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A B S T R A C T

Estradiol (17b-estradiol, E2) plays an essential role in sexual differentiation of the rodent brain. The

purpose of the present study was to investigate the effects of E2 on developing hypothalamic neurons by

focusing on a presynaptic protein, synapsin I. We applied E2 to cultured hypothalamic cells removed

from fetal rats and investigated resultant effects upon synapsin I. Our immunocytochemical study

revealed that administration of E2 increased the dendritic area (‘MAP2-area’) and synaptic area detected

as dot-like staining of synapsin I (‘synapsin I-area’). However, immunoblotting and real-time PCR

showed that E2 did not increase both protein and mRNA expression levels of synapsin I. Studies with

cyclohexamide (CHX), membrane impermeable E2 (E2-BSA), and an estrogen receptor (ER) antagonist ICI

182,780 indicated that E2 affected the synapsin I-area mainly via a non-genomic pathway mediated by

membrane ER. Immunoblotting showed that E2 suppressed phosphorylation of synapsin I at residues

Ser-9, Ser-553, and Ser-603. On the other hand, E2 did not affect phosphorylation of synapsin I at Ser-62,

Ser-67 and Ser-549. The present study suggests that E2 affects localization of synapsin I in hypothalamic

neurons by altering site-specific phosphorylation of synapsin I, which is likely mediated by membrane

ER.

� 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

It has been demonstrated that 17b-estradiol (E2) aromatized
from testicular androgen plays an essential role in the sexual
differentiation of the rodent brain (MacLusky and Naftolin, 1981)
(see also recent reviews, Schwarz and McCarthy, 2008a,b). The
ability of E2 to masculinize the brain is restricted to a single
sensitive period known as the ‘critical period’, which extends from
the late embryogenesis to early postnatal period in the rat. In the
critical period, an elevated amount of testosterone (T) is secreted
from the fetal testis and converted to E2 by aromatase in the
hypothalamus. Formation of E2 causes a permanent masculiniza-
tion of the hypothalamus, which leads to sex-specific behaviors
and neuroendocrine controls observed later in life (MacLusky and
Naftolin, 1981). The presence of E2 during the critical period also
affects the nuclear size, cell number, localization of estrogen
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receptors (ERs) and synaptic connections in sex dimorphic nuclei
of the hypothalamus (Matsumoto and Arai, 1981a,b, 1986; Tobet
and Hanna, 1997; Mong et al., 2001; Orikasa and Sakuma, 2003).
The experimental administration of E2 to females during the
perinatal period is known to permanently revise sex-specific
morphological and physiological features (Kawata, 1995;
McCarthy, 2008). Endocrine disruptors with estrogen activities
are able to disturb the normal sexual differentiation (Heather and
Patisaula, 2008). Bisphenol A (BPA) is one of the most common
environmental endocrine disruptors with estrogenic properties
and present in placental tissue, umbilical cord blood (Takahashi
and Oishi, 2000; Schonfelder et al., 2002) and in amniotic fluid
(Ikezuki et al., 2002; Engel et al., 2006). It is reported that BPA
alters permanently hypothalamic estrogen-dependent mechan-
isms that govern sexual behaviors in adult female rats (Monje et al.,
2009). It has been proposed that E2-induced synaptic changes
during the critical period play an important role in the formation of
neuronal circuits for sexually dimorphic behavior and neuroendo-
crine control. However, the precise effects of E2 and estrogenic
environmental chemicals on synaptic formation remain almost
unclear. Our previous study showed that administration of E2 and
e Society. All rights reserved.
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Fig. 1. Hypothalamic areas used in this study (black). Hypothalamic areas including

the preoptic area (from a to c in the lateral view of the developing brain (inset))

were bilaterally removed from fetuses on embryonic day 15. V3, third ventricle;

LHA, lateral hypothalamic area; MAM, mammillary level hypothalamus.
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environmental estrogenic chemicals, nonylphenol (NP) and BPA to
cultured hypothalamic cells affected the dendritic development
and synaptic localization determined by immunocytochemistry
with anti-microtubule associated protein 2 (MAP2) and anti-
synapsin I antibodies, respectively (Yokosuka et al., 2008). This
culture system serves as a suitable tool for examining effects of E2

and endocrine disruptors on developing hypothalamic neurons.
Using this in vitro system, we investigated in this study effects of E2

on developing hypothalamic neurons and underlying mechanisms
by focusing on a presynaptic protein, synapsin I.

