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Estradiol (E2) is locally synthesized within the hippocampus in addition to the gonads.

Rapid modulation of hippocampal synaptic plasticity by E2 is essential for synaptic
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regulation. Molecular mechanisms of modulation through synaptic estrogen receptor

(ER) and its downstream signaling, however, have been still unknown.

We investigated induction of LTP by the presence of E2 upon weak theta burst

stimulation (weak-TBS) in CA1 region of adult male hippocampus. Since only weak-TBS

did not induce full-LTP, weak-TBS was sub-threshold stimulation. We observed LTP

induction by the presence of E2, after incubation of hippocampal slices with 10 nM E2

for 30 min, upon weak-TBS. This E2-induced LTP was blocked by ICI, an ER antagonist. This

E2-LTP induction was inhibited by blocking Erk MAPK, PKA, PKC, PI3K, NR2B and CaMKII,

individually, suggesting that Erk MAPK, PKA, PKC, PI3K and CaMKII may be involved in

downstream signaling for activation of NMDA receptors. Interestingly, dihydrotestosterone

suppressed the E2-LTP.

We also investigated rapid changes of dendritic spines (¼postsynapses) in response to

E2, using hippocampal slices from adult male rats. We found 1 nM E2 increased the density

of spines by approximately 1.3-fold within 2 h by imaging Lucifer Yellow-injected CA1

pyramidal neurons. The E2-induced spine increase was blocked by ICI. The increase in
6
erved.
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Fig. 1 – E2 induces LTP upon weak-TBS i
slices), with 10 nM E2 (E2) (open circle, n
Slices with 0 nM E2 (Cont), with 100 nM P
n¼8 slices). Vertical axis indicates EPSP s
to weak-TBS stimulation. LTP was induce
n of independent slices. (B1) Effect of kin
induction of LTP (E2þH89) (open square, n
(closed circle, n¼8 slices), with PKC inhib
n¼8 slices). (B2) Co-incubation of E2 with
(closed triangle, n¼8 slices). (C1) NR2B in
(C2) CaMKII inhibitor KN-93 (20 μM) suppr
not change the induction of the small LT
induced modulation effects on E2-LTP as
Statistical significance was defined as np
prior to (black line) or after (gray line) we
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spines was suppressed by blocking PI3K, Erk MAPK, p38 MAPK, PKA, PKC, LIMK, CaMKII or

calcineurin, individually. On the other hand, blocking JNK did not inhibit the E2-induced

spine increase.

Taken together, these results suggest that E2 rapidly induced LTP and also increased

the spine density through kinase networks that are driven by synaptic ER.

This article is part of a Special Issue entitled SI: Brain and Memory.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Finding of local synthesis of estrogen and androgen in the
adult male/female hippocampus opened a new field of estro-
gen function in relation to the regulation of daily memory
formation (Kimoto et al., 2001; Kawato et al., 2002, 2003; Hojo
et al., 2004; Kretz et al., 2004; Hojo et al., 2008; Okamoto et al.,
2012; Kato et al., 2013). The level of adult male hippocam-
pal estradiol (E2) is higher (�8 nM) than that of plasma E2
(�0.01 nM), as determined by mass-spectrometric analysis
(Hojo et al., 2009). Therefore, it is important to investigate
modulation effects by hippocampal E2 on synaptic plasticity.

In addition to slow modulation effects on synaptic plasticity
by circulating E2, E2 exerts rapid (1–2 h) influence on the synaptic
plasticity of rat hippocampal glutamatergic neurons in slices, as
has been demonstrated by a number of electrophysiological
investigations in rats and mice, concerning the long-term poten-
tiation (LTP) in CA1 (Foy et al. 1999; Bi et al., 2000), the long-term
depression (LTD) in CA1 (Vouimba et al., 2000; Mukai et al., 2007)
and kainate current in CA1 (Gu and Moss, 1996; Gu et al., 1999).

The rapid effect of E2 may be driven through either ERα or
ERβ, possibly localized at the membrane, in analogy with
cultured cells of peripheral origin (McEwen and Alves, 1999;
Razandi et al., 1999). It is probable that synaptically localized
ERα or ERβ (Milner et al., 2005; Mukai et al., 2007, 2010; Hojo
et al., 2008) may participate in rapid modulation by E2.
Involvement of non-ERα or non-ERβ type receptor, however,
might not be excluded (Gu and Moss, 1996; Gu et al., 1999).

On the other hand, extensive studies have been performed to

investigate the role of E2 in slowly (1–4 days) modulating

hippocampal plasticity, because the hippocampus is known to
n the CA1 hippocampa
¼10 slices), with 10 nM
PT (PPT) (open square, n
lope. Here, 100% refers
d at time t¼0. Illustrat
ase inhibitors. Co-incu
¼8 slices), with MAPK
itor chelerythrine (10 μ
mGluR1 inhibitor YM2

hibitor Ro25-6981 (1 μM
essed the E2-LTP (E2þK
P upon weak-TBS (KN)
shown in (A), (B) and (

o0.05, nnpo0.01. (E) Re
ak-TBS stimulation.
be a target for the actions of gonadal estrogens reaching the

brain via blood circulation. For example, the density of dendritic

spines in the CA1 pyramidal neurons is modulated in vivo by

supplement of E2 in ovariectomized (OVX) animals (Gould et al.,

1990; Woolley et al., 1990; Woolley and McEwen, 1992; Leranth

et al., 2000, 2002), resulting in increase/recovery the number of

spines. In vitro investigations have also shown that spine density

is increased following several days’ treatment of cultured hippo-

campal slices with E2 (Murphy and Segal, 1996; Pozzo-Miller

et al., 1999). Other type of E2 effects on synaptic receptors of the

hippocampal neurons has also been accumulated, including an

NMDA receptor-dependent mechanism of E2 regulation on

dendritic spine density (Woolley and McEwen, 1994), and

increase of glutamate binding to NMDA receptors by E2

(Woolley et al., 1997). LTP study of slow/genomic effects shows

E2-induced enhancement of LTP after 24–48 h of E2 injection to

OVX rats (Smith et al., 2002).
The current study was designed, using acute hippocampal

