the other stimulation site,
indicating no overlap of stimulated inputs. During an experiment,
paired-pulse stimulation (IPI, 100 or 50 ms) was delivered every 15 s; in
double-stimulation experiments, stimulation was delivered every 15 s,
alternating between the two stimulation sites; in high-frequency train
experiments, 2 min of paired-pulse stimulation (delivered every 15 s)
alternated with 3 min of train stimulation (100-pulse, 20 Hz trains deliv-
ered every 45 s). In experiments using both 50 and 100 ms IPI, there were
no effects of IPI on either baseline PPR or the E2 effect on PPR. Series
resistance was monitored using 5 mV, 10 ms voltage steps and ranged
between 5 and 25 M) between experiments. Only experiments with
stable series resistance and holding current were included in the analysis,
and series resistance did not differ between E2-responsive and E2-
nonresponsive experiments. Synaptically evoked AMPA-receptor-
mediated EPSCs were recorded at a holding potential of —70 mV in the
presence of the GABA, and NMDA receptor blockers, (+)-bicuculline
(10 um) and (RS)-CPP (10 um), respectively. Data were acquired with an
Axopatch 200B amplifier and pClamp 9.0 software (Molecular Devices),
filtered at 2 kHz, and digitized at 20 kHz using a Digidata 1322A data
acquisition system (Molecular Devices).

After a stable 10—15 min baseline recording in control ACSF, different
drugs were bath applied as follows: E2 (100 pm to 100 nm) for 10—15 min,
in most cases followed by a 10—-30 min washout period; CTZ (100 um),
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PPT (100 or 200 nm), DPN (100 or 500 nm), ICI 182,780 (100 nm), or G-1
(100 nm) alone for 12 min, followed by coapplication with E2 (100 nm)
for 12 min, followed by E2 (100 nm) alone (see Fig. 4); yYDGG (1 mm) for
10 min either in the absence or presence of E2 (100 nm) (see Fig. 6);
NBQX (200 nm) for 15 min either in the absence or in the presence of E2
(100 nm) (see Fig. 6). Effects of different drugs were evaluated by com-
paring data from the last 5 min of recording in each condition or from a
5 min period after the maximal effect of a drug was reached (in yDGG
and NBQX experiments). Because effects of E2 were not readily revers-
ible, E2 and ER agonists were applied to each slice only once.

In experiments using high-frequency stimulus trains, a 15-20 min
baseline recording was followed by a 20 min recording in the presence of
E2 (100 nm). Effects of E2 were evaluated by comparing data from the last
10 min of E2 application to data from the last 10 min of baseline to
include a sufficient number of train sweeps. The analysis of trains was
based on Schneggenburger et al. (1999) and Wesseling and Lo (2002).
Baseline EPSC trains showed early facilitation followed by gradual de-
pression, and reached a steady state after ~70 pulses, consistent with
previous reports (Wesseling and Lo, 2002). The cumulative EPSC charge
during the last second of the train (sum of pulses 81-100) was used to
estimate the rate of steady-state release attributable to vesicle replenish-
ment, assumed to be constant throughout the train. The relative size of
the readily-releasable vesicle pool (RRP) was estimated from the cumu-
lative EPSC charge recorded before the steady state was reached (sum of
pulses 1-80) after subtracting the EPSC charge caused by vesicle replen-
ishment during the train (four times the sum of pulses 81-100). The
proportion of the total RRP released by the first stimulus was used to
estimate the relative individual vesicle release probability, P,..

Data were analyzed off-line using Igor Pro (Wavemetrics) software,
and statistical significance was evaluated with Student’s ¢ tests or ANOVA
followed by Bonferroni post hoc tests, as indicated. A p value of <0.05
was considered significant.

Results
17 3-Estradiol acutely potentiates EPSC amplitude in a subset
of experiments
We investigated the ability of E2 to rapidly potentiate excitatory
synaptic transmission in adult female rat hippocampus. We stim-
ulated the Schaffer collateral pathway in acute slices and made
whole-cell voltage-clamp recordings of synaptically evoked
EPSCs from CA1 pyramidal cells. In a subset of experiments, bath
application of E2 (100 pM to 100 nm) potentiated EPSC ampli-
tude within minutes (Fig. 1A). This effect was not readily revers-
ible, possibly because of slow wash out of E2 from the slice or
initiation of a persistent effect that outlasts the presence of E2. We
quantified EPSC potentiation by normalizing average EPSC am-
plitude recorded during the last 5 min in E2 to baseline EPSCs
during the last 5 min before E2 application. This showed that the
magnitude of E2-induced potentiation ranged from 0.76 to 1.76,
with a clearly bimodal distribution among experiments (Fig. 1 B).
Based on this distribution, we subsequently divided all experi-
ments into two groups: those showing >20% potentiation were
classified as E2 responsive and the rest as E2 nonresponsive.
Using the >20% potentiation criterion, we found that both
the frequency of responders and the extent of potentiation in
responders increased with increasing concentrations of E2. At
100 pM, E2 potentiated EPSCs in 6 of 14 (43%) experiments, by
26 * 2%; 1 nm E2 potentiated EPSCs in 9 of 22 (41%) experi-
ments, by 29 = 3%; 10 nM E2 potentiated EPSCs in 8 of 17 (47%)
experiments, by 33 = 4%; and 100 nm E2 potentiated EPSCs in 18
of 28 (64%) experiments, by 42 = 3% (Fig. 1C). The effect of E2
was stereospecific, as no potentiation was observed with 100 nm
17a-estradiol (n = 5).
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Figure1. Estradiol acutely potentiates EPSCamplitude in a subset of experiments. EPSCs evoked by Schaffer collateral pathway stimulation were recorded from CA1 pyramidal cells in acute slices

from adult female rats (see Materials and Methods). E2 (100 pm to 100 nm) was bath applied for 10—15 min. 4, Representative E2-responsive experiment illustrating the rapid time course of EPSC
amplitude potentiation by E2. Inset, A schematic of electrode placement and individual current traces recorded during baseline and in E2. B, Bimodal distribution of EPSC potentiation by E2 (100 nm)
used to classify experiments as E2 responsive (>20% increase; green) or E2 nonresponsive (=20% increase; blue). C, Normalized EPSC amplitude in responders (green) and nonresponders (blue)
with various concentrations of 173-E2 (100 pw to 100 nm) and 17 -E2 (100 nw). Each open symbol represents an individual experiment; filled symbols represent mean == SEM for each condition.

p < 0.01; one-way ANOVA for normalized EPSC amplitude in E2-responsive experiments.

