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ABSTRACT

We investigated the effect of -estradiol (E2) on synaptogenesis in the hippocampus using
organotypic hippocampal slice cultures and subregional hippocampal neuron cultures, E2
increased the expression of PSD95, a postsynaptic marker, specifically in stratum lucidum of
Cornu Ammonis 3 (CA35L) in cultured hippocampal slices. E2 also increased the spine density
at the proximal site of CA3 apical dendrites in CA3SL and PSD95 was clustered on these spine
heads. The effects of E2 on the expression of PSD95 and the spine density disappeared when
the dentate gyrus (DG) had been excised at 1 day in vitro (DIV). FM1-43 analysis of subregional
hippocampal neuron cultures which were comprised of Ammon's horn neurons, DG neurons,
or amixture of these neurons, revealed that E2 increased the number of presynaptic sites in the
cultures that contained DG neurons. K252a, a potent inhibitor of the high affinity receptor of
brain-derived neurotrophic factor (BDNF), and function-blocking antibody to BDNF (BDNFAB)
completely inhibited the effects of E2 in hippocampal slice cultures and subregional neuron

cultures, whereas [C[182,780 (ICI), a strong antagonist of nuclear estrogen receptors (nERs), did
not. Expressicn of BDNF in DG neurons was markedly higher than that in Ammon’s horn

* Corresponding author. Fax: +81 3 3707 6950.

E-mail address: kasato@nihs.go.jp (K. Sato).

Abbreviations: ACM, astrocyte-conditioned medium; ANOVA, analysis of variance; AraC, cytosine 5-p-arabino-furanoside; BDNF, brain-
derived neurotrophic factor; BDNFAB, function blocking antibody to BDNF; BSA, bovine serum albumin; CA1, Cornu Ammonis 1; CA3,
Cormu Ammonis 3; cAMP, 3'-5'-cyclic adenosine monophosphate; CNS, central nervous system; CREB, PKA/cAMP-responsive element
binding protein; DG, dentate gyrus; DIC, differential interference contrast; Dil, 1,1'-dioctadecyl-3,3,3’,3-tetramethylindocarbocyanine
perchlorate; DIV, day(s) in vitro; DMSO, dimethylsufoxide; E2, p-estradiol; ECL, enhanced chemiluminescence; EDTA, ethylenediaminete-
traacetic acid; ELISA, enzyme linked immunosorbent assay, ER, estrogen receptor; FM1-43, (N-(3-triethylammoniumpropyl)-4-(4-
(dibutylamino)styryl)pyridinium dibromide; GABA, y{gamma)-aminobutyric acid; HBSS, Hank's balanced salt solution; HS, horse serum;
ICI, ICI182,780; IgG, immunoglobulin G; LDCVs, large dense-core vesicles; 1-Glu, L-glutamate; LTP, long-term-potentiation; MEK, MAP
kinase kinase; MEM, minimal essential medium; mER, membrane estrogen receptor; NB, neurobasal medium; nER, nuclear estrogen
receptor; NeuN, neuronal nuclear antigen; OD, optical density; P3, postnatal day 3; P8, postnatal day 8; PB, phosphate buffer; PBS,
phosphate buffered saline; PDZ, PSD-95-Disks large-zona occludens 1/2; PFA, paraformaldehyde; PKA, cAMP-dependent protein kinase A;
PSD95, postsynaptic density protein of 95 kDa; Rp-cAMP, Rp-adenosine 3, 5'-cyclic monophosphorothioate triethylammonium salt; SDS,
sodium dodecyl sulphate; S.E.M., standard error of the mean; SL, stratum lucidum,; SO, stratum oliens; SP, stratum pyramidale; SR, stratum
radiatum; TBS, Tris-buffered saline; TrkB, the high affinity receptor for several neurotrophins; TTX, tetrodotoxin
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neurons and E2 did not affect these expression levels. E2 significantly increased the BDNF
release from DG neurons. KT5720, a specific inhibitor of 3'-5"-cyclic adenosine monophos-
phate (cAMF)-dependent protein kinase A (PKA), and Rp-adenosine 3', 5'-cyclic
monophosphorothioate triethylammonium salt (Rp-cAMP), a non-hydrolyzable diastereo-

isomer and a potent inhibitor of PKA, completely suppressed the E2-induced increase in BDNF
release, whereas ICI and U0126, a potent inhibitor of MAP kinase kinase (MEK), did not. These
results suggest that E2 induces synaptogenesis between mossy fibers and CA3 neurons by
enhancing BDNF release from DG granule cells in a nER-independent and PKA-dependent

manner.

