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The hippocampus is a center for learning and memory as well as a target of Alzheimer's disease in aged
humans. Synaptic modulation by estrogen is essential to understand the molecular mechanisms of estrogen
replacement therapy. Because the local synthesis of estrogen occurs in the hippocampus of both sexes, in
addition to the estrogen supply from the gonads, its functions are attracting much attention.
Hippocampal estrogen modulates memory-related synaptic plasticity not only slowly but also rapidly. Slow
actions of 17β-estradiol (17β-E2) occur via classical nuclear receptors (ERα or ERβ), while rapid E2 actions
occur via synapse-localized ERα or ERβ. Elevation or decrease of the E2 concentration changes rapidly the
density and morphology of spines in CA1–CA3 neurons. ERα, but not ERβ, drives this enhancement/
suppression of spinogenesis. Kinase networks are involved downstream of ERα. The long-term depression
but not the long-term potentiation is modulated rapidly by changes of E2 level.
Determination of the E2 concentration in the hippocampus is enabled by mass-spectrometry in combination
with derivatization methods. The E2 level in the hippocampus is as high as approx. 8 nM for the male and
0.5–2 nM for the female, which is much higher than that in circulation. Therefore, hippocampus-derived E2
plays a major role in modulation of synaptic plasticity.
Many hippocampal slice experiments measure the restorative effects of E2 by supplementation of E2 to E2-
depleted slices. Accordingly, isolated slice experiments can be used as in vitro models of in vivo estrogen
replacement therapy for ovariectomized female animals with depleted circulating estrogen.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Finding of local synthesis of estrogen and androgen in the adult
brain opened a new field of estrogen function in relation to the
regulation of daily memory formation [1–5]. For decades, neuromo-
dulatory actions have been extensively investigated for circulating
gonadal sex hormones in the hippocampus, a center of learning and
memory, because the hippocampus is a target of sex hormones [6–11].
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Steroid hormones have profound effects on synaptic plasticity in the
brain other than the hippocampus, such as the hypothalamus.

Modulation of dendritic spines has been extensively studied in
relation to memory processes and synaptic plasticity which are
regulated by neurotransmitters, because synapse is a site of memory
storage and spine is a postsynaptic structure. Slow modulation of
synaptogenesis or electrophysiological properties is investigated by
estrogen replacement for ovariectomized female rats [6–11]. An
increase of synapses or an enhancement of synaptic transmission is
observed upon s.c. injection of estrogen. Slow modulation of spines
(postsynaptic structures) is also observed in slice cultures [6–11].
These slow genomic effects are mediated via nuclear estrogen
receptors ERα/ERβ to initiate transcription processes. The rapid effect
of estradiol (E2) (within 1–2 h) also occurs by modulating spine
density or electrophysiological properties of the hippocampal slices
[6,7,12,13]. These rapid modulations, relating to memory formation
processes, favor locally synthesized steroids rather than circulating
gonadal hormones which travel a long distance before reaching the
brain. Rather than being a limiting factor, a weak activity of sex steroid
production in the hippocampus is sufficient for the local usage within
small neurons (i.e., an intracrine system). This intracrine system
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contrasts with the endocrine organs inwhich high expression levels of
steroidogenic enzymes are necessary to supply steroids to many other
organs via the blood circulation. For brain-derived sex hormones, the
essential functions may be the rapid and continuous modulation of
synaptic plasticity and cognitive functions.
The administration of a several-years therapy with estrogen for
female patients with Alzheimer's disease following menopause is
shown to be very effective in improving their capacity for learning and
memory [14–17]. WHI (Women's Health Initiative) investigations
with randomized methods, however, yielded contradictory results



Fig. 1. Rapid estrogen modulation of spines (adult male rat, 12 weeks). Changes in the
density and morphology of spines in CA1 or thorns (postsynapses) in CA3 upon 2 h-
treatments of 17β-E2 (E2) and drugs in hippocampal slices. Confocal micrographs show
spines/thorns along the dendrites of hippocampal pyramidal neurons in CA1 and CA3.
(A, Left) A whole image of a Lucifer Yellow-injected CA1 neuron. Vertical bar 100 μm.
Maximal intensity projections onto the XY plane from z-series confocal micrographs,
showing spines along the dendrites. From top to bottom, spines along the basal
dendrite in the stratum oriens (Control and E2), spines along the apical dendrite in
stratum radiatum (Control and E2), and spines along the apical dendrite in stratum
lacunosum-moleculare (Control and E2), horizontal bar 2 μm. (A, Right) A whole image
of Lucifer Yellow-injected CA3 neuron. Vertical bar 100 μm. Maximal intensity
projections onto the XY plane from z-series confocal micrographs, showing thorns on
thorny excrescences along the primary/secondary dendrite in the stratum lucidum
(Control and E2), bar 5 μm. Slices were treated in artificial cerebrospinal fluid (ACSF) for
2 h without drugs (Control) or with 1 nM E2 (E2). (B) ERα is responsible for changes by
drug treatments of the total spine density (CA1) or thorn density (CA3) of pyramidal
neurons in the CA1 stratum radiatum, the CA1 stratum lacunosum-moleculare, the CA3
stratum lucidum and the CA3 stratum radiatum. ICI suppresses the enhancing effect of
spinogenesis by E2, suggesting that dimerization of ERα is involved in these events.
Vertical axis is the number of spines or thorns per 1 μm of dendrite. A 2 h treatment in
ACSF without drugs (Control), with 1 nM E2 (E2), with 100 nM PPT (PPT), with 100 nM
DPN (DPN), with 1 nM E2 and 1 μM ICI 182,780 (ICI+E2), with 1 nM E2 and 20 μM
CNQX (CNQX+E2), with 1 nM E2 and 50 μM MK-801 (MK+E2), with 1 nM E2 and
PD98059 (50 μM for CA1 and 20 μM for CA3) (PD+E2), with 1 nM E2 and 20 μM CHX
(CHX+E2), with 1 nM E2 and 4 μM Actinomycin D (Act+E2). Statistical significance
(⁎⁎Pb0.01; ⁎Pb0.05). (C) Histogram of spine head diameters after a 2 h treatment in
ACSF without drugs (control, black), with 1 nM E2 (red), with 1 nM E2 and ICI (green),
and with 100 nM PPT (blue). E2 selectively increases small-head spines (b0.4 μm)
(modified from Mukai et al. [23], Murakami et al. [21, 53] and Tsurugizawa et al. [22]).
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showing less positive effects of estrogen replacement therapy [18]. In
order to understand estrogen effect on learning and memory via
estrogen replacement therapy, it is necessary to clarify the mechan-
isms of actions of E2, such as the signaling pathway, in the
modulation/restoration of neuron–neuron communications in the
hippocampus.