slices from adult male rats, to investigate (1) kinase depen-
dence of signaling mechanisms in rapid modulation of E2-
induced LTP upon weak theta burst stimulation (weak-TBS)
and (2) kinase dependence of E2-induced rapid spinogenesis.
Selective blockers of many kinases were used. In order to
investigate E2-induced LTP, slices were incubated with E2,
and weak-TBS was applied. These weak-TBS methods
were employed, because E2 application does not enhance
tetanus-induced LTP in 3 month-old adult rat hippocampus
(Ooishi et al., 2012b), since strong tetanus probably
saturates LTP.
l slices. (A1) Slices with 0 nM E2 (Cont) (closed circle, n¼10
E2 plus 100 nM ICI (E2þICI) (open triangle, n¼8 slices). (A2)
¼8 slices), with 100 nM WAY-200070 (WAY) (closed triangle,
to the EPSP slope value of the average of t¼�9 to 0 min prior
ed data points and error bars represent the mean7SEM from
bation of E2 with PKA inhibitor H89 (10 μM) prevented the
inhibitor U0126 (10 μM) prevented the induction of LTP (E2þU)
M) prevented the induction of LTP (E2þChel) (open triangle,
02074 (4 μM) did not prevent the induction of LTP (E2þYM)
) suppressed the E2-LTP (E2þRo) (closed triangle, n¼8 slices).
N) (open square, n¼8 slices). Perfusion of only KN (20 μM) did
(closed square, n¼5 slices). (D) Comparison of inhibitor-
C) Light most is full-LTP induced by full-TBS (full-TBS).
presentative raw traces of EPSP, showing sample recordings
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2. Results

2.1. Estradiol induces LTP (E2-LTP) upon weak-TBS

To investigate the effect of estradiol (E2) incubation on the
synaptic transmission, we investigated LTP upon weak-TBS
(15 pulses) in CA1 of the adult hippocampal slices. In the
absence of E2 treatments, weak-TBS (sub-threshold stimula-
tion) induced only small LTP at t¼60 min with low EPSP
(11672%, n¼10 slices) (Fig. 1A and D) (Hasegawa et al., 2014).
To measure E2 effects, acute slices were incubated for 30 min
with 10 nM E2, then weak-TBS was applied. E2 treatments
established LTP-induction upon weak-TBS at t¼60 min
(13574%, n¼10 slices) (Fig. 1A and D). Co-incubation of ICI
(100 nM), an antagonist of ERα / ERβ, with E2 completely
blocked the E2 effects, resulting in 11774% for EPSP (n¼8
slices). It should be noted that the incubation with only ICI
did not significantly affect the small LTP upon weak TBS
(12072%, n¼5 slices) (Fig. S1). In order to selectively activate
ERα, slices were incubated for 30 min with 100 nM propyl
pyrazole triol (PPT), a selective agonist of ERα. PPT established
LTP-induction upon weak-TBS, by increasing EPSP to 13075%
(n¼8 slices) (Fig. 1A2 and D). In order to selectively acti-
vate ERβ, slices were incubated for 30 min with 100 nM
WAY-200070, a selective agonist of ERβ (Kramar et al., 2009)
WAY-200070 treatments established LTP-induction upon
weak-TBS, by increasing the EPSP to 13377% (n¼8 slices)
(Fig. 1A2 and D). Application of full-TBS (total 50 pulses)
increased EPSP up to 14674% (n¼8 slices), implying that the
E2-induced LTP (135%) is close to this full-LTP (146%).

To assess the effect of E2 on the presynaptic activation,
paired pulse facilitation (PPF) was analyzed. No significant
change in the PPF ratio was observed after E2 incubation,
suggesting that E2 did not modulate presynapses and that the
observed E2-LTP should be due to postsynaptic events.

2.1.1. Kinase inhibitors prevent E2-LTP
Co-incubation of U0126 (10 μM), an inhibitor of Erk MAPK
(Favata et al., 1998; Ooishi et al., 2012b), with E2 considerably
suppressed E2-LTP, resulting in decrease of EPSP to 11575%
(n¼8 slices) (Fig. 1B1 and D). Note that incubation with only
U0126 did not change the small LTP upon weak-TBS (11574%,
n¼5 slices) (Fig. S1). Co-incubation of H89 (10 μM), an inhibitor
of PKA (Chijiwa et al., 1990), with E2 considerably suppressed
E2-LTP, resulting in 11974% (n¼8 slices) (Fig. 1B1 and D).
Incubation with only H89 did not change the small LTP upon
weak-TBS (11475%, n¼5 slices) (Fig. S1). Co-incubation of
chelerythrine (10 μM), an inhibitor of PKC (Herbert et al., 1990),
with E2 considerably suppressed E2-LTP, resulting in LTP
magnitude of 11473% (n¼8 slices) (Fig. 1B1 and D). Co-
incubation of YM202074 (4 μM), an inhibitor of mGluR1
(Nebieridze et al., 2012), with E2 established LTP-induction
by weak-TBS, with EPSP to 13074% (n¼8 slices) (Fig. 1B2
and D). Incubation with only chelerythrine and only YM202074
did not change the small LTP upon weak-TBS (117–123%, n¼5
slices) (Fig. S1).

Co-incubation of LY294002 (10 μM), an inhibitor of PI3K,
with E2 suppressed E2-LTP resulting in decrease of EPSP to
12174% (n¼8 slices), with no effects by LY294002. Incubation
with PP2 (10 μM), a Src kinase inhibitor, with E2 did not
suppress E2–LTP (12875%, n¼6 slices).

2.1.2. NR2B antagonist prevents E2-LTP
Co-incubation of Ro25-6981 (1 μM) (Fischer et al., 1997; Ooishi
et al., 2012b), an antagonist of NR2B subunit of NMDA
receptors, with E2 considerably suppressed E2-LTP, resulting
in decrease of EPSP to 11877% (n¼8 slices) (Fig. 1C1 and D).
Incubation with only Ro25-6981 did not change the small LTP
upon weak-TBS (12273%, n¼5 slices) (Fig. S1).

2.1.3. Ca2þ/Calmodulin-dependent protein kinase II (CaMKII)
inhibitor prevents E2-LTP
After incubation of slices with E2 for 30 min, KN-93 (20 μM)
(Ehrlich and Malinow, 2004), an inhibitor of CaMKII, was
perfused before weak-TBS. Perfusion of KN-93 considerably
suppressed E2-LTP, resulting in decrease of EPSP to 12074%
(n¼8 slices) (Fig. 1C2 and D). Here, KN-93 suppressed CaMKII,
since CaMKII may be activated by elevated Ca2þ influx through
activated NMDA receptors by E2-incubation. Perfusion of
only KN-93 did not change the small LTP upon weak-TBS
(117.371.9%, n¼5 slices) (Fig. 1C2 and D).