E2 acutely influences presynaptic physiology

Previous studies indicated that E2 acutely increases postsynaptic
responsiveness to AMPA receptor agonists. The range in magni-
tude of EPSC potentiation we observed, however, raised the pos-
sibility that variation in E2 responsiveness might be related to
differences in glutamate release properties, which are known to
vary widely among CA1 synapses (Turner et al., 1997; Dobrunz
and Stevens, 1997). Thus, we investigated potential presynaptic
effect(s) of E2 by analyzing the PPR, a measure related to neuro-
transmitter release probability and commonly used to assess
changes in presynaptic function.

We recorded EPSCs evoked by paired-pulse stimulation (IPI,
100 ms) of the Schaffer collateral pathway and examined the
effect of E2 on PPR in E2 responders and nonresponders. This
revealed, first, that responders and nonresponders differed in
baseline PPR even before E2 was applied (Fig. 2A, B). Baseline
PPR in responders was 1.48 = 0.03, significantly higher than the
1.37 * 0.02 baseline PPR in nonresponders (¢ test, p < 0.01). In
addition, E2 decreased PPR within minutes of application specif-
ically in responders (Fig. 2A) (one-way ANOVA, p < 0.01),
whereas it had no effect on PPR in nonresponders (Fig. 2 B) (one-
way ANOVA, p > 0.7). Since PPR is inversely related to release
probability, these results suggest that E2 acts preferentially on
synapses with relatively low initial probability of release to poten-
tiate EPSC amplitude, at least in part, by increasing glutamate
release probability.

Although AMPA receptor desensitization does not seem to
influence EPSC amplitude or PPR during basal synaptic trans-
mission (Hjelmstad et al., 1999), it could be upregulated during a
potentiated state. If so, glutamate released by the first pulse in a
paired-pulse experiment may desensitize some postsynaptic re-
ceptors, limiting the postsynaptic current recorded on the second
pulse and decreasing PPR. To address this possibility, we exam-
ined the effects of E2 (100 nm) on EPSC amplitude and PPR in the
presence of CTZ (100 um), which blocks AMPA receptor desen-
sitization (Trussell et al., 1993). In 9 of 14 experiments with CTZ,
E2 rapidly increased EPSC amplitude by >20% (on average, by
33 = 4%) (Fig. 2C). In these E2-responsive experiments, PPR was
initially high and decreased in E2, from 1.53 = 0.08 to 1.35 * 0.05

(Fig. 2C) (one-way ANOVA for amplitude, p < 0.01; one-way
ANOVA for PPR, p < 0.01), similar to results without CTZ. In
the remaining 5 of 14 experiments in CTZ that were E2 nonre-
sponsive, PPR was low and remained constant in E2 (Fig. 2D).
Thus, the E2-induced decrease in PPR is not dependent on
AMPA receptor desensitization.

PPR also can be influenced by differences in the quality of
voltage clamp between experiments or over the course of an ex-
periment. To investigate possible voltage-clamp artifact, we
analyzed EPSC rise times in a subset of E2 experiments and
found them to be comparable in responders and nonre-
sponders and unchanged by E2 application (supplemental Fig.
S1A, available at www.jneurosci.org as supplemental mate-
rial). Additionally, analyzing the coefficient of variation (CV)
of EPSC amplitude (equal to SD/mean), a measure related to
presynaptic parameters (a high CV reflects a low release prob-
ability and vice versa) (Malinow and Tsien, 1990), showed that
baseline CV was higher in responders than nonresponders and
that E2 acutely decreased CV specifically in responders (sup-
plemental Fig. S1 B) (two-way ANOVA, interaction, p < 0.01).
Thus, the most plausible interpretation of our results is that E2
rapidly increases glutamate release probability preferentially
at those synapses where baseline release probability is rela-
tively low. To our knowledge, this is the first demonstration
that E2 acutely regulates presynaptic physiology in the
hippocampus.

E2-induced EPSC potentiation and PPR decrease are
input specific
The observation that E2 responsiveness is related to baseline PPR,
a presynaptic characteristic, is difficult to reconcile with the
postsynaptic mechanism of E2 action deduced from previous
studies. Moreover, the rapid decrease in PPR observed during E2
application points to a presynaptic effect. These results suggest
that E2 responsiveness could be a property of specific inputs to a
postsynaptic cell, rather than of the postsynaptic cell itself.

To examine this possibility, we delivered paired-pulse stimu-
lation to two nonoverlapping sites in the stratum radiatum and
recorded EPSCs from a common postsynaptic CA1 pyramidal
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cell. Interestingly, bath application of E2
often affected the two sets of inputs on a
single postsynaptic cell differently. In the
most extreme cases (n = 9 of 31) (Fig.
3A-C), EPSCs were potentiated by >20%
at one set of inputs (average normalized
EPSC amplitude in E2, 1.30 = 0.02),
whereas no EPSC potentiation occurred
at the other set of inputs to the same cell
(average normalized EPSC amplitude in
E2,1.00 = 0.04). Furthermore, even when
recorded from a common postsynaptic
cell, E2-responsive inputs were character-
ized by a higher baseline PPR that de-
creased during E2 application, whereas
E2-nonresponsive inputs had a lower
baseline PPR that remained unaffected by
E2 (Fig. 3B,C) (two-way ANOVA, effect
of group, p < 0.05; effect of E2, p < 0.05;
interaction, p < 0.05). There was no con-
sistent relationship between E2 respon-
siveness and distance of the stimulating
electrode from the cell body layer: in three
of nine experiments, the E2-responsive
inputs were more distal than the E2-
nonresponsive inputs, and in the other
six of nine experiments, E2-responsive
inputs were more proximal. In addition,
there was no difference in EPSC rise
times between E2-responsive and E2-
nonresponsive inputs from a common
postsynaptic cell (data not shown) (paired
ftest, p > 0.1), arguing that the observed
input-specific differences in response to
E2 were not caused by voltage clamp er-
ror. Thus, the double-input experiments
show that acute E2-induced EPSC poten-
tiation (and the corresponding decrease
in PPR) are input specific, rather than
postsynaptic cell specific.