2. Modulation of synaptic plasticity by brain sex steroids

2.1. Spinogenesis

17β-Estradiol (E2) may rapidly modulate several different types of
neuronal synaptic plasticity, including spinogenesis and synaptic
transmission such as the long-term depression (LTD) or the long-term
potentiation (LTP). Spinogenesis includes not only spine-synapses
Fig. 2. Rapid estrogen modulation of LTD (adult male rat). [panel A] Time dependence of ma
concentration was 0 nM (open circle), 1 nM (yellow closed triangle) and 10 nM (red closed d
(MED64, Panasonic, Japan) with the hippocampal slice. Stimulation (red circle) and recordi
value at t= -40 min prior to NMDA stimulation, irrespective of the test condition. LTD was
Hatched bar above the graph indicates the E2 administration period. The LTD enhancement w
of modulatory effect on LTD by E2 and agonists in the CA1 (CA1), CA3 (CA3) and DG (DG) of h
EPSP amplitude at t=60 min of the control slice without drug application is taken as 100%.
concentrations. Co-perfusion of 10 nM 17α-E2 with 1 nM 17β-E2 (α+β) blocks the 17β-E2 e
the enhancing effect of LTD by estradiol. Importantly, ICI does not inhibit any type of E2 e
previous reports [23,52,54]. These results suggest that dimer formation of ERα/ERβ is not in
is useful for adult hippocampal slices, because an electrical LTD is not inducible for adu
hippocampus). The significance of the estradiol effect was confirmed at 60 min via statistic
(spines forming synapses, roughly half of spines) but also free spines
(spines without forming synapses, roughly half of spines), whereas
LTD and LTP probe the characteristics of preformed synapses.
Modulation of spinogenesis is an essential action of estrogen in
memory processes, involving the production of new spines that create
sites for new neuronal contacts. Dendritic spines are rapidly
modulated upon E2 application, which is observed by single spine
analysis of Lucifer-Yellow injected neurons in hippocampal slices
from adult male rats (3 months) (Fig. 1A) [19–22]. Following a 2
h treatment with E2 in the stratum radiatum of the CA1 region, the
treated dendrites have significantly more spines at 1 nM E2 (1.31
spines/μm) than dendrites at 0 nM E2 (0.85 spines/μm) (Fig. 1B) [23].
Propyl-pyrazole-trinyl-phenol (PPT, ERα agonist) [24] induces a
significant enhancement of the spine density to 1.20 spines/μm.
However, diarylpropionitrile (DPN, ERβ agonist) [24] increases the
spine density only slightly (0.95 spines/μm). Blocking ERs by ICI
182,780 completely suppresses the enhancing effect of E2 on the
spine density. Blocking the phosphorylation of ERK MAP kinase by
PD98059 or U0126 completely prevents the E2-induced spinogenesis
(Fig. 1B) [21]. Taken together, the enhancement of the CA1 spine
density is probably induced by the activation of ERKMAP kinase via E2
and ERαwithin 2 h in resting neuronal synapses [25]. When the Ca2+

concentration in spines is further decreased by blocking NMDA
receptors with MK-801, the enhancing effect by E2 is completely
suppressed. The function of E2-bound ERα therefore requires the
basal Ca2+ level of around 0.1–0.2 μM.

In adult hippocampal slices, the majority of spines (N95%) have
distinct heads and necks, while the populations of stubby spines
(roughly 5%, no neck) and filopodium (roughly 1%, no head) are very
small. Therefore, in order to analyze the complex morphological
changes in spines by kinase inhibitors upon E2-treatments, we have
recently introduced a more precise description using the spine head
diameter distribution, instead of the conventional classification, such
as mushroom/thin/stubby/filopodium (Fig. 1C). Upon 1 nM E2 or PPT
treatment, the density of small-head spine (0.2–0.4 μm) is selectively
increased, while the density of large-head spine (N0.5 μm) is not
significantly altered (Fig. 1C). ICI application completely reverses the
spine head diameter change toward the control distribution.

The spine density is not always increased but is in some cases
decreased by E2-treatments. The E2-induced spinogenesis is region
specific and heterogeneous. In fact, in CA3 pyramidal neurons, the
total density of thorns of thorny excrescences (spine-like postsynaptic
structures in the stratum lucidum of CA3, having contacts with mossy
fiber terminals originating from granule cells) decreased dramatically
to approx. 70% upon a 2 h treatment of 1 nM E2 (Fig. 1B) [22]. PPT
significantly decreases the density of thorns from 2.19 to 1.66 thorns/
μm, but DPN does not significantly change the density of thorns.
Blocking of ERK MAP kinase by PD98059 completely prevents the E2-
induced decrease of thorns. Taken together, in the stratum lucidum of
CA3, the decrease in the thorn density is probably induced by the
activation of ERK MAP kinase by E2-bound ERα in resting neuronal
synapses. When the Ca2+ concentration is decreased to below the
basal level by blocking AMPA receptors with CNQX, or by changing the
outer medium to Ca2+-free ACSF, the suppression effect of E2 is
completely inhibited (Fig. 1B). These results suggest that the decrease
ximal EPSP amplitude in CA1 (CA1), CA3 (CA3) and DG (DG) of hippocampal slices. E2
iamond), respectively. (CustomMultielectrode) Custom-made 64 multielectrode probe
ng (blue circle) electrodes are indicated. Here, 100% EPSP amplitude refers to the EPSP
induced by 30 μM NMDA perfusion at time t=0 to 3 min (closed bar above the graph).
as reproducibly observed in more than 90 slices out of 100 slices. [panel B] Comparison
ippocampal slices. Vertical axis represents relative EPSP amplitude at t=60min, where
From left to right, 17β-E2 (E2), PPT (ERα agonist) and DPN (ERβ agonist) at indicated
ffect of LTD enhancement. Co-perfusion of 1 μM ICI with 10 nM 17β-E2 did not suppress
ffects on electrophysiological signals, such as LTP, LTD or Kainate current presented in
volved in the E2-modulation of synaptic transmission. An NMDA-induced chemical LTD
lt hippocampal slices (in contrast, an electrical LTD is inducible for developmental
al analysis (⁎pb0.05; ⁎⁎pb0.01) (modified from Mukai et al. [23]).
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of thorns requires the basal Ca2+ concentration which is maintained
by spontaneous postsynaptic Ca2+ fluctuation via voltage activated
calcium channels which are dependent upon AMPA receptor-
mediated spontaneous voltage fluctuations, because the spontaneous
Ca2+ influx within thorny excrescences occurs mainly via voltage
activated calcium channels [26–30]. Note that blocking of NMDA
receptors by MK-801 does not prevent the E2-induced decrease of
thorns. This may be due to the much smaller contribution of NMDA
receptors to the spontaneous Ca2+ influx within thorns than that of
voltage activated calcium channels. The function of CA3-ERα also
requires the basal Ca2+ concentration.