1. Introduction

Estrogens have diverse effects on structure and function of the
central nervous system (CNS) (for review, McEwen et al., 2001;
Scharfman and MacLusky, 2005; Segal and Murphy, 2001).
These effects include enhancement of glutamate-mediated
transmission (Woolley, 1998), decreased afterhyperpolariza
tion (Kramar et al., 2004), facilitation of memory (Tyler et al.,

© 2007 Elsevier B.V. All rights reserved.

2002), increased dendritic spine and spine synapse numbers
(Segal and Murphy, 2001), promotion of DG neurogenesis

al, 1999), and increased seizure susceptibility
(Woolley and Schwartzkroin, 1998). Such diversity arises
because estrogens have multiple mechanisms of action
They modulate gene transcription by interacting with 2
types of nERs, ERx and ERf3. In addition, recent reports clarified
nongenomic mechanisms that act via receptors associated

(Tanapat et
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Fig. 1 - Effects of E2 on the expression of PSD95 in cultured hippocampal slices. (A) PSD95 immunocreactive signals in the
controi siice (left) and the slice treated with E2 (1 pM, 24 h) (middie). Bar=500 pm. (B) Magnitied gray-scale images of a and b in
A. CA1SR, CA180, CA3SL, and CA3SO appeared as fluorescent compartments. Bar=250 um. (C) Effects of E2 (10 nM-1 gM, 24 h)
on the expression of PSD95. E2 increased the expression level of PSD95 dose-dependently in CA3SL. *: p<0.05, **: p<0.01 vs.
the control group in each region. N=8, Tukey’s test following ANOVA.
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with or integral to plasma membrane (mERs), thereby activat-
ing signaling cascades distinct from those of nERs (Beyer et al.,
2003; Kelly and Levin, 2001; Segars and Driggers, 2002). We
previously reported that pretreatment with estrogens in-
creased neuronal sensitivity to L-glutamate (L-glu) specifically
in CA3 in organotypic hippocampal slice cultures. In the same
study we found that these effects were mediated by the
mechanisms that did not involve nERs (Sato et al., 2002). These
results raised the possibility that estrogens affect synaptic
contacts in CA3. In the present study, we therefore investi-
gated the effects of E2 on synaptogenesis in the hippocampus
and explored the underlying mechanisms using 2 experi-
mental systems. Firstly, we investigated the effects of E2 on
the expression of PSD95, a postsynaptic marker, and the spine
density in cultured hippocampal slices. Secondly, we investi-
gated the effects of E2 on the number of presynaptic release
sites in subregional hippocampal neuron cultures, which were
comprised of Ammon's horn neurons, DG neurons, or a
mixture of these neurons, It has been reported that in the
hippocampus the highest concentration of BDNF occurs in DG
granule cells, especially in their axons, mossy fibers (Dieni and
Rees, 2002; Scharfman et al., 2003), from the prenatal period
through to adulthood (Dieni and Rees, 2002). Although BDNF is
known to promote synaptogenesis (Aguado et al., 2003; Alsina
et al., 2001; Seil and Drake-Baumann, 2000), it has not been
elucidated whether the BDNF in DG granule cells has a role in
hippocampal synapse formation. For this reason, we also
investigated the relationship between endogenous BDNF in
DG granule cells and the effects of E2 in CA3. We here provide
evidence showing that E2 induces synaptogenesis between
mossy fibers and CA3 neurons by enhancing BDNF release
from DG granule cells in a nER-independent and PKA-
dependent manner.

2. Results

2.1.  Effects of E2 on postsynaptic sites in cultured
hippocampal slices

We first examined the effect of E2 on the expression of PSD95
in cultured hippocampal slices immunohistochemically.
PSD95 is one of the PDZ (PSD-95-Disks large-zona occludens
1/2) domain-containing proteins (Craven and Bredt, 1998,
Garner et al,, 2000) and is an integral protein of the post-
synaptic density. In the control group, the fluorescent signals
for PSD95 were apparent in the major hippocampal synaptic
sites, i.e., stratum radiatum (SR), stratum oriens (SO), SL and
the dentate hilar region (Fig. 1A, left). Because in this study
slices were cultured after removing entorhinal cortex, we
quantified the expression of PSD95 in CA1SR, CA1SO, CA3SL,
and CA3S0, the synaptic sites which maintain the intact
presynaptic and postsynaptic cells. Because CA1SR, CA1SO,
CA3SL, and CA3SO appeared as fluorescent compartments
(Figs. 1B, a and b) in magnified gray-scale mode images, we
regarded the averaged fluorescence intensity of each com-
partment (an outlined area) as the expression level of PSD95 of
each synaptic site (see Experimental procedures). When we
compared the effects of E2 on the PSD95 expression in CAl and
CA3, E2 (24 h) increased the expression of PSD95 dose