The observation that E2-induced EPSC
potentiation depends on presynaptic in-
puts influences interpretation of the bi-
modal distribution of E2 responsiveness
(Fig. 1 B). EPSCs in our experiments re-
flect the composite response of multiple
individual synapses, and thus should
contain both E2-responsive and E2-
nonresponsive individual synapses in
some proportion. This suggests that
EPSCs resulting from activation of
many inputs are likely to contain a mix-
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Figure 2.  Estradiol acutely increases release probability. A, B, EPSCs were evoked by paired-pulse stimulation (interpulse
interval, 100 ms) before and during bath application of E2 (100 pmto 100 nm). Experiments were classified as E2 responsive (green)
or E2 nonresponsive (blue) based on >20% EPSC amplitude potentiation. 4, Plot of mean == SEM PPR over time in E2-responsive
experiments (n = 41). In E2-responsive experiments, PPR was high during baseline and decreased during E2 application (one-way
ANOVA, p < 0.01). **p < 0.01 (a significant difference between baseline PPR in E2-responsive versus E2-nonresponsive experi-
ments;  test). Top, Representative individual traces recorded during baseline and in E2. B, Plot of mean == SEM PPR over time in
E2-nonresponsive experiments (n = 39). In E2-nonresponsive experiments, the PPR was relatively low during baseline and
remained unchanged during E2 application (one-way ANOVA, p > 0.7). Top, Representative individual traces recorded during
baseline and in E2. C, D, Effects of E2 were examined while AMPAR desensitization was blocked with CTZ. EPSCs were recorded
before and during bath application of CTZ (100 wm), followed by bath application of CTZ (100 M) + E2 (100 nm). C, Plot of
mean = SEM normalized EPSC amplitude (solid line) and PPR (dashed line) during baseline, in CTZ, and in CTZ + E2 in E2-
responsive experiments (n = 9). E2 acutely decreased PPR in parallel with potentiating EPSC amplitude even when AMPAR
desensitization was blocked with CTZ (one-way ANOVA for EPSC amplitude, p << 0.01; one-way ANOVA for PPR, p << 0.01). *p <
0.05 (significant difference in PPR between (TZand CTZ + E2; Bonferroni post hoc test); **p << 0.01 (significant difference in EPSC
amplitude between (TZ and (TZ + E2; Bonferroni post hoc test). Top, Representative individual traces recorded in indicated
conditions. D, Plot of mean == SEM normalized EPSCamplitude (solid line) and PPR (dashed line) during baseline, in CTZ, and in (TZ
-+ E2iin E2-nonresponsive experiments (n = 5). Top, Representative individual traces recorded in indicated conditions. See also
supplemental Figure S1 (available at www.jneurosci.org as supplemental material).

ture of E2-responsive and E2-nonresponsive individual synapses,
and thus show EPSC potentiation of relatively small magnitude
occurring in most experiments. In contrast, EPSCs resulting from
activation of fewer inputs would be more likely to contain mostly
E2-responsive or mostly E2-nonresponsive synapses, particularly
if the distribution of E2-responsive versus E2-nonresponsive syn-
apses is somewhat patchy, and to show EPSC potentiation of a
larger magnitude but less frequently.

To test these predictions, we compared the effects of E2 in a
subset of experiments with relatively small (74 = 4 pA; n = 25)
versus large (185 = 25 pA; n = 31) EPSCs (supplemental Fig.

S2A, available at www.jneurosci.org as supplemental material)
selected to have the same baseline PPR (each 1.45 * 0.03) (sup-
plemental Fig. S2B). Thus, small and large EPSCs had similar
proportions of low and high release probability synapses, on av-
erage, but small EPSC:s likely contained fewer total synapses than
large EPSCs. Consistent with our prediction, we found that large
EPSCs tended to respond to E2 more frequently than small EPSCs
(71 vs 64%), but the magnitude of their response was significantly
smaller than for small EPSCs (35 % 3% vs 47 = 5%; t test, p < 0.05)
(supplemental Fig. S2C). PPR decreased in E2 similarly for small
and large EPSCs (two-way ANOVA, effect of E2, p < 0.01; effect
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Figure 3. Estradiol-induced EPSC potentiation and PPR decrease are input specific.
EPSCs were evoked by alternating paired-pulse stimulation of two nonoverlapping sets of
Schaffer collateral inputs to a common CA1 pyramidal cell. A, A schematic of electrode
placement and representative individual current traces evoked at E2-responsive and E2-
nonresponsive inputs recorded from a single cell. B, Plot of mean = SEM normalized EPSC
amplitude (solid line) and PPR (dashed line) at E2-responsive inputs (green; n = 9); E2
decreased PPR in parallel with potentiating EPSCs in an input-specific manner. *p << 0.05
(significant effect of E2 on PPR; paired t test). C, Plot of mean = SEM normalized EPSC
amplitude (solid line) and PPR (dashed line) at E2-nonresponsive inputs (blue) from the
same cells as in B. See also supplemental Figure S2 (available at www.jneurosci.org as
supplemental material).

of initial EPSC size, p > 0.2; interaction, p > 0.3) (supplemental
Fig. S2 D, available at www.jneurosci.org as supplemental mate-
rial). Thus, our results are consistent with the idea that the E2
response of a composite EPSC reflects heterogeneous E2 re-
sponsiveness among the individual synapses it contains. In-
deed, E2-induced potentiation of some individual synapses
may be much more robust than the observed potentiation of
composite EPSCs. This analysis also demonstrates that E2 re-
sponsiveness does not depend on baseline release probability
alone, since small and large EPSCs with the same baseline PPR
responded differently to E2. One likely possibility is that a
synapse responds to E2 only if its initial release probability is
sufficiently low and it possesses some additional factor, such
as the appropriate estrogen receptor.