Usage of isolated hippocampal slices is suitable for an examination
of E2 effect, particularly on glutamatergic neurons within slices. The
rapid effect of estrogen is also observed in vivo. MacLusky et al.
demonstrate that the E2 (60 μg/kg) increases the spine-synapse
density due to synaptic rearrangements in ovariectomized adult rats
as rapidly as 30 min after E2 injection, using electron micrographic
analysis [31].

On the other hand, the slow genomic effects (1–4 days) of E2 on
spine plasticity have been extensively investigated in vivo from the
viewpoint of estrogen replacement therapy. For example, a supple-
ment of estrogen to ovariectomized adult female rats increases the
density of spines in the stratum radiatum of CA1 pyramidal neurons,
resulting in a recovery of spines to the level of intact rat [31–34].
These enhancement effects on spinogenesis are also observed as
rapidly as 4.5 h after s.c. injection of estrogen [31]. Results from in vivo
investigations using whole rat may reflect not only the direct but also
the indirect effects of E2 on glutamatergic neurons via cholinergic or
serotonergic neurons, projecting to the hippocampus [31,35]. Estro-
gen mediates slow spine changes by means of NMDA receptors.
Estradiol increases the binding of NMDA agonist, as well as the NR1
subunit levels in CA1 neurons [36,37]. Estrogen-induced increases in
spine density are blocked by NMDA receptor antagonists [11,38].

In vitro investigations also show that the CA1 spine density
increases following several days' treatment of cultured hippocampal
slices with 0.5 mM (=0.2 mg/ml) exogenous E2 [8]. The contribution
of hippocampus-derived E2 is reported by Kretz et al. who
demonstrate that the suppression of endogenous E2 synthesis by
letrozole treatments for 4 days significantly decreases the density of
spines, spine-synapses, spinophilin (spine marker) and synaptophy-
sin (presynaptic marker) in the stratum radiatum of the CA1 region in
cultured slices [5]. No increase in the density of spines, spine-synapses
or spinophilin expression is observed after exogenous application of
100 nM E2 to the medium of slice cultures that had not been treated
with letrozole. Application of 100 nM E2, however, induces rescue
effect which restores the synaptophysin expression that was once
decreased by letrozole.

Compared with the case of estrogen, androgenic regulation on the
formation and morphologic changes of dendritic spines is poorly
understood in the hippocampus. Leranth et al. report that testoster-
one (T) is important for maintenance of normal spine density in male
rat hippocampus, because the 2-day application of T propionate or
dihydrotestosterone (DHT) retrieves the spine density in CA1
pyramidal neurons of gonadectomized rats in which the density is
Fig. 3. Estrogen receptor ERα, synaptic localization and neuronal expression (adult male rat)
synapses, in the stratum radiatum of hippocampal slices. (CA1) Gold particles (arrowheads) w
gold particles were associated with PSD regions in CA1. (CA1 nucleus) Gold particles were als
bar: 200 nm. (B) Immunohistochemistry of ERα (with RC-19) showing expression of ERα in
single ERα band, stained with affinity column-purified RC-19 antibody used for immun
requires the support of a single band in a Western blot check, otherwise immunostaining pa
far, no ERβ antisera (nonpurified) show a single band in the Western blot of brain tissues. G
blot of PSD (postsynapic density), PRE (presynaptic membrane fraction), and CYT (cytosoli
PSD-95 IgG (PSD-95) and MAP kinase IgG (MAPK). Frommiddle to right, blot of PRE with RC
(ERα). The applied protein amount was 3-fold greater for PSD fraction than for other fraction
brain (right half). From left to right, hippocampus (HC) and hypothalamus (HT) from ERαK
brain, indicating that MC-20 binds to an unknown protein. From left to right, ovary (OV), cere
in rat brain. (C5) AS409 antiserum binds to a 90 kDa unknown protein in rat brain (modifi
reduced without androgen supplement [39]. Part of the effects of T on
dendritic spines in females, not in males, seems to be mediated by
local conversion to estradiol [40]. Recently the rapid regulation
(within 2 h) by androgen of spines is also shown in CA3 [41].

2.2. Modulation of long-term depression (LTD) and long-term
potentiation (LTP)

E2-induced rapid modulation of LTD or LTP occurs only in
preexistent synapses, because newly generated spines induced by
E2-treatments do not form new synapses within 2 h, as judged from
no increase in the baseline magnitude of the excitatory postsynaptic
potential (EPSP) signal during 2 h of E2 perfusion [23]. On the other
hand, the slow effect of E2 (2–4 days) enhances LTP via formation of
new synaptic contacts for estrogen supplemented ovariectomized 8-
week female rats [42,43]. The electrophysiological properties of
NMDA receptor-mediated transmission are altered by estrogens [44].

Evidence is emerging that E2 exerts a rapid influence (0.5–1 h) on
the synaptic transmission of hippocampal slices from adult rats, as
demonstrated by electrophysiology [7,9,13,45,46]. In the case of the
occasionally observed enhancement of LTP by 1–10 nM E2 in CA1
pyramidal neurons, a baseline increase of 20–30% has always been
observed upon the onset of 10 nM E2 perfusion in the initial slope of
the EPSP, which has been attendant upon a further increase to approx.
160% upon high-frequency tetanic stimulation of the Schaffer
collaterals of hippocampus from adult rat [6,7,47]. However, without
this 20–30% baseline increase in EPSP slope (before the tetanic
stimulation), the enhancement of LTP by E2 is not apparent, with
regard to the pure tetanic stimulation-induced LTP. In other words,
the magnitude of pure tetanic stimulation-induced LTP (approxi-
mately 130%) is nearly the same for the presence and the absence of
10 nM E2 [4,46]. It should be noted that in 3–4 week old puberty rats,
10 nM E2 even suppressed LTP-induction down to the same level as
that for adult rats [9,46]. The effects of E2 on LTP are strongly
dependent on the age of rats.