2.2. Dihydrotestosterone (DHT) suppressed E2-induced
LTP upon weak-TBS

We investigated the effect of androgen on E2-induced LTP.
Slices were incubated for 30 min with 10 nM E2 plus DHT
before application of weak-TBS. Interestingly, co-incubation
of DHT (10 nM) with E2 completely blocked the E2-LTP,
resulting in decrease of EPSP to 11573% (n¼9 slices)
(Fig. 2A1 and C). Note that incubation with only DHT did
not change the small LTP upon weak-TBS (12173%, n¼10
slices) (Fig. 2A2 and C).

Paired pulse facilitation (PPF) was analyzed. No significant
change in the PPF ratio was observed after DHT plus E2
incubation, suggesting that DHT did not modulate presynap-
tic events, and therefore the observed of DHT effects on
E2-LTP should be due to postsynaptic events.

2.2.1. Inhibition of AR and phosphatase prevents DHT-
induced suppression
Co-incubation of hydroxyflutamide (HF) (1 μM), an antagonist
of AR (androgen receptor), with E2 plus DHT inhibited the
DHT-induced suppression, resulting in recovery of EPSP to
143710% (n¼9slices) (Fig. 2B1 and 2C). Incubation with only
HF did not affect the small LTP upon weak-TBS (11774%, n¼6
slices), nor significantly changed E2-LTP (13273%, n¼6 slices)
(Fig. S2). HF did not significantly change DHT-EPSP upon
weak-TBS (11574%, n¼6 slices) (Fig. S2). Co-incubation of
cyclosporin A (CsA) (10 μM), an inhibitor of calcineurin (PP2B)
(Wiederrecht et al., 1993), with E2 plus DHT inhibited the
suppressive effect of DHT, resulting in recovery of EPSP to
140710% (n¼6 slices) (Fig. 2B2 and C). Here, CsA was used to
prevent suppression of calcineurin in signaling of “DHT-
AR-calcineurin-suppression of NMDA receptors”. Incuba-
tion with only CsA did not change the small LTP upon weak-
TBS (11674%, n¼6 slices) (Fig. S2). CsA did not significantly
change E2-LTP (13073%, n¼6 slices). CsA did not change
DHT-EPSP (11475%, n¼6 slices) (Fig. S2).



Fig. 2 – DHT suppressed E2-induced LTP upon weak-TBS. (A1) E2-LTP (E2) (open circle, n¼10 slices) was suppressed when
DHT (10 nM) was co-incubated with E2 (10 nM) (E2þDHT) (open square, n¼9 slices). (A2) Only 10 nM DHT without E2 was
incubated with slices (DHT) (open, triangle n¼10 slices). The number of independent experiments is indicated as n. Vertical
axis indicates EPSP slope. Here, 100% refers to the EPSP slope value of the average of t¼�9 to 0 min prior to weak-TBS
stimulation. LTP was induced at time t¼0. Illustrated data points and error bars represent the mean7SEM from n of
independent slices. (B1) AR antagonist HF (1 μM) prevented the DHT-induced suppression of E2-LTP (E2þDHTþHF) (closed
square, n¼9 slices). (B2) Calcineurin inhibitor cyclosporine A (10 μM) blocked the DHT-induced suppression of E2-LTP
(E2þDHTþCsA) (closed triangle, n¼6 slices). (C) Comparison of DHT effects on E2-LTP as shown in (A) and (B). Statistical
significance was defined as nnnpo0.005, nnnnpo0.001. (D) Representative raw traces of EPSP, showing sample recordings prior
to (black line) or after (gray line) weak-TBS stimulation.
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2.3. Rapid effect of E2 on CA1 spinogenesis

We investigated the effect of E2 on the modulation of the
dendritic spine density and morphology. Single spine imaging
was performed for Lucifer Yellow-injected neurons in hippo-
campal slices. We analyzed secondary branches of the apical
dendrites located 100–200 mm distant from the pyramidal cell
body around the middle of the stratum radiatum of CA1 region.

Following a 0.5–2 h treatments with E2, treated dendrites
have significantly more spines than control dendrites (i.e.
without E2) (Fig. 3A). Time dependency of E2 treatment was
demonstrated by treating slices for 0.5, 1 and 2 h with 1 nM E2
(Fig. S3). The increasing effect on the total spine density was
approximately proportional to the incubation time, showing
1.02 (0.5 h), 1.22 (1 h) and 1.34 spines/mm (2 h) in E2-treatments.
Dose dependency was also examined after 2 h incubation
(Fig. S3). The increasing effect was most significant at 1 nM
E2 (1.34 spines/mm) compared with 0.1 nM (1.01 spines/mm)
and 10 nM (1.33 spines/mm) E2. Because a 2 h treatment with
1 nM E2 was most effective for spinogenesis, these incubation
time and concentration was used in the following investiga-
tions unless specified (Fig. S3).
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Blocking of estrogen receptor (ER) by 1 mM ICI182, 780 (ICI),
a specific inhibitor of ER, completely abrogated the enhancing
effect of E2 on the spine density (Fig. 3).
2.3.1. Spine head diameter analysis
The morphological changes in spine head diameter induced
by 2 h treatments were assessed. We classified the spines
into three categories depending on their head diameter, e.g.
0.2–0.4 mm as small-head spines, 0.4–0.5 mm as middle-head
spines, and larger than 0.5 mm as large-head spines (Fig. 3C).

Small-, middle-, and large-head spines may be different in
the number of AMPA receptors, and therefore these three types
of spines may have different efficiency in signal transduction.
The number of AMPA receptors (including GluR1 subunit) in
the spine increases as the size of postsynapse increases,
whereas the number of NMDA receptors (including NR2B
subunit) may be relatively constant (Shinohara et al., 2008).

