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We investigated rapid protection effect by estradiol on corticoste-
rone (CORT)-induced suppression of synaptic transmission. Rapid
suppression by 1 mM CORT of long-term potentiation (LTP) at CA3--
CA1 synapses was abolished via coperfusion of 1 nM estradiol. N-
methyl-D-aspartate (NMDA) receptor-derived field excitatory post-
synaptic potential (NMDA-R-fEPSP) was used to analyze the
mechanisms of these events. Estradiol abolished CORT-induced
suppression of NMDA-R-fEPSP slope. This CORT-induced suppres-
sion was abolished by calcineurin inhibitor, and the rescue effect by
estradiol on the CORT-induced suppression was inhibited by
mitogen-activated protein (MAP) kinase inhibitor. The CORT-induced
suppressions of LTP and NMDA-R-fEPSP slope were abolished by
glucocorticoid receptor (GR) antagonist, and the restorative effects
by estradiol on these processes were mimicked by estrogen
receptor a (ERa) and ERb agonists. Taken together, estradiol
rapidly rescued LTP and NMDA-R-fEPSP slope from CORT-induced
suppressions. A GR/calcineurin pathway is involved in these
suppressive effects. The rescue effects by estradiol are driven via
ERa or ERb/MAP kinase pathway. Synaptic/extranuclear GR,
ERa, and ERb probably participate in these rapid events. Mass-
spectrometric analysis determined that acute hippocampal slices
used for electrophysiological measurements contained 0.48 nM
estradiol less than exogenously applied 1 nM. In vivo physiological
level of 8 nM estradiol could protect the intact hippocampus against
acute stress-induced neural suppression.
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Introduction

Corticosterone (CORT) is secreted from the adrenal cortex in

a circadian rhythm and CORT level is elevated upon stress. The

hippocampus is a target of CORT modulation, due to high-level

expression of glucocorticoid receptor (GR). To date, many

studies have investigated the genomic effects of CORT in the

hippocampus in order to analyze the chronic stress effects by

CORT from the viewpoint of cell damage (Woolley et al. 1990;

Watanabe et al. 1992; Reagan and McEwen 1997) or the sup-

pression of synaptic plasticity (Pavlides et al. 2002; Gerges et al.

2004; Hirata et al. 2008). These slow effects are known to be

mediated by nuclear GR. On the other hand, CORT also shows

acute modulation of hippocampal neuronal activity within 1--2 h.

A stress level of CORT application acutely suppresses the pop-

ulation spikes of hippocampal CA1 pyramidal cells (Vidal et al.

1986) and the long-term potentiation (LTP) at hippocampal

CA3--CA1 synapses (Alfarez et al. 2002; Shibuya et al. 2003). As

an another type of acute stressor, application of corticotropin-

releasing hormone, a stress-related hormone, acutely decreases

the dendritic spines of hippocampal CA3 neurons within 30 min

(Chen et al. 2008).

Contrary to these attenuation effects by CORT on neural

activity, a sex hormone 17b-estradol has several protective

effects on the brain. Estradiol induces nerve growth (Murphy

and Segal 1996) and neuroprotection (Behl et al. 1995;

Zhang et al. 2001) via genomic mechanisms mediated by

nuclear estrogen receptor (ER). Estradiol also has rapid

effects. One hundred nanomolar estradiol enhances the

kainate receptor-mediated current of hippocampal CA1

pyramidal cells within 5 min (Gu and Moss 1996). One to

10 nM estradiol increases dendritic spines of CA1 pyramidal

cells and enhances long-term depression at hippocampal

CA3--CA1 synapses within 2 h (Mukai et al. 2007). Because

adult male rat hippocampal neurons synthesize estradiol

(Kawato et al. 2002; Hojo et al. 2004), hippocampal synapses

may be regulated by hippocampus-derived estradiol in an

autocrine manner.

In the current study, we focus on the problem whether

estradiol could rapidly rescue synaptic transmission from

the acute suppression induced by CORT. Although, as a slow

genomic effect, neural damage induced by GR agonist is

attenuated by estradiol (Haynes et al. 2003), little is known

regarding the mechanisms of the rapid cross talk between

estradiol and CORT pathways. Possible involvement of synaptic

or extranuclear GR and ER in these effects is investigated

via immunoelectron microscopic analysis and western blot.

We further analyze the participation of kinase or phosphatase

in CORT-induced rapid suppression of synaptic transmission

and in the rescue processes by estradiol from the suppres-

sion by measuring LTP as well as N-methyl-D-aspartate receptor

(NMDAR)-derived currents. Because the steroid concentrations

are key factors for these events, they are determined by mass-

spectrometric analysis in slices used for electrophysiological

measurements.

Materials and Methods

Animals
Twelve-week-old male Wistar rats were purchased from Saitama

Experimental Animal Supply (Japan). The experimental procedure of

this research was approved by the Committee for Animal Research of

University of Tokyo.
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Chemicals
Estradiol, CORT, propyr pyrazole triol (PPT), diarylpropionitrile

(DPN), dexamethasone (DEX), RU486, U0126, and cyclosporin A

(CsA) were purchased from Wako Pure Chemicals (Japan). D-2-Amino-

5-phosphonovaleric acid, Ro 25-6981 and 6-cyano-7-nitroquinoxaline-

2,3-dione (CNQX) were purchased from Sigma.