dependently in CA3SL and the effects were significant at
100 nM and the higher concentration (Figs. 1A middle and B).
Although E2 also increased the PSD 95 expression in CA3SO at
1 uM (145 +9.75% of control), the effect was weaker than that in
CA3SL (180+10.2% of control at 1 uM). The distribution pattern
of PSD95 signals (including area) in each region was not
affected by E2. We then investigated the effect of E2 on the
spine density in CA3SL using 1,1'-dioctadecyl-3,3,3',3 -tetra-
methylindocarbocyanine perchlorate (Dil) staining. E2 (1 uM,
24 h) markedly increased the spine density at the proximal site
of CA3 apical dendrites in CA3SL (296+24.3% of control; Figs.
2A and B). E2 also increased the spine density at the proximal
site of CA1 apical dendrites in CA1SR (132+4.49% of control),
although to a much lesser extent than that in CA3SL (Fig. 2A).
Fig. 2B shows typical images of the proximal sites of CA3 apical
dendrites in the control slice (left) and in the E2-treated slice
(right). When we immunostained the E2-treated slices with
anti-PSD95 antibody after Dil staining, most PSD95 signals in
CA3SL clustered on the spine heads (Fig. 2B, right). These
results indicate that E2 increased the number of postsynaptic
sites in CA3SL. CA3SL is the region in which mossy fibers (DG
granule cell axons) make synapses with CA3 pyramidal neu-
rons. We theninvestigated the effect of E2 on the expression of
PSD95 and the spine density in CA3 in DG (-) slices, i.e., the
slices of which DG had been excised at 1 DIV. As shown by
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Fig. 2 - Effects of E2 on the spine density in cultured
hippocampal slices. (A) E2 (1 pM, 24 h) markedly increased
the spine density in CA3SL. **: p<0.01 vs, the vehicle control
group in each region. N=8, Student’s t test. (B) Typical images
of the Dil-labeled CA3 apical dendrites in the control slice
(left) and the E2-treated slice (right). Double staining with
Dil and anti-PSD95 antibody revealed that in the E2-treated
slice most PSD95 signals (green) were clustered on the
spine-heads of the CA3 apical dendrites (red). Bar=5 pm.



Nissl staining, the viability of CA3 pyramidal neurons was not
altered by the dissection of the DG (Fig. 3A). The distribution
pattern of the PSD95 signals was not affected, either (Fig. 3B).
E2 (1 nM, 24 h) affected neither the expression level (Fig. 3C)
nor the distribution pattern of PSD95 in DG (-) slices (data not
shown). The effect of E2 (1 uM, 24 h) on the spine density in
CA3SL was also abolished in DG (-) slices (Fig. 3D). Taken
together, these results suggest that E2 induces synaptogenesis
between mossy fibers and CA3 pyramidal neurons.

2.2, Effects of E2 on presynaptic sites in subregional
hippocampal neuron cultures

We next investigated the effect of E2 on the number of
presynaptic sites using subregional hippocampal neuron
cultures, which were comprised of Ammon’s horn neurons,
DG neurons, or a mixture of these neurons, respectively. We
quantified the number of presynaptic sites by counting the
number of sites in which depolarization-induced uptake and
release of (N-(3-triethylammoniumpropyl)-4-(4-(dibutyla-
mino)styryl)pyridinium dibromide (FM1-43) (Cochilla et al.,
1999) had occuited (see Experimental procedures). Fig. 4A
shows the typical morphologies of neurons in the Ammon’s
horn neuron culture (left) and in the DG neuron culture
(middle). Most cells in the Ammon's horn neuron culture were
large and spindle-shaped, whereas most cells in the DG
neuron culture were small and granular. As shown in Fig. 4B,
E2 (1 pM, 24 h) significantly increased the number of
presynaptic sites in the mixed neuron culture (199+9.18% of
control). E2 also increased the number of presynaptic sites in
the DG neuron culture (170+12.1% of control), but not in the
Ammeon'’s horn neuron culture. Fig. 4C shows the typical
fluorescent images of presynaptic sites (red puncta) in the
control group (top left) and in the E2-treated group (top right)
in the mixed neuron culture. We confirmed that E2 had no
effect on the number of surviving neurons in each culture by
immunostaining with anti-NeuN antibody (data not shown).
These results indicate that E2 increased the number of
presynaptic sites in the hippocampal neuron cultures and
that DG neurons are indispensable for this effect.