In memory processing, not only LTP (memory forming mecha-
nism) but also LTD are essential. Mutant mice, which show enhanced
LTP and suppressed LTD, have shown impaired learning of the Morris
water maze [48]. This suggests that LTD may be required to “correct”
wrongmemories formed by initial LTP processes, which store not only
correct information but also incorrect information.

We found that LTD is very sensitive to short 17β-E2 treatments
(for 2 h) in hippocampal slices from adult male rats. We demonstrate,
for the first time, a significant rapid enhancement of LTD by a 1–10 nM
E2 perfusion in CA1, CA3 and DG (Fig. 2) [23]. Recordings are
performed using 64 planar multielectrodes particularly arranged to
stimulate the Schaffer collaterals in the stratum radiatum of CA1, the
recurrent collateral fibers in the stratum radiatum of CA3, and the
medial perforant pathways in the molecular layer of DG. LTD is
induced pharmacologically by the transient application (3 min) of
NMDA. This LTD is induced by the activation of phosphatase due to a
moderate Ca2+ influx through NMDA receptors [49]. LTD is effectively
induced by the transient application of NMDA (chemical LTD) for
adult hippocampus, whereas low frequency electrical stimulation
. (A) Immunoelectron microscopic analysis of the distribution of ERαwithin axospinous
ere localized in the pre- and postsynaptic regions in CA1. (CA1 PSD) In dendritic spines,
o localized in the nuclei in CA1. Pre, presynaptic region; Post, postsynaptic region; Scale
pyramidal neurons (CA1–CA3) as well as granule cells (DG). (C) Western blot shows a

oelectron microscopic analysis and immunohistochemistry. Reliable immunostaining
tterns show the expression of unknown proteins in addition to the target protein. Thus
PR30 also does not have a good antibody for Western blot identification. (C1) Western
c fraction) of the hippocampus. From left to middle, blot of PSD with RC-19 IgG (ERα),
-19 (ERα) and synaptophysin IgG (S-Physin). At rightmost lane, blot of CYT with RC-19
s. (C2) RC-19 does not bind to brain from ERαKOmice (left half) but binds to wild mice
O mice, HC and HT from wild mice. (C3) MC-20 antiserum even binds to ERαKO mice
bral cortex (CC), HC, and HT. (C4) MC-20 antiserum binds to a 62 kDa unknown protein
ed from Mukai et al. [23]).
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Fig. 4. mRNA expression of estrogen receptors in the brain. Estrogen receptor
expression of (A) ERα, (B) ERβ and (C) GPR30 by RT-PCR analysis (adult male rat).
In each panel from left to right, Cerebral Cortex (CC), Hippocampus (HC), Thalamus
(TH), Hypothalamus (HT), Cerebellum (CL), the sample without template DNA (no
cDNA), and positive control ovary (OV). Total RNAs used were 100 ng for each estrogen
receptor. As judged from the PCR cycles used, the relative expression level is roughly
ERα (34 cycle)/ERβ (36 cycle)/GPR30 (30 cycle)=8:1:64 in the hippocampus. In
cerebellum, the ERβ level is much higher than that of ERα. ERβ is the sum of types 1 and
2. Interestingly, no difference in the expression level of ERα is observed between male
and female hippocampus in the adult stage (data not shown) (modified from Mukai
et al. [23]).
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cannot induce LTD in adult slices. Low frequency electrical stimulation
can induce LTD in slices from rats younger than 2 weeks of age. A
30 min preperfusion of 10 nM E2 significantly enhances LTD resulting
in a decrease in plateau EPSP amplitude (at 60 min after NMDA
application), such as 80.4% → 59.7% (CA1), 88.8% → 79.1% (CA3) and
95.1% → 92.2% (DG) (Fig. 2) [23]. Investigations using specific
estrogen agonists indicated that the contribution of ERα (but not
ERβ) is essential for these E2 effects. PPT (ERα agonist) at 100 nM
exhibits a significant LTD enhancement in CA1, while DPN induces a
suppression of LTD in CA1, implying that the contribution of ERβ is
opposite to that of ERα in the E2 effect on LTD. Taken collectively, E2-
bound ERα may activate phosphatase at the moderate Ca2+

concentration of around 0.7–1 μM induced upon 30 μM NMDA
application [50], and facilitated dephosphorylation of AMPA receptors
may induce the enhancement of LTD. On the other hand, E2-bound
ERα is not functional in LTP modulation at the transiently high Ca2+

concentration of roughly 5–12 μM under tetanic stimulation [19,50–
52], because the phosphorylation of AMPA receptors by CaM kinase II
is the dominant process at the high Ca2+ concentration.

2.3. Synaptic estrogen receptors

What is the receptor of 17β-E2 that mediates rapid actions (1–2 h)
on synaptic plasticity in the hippocampus?

Classical nuclear type receptors ERα and ERβ are candidates for
synaptic estrogen receptors. Because ICI does not suppress E2-induced
rapid modulation of electrophysiological properties, such as LTD, LTP,
and kainate-induced currents, many scientists consider classical
estrogen receptors to not be involved in these modulations [45].
However, these results do not eliminate the possibility that ERα and
ERβ could drive these synaptic transmissions. ICI has been indicated to
display its effect by inhibiting the dimerization of ERα and ERβ. If
dimerization processes are not involved in the rapid modulation of
electrophysiological phenomena, then ICI cannot block these phe-
nomena. On the other hand, the rapid enhancement of spinogenesis
via ERα is significantly blocked by ICI (Fig. 1B) [23], therefore,
dimerization processes occur for synaptic ERα in spinogenesis.

We identify the membrane estrogen receptor ERα localized in the
spines of hippocampal pyramidal and granule neurons by means of
immunoelectron microscopic analysis as well as Western blot
analysis, using affinity-column purified anti-ERα antibody RC-19 (C-
terminal antibody) [23]. Attention must be given to the fact that non-
purified ERα antisera often react significantly with unknown proteins
(62 kDa protein in the brain, Western blot), resulting in incorrect
staining which differs from the real ERα distribution. In hippocampal
slices the expression of 62 kDa protein is nearly the same as that of
ERα, however, the cerebellum has a significant expression of 62 kDa
protein, although real ERα expression is very poor [23].