We performed a statistical analysis based on classification of
the spines into three categories. In control slices (without E2),
the spine density was 0.52 spines/mm for small-head spines, 0.35
spines/mm for middle-head spines, and 0.16 spines/mm for large-
head spines. Upon treatment with E2, the density of small-head
spines significantly increased, while the density of middle- and
large-head spines was not significantly altered (Fig. 3C and D).
The concurrent application of E2 and ICI significantly decreased
the density of small-head spines, while the density of middle-
and large-head spines was not significantly changed (Fig. 3D).
2.4. Signaling pathways depending on protein kinases
(PI3K, Erk MAPK, p38 MAPK, PKA, PKC, LIM kinase (LIMK))

2.4.1. Total density analysis
We investigated intracellular signaling pathways of several
kinases involved in the E2-induced spine increase by using
Fig. 3 – Effects of kinase blockers on E2-induced spine increase
secondary dendrites of pyramidal neurons in the stratum radiatu
plane from z-series confocal micrographs, showing spines alon
Dendrites without drug-treatments (Control), dendrites after E2-t
(S) and 3 dimensional model illustration (Model) are also shown.
total spine density. (Right) No effects by only blockers. Vertical ax
in ACSF without drugs (Control), with 1 nM E2 (E2), with 1 nM E
LY294002 (PI3K inhibitor) (E2þLY), with 1 nM E2 and 25 lM U012
SB203580 (p38 MAPK inhibitor) (E2þSB), with 1 nM E2 and 10 lM
chelerythrine (PKC inhibitor) (E2þChel), and with 1 nM E2 and 10
head diameters. Abbreviations are same as in (B). Vertical axis is
ACSF without drugs (Control, dashed line), with E2 (black line), w
line), with E2þH89 (purple line), with E2þChel (pink line), and w
spines. Abbreviations are same as in (B). Vertical axis is the aver
small-head spines (small), middle-head spines (middle), and lar
column), E2 (black column), E2þLY (red column), E2þU (blue col
E2þChel (pink column), and E2þLIMKi (yellow column). (E) Repre
(D): E2 plus LY treatment (E2þLY); E2 plus U0126 treatment (E2þ
(E2þH89); E2 plus chelerythrine treatment (E2þChel), E2 plus LIM
XY plane from z-series (MAX-XY), image analyzed by Spiso-3D (S
5 μm. In (B)–(D), data are represented as mean7SEM. Statistical
For each drug treatment, we investigated 3 rats, 7 slices, 14 neur
5 rats, 8 slices, 16 neurons, 31 dendrites and approx. 1700 spin
selective inhibitors of kinases (Fig. 3B). Blocking PI3K by 10 mM
LY294002, abolished the increase of total spine density induced
by E2. Application of 25 mM U0126, Erk MAPK inhinbitor, abol-
ished the increasing effect by administration of E2. Application of
10 mM SB203580, a p38 MAPK inhibitor, also prevented the effect
by E2. Application of 10 mM H89, an inhibitor of protein kinase A
(PKA), blocked the increasing effect by E2. When all subfamilies
of protein kinase C (PKC) were blocked by using 10 mM cheler-
ythrine, a non-selective PKC subfamily inhibitor, the increasing
effect by E2 on the spine density were blocked. Selective
inhibition of only PKCδ (by 5 mM rottlerin) partially suppressed
the effect by E2. Application of 10 mM LIMKi (Ross-Macdonald
et al., 2008), an inhibitor of LIMK, also prevented the effect by E2.

Since the concentrations of inhibitors are added to their
recommended concentrations, the inhibitory effects cannot
be non-specific due to the excess amount of inhibitors. It
should be noted that these kinase inhibitors alone did not
significantly affect the total spine density within experimen-
tal error, indicating that the observed inhibitory effects are
not due to simple blockers’ effects (Fig. 3B).
2.4.2. Spine head diameter analysis
Since observing the total spine density does not tell us
enough for understanding the complex kinase effects, the
changes in spine head diameter distribution were analyzed.

Blocking PI3K, Erk MAPK, p38 MAPK, and PKA abolished the
effect by E2 on the dendritic spine densities, decreasing the
density of the small-head spines, while significant change was
not observed in middle- and large-head spines (Fig. 3C and D).
Inhibiting all the PKC subfamilies significantly decreased the
density of small-head spines without changes in middle- and
large-head spines (Fig. 3C and D). Selective inhibition of PKCδ
partially decreased small-head spines. Blocking LIMK decreased
small- and large-head spines (Fig. 3C and D).
and change in morphology. Spines were analyzed along the
m of CA1 neurons. (A) Maximal intensity projections onto XY
g the dendrites of hippocampal CA1 pyramidal neurons.
reatment for 2 h (E2). Bar, 5 μm. Images analyzed by Spiso-3D
(B) (Left) Effect of treatments by E2 and kinase blockers on the
is is the average number of spines per 1 lm. A 2 h treatment
2 and 1 lM ICI 182,780 (E2þICI) with 1 nM E2 and 10 lM
6 (Erk MAPK inhibitor) (E2þU), with 1 nM E2 and 10 lM
H-89 (PKA inhibitor) (E2þH89), and with 1 nM E2 and 10 lM
lM LIMKi (LIMK inhibitor) (E2þLIMKi ). (C) Histogram of spine
the number of spines per 1 lm of dendrite. A 2 h treatment in
ith E2þLY (red line), with E2þU (blue line), with E2þSB (green
ith E2þLIMKi (yellow line). (D) Density of three subtypes of
age number of spines per 1 lm of dendrite. From left to right,
ge-head spines (large) type. In each group, control (open
umn), E2þSB (green column), E2þH89 (purple column),
sentative spine images of confocal micrographs used for (B)–
U); E2 plus SB treatment (E2þSB); E2 plus H-89 treatment
Ki treatment (E2þLIMKi). Maximal intensity projection onto
) and 3 dimensional model (Model) are shown together. Bar,
significance was defined as *po0.05, **po0.01 vs E2 sample.
ons, 28 dendrites and 1400–2000 spines. For control, we used
es.
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2.5. Signaling pathways depending on other kinases and
phosphatase (JNK, calcineurin, CaMKII, GSK3β)

Blocking JNK, showed no change the total spine density, nor
the subpopulations of spines (Fig. 4). The spine increase effect
by E2 was blocked by cyclosporin A(1 mM), an inhibitor of
calcineurin, by KN-93 (1 mM), an inhibitor of CaMKII, and by I8
(1 mM), an inhibitor of GSK3β. (Fig. 4). These kinase inhibitors
alone did not significantly affect the total spine density
within experimental error, indicating that the observed inhi-
bitory effects are not due to simple blockers' effects (Fig. 4).
3. Discussion