Slice Preparation
Rats were deeply anesthetized with ethyl ether and decapitated between

9:00 AM and 10:00 AM when plasma CORT levels are low. Immediately

after decapitation, the brain was removed from the skull and placed in

ice-cold oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid

(ACSF) containing (in millimolar): 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2

MgSO4, 2 CaCl2, 22 NaHCO3, and 10 D-glucose; pH was set at 7.4. The

hippocampus was dissected and 400-lm thick transverse dorsal slices to

the long axis, from the middle third of the hippocampus, were prepared

with a vibratome (Dosaka, Japan). These freshly prepared slices were

then recovered in ACSF for at least 2 h in order to prepare conventional

‘‘acute slices.’’ In electrophysiological experiments, these acute slices

were transferred to a recording chamber, submerged, and continuously

perfused (2 mL/min) with oxygenated ACSF at 30 �C.

Electrophysiology
Bipolar tungsten stimulating electrodes were placed in the Schaffer

collateral/commissural fibers. Upon stimulation (pulse duration: 100 ls),
the field excitatory postsynaptic potential (fEPSP) was recorded using

a glass microelectrode (1--2 MX filled with ACSF) placed in the stratum

radiatum of the CA1 area. The input--output curve for fEPSP was deter-

mined by gradually increasing the stimulus intensity. The stimulation

interval was 20 s. When the responses became saturated, the stimulus

intensity that yielded the half maximum fEPSP value was calculated. The

maximum slope of the fEPSP was also monitored. For induction of

LTP, tetanic stimulation was applied at t = 0 min to the Schaffer col-

laterals (100 Hz for 1 s). After LTP induction, the fEPSP was recorded

for 60 min. For investigations of steroid effects, steroids were perfused

from t = –30 min. NMDA receptor-derived field excitatory postsynaptic

potential (NMDA-R-fEPSP) was selectively measured by perfusing 10 lM
CNQX (2-amino-3-(5-methyl-3-oxo-1,2- oxazol-4-yl)propanoic acid re-

ceptor [AMPAR] inhibitor) contained ACSF with a reduced Mg2
+

concentration of 0.1 mM. The fEPSP slope was calculated as the slope

between 20% and 80% of the fEPSP amplitude. All experimental analog

data were amplified using a DAM80 (World Precision Instruments) and

converted to digital signals by a DIGIDATA 1322A (Axon Instruments).

The data were analyzed with a pCLAMP 9.0 (Axon Instruments). For the

induction of paired pulse facilitation (PPF), paired pulse stimulation was

applied to the Schaffer collaterals. The stimulation interval was 50 ms.

Postembedding Immunogold Method for Electron Microscopy
Immunoelectroscopic analysis was performed essentially as described

elsewhere (Mukai et al. 2007). Rat hippocampus was frozen and sliced

coronally. Freeze substitution and low-temperature embedding of the

specimens was performed as described previously (Adams et al. 2002).

The samples were immersed in uranyl acetate in anhydrous methanol

(–90 �C). The samples were infiltrated with Lowicryl HM20 resin

(Electron Microscopy Sciences) and polymerization was performed

with ultraviolet light. Ultrathin sections were cut using a Reichert--Jung

ultramicrotome. For immunolabeling, sections were incubated with

primary antibody for GR (a gift from Prof. M. Kawata) (diluted to

1/3000) overnight and incubated with secondary gold-tagged (10 nm)

Fab fragment in Tris-buffered saline. Sections were counterstained with

1% uranyl acetate and viewed on a JEOL 1200EX electron microscope

(Japan). Images were captured using a charge coupled device camera

(Advanced Microscopy Techniques).

Western Immunoblot Analysis
Detailed procedures are described elsewhere (Mukai et al. 2007) and in

Supplementary Materials. The blots of purified fractions from hippocam-

pal slices were probed with GR antibody diluted to 1/3000, for 12--18 h at

4 �C, and incubated with horseradish peroxidase (HRP)-conjugated goat

antirabbit immunoglobulin G (IgG) (Cell Signaling). The protein bands

were detected via enhanced chemiluminescence (ECL) plus western

blotting detection reagents (Amersham Biosciences). To obtain high

quality images of the chemiluminescence from protein bands using ECL

plus, we used a LAS3000 Image Analyzer (Fuji Film, Japan) with a 16-bit

wide dynamic range.

Mass-spectrometric Assay of Steroids
To examine how much estradiol and CORT remain in hippocampal

slices after 2-h recovery in steroid-free ACSF, we performed mass-

spectrometric analysis of estradiol and CORT for acute slices and ‘‘the

isolated whole hippocampus.’’ Detailed procedures are described else-

where (Hojo et al. 2009) and in Supplementary Materials. Slices were

homogenized and steroid extraction was performed. This extraction

was performed by a hexane: ethyl acetate = 2:3 mixture. The steroid

extracts were applied to a C18 Amprep solid-phase column (Amersham

Biosciences). The estradiol or CORT fraction was purified from the

eluted steroids using a normal-phase high performance liquid chroma-

tography system (Jasco, Japan) with a silica gel column. To increase the

ionization efficiency, estradiol was derivatized into estradiol-3-penta-

fluorobenzoxy-17-picolinoyl-ester (estradiol-PFBz-picolinoyl) (Hojo et al.

2009). The liquid chromatography-tandem mass spectrometry (LC-MS/

MS) system, which consisted of a reverse phase LC coupled with an API

5000 triple-stage quadrupole mass spectrometer (Applied Biosystems),

was operated with electron spray ionization in the positive ion mode.

The LC chromatographic separation for estradiol-PFBz-picolinoyl and

CORT was performed on a Cadenza CD-C18 column (Imtakt, Japan). The

MS/MS process monitored the m/z transition, from 558 to 339 for

estradiol-PFBz-picolinoyl and from 347 to 121 for CORT. 13C4-estradiol-

PFBz-picolinoyl and d8-CORT were used as internal standards in order to

measure the recovery of steroids and to calibrate the retention time.