A post-embedding immunogold electron microscopic analysis
demonstrates the synaptic localization of ERα in the glutamatergic
neurons in CA1, CA3 and DG (Fig. 3). ERα is also localized in the
nuclei. Western blot analysis demonstrates that ERα (67 kDa) and
ERK MAP kinase are tightly associated with postsynaptic density
fractions (PSD). Because the E2-induced modulation of LTD and spine
density appears so rapidly in the time range of 1–2 h, the synaptic
ERα observed at PSD or postsynaptic compartments probably plays
an essential role in driving rapid signaling. The specific binding of
Fig. 5. Sex-hormone synthase cytochrome P450; synaptic localization and neuronal expres
P450arom and P450(17a) within synapses, in the hippocampal CA1 (arom 1, 2 and 17α 1), C
(indicated by arrow heads) are observed to be localized in the presynaptic region (Pre), a
neurons in DG. In the presynaptic region (Pre), gold particles are associated with small syna
200 nm for (arom 1, 2 and 17α 1), 500 nm for (arom 3, 17α 2 and 3), and 100 nm for (arom 4
of adult male rat hippocampus. Scale bar: 800 μm. (C)Western blot analysis of P450arom and
Lung (Lu) is the negative control. Ovary (OV) for P450arom and testis (Te) for P450(17α) ar
(17α) in subcellular fractions of adult male rat hippocampus. From left to right, postsynaptic
density fraction (PSD), microsomes (MS) and ovary (OV) for P450arom, and Post, Pre, PSD, M
each hippocampal fraction, and 1 μg for ovary or testis (modified from Hojo et al. [4]).
purified RC-19 antibody to real ERα (67 kDa) in the hippocampus is
verified as the absence of reactivity of RC-19 with ERα knock-out
mice hippocampus (Fig. 3) [23]. These analyses are essential in the
hippocampus and other brain regions, as we found that non-purified
MC-20 antisera, frequently used in previous investigations, often
react with unknown 62 kDa proteins in several brain regions, and do
sion (adult male rat). (A) Immunoelectron microscopic analysis of the distribution of
A3 mossy fiber (arom 3 and 17α 2), and DG (arom 4 and 17α 3) regions. Gold particles
nd the postsynaptic region (Post) of pyramidal neurons in CA1 and CA3, and granule
ptic vesicles. In spines (Post), gold particles are found within the spine heads. Scale bar:
). (B) Immunohistochemical staining of P450arom and P450(17α) in the coronal section
P450(17α) in microsomes of hippocampus (HC), lung (Lu), ovary (OV) and testis (Te).

e used as the positive control. (D) Western immunoblot analysis of P450arom and P450
membrane-rich fraction (Post), presynaptic membrane-rich fraction (Pre), postsynaptic
S and testis (Te) for P450(17α). The amount of protein applied to the gels was 20 μg for
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not significantly react with real ERα (67 kDa) (Fig. 3) [23]. ERα
antisera are often verified for their reactivity only in endocrine
organs such as the ovary, in which ERα is highly expressed.
Therefore, the staining of interneurons and absence of staining of
primary neurons with non-purified antisera (such as MC-20 or
AS409) probably do not show the real ERα distribution in the
hippocampus [53] (Fig 3). Antisera should be purified before
application to the hippocampus. ERα knock-out mice may be useful
in investigating the participation of ERα in modulation of synaptic
plasticity. However, thus far, no data is available for real ERα knock-
out mice. Electrophysiological investigations are performed by using
knock-down mice (not knock-out mice) by Moss et al. [45,54]. They
report no essential contribution of ERα to the E2-induced rapid
enhancement of the kainate currents of CA1 neurons. They reach this
conclusion due to the observation of a very small difference in the E2
effect on the kainate currents between wild-type and ERα-Neo
knock-down mice which have been constructed by the method of
Neomycin insertion into exon 1 (the previously named exon 2) [55].
It should be noted that in Neomycin-insertion ERα-Neo knock-down
mice, N-terminal-modified ERα (61 kDa) is expressed [55–57].
Because the N-terminal-modified ERα is demonstrated to still be
active on E2 binding and to drive genomic processes [55–57], the
participation of ERα in the electrophysiological properties of the CA1
cannot be excluded from their investigations. Therefore, it is
necessary to investigate real ERα knock-out mice in which, for
example the whole exon 2 of the mouse ERα gene is deleted [58].

ERβ has, however, not yet been identified as a synaptic membrane
receptor. ERβ is reported to associate with membranes in genetically
expressed CHO cells and MCF-7 cells [59,60]. Several investigations of
immunostaining of ERβ suggest the extranuclear expression of ERβ
including dendritic appearance in the hippocampal principal neurons
[61]. The subcellular immunostaining patterns of these reports might
reflect the relatively minor expression of ERβ and the major
expression of unknown proteins, due to multiple reactivity of non-
purified ERβ antisera to several unknown proteins in theWestern blot
analysis of hippocampal tissues. The purity of commercially available
ERβ antisera is worse than that of ERα antisera as judged from our
Western blot analysis.

Recently transmembrane G-protein coupled estrogen receptor
GPR30 is identified in the plasma membrane of SKBR3 breast cancer
cells that lack ERα and ERβ [62], as well as in the endoplasmic
reticulum membranes of COS7 after genetic expression of GPR30
fused with green fluorescent protein [63]. The expression of GPR30 is
also observed in the hippocampal neurons (Fig. 3C) [64]. Synaptic
expression of GPR30, however, has yet to be demonstrated, and
Table 1
Mass spectrometric analysis of the concentration of steroids in the hippocampus and plasm

(A) Male Hippocampus

Intacta Castrate

17β-E2 (ng/g wet weight or ml) 2.3±0.4b (nc=6) 1.9±
17β-E2 (nM)d 8.4±1.5 6.9±
T (ng/g wet weight or ml) 4.9±0.7 (n=8) 0.9±
T (nM) 16.9±2.3 3.1±
DHT (ng/g wet weight or ml) 1.9±0.5 (n=8) 0.06±
DHT (nM) 6.6±1.7 0.22±0

(B) Female 17β-E2 Proestrus Estrus

Hippocampus (nM) 1.7±0.4 (n=3) 1.0±
Plasma (nM) 0.120±0.015 (n=3) 0.020±

The levels of hippocampal sex-steroids are significantly higher than those of circulating sex-
the hippocampal E2 level (modified from Hojo et al. [79]).

a Intact shows the averaged values from intact and sham-operated rats, because there w
b Data are expressed as mean±SEM.
c Number of animals (i.e. the number of hippocampi).
d Concentration in nM is calculated using the average volume of 0.14 ml for one whole hip

of wet weight has an approximate volume of 1 ml, since the major part of tissue consists o
further investigations are necessary to reveal its contribution to the
rapid E2 modulation of synaptic plasticity (Fig. 4) [65].