3.1. Kinase involvement in E2-LTP upon weak-TBS

The current study demonstrates molecular mechanisms of
rapid E2-induced LTP upon weak-TBS (sub-threshold stimula-
tion) in adult hippocampus (Figs. 1 and 2). Induction of LTP upon
weak-TBS by the presence of neurotrophic factors, including E2
Fig. 4 – Effects of blockers of other kinases and phosphatase on
presence of E2 on the total spine density in CA1 neurons. (Righ
number of spines per 1 μm. A 2 h treatment in ACSF without dr
SP600125 (JNK inhibitor) (E2þSP), with 1 nM E2 and 1 lM KN-93 (C
A (calcineurin inhibitor) (E2þCsA), and with 1 nM E2 and 1 lM I
diameters. Abbreviations are same as in (A). Vertical axis is the
ACSF with E2 (dashed line), with E2þSP (black line), with E2þKN
line). (C) Density of three subtypes of spines. Abbreviations are
per 1 lm of dendrite. From left to right, small-head spines (small
type. In each group, E2 (open column), E2þSP (black column), E2
column). In (B) and (C), data are represented as mean7SEM. Sta
sample. For each drug treatment, we investigated 3 rats, 7 slice
and BDNF is observed for young 2–3 week-old rat hippocampus
(Lynch et al., 2007; Kramar et al., 2009), however, the molecular
mechanism of these LTP inductions had not been well under-
stood. These neurotrophic factors fail to further increase full-
LTP, which is induced upon strong stimulation, including
tetanus stimulation (typically 100 Hz, 1 s) and full-TBS (Ooishi
et al., 2012b), probably because these strong stimulations elevate
EPSP to a saturated level which cannot be further enhanced by
neurotrophic factors.

The current rapid action of E2 should be driven through
kinases, including Erk MAPK, PKA and PKC, since their inhibitors
completely suppressed E2-LTP by co-incubation with E2 for
30min. Since Erk MAPK (together with ERα) is localized in the
PSD fraction (Mukai et al., 2007, 2010; Hojo et al., 2008), the
activation of Erk MAPK probably occurs within the postsynapses.
Application of E2 rapidly phosphorylates tyrosine 1472 of NR2B
(Dominguez et al., 2007). Co-incubation of NR2B inhibitor Ro25-
6981 with E2 suppressed the E2-LTP (Fig. 1). Perfusion of CaMKII
inhibitor KN-93 suppressed the E2-induced LTP during weak-
TBS. We therefore hypothesize that the signaling pathway could
be as follows: E2-synaptic ERα or ERβ-activation of Erk MAPK,
E2-induced spinogenesis. (A) (Left) Effect of inhibitors on the
t) No effects by only inhibitors. Vertical axis is the average
ugs (Control), with 1 nM E2 (E2), with 1 nM E2 and 10 lM
aMKII inhibitor) (E2þKN), with 1 nM E2 and 1 lM cyclosporin

8 (GSK3β inhibitor) (E2þI8). (B) Histogram of spine head
number of spines per 1 lm of dendrite. A 2 h treatment in
(red line), with E2þCsA (blue line), and with E2þI8 (green

same as in (A). Vertical axis is the average number of spines
), middle-head spines (middle), and large-head spines (large)
þKN (red column), E2þCsA (blue column), and E2þI8 (green
tistical significance was defined as *po0.05, **po0.01 vs E2
s, 14 neurons, 28 dendrites and 1400–2000 spines.
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PKC and PKA-activation of NMDA receptor by phosphorylation
of NR2B-increase of Ca2þ influx though NMDA receptors during
weak-TBS-activation of CaMKII-phosphorylation of AMPA
receptors-enhancement of the magnitude of LTP (Fig. S4). This
hypothetical signal sequence is also supported by earlier studies.
Erk MAPK activation/phosphorylation by E2 is shown in neonatal
mouse cortex (Toran-Allerand et al., 2002) and early adolescent
rat hippocampus (Kim et al., 2002). The contribution of NR2B
modulation by E2 to LTP induction is supported by genomic
effects. Subcutaneous 2-time injections of E2 to ovariectomized
female rats with interval of 24 h genomically enhance NR2B-
derived EPSC at CA1 synapses after 24–48 h of the second injec-
tion, resulting in the increase of LTP (Smith and McMahon, 2006).

Involvement of mGluR1 in E2 signaling (E2 binding to ERα-
mGluR1 complex induced CREB phosphorylation through Erk
MAPK) has been shown in female hippocampal primary
cultured neurons, but not in male neurons (Boulware et al.,
2005, Boulware and Mermelstein, 2009). No involvement of
mGluR1 in adult male E2 signaling was also observed in
E2-LTP (Fig. 1B). Future investigations about mGluR1 in
male and female E2 signaling might be useful to find possible
hippocampal sex-differences.

3.2. Difference in E2 effects between matured
and developing neural circuits

For series of electrophysiological experiments, Kawato’s group
have usually used 3 month-old adult rat hippocampus that has
matured completed synaptic contacts in neural circuits. Impor-
tantly, E2 effects are often different between developing and
matured neural circuits of the hippocampus. For example
perfusion of only E2 does not affect baseline EPSP in 12 week-
old (3 month-old) adult Wistar rats (Ito et al., 1999; Ogiue-Ikeda
et al., 2008; Ooishi et al., 2012b); but perfusion of only E2 rapidly
increases baseline EPSP in 4–6 week-old or 200–350 g (approx. 6–8
week-old) Sprague-Dauley rats (Foy et al., 1999; Bi et al., 2000;
Kramar et al., 2009). Therefore, these differences about E2-
induced elevation of baseline EPSP may depend on the age (12
weeks old or 4–8 weeks old) or strain (Wistar or Sprague-Dauley)
of rats. Concerning 4 week-old male Wistar rats, we sometimes
(less than 20% possibility) observed the rapid baseline EPSP
elevation upon estradiol alone perfusion (Kawato, 2004; Mukai
et al., 2006; Ogiue-Ikeda et al., 2008). On the other hand, con-
cerning 12 week-old male Wistar rats, Ito’s group demonstrates
no rapid baseline elevation upon only E2 perfusion, as well as no
enhancement of LTP (Ito et al., 1999). Interestingly, Foy and
Thompson’s group shows no rapid basal EPSP elevation (o3%
elevation) upon estradiol alone perfusion in case of 3–5 month-
old as well as 18–24 month-old Sprague-Dauley rats (Vouimba
et al., 2000). Therefore, estradiol only 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).