E2 acutely potentiates EPSCs through ER activation

Which ERs mediate acute EPSC potentiation? The hippocampus
contains both classical ERs, ERa and ER3, and a portion of ER«
and ERB in CA1 is found at excitatory synapses both presynapti-
cally and postsynaptically (Milner et al., 2001, 2005). We used the
ERa and ERP selective agonists, PPT (Stauffer et al., 2000) and
DPN (Meyers et al., 2001), respectively, to investigate the roles of
ERw and ERB in acute EPSC potentiation. Based on the binding
affinities of PPT and DPN for their preferred ERs, we used PPT
at concentrations 100 or 200 nm and DPN at concentrations
100 or 500 nM to approximate the dose of E2 that was most
effective (100 nMm).
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DPN both mimicked and occluded the effect of E2 to poten-
tiate EPSCs, whereas PPT had no effect (Fig. 4A,B). In 12 of 23
experiments, DPN rapidly potentiated EPSC amplitude by
>20% (on average, by 30 * 2%) (Fig. 4C). Additionally, in 15 of
these experiments (8 DPN responsive, 7 DPN nonresponsive),
DPN application was followed by E2 (100 nm), which induced no
further potentiation (Fig. 4A,C). Importantly, DPN also de-
creased PPR in parallel with potentiating EPSC amplitude, spe-
cifically in responsive inputs (Fig. 4F,G) (paired f test, p < 0.01
for responders; p > 0.2 for nonresponders). In 5 of 11 DPN
experiments done with two stimulating electrodes to activate
nonoverlapping inputs to a single cell, one input was potentiated
by >20%, whereas the other was not responsive, and PPR de-
creased specifically at the potentiated input (data not shown)
(paired t test, p < 0.05 for responsive inputs; p > 0.2 for nonre-
sponsive inputs). Thus, like with E2, DPN-induced EPSC poten-
tiation is input specific, not postsynaptic cell specific.

In contrast to results with DPN, PPT failed to potentiate EPSC
amplitude in any of 15 experiments. In 8 experiments, PPT ap-
plication was followed by E2 (100 nm), and in 5 cases, E2 after
PPT induced robust EPSC amplitude potentiation (Fig. 4B, D),
showing that inputs that failed to respond to PPT were capable of
responding to E2. Paired-pulse ratio also was unchanged by PPT
(Fig. 4 H) (paired ¢ test, p > 0.1). Together, these results indicate
that acute actions of E2 to potentiate EPSCs and decrease PPR are
mediated by ERB and not by ERa. That DPN mimics both E2
effects is consistent with the idea that EPSC potentiation and
decreased PPR are related, such that E2 acutely potentiates EPSCs
by increasing glutamate release probability.

To further investigate the role of ERs in mediating acute EPSC
potentiation, we used ICI 182,780, which binds ER« and ERf
with similar high affinity and behaves as an antagonist of classical
nuclear ER activity in transcriptional assays (Sun et al., 2002) by
blocking receptor dimerization (Fawell et al., 1990; Pike et al.,
2001). Surprisingly, ICI 182,780 (100 nm) alone potentiated
EPSC amplitudes in 8 of 26 experiments. In 14 of these experi-
ments (4 ICI responsive, 10 ICI nonresponsive), ICI 182,780 ap-
plication was followed by E2 (100 nm), which induced no
significant additional potentiation (Fig. 4E). Similar to E2 and
DPN, ICI 182,780 decreased PPR in parallel with potentiating EPSC
amplitude (Fig. 41,]) (paired ¢ test, p << 0.05 for responders; p > 0.3
for nonresponders) and potentiated EPSCs in an input-specific
manner (4 of 12 double-input experiments). The finding that ICI
182,780 alone can mimic and occlude acute effects of E2 on excita-
tory synaptic transmission suggests that ER3 mediates acute E2-
induced EPSC potentiation without dimerizing.

Because ICI 182,780 has been reported to activate the
G-protein-coupled membrane ER, GPR30 (Filardo et al., 2002),
we also tested whether a selective agonist for GPR30, G-1, mim-
icked E2-induced EPSC potentiation, as has been suggested pre-
viously (Lebesgue et al., 2009). E2 and G-1 have similar binding
affinities for GPR30 (K; of 5.7 and 11 nM, respectively) and 100
nM G-1 is sufficient to induce maximal Ca** mobilization in
GPR30-transfected COS7 cells (Bologa et al., 2006). We found
that G-1 (100 nM) potentiated EPSCs by >20% in only 2 of 15
experiments, by 25 and 33% (data not shown). G-1 decreased
PPRin these experiments from 1.53 to 1.47 and 1.42 to 1.24 (data
not shown). G-1 did not affect EPSC amplitude or PPR in the
remaining 13 of 15 experiments. Thus, although we cannot ex-
clude some role for GPR30 in EPSC potentiation, the small pro-
portion of G-1-responsive experiments indicates that GPR30 is
unlikely to fully account for EPSC potentiation by E2. The results
with G-1 were in stark contrast to the effects DPN, which closely
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mimicked and occluded EPSC potentia-
tion by E2, arguing that E2 acts primarily
through ERP to potentiate EPSCs.

Acute effects of E2 on the readily-releasable
vesicle pool and individual vesicle

release probability

To investigate the mechanism(s) of E2-
induced potentiation, we considered two
major factors that influence glutamate re-
lease probability: the number of neuro-
transmitter vesicles in the RRP and the
probability of release of an individual ves-
icle (P,.,) from this pool. Long trains of
high-frequency stimulation can be used to
deplete the RRP (Schneggenburger et al.,
1999). Steady-state release at the end of a
train is related to the rate of vesicle replen-
ishment. Assuming vesicle replenishment
takes place at the same constant rate
throughout the stimulus train, relative
RRP size can be estimated by subtracting
cumulative steady-state EPSC charge
from cumulative EPSC charge recorded
while the RRP empties, before the steady
state is reached. Relative P, can then be
estimated as the fraction of the RRP re-
leased in response to the first pulse of the
train (Wesseling and Lo, 2002).