Synapsin I belongs to a family of neuron-specific phosphopro-
teins that associate with synaptic vesicles (SVs) and cytoskeletal
proteins (Greengard et al., 1993; Hilfiker et al., 1999). Synapsin I
has been known to function mainly in the regulation of SV
mobilization, and therefore in the regulation of neurotransmitter
release and synaptic formation (for reviews, Ferreira and Rapoport,
2002; Yamagata, 2003; Fdez and Hilfiker, 2006). In the present
study, we isolated hypothalamic cells from rat fetuses on
embryonic day 15, prior to the onset of gonadal steroid hormone
secretion on embryonic day 17 (Cseruns, 1986). We treated
cultured cells with E2 for 7 days to mimic the critical period of the
sexual differentiation. We then investigated effects of E2 on
localization of synapsin I, using the semi-quantification of
synapsin I-immunoreactivity. The underlying mechanisms of E2-
induced effects on synapsin I were examined by immunoblotting,
real-time PCR and treatments with inhibitors and membrane
impermeable E2 (E2-BSA). For the purpose of comparison, we also
studied the effect of E2 on dendritic development by the semi-
quantification of MAP2-immunoreactivity.

2. Experimental procedures

2.1. Procedure of cell culture

Hypothalamic cells isolated on embryonic day 15 before the
onset of the critical period were used in the present study.
Pregnant female Sprague–Dawley rats (Japan SLC, Hamamatsu,
Japan) were housed in a light- and temperature-controlled room
(lights on 07:00–19:00, 24 8C). Pregnant rats were fed on NIH-
07PLD laboratory chow (Oriental Yeast, Co. Ltd., Japan; the diet
contains a very low amount of phytoestrogens) and received water
ad libitum. All animal protocols used in this study were approved
by the St. Marianna University School of Medicine Animal Care and
Use Committee. Primary cultures of dissociated hypothalamic cells
were prepared according to a previously described method
(Yokosuka et al., 2008). Briefly, the hypothalamic tissue including
the preoptic area (Fig. 1) were removed from rat fetuses, cut into
small pieces and incubated at 37 8C for 15 min in phosphate
buffered saline containing 0.2 mg/ml L-cystein hydrochloride,
0.2 mg/ml BSA, 5 mg/ml glucose and 0.5 U/ml papain (Worthing-
ton Biochemical Corp., Lakewood, NJ). The cells were mechanically
dissociated by trituration through a plastic-pipette. Then, the cells
were suspended in a culture medium (normal medium) consisting
of 5% heat-inactivated fetal bovine serum (Equitech-Bio, Kerrville,
TX), 5% heat-inactivated donor equine serum (Equitech-Bio), and
90% Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA) supplemented with 1 mM sodium pyruvate (Sigma–
Aldrich, St. Louis, MO), 1.2 mg/ml NaHCO3 (Wako, Japan), 50 units/
ml penicillin G (Meiji Seika, Japan) and 25 mg/ml streptomycin
sulfate (Meiji Seika, Japan). In some experiments, heat-inactivated
fetal bovine serum and donor equine serum were treated with
charcoal before use in order to reduce the levels of serum factors. In
this case, 2% (weight/volume) of charcoal (Sigma) was added to
sera and stirred overnight at 4 8C. Charcoal was then removed by
centrifugation and the sera were sterilized by filtering. For
immunocytochemistry, the cell suspension was plated at a density
of 1 � 105 cells/ml in FALCON culture-slides with 8 wells (Becton
Dickinson) whose bottoms were coated with 0.1% polyethyleni-
mine (Sigma). For western blot analysis and real-time PCR, the cell
suspension was plated at a density of 2 � 105 cells/ml in culture
flasks whose bottoms were also coated with polyethylenimine. The
cell cultures were maintained in an incubator with 5% CO2

humidified atmosphere at 37 8C. Hypothalamic cells of fetuses
from four pregnant female rats were usually plated into 12 culture-
slides or 4 culture flasks. Twenty-eight pregnant female rats were
used for this study.

2.2. 17b-Estradiol (E2) and other treatments

After the cells were cultured in normal medium for 3 days, one
half of the culture medium was changed to a fresh one with or
without chemicals (E2, ICI 182,780, E2-BSA and cyclohexamine
(CHX)). Thereafter, one half of the culture medium was changed
every other day. The cells cultured for 10 days were processed for
immunocytochemistry, western blotting and real-time PCR.