Statistical Analysis
All the data used for statistical analysis were expressed as a percentage of

the mean fEPSP slope during recording of the baseline (during the

10 min prior to changing the perfusion solution to steroid-including

ACSF). Before LTP induction, and in the experiment for NMDA-R-fEPSP,

the effects of steroids on fEPSP were analyzed by repeated measures

analysis of variance (ANOVA), followed by a paired t-test. The paired

t-test was corrected by Bonferroni’s method. For LTP analysis, we defined

the LTP ratio as the average during the 10 min from t = 50 to t = 60 min.

A one-way ANOVA followed by a Tukey and Kramer’s post hoc test were

used for multiple comparisons between experimental treatments in LTP

experiments. Significance was defined as *P < 0.05, **P < 0.01.

Results

Rapid Suppressive Effect by CORT on LTP

Sliceswereperfused for 30minwith CORTprior to LTP induction.

The dose dependence of the effect of CORT was investigated

using 100 nM, 250 nM, and 1 lMCORT. Themagnitude of LTPwas

134 ± 3% in control slices (n = 10 slices), 131 ± 2% in 100 nM

CORT-treated slices (n = 6), 128 ± 2% in 250 nM CORT-treated

slices (n = 6), and 121 ± 3% in 1 lM CORT-treated slices (n = 14),

respectively (Fig. 1 and Supplementary Fig. S1). CORT significantly

reduced LTP at a concentration of 1 lM (Fig. 1B and Supple-

mentary Fig. S1). One hundred nanomolar DEX, an agonist of GR,

significantly reduced LTP to 122 ± 2% (n = 5), while 1 lMCORT in

the presence of 10 lM RU486, a GR antagonist, did not decrease

LTP (132 ± 3%; n = 6) (Fig. 1B). It should be noted that RU486

alone did not affect LTP. These results indicated that CORT rapidly

suppressed LTP via GR.

To investigate whether CORT affected presynaptic activa-

tion, PPF was analyzed. Paired pulses with an interval of 50 ms

were applied to induce PPF, and the ratio of the fEPSP slope

evoked by the second stimulus to that of the first was calcu-

lated. No significant change was observed in PPF ratio, between

before CORT perfusion, after CORT perfusion, and after
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Figure 1. Rapid modulation of LTP by CORT and estradiol. (A) One micromolar CORT suppressed LTP and 1 nM estradiol rescued LTP from this CORT-induced suppression at
CA3--CA1 synapses of acute slices. Vertical axis indicates the maximal fEPSP slope. Baseline is set at 100%. Open bar above the graph indicates the period of time during which
CORT was administered. Gray closed bar above the graph indicates the period of time during which estradiol was administered. Curve a, control slices (black closed circle, n 5
10); curve b, 1 lM CORT-treated slices (open circle, n 5 14); and curve c, slices treated by 1 lM CORT plus 1 nM estradiol (Gray closed circle, n 5 6). Illustrated data points
and error bars represent the mean ± standard error mean from n independent slices. (B) Comparison of the modulation effect by CORT on LTP. From left to right: control slices
(control, n 5 10), 1 lM CORT-treated slices (1 lM CORT, n5 14), slices treated with 1 lM CORT and 10 lM RU486 (1 lM CORT þ 10 lM RU486, n 5 6), and 100 nM DEX-
treated slices (100 nM DEX, n 5 5). (C) Comparison of the modulation effect by estradiol on CORT-induced LTP suppression. From left to right: control slices (control, n 5 10), 1
lM CORT-treated slices (1 lM CORT, n 5 14), slices treated with 1 lM CORT and 0.1 nM estradiol (1 lM CORT þ 0.1 nM estradiol, n 5 8), 1 lM CORT and 1 nM estradiol (1
lM CORT þ 1 nM estradiol, n 5 6), and 1 lM CORT and 10 nM estradiol (1 lM CORT þ 10 nM estradiol, n 5 10). (D) Comparison of the modulation effect by ER agonists on
CORT-induced LTP suppression. From left to right: control slices (control, n 5 10), 1 lM CORT-treated slices (1 lM CORT, n 5 14), slices treated with 1 lM CORT and 100 nM
PPT (1 lM CORT þ 100 nM PPT, n 5 10), slices treated with 1 lM CORT and 100 nM DPN (1 lM CORT þ 100 nM DPN, n 5 8). (E) One nanomolar estradiol alone does not
affect LTP at CA3--CA1 synapses of acute slices. Vertical axis indicates the maximal fEPSP slope. Baseline is set at 100%. Gray closed bar above the graph indicates the period of
time during which estradiol was administered. Curve a, control slices (black closed circle, n 5 10); curve b, 1 nM estradiol-treated slices (Gray closed square, n 5 11). (F)

928 Rescue by Estradiol of Corticosterone-induced LTP Suppression d Ooishi et al.
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induction of LTP (Supplementary Fig. S2B), indicating that the

CORT-induced suppression of LTP might not be dependent on

presynaptic processes.

Estradiol Abolishes CORT-induced LTP Suppression

To examine the effect of estradiol on the CORT-induced LTP

suppression, estradiol and CORT were coperfused. From 30 min

before tetanic stimulation, 1 lM CORT and 0.1, 1, or 10 nM estra-

diolwerecoperfused. Adose-dependent rescueeffect byestradiol

was observed in LTP (Fig. 1C). Themagnitude of LTPwas 121 ± 3%
for slices treated with 1 lM CORT (n = 14 slices), 122 ± 3%

for slices treated with 0.1 nM estradiol plus 1 lM CORT (n = 8),

134 ± 3% for slices treated with 1 nM estradiol plus 1 lM CORT

(n = 6), and 131 ± 2% for slices treated with 10 nM estradiol plus

1 lM CORT (n = 10). A significant rescue of LTP from the CORT-

induced suppression by 1 or 10 nM estradiol was observed.