2.3.  The effects of EZ in hippocampal slice cultures and
subregional hippocampal neuron cultures were mediated by
the mechanism which is independent of nERs and dependent
on endogenous BDNF

Pharmacological experiments were performed to investigate
and compare the mechanisms underlying the effects of E2 in
hippocampal slice cultures and subregional hippocampal
neuron cultures (the mixed neuron culture) (Fig. S). First, we
examined the contribution of nERs using ICI, a strong
antagonist to both of ERa (Ki: 1.5 nM) and ERp (Ki: 6.4 nM)
(Kuiper et al., 1997). ICI at a concentration of 1 uM did not alter
the effect of E2 on the expression of PSD95 expression, the
spine density, and the number of presynaptic sites (Figs. 5A-
C). It has been reported that DG granule cells have the highest
concentration of BDNF 1n the hippocampus, especially in the
mossy fibers (Dieni and Rees, 2002; Scharfman et al,, 2003)
Because BDNF is known to enhance synapse formation
2001; Seil and Drake-

(Aguado et al, 2003; Alsina et al,

111

Intact

O

1 Control
I E2

140

120}
100}
80}
80 }
40t
20t
0 :
SL S0

D Intact slice

Arbitrary units of
fluorescence intensity

SL SO
DG (-) slice

Spine density (um™")

Intact

DG ()

Fig. 3 - Effects of E2 on the expression of PSD95 and the
spine density in cultured hippocampal slices of which DG
had been excised at 1 DIV. (A) The viability of CA3 pyramidal
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expression of PSD95 in DG (-) slices. E2 (1 pM, 24 h) did not
affect the expression of PSD95 in CA3 in DG (-) slices. (D) The
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Fig. 4 - Effects of E2 on the number of presynaptic sites in
subregional hippocampal neuron cultures. (A) Typical cell
morphologies in the Ammon’s homn neuron culture (left)
and in the DG neuron culture (middle). Bar=20 pm. (B) E2

(1 1M, 24 h) significantly increased the number of
presynaptic sites in the mixed neuron culture and in the DG
neuron culture, **: p<0.01 vs. the control group in each
culture. N=8, Student’s t test. (C) Typical images of
presynaptic sites visualized by FM1-43 (red puncta) in the
control group (top left) and in the E2-treated group (top right)
in the mixed neuron culture. DIC images of the same
microscopic views were also shown (bottom left and bottom
right). Bar=50 pm.

Baumann, 2000), we examined the involvement of BDNF in the
effects of E2. K252a (200 nM), a potent inhibitor of the high
affinity receptor of BDNF (TtkB) (Squinto et al., 1991; Bothwell,
1995), significantly inhibited the effects of E2 on the expres

sion of PSD95 expression, the spine density, and the number of

presynaptic sites (Figs. SA-C). Furthermore BDNFAB (10 ug/ml)

significantly inhibited the effects of E2 in these experiments
(Figs. 5A-C). These inhibitors alone had no effects in each case.
These results indicate that the effects of E2 in hippocampal
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neuron cultures. (A) K252a (200 nM) and BDNFAB (10 pg/ml)
significantly inhibited the effect of E2 on the expression of
PSD95 in cultured hippocampal slices, whereas ICI (1 pM) did
not. **: p<0.01 vs, the control group, ##: p<0.01 vs. the
E2-treated group. N=8, Tukey’s test following ANOVA. (B)
K252a (200 nM) and BDNFAB (10 pg/ml) significantly inhibited
the effect of E2 on the spine density in cultured hippocampal
slices, whereas ICI (1 pM) did not. **: p<0.01 vs. the control
group, ##: p<0.01 vs. the E2-treated group. N=8, Tukey's test
following ANOVA. (C) K252a (200 nM) and BDNFAB (10 pg/ml)
significantly inhibited the effect of E2 on the number of
presynaptic sites in the mixed neuron culture, whereas ICI
(1 pM) did not. *: p<0.05 vs. the control group, #: p<0.05 vs. the
E2-treated group. N=8, Tukey’s test following ANOVA.
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slice cultures and subregional neuron cultures were mediated
by the common mechanism which is independent of nERs and
dependent on endogenous BDNF, suggesting the involvement
of BDNF in DG granule cells in the synaptogenic effect of E2 in
CA3SL.