3. Synthesis of sex steroids in the hippocampus

3.1. Pathway of synthesis (Fig. 7)

Sex steroids had been thought to reach the brain exclusively via
blood circulation after crossing the blood–brain barrier [66]. However,
recent studies using immunohistochemical staining and Western
immunoblot analysis reveal a significant localization of steroidogenic
proteins such as cytochromes P450scc, P450(17α), P450arom and
StAR in pyramidal neurons in CA1–CA3, as well as in granule cells in
DG, of adult hippocampus (12 week) [1–4,53], and also develop-
mental hippocampus [5,67–69]. The hippocampal expression of
mRNAs for steroidogenic enzymes is also demonstrated using RT-
PCR and/or in situ hybridization for P450scc [70,71], StAR [72,73],
3β-hydroxysteroid dehydrogenase (3β-HSD) [72,74], P450(17α) [4],
P450arom (CYP19) [4,75,76], 17β-hydroxysteroid dehydrogenase
(17β-HSD) type 1-4 [4,77], and 5α-reductase (Fig. 5) [78,79]. These
results imply that hippocampal pyramidal neurons and granule
neurons are equipped with complete steroidogenic systems which
catalyze the conversion of cholesterol to pregnenolone (PREG),
dehydroepiandrosterone (DHEA), T and E2. In fact, a direct
demonstration of the neuronal synthesis of DHEA and T in adult
mammals is reported for the first time by Kawato et al. [1,2,4]. We
succeeded in demonstrating the synthesis of DHEA, T and E2 in the
adult (12 week) hippocampal slices by means of careful HPLC
analysis [2,4]. The significant conversion from [3H]-PREG to 3H-
DHEA, from 3H-DHEA to 3H-androstenediol, to 3H-T and to 3H-E2 is
observed after incubation with the slices for 5 h [4]. The rate of
production for 3H-E2 from 3H-T is very slow, and the production rate
of 3H-dihydrotestosterone from 3H-T is much more rapid than that of
E2. These activities are abolished by the application of specific
inhibitors of cytochrome P450s. Surprisingly, 3H-E2 is extremely
stable and is not significantly converted to other steroid metabolites
such as estrone. On the other hand, DHT is rapidly converted to 3α,
5α-androstanediol. To demonstrate the rapid net production of
neurosteroids upon synaptic stimulation, the NMDA-induced pro-
duction of PREG and E2 is investigated in hippocampal slices [1,2,4].
Upon stimulation with NMDA for 30 min, the hippocampal levels of
PREG and E2 increase to approx. 2-fold that of the basal levels. This
implies that the NMDA-induced Ca2+ influx drives the net produc-
tion of PREG and E2. E2 synthesis is also demonstrated in cultured
hippocampal slices from neonatal rats in the absence and presence of
a of adult rats.

Plasma

d Intact Castrated

0.2 (n=16) 0.004±0.001 (n=5) 0.002±0.000 (n=14)
0.8 0.014±0.003 0.006±0.001
0.2 (n=16) 4.2±0.5 (n=8) 0.06±0.02 (n=16)
0.8 14.6±1.7 0.20±0.08
0.01 (n=16) 0.18±0.03 (n=8) 0.012±0.003 (n=16)
.04 0.63±0.10 0.04±0.01

Diestrus-1 Diestrus-2

0.3 (n=3) 0.5±0.1 (n=3) 0.7±0.2 (n=3)
0.015 (n=3) 0.008±0.005 (n=3) 0.026±0.005 (n=3)

steroids. Castration depletes circulating T completely but does not considerably change

ere no significant differences between these two groups of rats.

pocampus that has 0.14±0.02 g wet weight (n=86). We assume that tissue having 1 g
f water whose 1 ml weight is 1 g.



Fig. 6.Mass-spectrometric determination of sex-steroids (adult hippocampus). LC-MS/
MS chromatograms and steroid derivatives of (A) 17β-E2, (B) T, and (C) DHT. Shaded
portions indicate the intensity of the fragmented ions of 17β-E2-pentafluorobenzoxy-
picolinoyl (m/z=339, A), T-picolinoyl (m/z=253, B) and DHT-picolinoyl (m/z=203,
C), respectively. The vertical axis indicates the intensity of the fragmented ions. The
horizontal axis indicates the retention time of the fragmented ions, t=7.01 min for E2
(A), t=4.84 min for T (B) and t=5.94 min for DHT (C). The time of injection to the LC
system was defined as t=0 min (modified from Hojo et al. [79]).
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letrozole, an inhibitor of P450arom. After a 4 day treatment with
letrozole, the amount of E2 released into the medium is significantly
decreased [5].

3.2. Concentration of estrogen and androgen

Why do we need E2 concentrations higher than 1 nM in order to
obtain significant effects of E2 in slices or neurons, even though the
maximal circulating E2 level achieved in cycling female rats is 0.1 nM
at proestrus (Table 1) [80]? Does this suggest that the endogenous
concentration of E2 in the brain is higher than 1 nM? To answer these
questions, an accurate determination of the physiological concentra-
tion of E2 and other steroids is necessary for an understanding/
explanation of its modulatory action on synaptic plasticity described
in Section 2.

In most experiments, scientists did not know (could not
measure) the endogenous E2 level in brain slices or cultured
neurons. In fact, the brain E2 concentration is much higher than
that in circulation (Table 1). In addition, the concentration of E2 in
ACSF-treated slices is not invariant and is often very different from
that in freshly isolated hippocampus. Because of technical problems,
the accurate determination of the E2 concentration in whole
hippocampus, slices or cultures neurons had been impossible.
Based on RIA determination, the concentration of E2 detected in
the male rat hippocampus is roughly 0.6 nM (basal) and 1.3 nM
after the NMDA-stimulation, respectively, although the values are
6–10 times greater than those typical of plasma [4]. RIA is a very
sensitive method for steroid detection, but has uncertainty
regarding specificity and accuracy. Even with mass-spectrometric
assay such as gas chromatography with mass-spectrometry (GC-
MS/MS), liquid chromatography with mass-spectrometry (LC-MS)
and liquid chromatography with tandem-mass-spectrometry (LC-
MS/MS), the presence of 17β-E2, DHT and estrone (E1) had not yet
been observed, though DHEA and T have been observed in the
whole brain extracts [81–84].