To assess whether estradiol rescues LTP from the CORT-

induced suppression by modulating presynaptic activity, PPF

was analyzed. Because there was no significant difference in

PPF ratio, between before and after estradiol--CORT perfusion

and after induction of LTP (Supplementary Fig. S2C), the effect

of estradiol on CORT-induced suppression might not be depen-

dent on presynaptic mechanisms.

Estrogen Receptor Agonists Abolish CORT-induced LTP
Reduction

To identify the estrogen receptors, which drive the current

effects, we coperfused CORT with the ERa-specific agonist PPT

(Stauffer et al. 2000) or with the ERb-specific agonist DPN

(Meyers et al. 2001). Not only PPT but also DPN abolished

CORT-induced LTP suppression. The magnitude of LTP was

restored to 132 ± 2% (n = 10 slices) for slices treatedwith 100 nM

PPT plus 1 lM CORT and to 132 ± 4% (n = 8) for slices treated

with 100 nM DPN plus 1 lM CORT (Fig. 1D). When the dose of

PPT or DPNwas as low as 10 nM, they could not rescue LTP from

CORT-induced suppression.

As far as 12-week-old adult male Wistar rats are concerned,

estradiol alone (Fig. 1E,F) did not induce the rapid elevation of

baseline fEPSP upon the perfusion of estradiol, and therefore,

estradiol alone did not affect LTP. These results are in good

agreement with previous results indicating that estradiol alone

did not affect baseline fEPSP and/or LTP in 12-week-old adult

male Wistar rat hippocampus (Ito et al. 1999; Mukai et al. 2007;

Ogiue-Ikeda et al. 2008).

Suppression by CORT of NMDA-R-fEPSP

To investigate the effects of CORT at postsynapses, we mea-

sured CORT effects on the slope of the NMDA-R-fEPSP. The

NMDA-R-fEPSP slope was selectively measured by the presence

of the AMPAR inhibitor, CNQX at 10 lM. Upon perfusion of

1 lM CORT for slices, the NMDA-R-fEPSP slope decreased

immediately, reaching 87 ± 2% of baseline (n = 6 slices) at

20 min after the onset of perfusion (Fig. 2A). This decrease was

abolished by the washout of CORT.

When CORT was perfused with the GR antagonist RU486, no

decrease was observed in the NMDA-R-fEPSP slope (102 ± 3%

of baseline, n = 5), indicating that the suppression effect by

CORT was induced via GR (Fig. 2B).

The downstream signaling of GR was examined by the

application of a calcineurin inhibitor, cyclosporin A (CsA). The

suppression effect of NMDA-R-fEPSP by CORT was abolished

by coprefusion of 10 lM CsA with CORT (101 ± 4% of baseline,

n = 8), indicating that the suppression effect by CORT was

induced via calcineurin (Fig. 2C). PPF ratio was unchanged by

perfusion of 1 lM CORT (Supplementary Fig. S2E).

Estradiol Abolishes CORT-induced Suppression of NMDA-
R-fEPSP

To examine the rescue effect by estradiol on the NMDA-R-

fEPSP slope from the CORT-induced decrease, 1 nM estradiol

or an agonist of estrogen receptors was coperfused with 1 lM
CORT. The relative magnitude of the NMDA-R-fEPSP slope was

87 ± 2% for slices treated with only 1 lM CORT (n = 6 slices)

(Fig. 2A), 102 ± 2% for slices treated with 1 nM estradiol plus

1 lM CORT (n = 8) (Fig. 3A), 100 ± 2% for slices treated with

100 nM PPT plus 1 lM CORT (n = 5) (Fig. 3B), and 102 ± 4%

for slices treated with 100 nM DPN plus 1 lM CORT (n = 5)

(Fig. 3C) at 20 min after the onset of perfusion. Upon washing

out of estradiol, PPT, or DPN, the CORT-induced decrease of

NMDA-R-fEPSP slope again appeared (Fig. 3A,B,C). Note that

estradiol alone had no effect on the NMDA-R-fEPSP slope (Fig. 3D).

PPF ratio was unchanged by perfusion of 1 nM estradiol with 1 lM
CORT (Supplementary Fig. S2F).

mitogen-activated protein Kinase Inhibitor Prevents
Estradiol-induced Abolition of CORT-induced
Suppression of NMDA-R-fEPSP

Coperfusion of 10 lM U0126, an inhibitor of mitogen-activated

protein (MAP) kinase, with 1 nM estradiol plus 1 lM CORT

completely inhibited the estradiol-induced abolition of the

CORT-induced decrease of the NMDA-R-fEPSP slope (87 ± 2%,

n = 6 slices) at 20 min after the onset of CORT and estradiol

perfusion (Fig. 3E).

NR2B Inhibitor Prevents Estradiol-induced Abolition of
CORT-induced Suppression of NMDA-R-fEPSP

To investigate the involvement of NR2B in the mechanism of

the rescue effect by estradiol on the NMDA-R-fEPSP slope from

the CORT-induced decrease, NR2B inhibitor Ro25-6981 at 1 lM
was perfused from 1 h before the perfusion of CORT and estra-

diol. Under Ro25-6981 perfusion, the rescue effect by estradiol

from CORT-induced decrease of the NMDA-R-fEPSP slope was

abolished (89 ± 2%,n = 6 slices) at 20min after the onset of CORT

and estradiol perfusion (Fig. 3F).