24, E2 enhanced BDNF release from DG granule cells via
nER-independent and PKA-dependent mechanisms

We further examined the association between the effects of E2
and BDNF using subregional hippocampal neuron cultures.
The expression levels of BDNF were confirmed for both the
Ammon's horn neuron culture and the DG neuron culture by
Western blot analysis and enzyme linked immunosorbent
assay (ELISA) (Fig. 6). In Western blot analysis, BDNF immu-
noreactive bands were detected in the control lanes for both
cultures, but the OD for the DG neurons was markedly higher
than that for the Ammon’s horn neurons (Fig. 6A). E2 (1 uM,
24 h) did not affect the expression levels of BNDF in Ammon's
horn neurons or DG neurons. ELISA also showed that the
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Fig. 6 — The expression of BDNF in subregional hippocampal
neuron cultures. (A) Western blot analysis of BDNF in
subregional hippocampal neuron cultures. The expression
level of BDNF of DG neurons was much higher than that of
Ammon’s horn neurons. E2 (1 pM, 24 h) had no effect on the
BDNF expression level. The same results were obtained in 3
independent experiments. (B) ELISA detection of BDNF in
subregional hippocampal neuron cultures. The expression
level of BDNF in DG neurons was significantly higher than
that in Ammon’s hom neurons, E2 (1 uM, 24 h) had no effect
on the BDNF expression level. **; p<0.01 vs. the control group
of Ammon’s hom neurons. N=4, Tukey’s test following
ANOVA.
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Fig. 7 - Effects of E2 on the BDNF release in the DG neuron
culture. (A) Treatment for 10 h with E2 (1 pM) had no effecton
the number of presynaptic sites in the DG neuron culture.
(B)E2 (1 uM, 10 h) significantly enhanced BDNF release in the
DG neuron culture. KT5720 (200 nM) and Rp-cAMP (10 pM)
inhibited the effect of E2, whereas ICI (1 pM) and U0126

(10 pM) did not. **: p<0.01 vs. the control group, ##: p<0.01
vs. the E2-treated group. N=4, Tukey’s test following
ANOVA.

expression level of BDNF in DG neurons was remarkably
higher than that of Ammon’s horn neurons and E2 had no
effect on the expression levels in both cultures (Fig. 6B). These
results indicate that subregional neuron cultures reflect in
vivo pattern of BDNF expression in the hippocampus, in which
the highest concentration of BDNF occurs in DG granule cells
(Dieni and Rees, 2002; Scharfman et al, 2003). We next
examined the possibility that E2 enhances BDNF release
from DG granule cells without affecting BDNF expression.
The amount of BDNF released into the culture medium of the
DG neuron culture was measured by ELISA. We performed
ELISA after 10 h of treatment with E2, at the time point when
the effect of E2 on the number of presynaptic sites was not yet
apparent (Fig. 7A). E2 (1 uM, 10 h) remarkably increased the
BDNF release (267 +20.5% of control; Fig. 7B). Neither ICI (1 uM)
nor U0126 (10 uM) (Ki: 72 nM for MEK1, 58 nM for MEK2) (Duncia
et al,, 1998), influenced the effect of E2. In contrast, KT5720
(200 nM) (Ki: 56 nM for PKA) (Kase et al., 1987) and Rp-cAMP
(10 uM) (Ki: 11 uM for PKA) (Rothermel and Parker Botelho,
1988), suppressed the effect of E2 to the control level. These
inhibitors alone had no effects on the basal BDNF release.
These results indicate that E2 enhanced BDNF release from DG
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granule cells via nER-independent and PKA-dependent
mechanisms, which may underlie the effects of E2 described
above.

3. Discussion

In this study, we provided evidence showing that E2 induces
synaptogenesis between mossy fibers and CA3 neurons by
enhancing BDNF release from DG granule cells in a nER-
independent and PKA-dependent manner.