3.3. Difference and similarity in synaptic effects between
androgen and estrogen

In the current study, the application of 10 nM DHT (but not
3 nM DHT) prevented 10 nM E2-induced LTP in adult hippo-
campal CA1. The signaling pathway might be “DHT-AR-
calcineurin-suppression of NMDA receptors-suppression
of E2-LTP” (Fig. S4). Here, we consider the fact that calcineurin
is known to desensitize the NMDA receptor subunit NR2A
through dephosphorylation of a serine residue (Krupp et al.,
2002), and that calcineurin inhibitor CsA blocked DHT-
induced suppression of E2-LTP (Fig. 2B2).

Grassi, Pettorossi and co-workers showed that under
blocking of ER by ICI, an additional inhibition of AR by
flutamide induced moderate LTP (upon repetitive tetanus
stimulation of 4 sets of 100 Hz, 1 s) in the developing CA1
hippocampal slices from postnatal 2–3 weeks-old rats
(Pettorossi et al., 2013). This means that AR may have
suppressive effects on LTP. Only AR antagonist, however,
does not suppress LTP upon repetitive tetanus stimulation
(Pettorossi et al., 2013). Suppressive effects by DHT on LTP are
also suggested for CA3 mossy fiber. LTP of mossy fiber (upon
25 Hz, 1 s train, twice with a 10 s interval) is induced in
hippocampal slices prepared from androgen-depleted
(castrated) rats, whereas LTP is not induced in slices from
control rats (Skucas et al., 2013). Administration of 50 nM DHT
to androgen-depleted slices suppressed LTP (Skucas et al.,
2013). Taken together, DHT and AR might prevent E2-induced
hyperexcitability of CA1 synapses.

Androgen effects were very different on spinogenesis (new
spine formation), compared with LTP (at pre-formed
synapse). Similar to E2, DHT increased spine density (Hata-
naka et al., in this Special Issue). DHT did not block E2-
induced spine increase, when both DHT and E2 were applied.
E2 plus DHT did not have additive effects on the spine
increase, and DHT did not change E2-effects on spinogenesis.

3.4. Rapid effect of E2 on spine density and morphology
(Kinase-mediated signaling model)

The current results of kinase inhibition suggest that the rapid
effects of E2 were mediated by serine/threonine kinases,
including PI3K, Erk MAPK, p38 MAPK, PKA, and PKC (Fig. 3)
(Fig. S4). Because both ER and these kinases are present in
spines, an efficient coupling between these proteins could
occur at postsynapses (Milner et al., 2005; Mukai et al., 2007;
Hojo et al., 2008).

In CA1 region, MAPK cascade may couple with PKA and
PKC through PKC-Raf1-MAPK, PKA-B-Raf-MAPK in
synaptic modulation including LTP (Roberson et al., 1999).
Take the knowledge into account, PKA, PKC and MAPK may
be key kinases responsible for modulation of spines.

PI3K may also contribute to E2-induced spinogenesis. PI3K
is the downstream signaling molecule of ERα, which promotes
neuroprotection by phosphorylation of Akt (Garcia-Segura,
2007). E2 protects neuronal cell death through PI3K/Akt path-
way, in the hippocampus upon ischemia (Yang et al., 2010),
and in retina upon light-induced apoptosis (Mo et al., 2013).

Erk MAPK is known to phosphorylate cortactin, a structural
protein associated to actin (MacQueen et al., 2003). Cortactin
interacts with both F-actin and actin-related protein (Arp) 2/3
complex as well as scaffold protein Shank in the PSD at the SH3
domain (Weed et al., 1998; Campbell et al., 1999), resulting in
promotion of actin fiber remodeling within spines. As a good
example, upon BDNF stimulation, MAPK phosphorylates cor-
tactin through interacting C-terminal of SH3 domain, resulting
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in a reorganization of spine morphology (Iki et al., 2005). It is
thus possible that E2 exerts its effect on spines through
cortactin–actin pathway. Cortactin has multiple phosphoryla-
tion sites, including Ser405 and Ser418, which are activated by
MAPK (Campbell et al., 1999). Phosphorylation of cortaction
may promote assembly of actin cytoskeletal matrices, resul-
ting in spine formation or modulation of spine head (Hering
and Sheng, 2003). These sites, including Ser113, are putative
phosphorylation sites also for other serine/threonine kinase
(PKA or PKC) that are activated by E2.

Besides cortactin, cofilin and LIMK are also good candi-
dates for E2-induced actin reassembly, leading to spinogen-
esis (Clancy et al., 1992; Aizawa et al., 2001; Liston et al., 2013).
It is known that corticosterone induces the phosphorylation
of both LIMK and cofilin, leading to spinogenesis (Liston et al.,
2013). Cofilin polymerizes actin filaments upon phosphoryla-
tion by LIMK (Clancy et al., 1992). PKC or RhoA may phos-
phorylate LIMK (Pilpel and Segal, 2004; Shi et al., 2009). LIMK
may also be activated upon phosphorylation by p38 MAPK
(Kobayashi et al., 2006).

Interestingly, the effect of E2 was completely blocked by
inhibition of only one member of kinases, although many
kinases participate in estrogen-induced spinogenesis (Fig. 3).
These results suggest that E2-induced spine increase may
need multiple phosphorylation of actin-modulating protein,
including cortactin and cofilin.

3.5. Earlier studies about rapid ER action

We observed that ER is localized within spines and participates
in rapid modulation effects of synapses and spines (Tsurugizawa
et al., 2005; Mukai et al., 2007, 2010; Hojo et al., 2008).

E2 induces rapid CA1 spine increase through Erk MAPK
(Mukai et al., 2007, 2010). E2 induces spine increase through
PI3K pathway (Fig. 3). PI3K has some specific interactions with
E2 signaling, for example, PI3K directly binds to estrogen recep-
tor (Simoncini et al., 2000), and PI3K mediates E2-induced acute
neuroprotection from apoptotic cell death by ischemia in hipp-
ocampal CA1 region (Jover-Mengual et al., 2010). E2 rapidly
enhances NMDA-induced chemical-long term depression (LTD)
in CA1 (Mukai et al., 2007, 2010).

Immunoelectron microscopic analysis demonstrates that
ERα and ERβ is localized not only in cytoplasm and nuclei but
also inside of spines (Herrick et al., 2006; Mukai et al., 2007).
These results support the idea that postsynaptic ER may
mediate E2-induced rapid spinogenesis by activating several
kinases.