Ultrastructural Analysis for Synaptic, Extranuclear and
Nuclear Localization of GR

To explain the site of rapid modulation of LTP or NMDA-R-

fEPSP slope at CA3--CA1 synapses by the activation of GR, a

clarification of the subcellular localization (particularly the

synaptic or extranuclear localization) of GR in CA1 pyramidal

cells is essential. The synaptic, extranuclear, and nuclear

Comparison of the modulation effect by estradiol on LTP. From left to right: control slices (control, n5 10) and 1 nM estradiol-treated slices (1 nM estradiol, n5 11). (G) AMPA-
R-fEPSP traces showing sample recordings taken prior to (t 5 �30 min, black) and after (t 5 60 min, gray) tetanic stimulation. Control, 1 lM CORT, 1 lM CORT þ 1 nM
estradiol, and 1 nM estradiol correspond to fEPSP trace of control slice, 1 lM CORT-treated slice, slice treated with 1 lM CORT and 1 nM estradiol, and 1 nM estradiol-treated
slice. In (B--D) and (F), vertical axis is the average of the fEPSP slope during the 10 min from t 5 50 to t 5 60 min. Statistical significance was confirmed via ANOVA followed by
Tukey--Kramer’s method (*P\ 0.05; **P\ 0.01) in (B--D), and via Student’s t-test in (F). Note that steroids did not affect the baseline fEPSP slope before LTP induction.
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localization of GR was clarified via ultrastructural investigations

using GR IgG (1/3000). An immunoelectronmicroscopic analysis

using postembedded immunogold was performed to determine

the localization of GR immunoreactivity in the hippocampal CA1

pyramidal cells of adult male rats. GR was localized not only in

the nuclei but also in both the axon terminals and dendritic spines

of pyramidal cells (Fig. 4A,B). Gold particles were clustered in

the post- and presynaptic compartments as well as the nuclei,

dendrites, and cytoplasm. At postsynapses, gold particles were

distributedwithin the cytoplasm of the spine head. In some cases,

gold particles were affiliated within the postsynaptic density

(PSD). Significant labeling along dendrites was also observed

(Fig. 4C). In contrast, many fewer gold particles were observed

in axons. In glial-like cells, gold particles were not clearly

recognized. To ensure specific labeling, multiple labeling (3 or

more) of immunogold in the pre- and postsynaptic compartments

was confirmed. For a search of immunogold-labeled GR proteins,

we used at least 100 images. Each image contained several syn-

apses among which at least one synapse expressed GR particles.

Wealsoobserved some synapses in one image that did not express

GR particles. Consequently, we observed roughly 25--30% of syn-

apses that expressed GR particles. Preadsorption of the antibody

with GR antigen (30 lg/mL) resulted in the disappearance of

immunoreactivity.

Western Blot Analysis of GR in Synaptic and Extranuclear
Fractions

Extended analysis indicated that GR was certainly localized in

the purified PSD fraction, which was characterized by PSD-95,

as described previously (Mukai et al. 2007). GR was observed

in presynaptic membrane-rich fraction (PRE, characterized by

synaptophysin), high-density membrane fraction (HDM, con-

taining microsomes), PSD fraction, and cytoplasmic fraction

(Cyt) (Fig. 4D). The total integrated amount of GR was largest

in the Cyt fraction, relative to other fractions.

Mass-spectrometric Analysis of CORT and Estradiol in
Slices

To examine the steroid concentrations in the hippocampal

acute slices used for electrophysiological investigations, the

concentration of CORT or estradiol was determined in these

hippocampal slices after 2-h incubation with steroid-free ACSF

by mass-spectrometric analysis. Chromatographic profiles for

the fragmented ion of CORT with m/z = 121 (Supplementary

Fig. S3A) showed a clear peak with a retention time of 5.75 min

(Fig. 5A), which was the same retention time obtained for the

fragmented ion of standard CORT (Fig. 5B). Chromatographic

profiles for the fragmented ion of estradiol-PFBz-picolinoyl with

m/z = 339 (Supplementary Fig. S3B) showed a clear peak with

a retention time of 7.01 min (Fig. 5C), which was the same

retention time obtained for the fragmented ion of the standard

estradiol derivative (Fig. 5D). In hippocampal acute slices incu-

bated for 2 h with steroid-free ACSF, the levels of estradiol and

CORT were 0.13 ± 0.02 (n = 5) and 0.67 ± 0.07 (n = 5) ng/g wet

weight (i.e., 0.48 ± 0.09 and 1.93 ± 0.20 nM), respectively.

Because the estradiol level remained higher than 0.1 nM after the

incubation in ACSF, exogenous application of 0.1 nM estradiol

could not rescue LTP from CORT-induced suppression (Fig. 1C).