We used subregional hippocampal neuron cultures to
investigate the effects of E2 in detail. That these cultures
sufficiently maintain their region-specific characters is sup-
ported by the following evidence: 1) the morphology of
neurons in the Ammon’'s homn neuron culture was clearly
different from that in the DG neuron culture (Fig. 4A). Most
cells in the Ammon's horn neuron culture were large and
spindle-shaped, which is typical for pyramidal neurons. Most
cells in the DG neuron culture were small and granular, which
is typical for DG granule cells. 2) DG neurons isolated and
cultured using a similar procedure maintain their in vivo
physiological properties (Tkegaya et al., 2000). 3) The expres-
sion level of BDNF of the cultured DG neurons is much higher
than that of the cultured Ammon’s horn neurons, reflecting in
vivo pattern of BDNF expression in the hippocampus, in which
the highest concentration of BDNF occurs in DG granule cells
(Dieni and Rees, 2002; Scharfman et al., 2003).

In our study, we prepared hippocampal slices from both
genders of P8 rat pups and cultured for 10 days with medium
supplemented with horse serum (HS) collected from gelding
horses, in which steroid concentrations were under the
limits for detection. Because the increases in the expression
level of PSD95 and the spine density in CA3 were observed in
all slices treated with E2, we consider that the effects of E2 in
our study are gender-independent. Currently we are inves-
tigating whether or not there is gender difference in the
extents of the effects of E2. Organotypic hippocampal slice
cultures of P5-9 rat brains are well-established, stable model
for investigating hippocampal function including develop-
mental synaptogenesis because neurons maintain synapto-
genic ability in each region (CA1, CA3, and DG) (De Simoni et
al., 2003; Mizuhashi et al., 2001; Qin et al., 2001). It has been
reported that during postnatal development, the capacity of
estrogen binding protein is high enough to lower the
concentrations of serum estrogens to nonphysiological levels
(Germain et al., 1978). This suggests that the conditions for
the hippocampal slice culture in the present study more
closely represent the postnatal developmental stage.
Recently it was clarified that E2 is synthesized from
endogenous cholestercl by P45017« and P450 aromatase in
hippocampal neurens (Hojo et al,, 2004) and that it plays an
essential role in the maintenance of synapses (Kretz et al.,
2004). The effects of E2 shown here might be achieved by
locally synthesized E2 at the postnatal developmental stage.
Two previous studies reported the effects of E2 on spinogen-
esis in cultured hippocampal slices (Kretz et al,, 2004; Pozzo-
Miller et al., 1999), but their results are conflicting, perhaps
because of the effects of various steroids included in the HS
in the culture medium.

Our findings suggest that BDNF in DG granule cells
mediates the effects of E2. It has been reported that in the
hippocampus the highest concentration of BDNF occurs in DG
granule cells, especially in their axons, mossy fibers (Dieni and
Rees, 2002; Scharfman et al., 2003), from the prenatal period
through to adulthood (Dieni and Rees, 2002). The significance
of BDNF in DG granule cells, however, had been unknown until
Scharfman et al. showed that endogenous BDNF in mossy
fibers affected the excitability of CA3 neurons in adult female
rats (Scharfman et al., 2003). On the other hand, BDNF has long
been known to promote synaptogenesis by maturation of
presynaptic sites (Aguado et al, 2003; Seil and Drake-
Baumann, 2000). Real-time monitoring revealed that BDNF
increases the number of presynaptic sites (Alsina et al,, 2001).
Presynaptic maturation can induce postsynaptic maturation,
as shown by mossy fiber induction of postsynaptic maturation
including assembly and clustering of PSD9S on CA3 apical
dendrites (Qin et al., 2001). In the present study, BDNF released
from DG granule cells may have first increased the number of
presynaptic sites by autocrine/paracrine mechanisms,
thereby inducing the maturation of postsynaptic sites. In
addition to the communication with CA3 pyramidal neurons
through giant boutons, mossy fibers also communicate with
local circuit interneurons in CA3 through filopodial extensions
and en passant boutons (Acsady et al,, 1998; Lawrence and
McBain, 2003). Although the number of these small terminals
is greater than that of giant boutons, we consider that E2
predominantly promoted the synaptogenesis between mossy
fibers and CA3 pyramidal neurens in this study because of the
following reasons: 1) E2 increased the number of giant
boutons, which were identified as mossy fiber terminals
containing Zn®* in our previous report (Sato et al., 2002), and
2) the major population of BDNF-positive mossy fiber term-
inals is those with giant boutons (Danzer and McNamara,
2004). Further experiments using interneuron-specific mar-
kers will be necessary to identify the effect of E2 on
synaptogenesis between mossy fibers and CA3 interneurons.