Trains of EPSCs evoked by 100-
pulse, 20 Hz stimulation at the elevated
temperature used for previous experi-
ments (32-35°C) failed to reach a steady
state (data not shown), but trains evoked
by identical stimulation at room temper-
ature (20—22°C) reached a steady state af-
ter ~70 pulses (Fig. 5A) (Wesseling and
Lo, 2002; Garcia-Perez et al., 2008). The
range of paired-pulse ratios at the two
temperatures was comparable, consistent
with others’ findings that baseline release
probability is unaffected by temperature
(Allen and Stevens, 1994). Similarly, the
effects of E2 (100 nM) at room tempera-
ture were similar to results at elevated
temperature (supplemental Fig. S3A-D,
available at www.jneurosci.org as sup-
plemental material). E2 increased EPSC
amplitude at room temperature in 24 of
37 (65%) experiments (normalized EPSC
amplitude in E2 in responders, 1.38 =
0.04; normalized EPSC amplitude in E2
in nonresponders, 1.03 = 0.02) and in-
duced a robust decrease in PPR specifically
in responders (supplemental Fig. S3C,D).

We then tested whether acute E2 ef-
fects on excitatory synaptic transmission
are associated with changes in relative
RRP size and/or relative P, estimated us-

ves

ing 100-pulse, 20 Hz stimulus trains at room temperature. The
biggest effect of E2 was to increase the first few EPSCs in the train
(Fig. 5B, C). Comparison of EPSC trains evoked before and dur-
ing E2 application revealed no difference in cumulative steady-
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Figure 4.  Estradiol-induced EPSC potentiation and PPR decrease are mediated by ER3 and not ERcx. EPSCs were recorded during

baseline and during bath application of ER 3-selective agonist DPN (100 or 500 nw) followed by E2 (100 nm), during bath application of
ERcx-selective agonist PPT (100 or 200 nw) followed by E2 (100 nw), or during bath application of ER antagonist ICl 182,780 (100 nm)
followed by E2 (100 nm). A, Representative experiment illustrating changes in EPSCamplitude during application of ER 3 agonist DPN (500
nw), followed by E2 (100 nm). Top, Representative individual traces from the same cell recorded in indicated conditions. B, Representative
experiment illustrating changes in EPSC amplitude during application of ERcx agonist PPT (100 nw) followed by E2 (100 nw). Top, Repre-
sentative individual traces from the same cell recorded in indicated conditions. C; Plot of mean == SEM normalized EPSCamplitude during
baseline, in DPN, and DPN + E2 in DPN-responsive (green; n = 8) and DPN-nonresponsive (blue; n = 7) experiments. The ER(3 agonist
DPN mimicked and occluded EPSC potentiation by E2 (one-way ANOVA for responders, p << 0.01). **p << 0.01 (significant difference
between baseline and DPN, Bonferroni post hoc test). D, Plot of mean == SEM normalized EPSCamplitude during baseline, in PPT, and PPT
+ E2in E2-responsive (green; n = 5) and E2-nonresponsive (blue; n = 3) experiments. In a subset of PPT-nonresponsive experiments, a
subsequent response to E2 was observed (one-way ANOVA for responders, p << 0.01). **p << 0.01 (significant difference between PPT and
PPT + E2, Bonferroni post hoctest). E, Plot of mean == SEM normalized EPSCamplitude during baseline, in 11 182,780, and IC1 182,780 +
E2in ICl-responsive (green; n = 4) and ICl-nonresponsive (blue; n = 10) experiments. ICl 182,780 mimicked and occluded EPSC potenti-
ation by E2 (one-way ANOVA forresponders, p << 0.01). *p << 0.05 (significant difference between baseline and IC1 182,780, Bonferroni post
hoctest). F, Plot of PR in DPN-responsive experiments (7 = 12). DPN decreased PPRin parallel with potentiating EPSCs. **p << 0.01 (paired ttest).
G, Plotof PPRin DPN-nonresponsive experiments (n = 11). Therewas nosignificant difference. H, Plot of PPRin all PPT experiments (n = 15). There
wasnosignificant difference. /, Plot of PPRin ICl-responsive experiments (n = 8).1C1 182,780 decreased PPRin parallel with potentiating EPSCs. *p <
0.05 (paired ¢ test). J, Plot of PR in ICl-nonresponsive experiments (n = 18). There was no significant difference. In F-J, connected open symbols
represent individual experiments; filled symbols represent the mean == SEMin each condiition.

state EPSC charge between the two conditions (Fig. 5D) (p >
0.2), suggesting that E2 does not modulate the steady-state rate of
vesicle replenishment. Whereas there was a small increase in cu-
mulative RRP charge in E2 (Fig. 5E) ( p < 0.01), E2 caused a more
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release probability. Sizes of the RRP and individual P, were estimated from responses to
100-pulse, 20 Hz stimulus trains during baseline and in the presence of E2 (100 nu). 4, Plot of
mean = SEM normalized EPSC charge during stimulus trains during baseline (black) and in 100
nm E2 (green) in E2-responsive experiments (n = 12). Inset, Representative individual trace
recorded during baseline. B, Representative individual traces evoked by the first 10 pulses of a
100-pulse stimulus train, before and during E2. €, Plot of mean == SEM normalized EPSC charge
during the first 10 pulses of 100-pulse stimulus trains during baselineand in 100 nm E2 (n = 12).
D, Plot of cumulative steady-state charge (sum of pulses 81—100) before and during E2. There
was no significant difference. £, Plot of RRP charge [(sum of pulses 1—-80) — 4 X (sum of pulses
81-100)] before and during E2. **p << 0.01 (significant effect of E2; paired ¢ test). F, Plot of
EPSC1 charge as proportion of RRP charge before and during E2. E2 consistently increased the
proportion of RRP released by the first stimulus, consistent with increasing P,,. **p << 0.01
(significant effect of E2; paired t test). For D—F, connected open symbols represent individual
experiments; filled symbols represent the mean == SEM in each condition. See also supplemen-
tal Figure S3 (available at www.jneurosci.org as supplemental material).

robust increase in the fraction of the RRP released in response to
the first pulse, indicating an increase in P, (Fig. 5F) ( p < 0.01).
Furthermore, examining individual experiments showed that E2-
induced EPSC potentiation was correlated with the increase in
P, ., but not in the RRP. There was no correlation between the
relative change in RRP and E2-induced EPSC potentiation (sup-
plemental Fig. S3E) (r = 0.3597; p > 0.1). In contrast, a large

relative change in P, was consistently associated with greater
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EPSC potentiation by E2 and vice versa (supplemental Fig. S3F)
(r = 0.7136; p < 0.01). This observation, and the fact that the
magnitude of the P, increase in E2 (36 == 9%) was similar to the
degree of EPSC potentiation (38 = 4%), suggests that E2 poten-
tiates EPSC amplitude primarily by increasing individual vesicle
release probability.