Discussion

The current study demonstrates that estradiol rapidly abolished

the acute GR-mediated suppression of LTP as well as NMDA-R-

Figure 2. Rapid suppression by CORT of the NMDA-R-fEPSP slope. (A) Time dependence of NMDA-R-fEPSP slope upon perfusion of 1 lM CORT for 20 min. The suppression by
CORT disappeared after washing out of CORT. Baseline (average over the 10 min prior to steroid perfusion) is set at 100%. (B) Abolition of the CORT effect on NMDA-R-fEPSP
slope following the perfusion of 10 lM GR antagonist RU486 (perfused as indicated by the hatched bar). (C) Abolition of the CORT effect on NMDA-R-fEPSP slope following the
perfusion of 10 lM CsA, a calcineurin inhibitor (perfused as indicated by the hatched bar). (D) NMDA-R-FEPSP traces showing sample recordings taken prior to (t5 0 min, black)
and after (t 5 20 min, Gray) perfusion of steroids. Control/1 lM CORT corresponds to the fEPSP trace of a 1 lM CORT-treated slice. Perfusion period of CORT is indicated by
the open bar in (A--C). Statistical significance was confirmed via repeated measures ANOVA, followed by a paired t-test corrected by Bonferroni’s method (*P\ 0.05; **P\
0.01). The paired t-test was used for multiple comparisons between the baseline value (before steroid perfusion), t 5 20 min value and t 5 40 min value.
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fEPSP. This is a good simulation of what happens in memory

processes upon acute stress in physiological conditions because

estradiol is always present in the hippocampus independent

of gender. Both MAP kinase and calcineurin were involved

downstreamof these events.WeexaminedNMDA-R-fEPSPbecause

it is considered to be essentially involved in the postsynaptic

mechanisms of LTP induction process in CA3--CA1 synapses. The

synaptic or extranuclear localization of GR and ERa, identified via

immunoelectron microscopic analysis and western blot, supports

the synaptic mechanisms of rapid effects by estradiol and CORT

Figure 3. Estradiol rescued NMDA-R-fEPSP from CORT-induced suppression. (A) Abolition of the CORT-induced suppression of NMDA-R-fEPSP slope by 1 nM estradiol. (B)
Abolition of the CORT effect on NMDA-R-fEPSP slope by 100 nM PPT. (C) Abolition of the CORT effect on NMDA-R-fEPSP slope by 100 nM DPN. (D) Estradiol alone has no effect
on NMDA-R-fEPSP. (E) Abolition of the estradiol effect on CORT-induced suppression of NMDA-R-fEPSP slope following the perfusion of 10 lM U0126, an MAP kinase inhibitor
(perfused as indicated by the hatched bar). (F) Abolition of the estradiol-induced rescue effect on CORT-induced suppression of NMDA-R-fEPSP slope following the perfusion of 1
lM Ro25-6981, an NR2B inhibitor (perfused as indicated by the hatched bar). Ro25-6981 was perfused from 1 h before the onset of CORT and estradiol perfusion. (G) NMDA-R-
FEPSP traces showing sample recordings taken prior to (t5 0 min, black) and after (t5 20 min, gray) perfusion of steroids. Control/1 lM CORT þ 1 nM estradiol corresponds
to the fEPSP trace of a slice treated with 1 lM CORT and 1 nM estradiol. In (A--F), the period of CORT perfusion is indicated by the open bar and that of estradiol or ER agonists
perfusion by the closed bar. Note that estradiol, PPT, or DPN alone had no effect on the NMDA-R-fEPSP slope. Statistical significance was confirmed via repeated measures
ANOVA, followed by a paired t-test corrected by Bonferroni’s method (*P\ 0.05; **P\ 0.01). The paired t-test was used for multiple comparisons between the baseline value
(before steroid perfusion), t 5 20 min value and t 5 40 min value.
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(Komatsuzaki et al. 2005; Warner and Gustafsson 2006). The

exogenously applied 1 nM estradiol was effective in these rescue

experiments because the estradiol concentration in slices

(0.48 nM) used for electrophysiological measurements was much

lower than1nMdue to the releaseof endogenousestradiol toACSF.

Postsynapse-dependent Effects by Estradiol and CORT

PPF analysis was performed in order to judge whether or not the

drug might affect presynapses (Katz and Miledi 1968; Zucker

1989; Manabe et al. 1993; Isaacson and Walmsley 1995). For all

of the steroids and agonists examined, the PPF ratio showed no

change in LTP and NMDA-R-fEPSP measurements, suggesting

that the CORT-induced LTP reduction and estradiol-induced

restoration effects may be postsynapse dependent, though these

results do not completely rule out a presynaptic dependency.

CORT Rapidly Suppresses LTP and NMDA-R-fEPSP via
Postsynaptic/Extranuclear GR and Calcineurin

The involvement of GR in the CORT effect was proven by using

a GR antagonist RU486 and a GR agonist DEX. RU486 blocked

CORT-induced LTP suppression, while DEX induced LTP

suppression (Fig. 1B). CORT-induced suppression of NMDA-

R-fEPSP was blocked by RU486 as well as an inhibitor of

calcineurin, CsA (Fig. 2B,C). Calcineurin is known to de-

sensitize an NMDAR subunit NR2A via dephosphorylation of

a serine residue (Krupp et al. 2002). Therefore, the signaling

pathway may be CORT/GR/calcineurin/inactivation of

NMDAR/reduction of Ca2
+

influx during tetanic stimula-

tion/reduced phosphorylation of AMPAR/LTP suppression

(Fig. 6A). Using western immunoblot analysis, we observed GR

in the PSD fraction (Fig. 4D). We also observed GR at synapses

and extranuclei via immunoelectron microscopic analysis (Fig

4A,C). These results suggest that the rapid modulation of LTP

by CORT is mediated by postsynaptic or extranuclear GR.