3.6. Slow and genomic effects of E2

Concerning LTP study, subcutaneous 2-time injections of E2
to OVX female rats with interval of 24 h genomically enhance
NR2B-derived EPSC at CA1 synapses after 24–48 h of the
second injection (Snyder et al., 2011; Smith et al., 2002),
resulting in the increase of LTP (Smith et al., 2002). Many
in vivo dendritic spine analysis show the involvement of
gonadal E2 in the cyclic change in the spine density across
the estrous cycle (Gould et al., 1990; Woolley and McEwen,
1992; Kato et al., 2013), and the effect of E2 supplementation
on the recovery of the spine density of CA1 neurons of OVX
female rats (Woolley and McEwen, 1993). In OVX rats, circu-
lating E2 is undetectable and the spine density decreases
significantly. These recovery effects of E2 (10 mg/d, s.c.) took 2
days to be appeared (Woolley and McEwen, 1993).

It should be noted that the mechanisms of E2 action may
be different between in vivo and in vitro experiments, because
indirect effects of E2 may also occur in vivo through choli-
nergic or serotonergic neurons, which express ER and project
to the hippocampus, in addition to direct influence of E2 on
glutamatergic neurons (Guerra-Araiza et al., 2003).

3.7. Estrogen levels in the male and female hippocampus

E2 in the hippocampus should play a key role for rapid action
through synaptic ER as a modulator of synaptic plasticity.
The concentration of endogenous E2, DHT and T is deter-
mined to be approx. 8 nM, 7 nM and 17 nM, respectively, in
freshly isolated hippocampus, with some variation between
individual rats, by mass-spectrometric analysis (Hojo et al.,
2009; Okamoto et al., 2012). Interestingly, E2 level in the
male hippocampus (�8 nM) was higher than that in female
(0.6–4.3 nM) (Kato et al., 2013). In addition to hippocampal
synthesis of T, T may also reach the hippocampus via blood
circulation (�15 nM in plasma). After castration hippocampal
T goes down to �3 nM, while hippocampal E2 stays the same
(�8 nM) even after castration.

It should be noted that, in ‘acute’ slices (used for current
analysis of synaptic plasticity), the levels of E2, DHT and T
decreased to below 0.5 nM due to the slice recovery incuba-
tion with ACSF after fresh slice preparations (Hojo et al., 2009,
2011, Ooishi et al., 2012a, 2012b). In the current study, the
exogenous application of 1–10 nM E2 was used to elevate the
hippocampal androgen level from ACSF-washed level (‘acute’
slice) (o0.5 nM) back to the endogenous level rapidly (Ooishi
et al., 2012b). Exogenous application of E2 was employed to
modulate hippocampal estrogen levels, because until now
the method of rapid elevation of endogenous estrogen con-
centration through activation of its synthesis pathway is not
yet established. To investigate in a more intrinsic condition,
the methods of rapid activation of endogenous synthesis of
estrogen should be developed, such as NMDA-induced synth-
esis (Kawato et al., 2002, Hojo et al., 2004), or 1–10 Hz low
frequency electric stimulation-induced synthesis.

Interestingly, E2 level in the female hippocampus (0.6–4.3 nM)
was lower than that in male (�8 nM). The high level of male
hippocampal E2 (8 nM) may be, partly due to, conversion from
circulating (high level) T (�15 nM), penetrating into the hippo-
campus. The moderately high level of female hippocampal E2
(0.5–4.3 nM)may bemainly due to the conversion from circulating
PROG (20–50 nM) in addition to hippocampus-synthesized PROG,
since circulating E2, E1, T were too low (o1 nM) to contribute.

3.8. New perspectives of estrogen and androgen as central
modulators

Estrogen and androgen should be recognized now as central (not
peripheral) modulators of memory performance, with rapid
synaptic regulation (Balthazart and Ball, 2006). Sex-steroids had
been thought to be peripheral regulators of memory perfor-
mance, with daily circadian rhythm or estrus cycle. This was due
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to the absence of evidence that sex-steroids are synthesized
within the adult brain, although steroid synthesis was indicated
in neonatal brains (Kretz et al., 2004; Higo et al., 2009; Munetsuna
et al., 2009; Konkle and McCarthy, 2011). This is because, for exa-
mple, cytochrome P450 (17α), dehydroepiandrosterone (DHEA)
synthase, had long been not found in the adult brain, with
neither mRNA nor protein analysis (Corpechot et al., 1981;
Baulieu, 1997; Baulieu and Robel, 1998). After finding adult
hippocampal/brain synthesis of estrogen and androgen from
cholesterol (Kimoto et al., 2001; Kawato et al., 2002; Hojo et al.,
2004), many experimental results have been accumulated, which
favor their roles as local paracrine/intracrine regulators. How-
ever, still some controversy exists concerning observed sex-
steroid levels in adult male and female brain (Beyer and Rune,
2012; Vierk et al., 2012), which might be partly due to some
difficulties, in anatomical procedures (hippocampal tissues
should be taken out within 30min after decapitation), and in
purification procedures of steroids (steroids should be extracted
from the fresh brain, not from the brain stored being frozen). If
we slowly take out hippocampal tissues, later than 1 h, after
decapitation, we may lose some estrogen and androgen, which
might be due to peroxidation of lipids and steroids. If we extract
steroids from a frozen stored brain, wemight lose some estrogen
and androgen, which might be due to oxidation of steroids.

Local paracrine/intracrine regulation may consists of actions
of synaptic/extranuclear receptors, which drive kinase/phos-
phatase signaling, different from slow signaling through gene
transcription via classical nuclear steroid receptors. It should be
noted that non-genomic types of rapid signaling might also
trigger slow genomic action in the downstream, since kinases
may move into the nuclei, resulting in gene transcription.
4. Experimental procedures

4.1. Animals

Young adult male Wistar rats (12 week old, 320–360 g) were
purchased from Tokyo Experimental Animals Supply (Japan).
All animals were maintained under a 12 h light/12 dark cycle
and free access to food and water. The experimental proce-
dure of this research was approved by the Committee for
Animal Research of the University of Tokyo.