E2 increases average cleft glutamate concentration,
suggesting enhanced multivesicular release

Increased P, could result in a larger fraction of stimulated syn-
apses releasing a single vesicle and/or cause some synapses to
release more than one vesicle upon stimulation, i.e., multivesicu-
lar release (MVR). Compared to single-vesicle release, MVR leads
to higher glutamate concentration in the synaptic cleft after stim-
ulation. Evidence for MVR has come from experiments using
low-affinity glutamate receptor antagonists that block EPSCs in a
manner dependent on cleft glutamate concentration. Manipula-
tions known to increase P, ., such as elevated extracellular Ca*”"
or 4-AP, increase average cleft glutamate concentration, whereas
manipulations that decrease P, such as adenosine, have the
opposite effect, consistent with changes in P, being related to
changes in MVR (Tong and Jahr, 1994; Christie and Jahr, 2006).
Based on these studies, we hypothesized that acute E2 applica-
tion, which we found increases P,,, might enhance MVR, result-
ing in higher average cleft glutamate concentration.

We used yDGG (1 mm), a low-affinity AMPA receptor antag-
onist, to investigate whether E2-induced EPSC potentiation is
associated with a higher average cleft glutamate concentration. If
s0, the degree of EPSC block by yDGG should be smaller in the
presence than in the absence of E2. Because of the lifetime of a
recording, it was not feasible to examine the degree of yYDGG
block both before and after E2 application for the same cells.
Instead, we examined yDGG block in the absence of E2 (Fig. 6 A)
in one group of cells and in the presence of E2 (Fig. 6B) in a
separate group of cells. In experiments where yDGG was applied
in the absence of E2, E2 was applied after yDGG washout to
determine whether the stimulated inputs were E2 responsive or
nonresponsive (Fig. 6 A). In agreement with the MVR hypothesis,
E2 decreased yDGG block (corresponding to a larger fraction of
the EPSC remaining in yDGG), indicating higher average cleft
glutamate concentration in E2 (Fig. 6 E) (¢ test, p < 0.05). Impor-
tantly, this was true only in E2-responsive experiments and not in
E2-nonresponsive experiments (data not shown) (¢ test, p > 0.3),
demonstrating that the E2-induced increase in cleft glutamate
concentration is specifically associated with E2-induced EPSC
potentiation. The magnitude of E2’s effect on yDGG block is
comparable to the effect of increasing extracellular Ca** from 1.5
to 2.5 mMm (Christie and Jahr, 2006), a manipulation known to
significantly influence neurotransmitter release. To confirm that
the difference between the degree of yDGG block in the absence
versus presence of E2 in responders was not caused by voltage-
clamp error, we repeated this experiment with NBQX (200
nM), a high-affinity AMPA receptor antagonist for which
block is independent of cleft glutamate concentration (Fig.
6D-F). As expected, and unlike yDGG block, the degree of
NBQX block was the same in the presence and absence of E2
(Fig. 6 F) (t test, p > 0.4). Thus, these results show that E2
increases average cleft glutamate concentration, which, to-
gether with our result that E2 increases P, (Fig. 5F), strongly
suggests that E2 enhances MVR.

Finally, we asked whether E2 could occlude the effect of a
manipulation known to increase MVR. Paired-pulse facilitation
is related mostly to higher P, ., on the second pulse in a pair
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Figure 6.

Estradiol increases average cleft glutamate concentration. A—C, The low-affinity AMPAR antagonist -yDGG (1 mm) was bath applied either in the absence or in the presence

of E2 (100 nm). A, Representative experiment illustrating changes in EPSC amplitude during application of yDGG in the absence of E2. E2 was applied at the end of the experiment to
confirm that the stimulated inputs were E2 responsive. Top, Individual current traces from the same cell recorded in indicated conditions. B, Representative experiment illustrating
changes in EPSCamplitude during application of yDGG in the presence of E2. Top, Individual current traces from the same cell recorded in indicated conditions. C, Plot of normalized EPSC
amplitude remaining in yDGG in the absence (n = 6) versus in the presence (n = 9) of E2. yDGG was less effective in the presence of E2, consistent with higher average cleft glutamate
concentration in E2. *p << 0.05 (a significant effect of E2; t test). D-F, The high-affinity AMPAR antagonist NBQX (200 nm) was bath applied either in the absence or in the presence of
E2 (100 nm). D, Representative experiment illustrating changes in EPSCamplitude during application of NBQX in the absence of E2. E2 was applied at the end of the experiment to confirm
that the stimulated inputs were E2 responsive. Top, Individual current traces from the same cell recorded in indicated conditions. E, Representative experiment illustrating changes in
EPSCamplitude during application of NBQX in the presence of E2. Top, Individual current traces from the same cell recorded in indicated conditions. F, Plot of normalized EPSC amplitude
remaining in NBQX in the absence (n = 5) versus in the presence (n = 3) of E2. There was no significant difference. For Cand F, open symbols represent individual experiments; filled

symbols represent the mean = SEM in each condition.

because of residual presynaptic Ca>* during the second pulse.
Others have shown that increased P, on the second pulse in-
creases MVR, as indicated by less yDGG block of the second
EPSCin a pair and therefore a higher PPR in yDGG (Christie and
Jahr, 2006). If E2 increases P,., and MVR by enhancing presyn-
aptic Ca*" influx, it might occlude MVR on the second pulse in a
pair, and thus the ability of yYDGG to increase PPR. Alternatively,
if E2 promotes glutamate release through a mechanism other
than by increasing presynaptic Ca>", the effect of yYDGG on PPR
should be similar in the absence and presence of E2.