We therefore substantially improved the determination method-
ology using liquid chromatography-tandem-mass spectrometry (LC-
MS/MS) in combination with picolinoyl-derivatization of pre-purified
E2/T/DHT/E1 fractions obtained via normal phase HPLC (Fig. 6)
[79,85]. Pre-purification of E2/T/DHT/E1 fractions via normal phase
HPLC is necessary to remove contaminating fats and lipids, and
reverse phase LC of LC-MS/MS is not sufficient for this kind of pre-
purification. By LC-MS/MS analysis, basal level of E2 is determined to
be approx. 8 nM [86], and this E2 level is not decreased by castration
to deplete circulating T (Table 1) [79]. This level is sufficient to allow
E2 to act as a local mediator that modulates synaptic plasticity
[6,7,9,45,46]. On the other hand, the concentration of T in the
hippocampus is approx. 17 nM, in which 3 nM T is synthesized in the
hippocampus of male rats. The level of DHT is 7 nM in the
hippocampus, and circulating DHT is 0.6 nM. Interestingly, castration
depletes circulating T completely but does not considerably change
the hippocampal E2 level (Table 1) [79]. Hippocampal E2 may be
preferentially synthesized from hippocampal T, rather than from
circulating T which is preferentially converted to DHT. If this is also
the case in the hypothalamus, the so-called ‘Testosterone Hypothesis’
in the male animal (that male brain E2 is synthesized from circulating
T, resulting in sexual dimorphism) will require re-examination,
because brain estradiol may be preferentially synthesized from
brain-derived T, rather than from circulating T. Of course for this re-
examination, the hypothalamus rather than the hippocampus should
be examined.

One of the functional differences between E2 produced from
circulating T and E2 produced from hippocampus-derived T may be
the time-dependencies of their levels (Fig. 7B). The brain is permeated
with circulating T (male), or E2 (female), the levels of which change
slowly depending on the circadian rhythm. On the other hand, the
endogenous synthesis of E2 (for both male and female) is a transient
event depending on neural excitation such as an LTP or LTD event,
because the E2 level is significantly elevated upon Ca2+ influx by
NMDA stimulation [4].

In many previous works, the concentration of endogenous E2
within neurons or glia has not been determined accurately (due to
technical difficulties), therefore results are explained only with the
concentration of exogenously added E2. This situation leads to
many misunderstandings and conflicts. For in vitro experiments
using slices or primary cultures of neuron/glia, the concentration of
exogenously added E2 must be higher than that of endogenous E2
in order to cause a significant effect. Importantly, the endogenous
E2 concentration is dependent on the outer medium (i.e., whether
the outer medium contains steroids or not). Many experiments
using acute hippocampal slices show restorative effects of E2 upon
supplementation of E2 (1–10 nM) to E2-depleted slices whose E2
level is less than 0.5 nM. The depletion of E2 in slices occurs during
recovery treatments, because a significant amount of E2 is released



Fig. 7. Schematic illustrations. (A) Pathway of sex-steroid synthesis in the rat hippocampus, thus far identified. A real arrow (→) indicates an active pathway. A chain arrow from
androstenedione (ADione) to estrone (E1) indicates an extremely weak conversion in male rat. The abbreviated names of steroids and enzymes involved in each reaction are
indicated. Only 3β-HSD type 1 is present but other types of 3β-HSD (types 2–4) are absent. Androstenediol (ADiol ) is a major product of DHEA. Once produced, E2 is very stable and
is not inactivated to species such as E1within 5 h. Roughly half of PREG and PROG is incorporated into hippocampus from circulation. Tetrahydro-PROG (TH-PROG) is also referred to
as allopregnanolone. Because cytochrome P450scc is expressed extremely weakly in the adult hippocampus (10-5 of that in the adrenal cortex), the production of PREG from
cholesterol may be performed very slowly. In the female rat hippocampus, ADione → E1 pathway may act as strongly as ADione → T. Identification of sexual difference in
hippocampal sex-steroid synthesis requires further investigations. Incorporation of T, E2, PREG and PROG from the blood circulation may occur, as judged from the 50–80% decrease
of their concentrations in the hippocampus by castration or ovariectomy. Estrogen replacement therapy should take into account these mechanisms of endogenous estrogen
synthesis in the brain. Precursor replacement therapy, such as estriol (E3) supplementation for E3→ E1→ E2 conversion within the brain may be useful for the female, while DHEA
supplementation for DHEA → T → E2 may be useful for the male. (B) Hippocampus-derived E2 or T may exhibit a great difference in function from circulating E2 or T. The level of
circulating E2 or T changes depending on circadian rhythm (slow and homeostatic), but the level of hippocampus-derived E2 or T may change depending on neuronal activity in
order to regulate synaptic plasticity or memory processes. Endogenous synthesis is dependent on synaptic activity, such as Ca2+-influx dependent activation of StAR [1], and
dephosphorylation-dependent (phosphatase-dependent) activation of P450arom [107]. Endogenous synthesis may also be dependent on GnRH in the female hippocampus [88].
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to the steroid-free outer medium during incubation of isolated slices
for 1–2 h with ACSF. In this sense, these isolated slice experiments
may represent an in vitro model of in vivo estrogen replacement
therapy (injecting E2 at 10–50 μg/kg rat weight) for circulating
estrogen-depleted ovariectomized female animals (circulating E2
less than 0.01 nM). In the case of cultured slices or cultured
neuron/glia, the endogenous E2 level may be 6–8 nM (65–83 fmol/
mg protein) in slices determined via RIA or mass-spectrometric
assay [87] or roughly 0.1 nM (120 pg/5 ml) in the outer medium
(released E2) [5,68,88]. Therefore, the expected effect of exoge-
nously added E2 may strongly depend on the concentration
difference between the exogenously added E2 level and the
endogenous E2 level.
4. Difference between classical slow genomic pathway and rapid
synaptic pathway of estrogen

Not only slow (gene transcriptional) but also rapid (kinase
driving) estrogen signaling pathways function independently in the
brain (Fig 8).