4.2. Chemicals

Lucifer Yellow was obtained from Molecular Probes (USA). Cyano-
nitroquinoxaline-dione (CNQX), MK-801, PD98059, SB203580,
LY294002, cyclosporin A (CsA), cycloheximide (CHX), actinomycin
D (actD), Ro25-6981 and N-methyl-D-aspartate (NMDA) were pur-
chased from Sigma (USA). H-89, chelerythrine, rottlerin, LIMKi and
KN-93 were from Calbiochem (USA). Estradiol, SP600125, U0126,
HF, ICI182, 780 from Wako Pure Chemical Industries (Japan).

4.3. Slice preparation

Adult male rats were deeply anaesthetized and decapitated.
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 mM): 124
NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 22 NaHCO3, and
10 D-glucose (all from Wako); pH was set at 7.4. The hippo-
campus was then dissected and 400 mm thick transverse
slices to the long axis, from the middle third of the hippo-
campus, were prepared with a vibratome (Dosaka, Japan).
These slices were ‘fresh’ slices without ACSF incubation.
Slices were then incubated in oxygenated ACSF for 2 h (slice
recovery processes) in order to obtain widely used ‘acute
slices’.
4.4. LTP measurements upon weak-TBS in the CA1 slices

The acute slice was incubated with E2 at 10 nM for another
0.5 h. The slice was then transferred to a recording chamber,
interfaced and continuously perfused (2 ml/min) with oxyge-
nated ACSF at 33 1C (Hasegawa et al., 2014).

Experimental details with custom multielectrode probes
are described elsewhere (Mukai et al., 2007; Ogiue-Ikeda et al.,
2008). Briefly, slices were positioned on a custom multielec-
trode probe in which 64 planar microelectrodes (Alpha MED
Scientific, Japan) were particularly designated to densely
cover the important regions containing essential synaptic
contacts of pyramidal neurons of the stratum radiatum in
CA1. EPSP responses were measured with selected electrodes
in CA1. We determined the input–output curve of EPSP by
gradually increasing the stimulus intensity. The interval of
the stimulation was 45 s. When responses were saturated, we
calculated the stimulus intensity which gave the half max-
imum of EPSP.

For investigation of E2-inducible LTP, the weak-TBS was
applied to the Schaffer collaterals. Typically the “weak-TBS”
stimuli were delivered as discrete 3 bursts separated by
200 ms (Kramar et al., 2009). One burst consists of 5 pulses
at 100 Hz. The “full-TBS” consists of 10 bursts (total 50 pulses).
Although the weak-TBS induced sub-threshold LTP in the
absence of E2, the weak-TBS induced full-LTP.

For induction of paired-pulse facilitation (PPF), paired
pulse stimulation was applied to the Schaffer collaterals.
The interval between these stimuli was 50 ms.
4.5. Imaging and analysis of dendritic spine density
and morphology

4.5.1. Hippocampal slice preparation and current injection
of Lucifer yellow
Male rats aged 12 weeks were deeply anesthetized and
decapitated. The same ‘acute’ slices used for LTP experiments
were used for spinogenesis. These ‘acute’ slices (used world-
wide) were then incubated with 1–10 nM E2 together with
inhibitors of protein kinases, ion channels, or protein synth-
esis. Slices were then fixed with 4% paraformaldehyde in PBS
at 4 1C overnight. Neurons within slices were visualized by an
injection of Lucifer Yellow (Molecular Probes, USA) under
Nikon E600FN microscope (Japan) equipped with a C2400-79H
infrared camera (Hamamatsu Photonics, Japan) and with a
40� water immersion lens (Nikon, Japan).

Current injection was performed with glass electrode filled
with 5% Lucifer Yellow for 15min, using Axopatch 200B (Axon
Instruments, USA). Approximately five neurons within a depth



b r a i n r e s e a r c h 1 6 2 1 ( 2 0 1 5 ) 1 4 7 – 1 6 1158
of 100–200 mm from the surface of a slice were injected with
Lucifer Yellow (Duan et al., 2002).
4.5.2. Confocal laser microscopy and morphological analysis
The imaging was performed from sequential z-series scans
with confocal laser scan microscope (LSM5; Carl Zeiss, Ger-
many) at high zoom (�3.0) with a 63� water immersion lens,
NA 1.2. For Lucifer Yellow, the excitation and emission
wavelengths were 488 nm and 515 nm, respectively. For ana-
lysis of spines, three-dimensional image was reconstructed
from approximately 40 sequential z-series sections of every
0.45 mm with a 63� water immersion lens, NA 1.2. The applied
zoom factor (�3.0) yielded 23 pixels per 1 mm. The z-axis
resolution was approximately 0.71 mm. The confocal lateral
resolution was approximately 0.26 mm. Our resolution limits
were regarded to be sufficient to allow the determination of
the density of spines. Confocal images were then deconvo-
luted using AutoDeblur software (AutoQuant, USA).

The density of spines as well as the head diameter was
analyzed with Spiso-3D (automated software mathematically
calculating geometrical parameters of spines) developed by
Bioinformatics Project of Kawato’s group (Mukai et al., 2011).
Spiso-3D has an equivalent capacity with Neurolucida (Micro-
BrightField, USA), furthermore, Spiso-3D considerably reduces
human errors and experimenter labor. The single apical
dendrite was analyzed separately. The spine density was
calculated from the number of spines along secondary den-
drites having a total length of 40–70 mm. These dendrites were
present within the stratum radiatum, between 100 and 200 mm
from the soma. Spine shapes were classified into three
categories as follows. (1) A small-head spine, whose head
diameter is smaller than 0.4 mm. (2) A middle-head spine,
which has 0.4–0.5 mm spine head. (3) A large-head spine,
whose head diameter is larger than 0.5 mm. These three
categories were useful to distinguish diffrent responses upon
kinase inhibitor application. Because the majority of spines
(495%) had a distinct head and neck, and stubby spines and
filopodium did not contribute much to overall changes, we
analyzed spines having a distinct head.
4.6. Statistical analysis

For E2-LTP analysis, we defined the LTP ratio as the average
of EPSP slope level for t¼50–60 min. One-way ANOVA, fol-
lowed by a Tukey and Kramer’s post hoc test were used for
multiple comparisons between drug treatments of LTP
experiments. For DHT-induced suppression of E2-LTP analy-
sis, three-way ANOVA was used for multiple comparisons
between drug treatments.

For spine analysis, the significance of E2 and drug effects
were first examined by one-way ANOVA (analysis of var-
iance), followed by Tukey–Kramer post-hoc multiple
comparisons test.
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