We first evaluated the effect of yYDGG on paired EPSCs and
PPR (IPL, 50 ms) in the absence of E2 (Fig. 7A) and confirmed
that yDGG blocks the second EPSC in a pair to a lesser extent
than the first, resulting in an increase in PPR (Fig. 7C,D). Then we

tested whether E2 could occlude the effect of yDGG on paired
EPSCs and PPR (Fig. 7B). This showed that in the presence of E2,
vDGG block of the second EPSC was still less than block of the
first EPSC (Fig. 7C) (two-way ANOVA, interaction, p > 0.4). As
a result, yDGG increased PPR similarly in the absence and pres-
ence of E2, by 11 = 7% versus 11 = 3%, respectively (Fig. 7D)
(two-way ANOVA, interaction, p > 0.7). This indicates that al-
though E2 increases average cleft glutamate concentration during
the first pulse, glutamate concentration increases even further on
the second pulse. As with single-pulse YDGG experiments, we
excluded a possible contribution of voltage-clamp error by show-
ing that the two EPSCs in a pair were blocked equally by NBQX,
both in the absence and presence of E2, resulting in no change in
PPR in NBQX (Fig. 7E-H). Thus, these experiments demon-
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the absence (n = 5) versus in the presence (n = 3) of E2. There was no significant difference. H, Plot of mean == SEM PPR before and in NBQX in the absence (n = 5) versus in the presence (n =

3) of E2. There was no significant difference.

strated that the E2-induced increase in cleft glutamate concentra-
tion, assayed by yDGG block, is additive with the increase caused
by paired-pulse facilitation.

The failure of E2 to occlude yDGG'’s effect on PPR is in con-
trast to the effect of increasing P,., by elevating extracellular
Ca’". Elevating Ca®" from 1.5 to 2.5 mum partially occludes the
ability of paired-pulse facilitation to increase cleft glutamate con-
centration further (Christie and Jahr, 2006), presumably because
both manipulations increase P, through the same mechanism,
increased presynaptic Ca®* concentration. Our observation that
E2 does not occlude yDGG’s effect on PPR suggests that the
increase in P, and enhanced MVR attributable to E2 likely in-
volves a factor(s) other than increased presynaptic Ca*" influx.
For example, E2 may increase P, and MVR by mobilizing vesi-
cles closer to sites of Ca*" influx and/or by increasing Ca**
sensitivity of vesicle release machinery. These possibilities are
especially intriguing in light of reports of synaptic-vesicle-
associated estrogen receptors (Milner et al., 2001, 2005; Hart et
al., 2007), whose function is currently unknown.

Discussion

We find that E2 acutely potentiates excitatory synaptic transmis-
sion in the hippocampus through a presynaptic mechanism, by
increasing the probability of glutamate release at synapses with a
relatively low initial release probability. This effect is mediated by
ERp, not ERe, and is mimicked by ICI 182,780, indicating that
ERp acts as a monomer. We further show that E2 increases glu-

tamate release primarily by increasing individual vesicle release
probability and that it increases average cleft glutamate concen-
tration, which together argue strongly that E2 enhances multive-
sicular release. The concentration dependence and time course of
acute EPSC potentiation suggest that locally synthesized neuro-
steroid E2, not ovarian E2, may activate this effect in vivo.

E2 acutely decreases PPR in parallel with potentiating EPSCs
Previous studies suggested that E2 exerts its acute effect(s) by en-
hancing postsynaptic sensitivity to glutamate in a subset of cells
(Wong and Moss, 1992; Gu and Moss, 1996). We find instead that
E2 sensitivity is input specific, rather than cell specific; inputs char-
acterized by relatively high initial PPR (low probability of release) are
those at which E2 subsequently potentiates EPSCs. Also in contrast
with previous studies, but consistent with a presynaptic effect, E2
decreases PPR in parallel with increasing EPSC amplitude.

Our experiments differed from previous studies in several
ways. Perhaps most importantly, we explicitly considered het-
erogeneity of E2 responsiveness. By dividing inputs into E2
responsive and E2 nonresponsive, we were able to detect a
change in PPR specifically in E2-responsive inputs. Previous
studies that evaluated PPR without separating E2-responsive
and E2-nonresponsive inputs used 100 pM (Kim et al., 2006) or
1 nm E2 (Foy et al.,, 1999; Kramar et al., 2009). Considering the
subset of our experiments with these concentrations, the increase
in EPSC amplitude for E2-responsive and E2-nonresponsive in-
puts together was statistically significant, whereas the decrease in
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PPR was not. Additionally, particularly for previous studies with
dissociated cells (Gu and Moss, 1996), it is possible that agonist ap-
plication activated primarily extrasynaptic receptors, which may not
accurately reflect properties of synaptic transmission. Finally, al-
though our results strongly support a presynaptic mechanism for
synaptic potentiation by E2, they do not exclude the possibility that
E2 also increases postsynaptic sensitivity to glutamate.

E2 enhances glutamate release primarily by increasing P,
We used high-frequency stimulus trains to investigate the mech-
anism(s) by which E2 enhances glutamate release. We found a
small increase in cumulative release during a train, indicating
increased RRP size, and a stronger effect on the fraction of the
RRP released by the first pulse, indicating increased P,.. Al-
though it is possible that E2 increases both the RRP and P, in
parallel, a more parsimonious explanation is that increased P,
accounts for both observations.