4.1. Slow action via genomic pathway

Classical genomic effects have been studied extensively in the past
few decades, focusing mainly on restorative effects on brain function
by supplemented estrogen in ovariectomized female rats. In classical
slow genomic pathway, gonadal E2 → reaches neurons via the



Fig. 8. (A) Schematic illustration for the slow modulation of synaptic plasticity via gene transcription. The site of the delayed action of E2 is ERα present in cytoplasm and nuclei of
neurons. The neuronal synthesis (intracrine mechanism) of sex-steroids produces more E2 than E2 from circulation. StAR and P450scc are present in the mitochondria, and P450
(17α), 3β-HSD, 17β-HSD and P450arom are localized in the endoplasmic reticulum. (B) Schematic illustration for the synaptic synthesis (synaptocrinology mechanism) of sex
hormones, and the rapid modulation of the synaptic plasticity via synaptic ER. The site of rapid action of E2 is synaptic ERα. Synaptic ERβmight also function. StAR and P450scc are
present in the mitochondria. P450(17α), 3β-HSD, 17β-HSD and P450arom are localized in the membranes in the synaptic compartment. Only NMDA type glutamate receptor is
illustrated, while AMPA type glutamate receptor is omitted for clarity. Glial steroidogenesis also occurs, but may be much weaker than neuronal steroidogenesis, as judged from the
much weaker expression of steroidogenic enzymes in glial cells in the hippocampus.
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circulation → cytoplasmic ERα or ERβ → nucleus → gene transcrip-
tion→ new proteins (NMDA-R NR1 subunit, etc.)→ neuroprotection,
synaptogenesis, and enhancement of LTP. Because the activation of
both the transcriptional and translational machinery of the cell is
necessary to invoke classical steroid actions, a time-lag of several
hours to days must be present between the beginning of the steroid
action and its physiological consequences.

The chronic genomic effects of E2 on synaptic plasticity have been
extensively investigated. For example, the dendritic spine density in
CA1 pyramidal neurons is sensitive to both naturally occurring
estrogen fluctuations in rats [10], and experimentally induced
estrogen depletion and replacement [32]. Recent evidence suggests
that estrogens mediate these morphological changes by means of
NMDA receptors. E2 increases the binding of NMDA or glutamate to
NMDA receptors, as well as the NR1 level in CA1 dendrites [36,37,89].
Moreover, the estrogen-induced increase in dendritic spine density is
blocked by NMDA receptor antagonists [11,38,90], and the electro-
physiological properties of NMDA receptor-mediated transmission
are altered by estrogen [7,8,44]. The investigation of the signaling
pathway of endogenous E2, which results in the modulation of
synaptic plasticity of neural networks in the hippocampus, may
contribute to an understanding of therapeutic effects because several-
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years of therapy with estrogen for female patients of Alzheimer's
disease following menopause is shown to be very effective in
improving their capacity for learning and memory [14–17].

4.2. Gene transcription as a downstream event of rapid synaptic action

Rapid synaptic actions of E2 are not limited to those within
synapses but also may include the triggering of gene transcription in
nuclei. Many kinases (MAP kinase, A-kinase, PI3 kinase, C-kinase, etc.)
are activated in the rapid synaptic actions of E2 [91–93]. These kinases
(or target proteins) probably travel to nuclei, resulting in gene
transcription. For example, A-kinase → phosphorylation of CREB →
gene transcription → new protein → new synapses [94]; MAP kinase
→ gene transcription→ new protein→ new synapses→ protection of
neuron from damage [94]; PI3 kinase → Akt kinase → suppression of
GSK-3β→ suppression of hyperphosphorylation of tau→ inhibition of
disassembling of microtubles → protection from Alzheimer's disease
[95,96]; PI3 kinase → Akt kinase → suppression of apoptosis signal
from mitochondria→protection of neuron from damage; C-kinase→
NFκB → gene transcription → new protein → new synapses [97].

5. Estrogen action and synthesis in non-mammalian brain

Studies of estrogen effects on non-mammalian brains including
the hippocampus are useful for mammalian study [98]. Estrogen
actions are extensively investigated in the songbird brain (e.g. zebra
finch) [99] [100]. Volumes of song control nuclei (HVC (high vocal
center), RA (nucleus robustus arcopallialis), and Area X) are affected
by estrogen [101] which action is mediated by P450arom activity at
synapses [102]. Local and rapid increase of E2 in auditory cortex is
revealed during social interaction [103]. Rapid production and action
of estrogen might be regulated by the phosphorylation of P450arom
[98]. In the songbird hippocampus E2, but not DHT, facilitates the
acquisition of spatial memory [104]. A significant level of P450arom
expression is observed in the hippocampus [105]. Taken together, it is
suggested that locally synthesized E2 from circulating T probably acts
in paracrine- or synaptocrine-fashion in the brain.

6. Model explanation of synaptocrine and intracrine mechanisms

Fig. 8 shows a hypothetical model for the synaptic synthesis of
brain steroids (synaptocrine mechanism) and the modulation of the
synaptic plasticity of neurons by brain steroids. Brain steroid synthesis
proceeds in the following manner. First, glutamate release from the
presynapse induces a Ca2+ influx through the NMDA receptors. The
Ca2+ influx drives StAR [106] to transport cholesterol into the
mitochondria, where P450scc converts cholesterol to PREG. The
conversion of ‘PREG → DHEA → androstenediol → T → E2, or T →
DHT → androstanediol, or progesterone (PROG) → androstenedione
→ T’ is performed at spines, in addition to the endoplasmic reticulum
in the cell body by P450(17α), 3β-HSD, 17β-HSD, P450arom, 5α-
reductase and 3α-HSD. The produced E2 binds to synaptic ERα and
drives a signaling pathway including many kinases (MAP kinase, A-
kinase, C-kinase, PI3 kinase or even phosphatases), finally resulting in
the modulation of AMPA receptors (AMPA type glutamatergic
receptors) or NMDA receptors (NMDA type glutamatergic receptors).
Modulation indicates, for example, phosphorylation of these recep-
tors or AMPA receptor insertion/endocytosis. Note, of course, that
brain steroids are synthesized also in the endoplasmic reticulum and
mitochondria in the cell bodies of neurons (intracrine mechanisms).
The genomic pathway via nuclear ERα receptors also functions in
delayed E2 effects, such as neuroprotection, spinogenesis, maintain-
ing homeostasis, etc (intracrine mechanisms). Because the levels of
E2, T and DHT are much lower in the circulation [79,86], hippocam-
pus-synthesized sex-steroids may play a central role in the modula-
tion of synaptic plasticity or memory process.
An immunoelectron microscopic analysis using a postembedding
immunogold method is very useful in determining the intraneuronal
localization of P450 or ERα in the hippocampal neurons of adult male
rats. Surprisingly, we observed that both P450(17α) and P450arom
are localized not only in the endoplasmic reticulum but also in the
presynaptic region as well as the postsynaptic region of pyramidal
neurons in the CA1 and CA3 regions and of granule neurons in DG
(Fig. 4). These results suggest the ‘synaptic’ synthesis of estrogen and
androgen, in addition to classical microsomal synthesis of sex
steroids.
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