E2 enhanced BDNF release from DG granule cells in a
nER-independent and PKA-dependent manner. Besides the
genomic effects via nERs (ERa and ERp), recent reports have
described the nongenomic effects of estrogens mediated by
mERs (Beyer et al.,, 2003; Kelly and Levin, 2001; Segars and
Driggers, 2002). Although the membrane localization of the
E2 binding sites is widely accepted, mERs still await isolation
and gene cloning. One of the candidate mERs is membrane-
localized ERa/3 that can activate signal transduction path-
ways distinct from nER«/p (Razandi et al, 2004; Thomas et
al, 2004). Although the mode of action has not been
elucidated precisely, ERa has been localized to the neuronal
plasma membrane in the hippocampus (Clarke et al., 2000).
On the other hand, several reports suggest that the proteins,
which are completely different from ER«/f3, function as mERs
in hypothalamus (Cambiasso and Carrer, 2001), midbrain
(Beyer and Karolczak, 2000; Beyer et al.,, 2002), and neocortex
(Toran-Allerand et al.,, 2002). The effects of E2 observed in
our study may have been mediated by one or more mecha-
nisms other than nERs.

It has been reported that E2 modulates the expression of
BDNF by genomic (Sohrabji et al., 1995) or nongenomic
mechanisms (Ivanova et al, 2001). Unexpectedly, in this
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study BDNF expression levels were not affected by E2 (Fig. 6).
Instead, E2 enhanced BDNF release from DG granule cells via
the activation of the PKA pathway. The PKA/cCAMP-responsive
element binding protein (CREB) pathway has been shown to
lie downstream of mERs in midbrain dopamine neurons
(Beyer and Karolczak, 2000; Beyer et al., 2002). The effects of
E2 in this study might be mediated by the same type of mERs
as those in midbrain dopamine neurons. There are 2 major
BDNF secretory pathways (for review, Lessmann et al., 2003):
one is the Ca’*-independent constitutive pathway and the
other is the Ca’*-dependent regulated pathway. In the
regulated pathway, BDNF is sorted to large dense-core
vesicles (LDCVs) (Wu et al, 2004) and released in an
activity-dependent manner (Haubensak et al., 1998) following
slow kinetics typical for protein secretion (Hartmann et al.,
2001). BDNF plays an important role in long-term synaptic
plasticity (for review, McAllister et al., 1999). BDNF is released
selectively by electrical stimulation patterns that induce
long-term-potentiation (LTP), thereby modulating the activ-
ity-dependent neuronal plasticity (Balkowiec and Katz, 2002;
Gartner and Staiger, 2002). cAMP triggers BDNF release in
such LTP-inducing condition (Patterson et al., 2001), so E2
might affect synaptic plasticity by way of cAMP-dependent
BDNF release.

In ovariectomized adult female rats, E2 enhances the
spinogenesis of apical dendrites in CA1 but not in CA3
(Gould et al,, 1990). Recent studies have revealed that Akt
(protein kinase B) activation via mERs mediates the
spinogenesis in CA1 in adult rats (McEwen et al, 2001;
Znamensky et al, 2003). On the other hand, there is
evidence for another mechanism of E2-induced spinogen-
esis in embryonic hippocampal neuron cultures, In this
system E2 acts via nERs to suppress BDNF expression in
y-aminobutyric acid (GABA) ergic interneurons and to de-
crease GABAergic inhibition, thereby inducing spinogenesis
(Murphy et al., 1998a; Murphy et al., 1998b). It is possible
that these mechanisms were also active in our study
because E2 increased the spine density in CA1SR in
cultured hippocampal slices. But clear differences were
observed between the effect in CA1SR and that in CA3SL.
The spinogenic effect in CA1SR was much weaker than that
in CA3SL (Fig. 2) and the expression of PSD95 in CA1SR was
not changed by E2 (Fig. 1). The local assembly of PSD95 is
spatially and temporally correlated with the maturation of
spine morphogenesis (Okabe et al., 2001: Jontes and Smith,
2000). PSD9S clusters are found in one-half of dendritic
filopodia, but in most mature spines (Takahashi et al.,
2003). Thus, the spines induced by E2 in CA1SR may be
more immature compared with those in CA3SL. The effects
of E2 in CA3 through BDNF derived from DG granule cells
may be stronger than that in CA1 through the mechanisms
described above. The absence of the effect of E2 in CA3 in
previous reports (Gould et al,, 1990; Znamensky et al., 2003)
can be explained if the mechanism that we indicated here
is not active in adulthood or the mechanisms demon-
strated in the previous reports are active predominantly in
CAL