Estradiol Abolishes CORT-induced Suppression of LTP
and NMDA-R-fEPSP via Synaptic/Extranuclear Estrogen
Receptors and MAP Kinase

Slow neuroprotection by estradiol has been extensively in-

vestigated. Estradiol slowly protects the neural death induced

by several neurotoxins as well as a high dose of a GR agonist

DEX in the time scale of 24 h, depending on nuclear GR and ER

pathways (Haynes et al. 2003). However, our observation of

rapid estradiol effects ( <1 h) on the abolishment of CORT-

induced LTP reduction is too rapid for nuclear GR and ER

pathways. It is indicated from NMDA-R-fEPSP experiments

that the rapid LTP reduction by CORT is induced via decrease

of Ca2
+
influx during tetanic stimulation into postsynapses

through NMDARs (Fig. 6A); therefore, the presence of estradiol

may rescue synaptic transmission by restoration of the Ca2
+

influx via NMDARs during tetanic stimulation. The pathway of

the rapid effect of estradiol should involve ERa or ERb at the

synapses (or in extranuclei) because an ERa agonist PPT and

an ERb agonist DPN showed clear rescue effects on LTP and

NMDA-R-fEPSP slope from the CORT-induced suppression.

Recently, we found ERa localization at CA1 synapses and

dendrites by immunoelectron microscopy, using purified ERa
antibody RC-19 (Mukai et al. 2007).

Figure 4. (A--C) Immunoelectron microscopic analysis of the distribution of GR within the axospinous synapses and dendrites in the stratum radiatum and nuclei of pyramidal
cells in the CA1 region. A search for immunogold-labeled GR proteins was performed for at least 30 synapses at the CA1 region from more than 100 independent images. Gold
particles (arrowheads), specifically indicating the presence of GR, were localized in the pre- and postsynaptic regions. In dendritic spines, gold particles were found within the
spine head and, in some cases, were associated with PSD regions (A), axospinous synapses of pyramidal cells in the stratum radiatum in the CA1 region. Gold particles were also
localized in the nuclei (B). In dendrites, gold particles were often found in the cytoplasmic space (C). A 1:3000 dilution of antiserum was used to prevent nonspecific labeling. Pre,
presynaptic region; post, postsynaptic region; nuc, nucleus; den, dendrite. Scale bar, 200 nm. (D) Western blot analysis of GR in subcellular fractions of the hippocampus. From
left to right: Cyt, HDM fraction, PRE, and PSD. The hippocampal cytosol was used as positive control for GR expression (Komatsuzaki et al. 2005). The amount of protein applied
was 20 lg for each lane.
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The rapid action of estradiol is driven via MAP kinase

because U0126 completely suppressed the estradiol-induced

restoration effect on NMDA-R-fEPSP. Since MAP kinase is

localized in the PSD fraction (Mukai et al. 2007), the activation

of MAP kinase probably occurs within the postsynapses.

Application of estradiol rapidly phosphorylates tyrosine 1472

of NR2B (an NMDAR subunit) (Dominguez et al. 2007). We also

demonstrated that NR2B inhibitor Ro25-6981 significantly

Figure 5. Mass-spectrometric analysis of CORT and estradiol in acute slices. LC-MS/MS ion chromatograms of CORT are shown in (A--B), those of estradiol are shown in (C--D).
(A) Shaded portion indicates the fragmented ion of CORT (m/z 5 121) extracted from acute slices of the hippocampus incubated for 2 h in steroid-free ACSF. (B) Shaded portion
indicates the chromatograms of the fragmented ions of 500 pg of standard CORT. (C) Shaded portion indicates the fragmented ion of estradiol-PFBz-picolinoyl (m/z 5 339)
derivatized from estradiol extracted from acute slices of the hippocampus incubated for 2 h in steroid-free ACSF. (D) Shaded portion indicates the fragmented ion of estradiol-
PFBz-picolinoyl derivatized from 5 pg of standard estradiol. Vertical axis indicates the detected intensity of the fragmented ions. Horizontal axis indicates the retention time of the
fragmented ions, t 5 5.75 min for CORT and t 5 7.01 min for estradiol-PFBz-picolinoyl, respectively. The time at injection into the LC system was defined as t 5 0 min. Average
weight of the whole hippocampus used for each determination was approximately 0.14 g per animal.

Figure 6. Hypothetical mechanisms of modulation of LTP by CORT and estradiol. (A) CORT-induced LTP suppression. An application of 1 lM CORT drives the following signaling
pathway: CORT/GR/calcineurin/NR2A dephosphorylation. CORT finally dephosphorylates an NMDAR subunit NR2A. Upon tetanic stimulation, AMPAR is not sufficiently
phosphorylated at the residue of serine 831 because CORT already suppressed NMDAR-derived Ca2þ current by dephosphorylation of NR2A, resulting in the suppression of LTP
induction. (B) Rescue by estradiol of LTP from CORT-induced suppression. The application of 1 nM estradiol drives the following signaling pathway: estradiol/ERa or
ERb/MAP kinase/NR2B phosphorylation. Estradiol finally phosphorylates an NMDAR subunit NR2B. Upon tetanic stimulation, estradiol-induced restoration of NMDAR derived
Ca2þ current by phosphorylation of NR2B causes sufficient phosphorylation of AMPAR at the residue of serine 831, resulting in the restoration of LTP induction.
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suppressed the estradiol-induced restoration effect on NMDA-

R-fEPSP. We therefore hypothesize that the signaling path-

way is estradiol/ERa or ERb/MAP kinase/activation of

NMDAR by phosphorylation of NR2B/rescue of Ca2
+
influx

from CORT-induced suppression during tetanic stimulation

/restoration of phosphorylation of AMPAR/LTP restoration

(see Fig. 6B). Thus, estradiol restores AMPA receptor-derived

field excitatory postsynaptic potential (AMPA-R-fEPSP) en-

hancement by tetanic stimulation due to restoration of phos-

phorylation of AMPARs. The contribution of NR2B modulation

by estradiol to LTP induction is supported by earlier studies.