Although the RRP has been functionally defined as cumula-
tive release during various depletion protocols, including stimu-
lus trains (Stevens and Tsujimoto, 1995; Rosenmund and
Stevens, 1996; Wesseling and Lo, 2002), release during a train is
influenced by factors in addition to how many vesicles are avail-
able for release at the beginning of stimulation. For example, a
common assumption in estimating the RRP from trains is that
the rate of vesicle replenishment during the train is constant as
estimated from steady-state charge (Schneggenburger et al.,
1999). However, there is evidence that the rate of replenishment
increases in a Ca**-dependent manner during the first 10-20
pulses, reaching an elevated level that persists for the rest of the
train (Stevens and Wesseling, 1998; Wesseling and Lo, 2002). A
change in the time course of such activity-dependent upregula-
tion of vesicle replenishment could result in more total vesicles
released during the train and a larger RRP estimate. Second, the
identity/properties of vesicles constituting RRP may vary under
different conditions. For example, under conditions of increased
P, additional, “reluctant” vesicles may be released during a
train, resulting in a larger RRP estimate (Moulder and Menner-
ick, 2005). These considerations suggest that E2 could increase
both the RRP estimate and P, by a single mechanism. For ex-
ample, E2 could elevate intracellular Ca**, mobilize vesicles
closer to Ca®" sources, or upregulate one of the biochemical
steps in the release process, any of which could result in higher
P, faster vesicle replenishment, and/or release of additional,
“reluctant” vesicles.

E2 promotes multivesicular release

The observation that E2 consistently and robustly increased P,
suggested that E2 might promote MVR. The possibility and phys-
iological significance of MVR at hippocampal synapses has been
questioned based on minimal stimulation experiments (Stevens
and Wang, 1995) and estimates of glutamate receptor saturation
after release of a single vesicle (Clements et al., 1992). However,
other studies suggest that MVR does occur, particularly under
conditions of elevated P, (Tong and Jahr, 1994; Oertner et al.,
2002; Christie and Jahr, 2006), and argue that glutamate recep-
tors are not saturated by a single vesicle (Liu et al., 1999; McAl-
lister and Stevens, 2000). Although evidence for MVR in the
immature hippocampus is growing, no studies to date have re-
ported MVR in the adult.

We used the low-affinity AMPAR antagonist YDGG to com-
pare relative cleft glutamate concentration in the presence versus
absence of E2. We found that yDGG blocked EPSCs less effec-
tively in E2, indicating that E2 increases average cleft glutamate
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concentration. Although there are several mechanisms by which
E2 could increase cleft glutamate concentration, MVR is the most
likely. One alternative is that E2 downregulates astrocytic gluta-
mate uptake, resulting in increased spillover. This is unlikely,
however, because glutamate uptake is extremely efficient (Dia-
mond and Jahr, 2000), such that even when it is pharmacologi-
cally reduced, the degree of yDGG block of EPSCs remains
unaffected (Christie and Jahr, 2006). E2 also could increase cleft
glutamate by causing faster or more complete vesicle emptying.
This too is unlikely, as it should result in faster EPSC rise times in
E2 (Choi et al., 2000), which we did not observe. Thus, the best
explanation for our findings that E2 increases both P, and av-
erage cleft glutamate concentration is that E2 increases MVR. To
our knowledge, this is the first demonstration of MVR in adult
hippocampus. Furthermore, our observation that the increase in
cleft glutamate attributable to E2 fails to occlude the increase
attributable to paired-pulse facilitation suggests that E2 may en-
hance MVR by a mechanism other than elevating presynaptic
Ca’™. This finding argues for the possibility that E2 mobilizes
vesicles toward sites of Ca** influx and/or regulates vesicle re-
lease machinery.

Rapid E2 signaling

In neurons, E2 acutely increases Ca®" influx through L-type
Ca?" channels and activates protein kinases including Src,
Erk1/2, CaMKII, and protein kinase A (Gu and Moss, 1996; Lee et
al., 2004; Wu et al., 2005). Most of these effects are mediated by
classical ERs acting outside the nucleus (Wade and Dorsa 2003;
Wau et al., 2005; Zhao and Brinton 2007), but neither the initial
steps of extranuclear ER activation, nor the consequences of
rapid E2 signaling are well understood.

We found that E2-induced EPSC potentiation is mimicked by
both an ERB agonist and ICI 182,780. ICI compounds interfere
with ER dimerization (Fawell et al., 1990; Pike et al., 2001), and
consequently block classical nuclear ER activity (Sun et al., 2002).
In contrast, rapid E2 signaling is less consistently blocked by ICI
compounds (Singh et al., 1999) and may even be activated by
them (Zhao et al., 2006). Our results are consistent with these
latter reports, and suggest that ER3 acts as a monomer to activate
acute EPSC potentiation.

Interestingly, targets of E2-activated kinases include synaptic
vesicle proteins critical for vesicle mobilization and Ca*"-
dependent release (Hilfiker et al., 1999; Chi et al., 2003; Kushner
et al., 2005; Menegon et al., 2006; Onofri et al., 2007), suggesting
that E2 could enhance release by regulating synaptic vesicle pro-
teins. If E2 initiates a cascade of molecular events leading to en-
hanced vesicular release, such as vesicle protein phosphorylation,
this may explain our observation that EPSC potentiation per-
sisted after E2 washout. Since EM immunocytochemical studies
have found ERP in presynaptic boutons in CAl (Milner et al.,
2005), exploring the possibility that E2 acts via vesicle-associated
ERs to regulate synaptic vesicle proteins will be an important area
of future research.

A possible role for neurosteroid E2

Although EPSC potentiation occurred with 100 pm E2, the effect
was more robust at higher than circulating E2 concentrations.
Additionally, the time course of E2-induced EPSC potentiation is
faster than fluctuations in circulating E2 in vivo. These issues raise
the question of whether acute E2-induced EPSC potentiation
occurs physiologically. Importantly, recent studies show that the
hippocampus can generate neurosteroid E2, resulting in high
local E2 concentrations that can change rapidly (Hojo et al., 2004,
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2009). Additionally, EM immunocytochemistry shows that aro-
matase, the rate-limiting enzyme in E2 synthesis, is present both
presynaptically and postsynaptically at a subset of synapses in
hippocampal CA1 (Hojo et al., 2004). Together, these findings
suggest that neurosteroid E2 could activate EPSC potentiation in
vivo. Indeed, the concentration dependence of EPSC potentiation
likely protects hippocampal synaptic transmission from modulation
by the relatively slow and low amplitude fluctuations in circulating
E2 from the ovaries. Thus, neurosteroid E2 may interact with pre-
synaptic ERB to activate a distinct suite of cellular/molecular events
that increase glutamate release resulting in rapid, input-specific po-
tentiation of hippocampal synaptic transmission.
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