Our results strongly suggest that E2 induces synaptogen-
esis between mossy fibers and CA3 neurons by the enhance-
ment of BDNF release from DG granule cells in a nER-

independent and PKA-dependent manner. These data provide
evidence that BDNF in DG granule cells has a role in
synaptogenesis, and that E2 can modulate this synaptogenic
function of BDNF.

4, Experimental procedure

4.1. Materials

Millicell-CM was from Millipore (Bedford, MA). Minimal essen-
tial medium (MEM), Neurobasal medium (NB) and B-27 supple-
ment were from Gibco Invitrogen Co. (Carlsbad, CA). Donor HS
(gelding) was from C-C Biotech Corporation (Valley Center, CA).
Paraformaldehyde (PFA), polyoxyethylene (10) octylphenyl
ether (Triton X-100), ammonium chloride, dimethylsufoxide
(DMSO), L-glutamine, glycine, Tween 20 and sodium azide were
from Wako Pure Chemical (Osaka, Japan). K252a was from
Calbiochem (Darmstadt, Germany). Anti-BDNF antibodies
(AB1534SP and AB1513P) and Chemikine BDNF Sandwich
ELISA kit were from Chemicon (Temecula, CA). 1Cl was from
Tocris (Ballwin, MO). Mouse monoclonal immunoglobulin G
(1gG) to PSD95 (K28/43) was from Upstate Biotechnology (Lake
Placid, NY), Alexa Fluor 488 rabbit anti-mouse IgG, NeuroTrace
fluorescent Nissl, Dil and FM1-43 were from Molecular Probes
(Eugene, OR). E2, poly-L-lysine, cytosine [3-p-arabino-furanoside
(AraC), ethylenediaminetetraacetic acid (EDTA), phenylmethyl-
sulphonyl fluoride, leupeptin, antipain hydrochloride, aproti-
nin, Trizma hydrochloride, bovine serum albumin (BSA), rabbit
polyclonal IgG to p-actin, peroxidase-conjugated anti-rabbit
1gG, tetrodotoxin (TTX), KT5720, and Rp-cAMP were from Sigma
(St. Louis, MO). U0126 was from Promega (Madison, WI).
Sodium dodecyl sulphate (SDS) was from Nacalai tesque
(Kyoto, Japan). ADVASEP-7 was from Biotium (Hayward, CA).
Enhanced chemiluminescence (ECL) plus Western blotting
detection kit was from Amersham Biosciences (Arlington
Heights, IL). Fluorescent images were obtained using a BioRad
p-Radiance laser scanning confocal system (Hercules, CA)
attached to Nikon inverted microscope (Tokyo, Japan). Image
analysis was performed using Adobe Photoshop 7.0 (Mountain
View, CA).

4.2 Organotypic hippocampal slice culture

All animal procedures were in accordance with the guide-
lines of the National Institute of Health Sciences, Japan, to
minimize pain or discomfort. Organotypic slice cultures of
both genders of P8 Wistar rat hippocampi were prepared
according to the method of Sato et al (2002). Briefly,
horizontal medial hippocampal slices (300-um thick) were
placed on Millicell-CM transmembranes and cultured with
0.7 ml of the culture media (50% [vol/vol] MEM, 25% [vol/vol]
Hank’s balanced salt solution [HBSS], and 25% [vol/vol] HS
|[gelding] supplemented with 6.5 mg/ml glucose, 50 U/ml
penicillin G potassium and 100 pg/ml streptomycin sul-
phate). All experiments were performed at 10 days in vitro
(DIV) because cultured hippocampal slices recover from
damage by sectioning and complete the trisynaptic neuro-
nal circuitry (DG—CA3—CA1) at 10-14 DIV (Nakagami et al.,
1997),