Subcutaneous 2-time injections of estradiol to ovariectomized

female rats with interval of 24 h genomically enhance NR2B-

derived excitatory postsynaptic current at CA3--CA1 synapses

after 24--48 h of the second injection (Smith and McMahon

2006; Snyder et al. 2011), resulting in the increase of LTP

(Smith and McMahon 2006). Contrary to this genomic effect

by estradiol, it is important that neither estradiol alone nor ER

agonist alone (PPT or DPN) affected LTP or NMDA-R-fEPSP in

the current study, implying that estradiol works particularly as

a rescue signal from some suppression with the nongenomic

mechanism. MAP kinase activation by estradiol is shown in

mouse neonatal cortex (Toran-Allerand et al. 2002). Practi-

cally, we observed rapid estradiol-induced phosphorylation in

hippocampal slices.

The current conclusion about estradiol-induced rescue effects

on CORT-induced suppressions is supported by the control

results that estradiol alonedid not affect baseline fEPSP in thecase

of LTP experiments and NMDA-R-fEPSP experiments concerning

12-week-old (3-month-old) adult Wistar rats (Fig. 1E) (Ito et al.

1999; Ogiue-Ikeda et al. 2008). On the other hand, several studies

have shown that estradiol alone rapidly increases baseline fEPSP

(thereby enhances LTP) in the hippocampus of 4--6-week-old

or 200--350 g (roughly 6--8-week-old) Sprague Dawley rats (Foy

et al. 1999; Bi et al. 2000; Kramar et al. 2009). Therefore, these

differences about estradiol-induced elevation of baseline fEPSP

may depend on the age (12 weeks old or 4--8 weeks old) or strain

(Wistar or Sprague Dawley) of rats. Concerning 4-week-old male

Wistar rats, we sometimes (less than 20% possibility) observed

the rapid baseline fEPSP elevation upon estradiol alone

perfusion (Kawato 2004; Mukai et al. 2006; Ogiue-Ikeda et al.

2008). On the other hand, concerning 12-week-oldmaleWistar

rats, Ito’s group demonstrates no rapid baseline elevation upon

estradiol alone perfusion as well as no enhancement of LTP (Ito

et al. 1999). Interestingly, Foy and Thompson’s group shows no

rapid basal fEPSP elevation ( <3% elevation) upon estradiol

alone perfusion in case of 3--5-month-old as well as 18--24-

month-old Sprague Dawley rats (Vouimba et al. 2000).

Therefore, estradiol alone may have the significant effect of

rapid baseline elevation of synaptic transmission on younger

rats (4--8 weeks old) and may not have the effect on older adult

rats (12 weeks old or elder).

Steroid Levels in Slices Vary by the Incubation or
Perfusion with ACSF

The basal steroid levels in slices used for electrophysiological

measurements must be known. We observed that the concen-

trations of estradiol and CORT in acute slices were 0.48 and

1.9 nM, respectively. Since the endogenous level of estradiol in

the intact hippocampus is roughly 8 nM (Hojo et al. 2009), the

estradiol level might be reduced due to release into ACSF during

2-h incubation. Therefore, in such estradiol-depleted slices, a

1-nM estradiol application can induce significant restoration

effects on LTP and NMDA-R-fEPSP. Due to an endogenous high

level of estradiol in cultured neurons, only a high concentration

of applied estradiol at 100 nM shows proliferative effects on

hippocampal-cultured granule cells, but no effect is observed

when applied estradiol is 0.1 nM (Fester et al. 2006).

Estradiol is efficiently released from the slices by incubation

or perfusion of steroid-free ACSF. The spine density of CA1

pyramidal cells is increased by a 1-nM estradiol application for

2 h and returns to the control level following washing out of

estradiol (Mukai et al. 2007). The current study also demon-

strated the reversibility of the rapid effect of estradiol. The

rescue by 1 nM estradiol of NMDA-R-fEPSP from the suppres-

sion by 1 lM CORT was diminished following the washing out

of estradiol.

Concerning CORT level, the CORT concentration in the freshly

isolated whole hippocampus was very high at roughly 430 nM

(see Supplementary Results and Discussion). This high CORT

level is probably induced by the penetration of elevated plasma

CORT (1--2 lM), due to ether stress for 1 min before sacrifice

(Tohei et al. 1997), into the hippocampus. Note that 1--2 lM
CORT is above the upper limit capacity (roughly 400--600 nM) of

CORT-binding globulin (Breuner and Orchinik 2002).

The current study suggests that such a high concentration of

CORT (430 nM) can be decreased to a very low level of 1.9 nM in

acute slices by incubation in ACSF due to the release of CORT to

ACSF. The following results can be interpreted by such an easy

release of CORT. One to 10 lM CORT rapidly suppresses the

amplitude of the population spike of CA1 pyramidal cells, and this

suppression disappears following washing out of CORT (Vidal

et al. 1986). The suppression of NMDA-R-fEPSP by 1 lM CORT

was diminished by washing out of CORT by perfusion (Fig. 2A).

From the current study, it is deduced that moderate acute

stress may be rescued by endogenous estradiol in the hippo-

campus in vivo (roughly 8 nM). An earlier study indicates that

acute CORT secretion induced by water maze training impairs

the performance of water maze test in female rats but not in

male rats (Beiko et al. 2004). Endogenous level of estradiol in

the hippocampus is much higher in male rats (roughly 8 nM)

than in female rats (roughly 0.5--1.7 nM, which varies in accor-

dance with estrus cycle) (Hojo et al. 2009). Taken together, it

is suggested that sufficiently high level of endogenous estradiol

in the male hippocampus can rescue acute stress-induced

memory impairment.

Supplementary Material

Supplementary material can be found at: http://www.cercor

.oxfordjournals.org/
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