Hypothalamic cells were treated with 100 nM E2 (Wako, Japan).
ICI 182,780 (Tocris Cookson Inc., Ellisville, MO) and CHX were used
at 100 nM and 1 mM, respectively, after preliminary examinations.
The duration of CHX treatment was determined to be 8 h after
preliminary examination. Estradiol and ICI 182,780 were first
dissolved in ethanol and DMSO, respectively, to a concentration of
10 mM, and then diluted with culture medium to the final
concentration. Membrane impermeable E2 (E2-BSA, Sigma) was
first dissolved in PBS to be 10 mM and diluted with culture
medium to the final concentration of 100 nM. The solvents
(ethanol, DMSO and PBS) used to solve chemicals (E2, ICI
182,780, CHX or E2-BSA) were added to control culture at the
corresponding concentration. As untreated culture, cells were
cultured in the normal medium.
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2.3. Immunocytochemistry and quantitative analysis

Cultured cells were fixed for 1 h with 4% paraformaldehyde in
0.1 M phosphate buffer (PB, pH 7.3) at 4 8C. After fixation, they
were incubated with 10 mM PBS containing 0.1% saponin (Sigma)
and 10% Block Ace (Dai-Nihon Seiyaku, Japan) at room tempera-
ture for 15 min to render the cell membrane permeable and to
block non-specific binding. Without washing, the fixed and
permeated cells were incubated with primary antibodies, mouse
anti-MAP2 antibody (1:500; Chemicon International, Temecula,
CA) and rabbit anti-synapsin I antibody (1:500; Chemicon
International), diluted with 10% Block Ace in 10 mM PBS at 4 8C
for 3 days. After a brief rinse in 10 mM PBS, the cells were
incubated overnight at 4 8C with biotinylated sheep anti-mouse
IgG antibody (1:500; Amersham Biosciences, England) diluted
with 10% Block Ace in 10 mM PBS. The cells were then washed in
the same manner and incubated for 1 h at room temperature with
FITC-conjugated anti-rabbit IgG antibody (1:100; MBL) and Texas
Red-labeled streptavidin (1:500; Amersham) diluted with 10%
Block Ace in 10 mM PBS. Finally, after rinsing the cells with 10 mM
PBS, coverslips were mounted on the sample slides with an
antifade reagent (Fluoro-Guard Antifade Reagent; Bio-Rad,
Hercules, CA). Stained cells were observed under a fluorescence
microscope (Axioskop: Carl Zeiss, Germany) and a confocal laser
scanning microscope (LSM510: Carl Zeiss). For control staining,
the cells were stained in the absence of primary antibodies or in
the presence of control rabbit or mouse IgG. The digital
microscopic images were captured with a confocal LSM system.
The area with dot-like staining of synapsin I (synapsin I-area) and
MAP 2-positive area (MAP2-area) were measured with Scion
Image software (NIH) (Yokosuka et al., 2008). In brief, the two-
dimensional reconstruction images containing 10–15 MAP2-
positive neuronal cell bodies were chosen to evaluate synapsin I-
and MAP2-immunofluorescent areas (synapsin I- and MAP2-
areas). Three-dimensional images of about 30 mm thickness were
obtained, converted into two-dimensional images, and then
subjected to the measurement of the MAP2- and synapsin I-areas
with a computer-assisted image analysis system (KS-300, Carl
Zeiss). Because the culture cells developed to form two-cell layers
(the upper layer of nerve cells and the basal layer of glial cells),
30 mm thickness is enough to cover the whole neural cells. When
confocal images were captured for quantitative analysis, bright-
ness and contrast conditions were kept constant during measure-
ments of each experimental group to ensure accurate comparison.
The synapsin I-area and MAP2-area were measured at 3–5 areas
(one area = 5 � 104 mm2) per well. One experimental group
consisted of 3–6 culture wells for each experiment. The values
were expressed as the number of pixels or the ratio to mean
normal (untreated) value. Statistical analysis was conducted by
unpaired Student’s t-test or one-way ANOVA followed by the post
hoc Newman–Keuls multiple comparison test (Fig. 7).

2.4. Western blot analysis

Cells were rapidly washed twice with ice-cold 10 mM PBS
containing 5 mM phenylmethylsufonyl fluoride (PMSF) and
sonicated on ice in lysis buffer consisting of 20 mM Tris–HCl
(pH 7.5), 5 mM EDTA, 1 mM EGTA, 10 mM sodium pyrophosphate,
50 mM NaF, 1 mM Na3VO4 (ortho), 1 mM dithiothreitol, 0.1 mM
PMSF and 10 mg/ml each of leupeptin, antipain, pepstatin and
chymostatin. Total protein concentration was determined with
Protein Assay Kit (Bio-Rad DC Protein Assay Kit). Extracts were
boiled in SDS-polyacrylamide gel electrophoresis sample buffer
and proteins (25 mg/lane) were separated on a 10% SDS-
polyacrylamide gel. The proteins were then transferred to an
Immobilon-P transfer membrane (Millipore, Billerica, MA) and
treated with blocking buffer containing BSA (Sigma). Membranes
were probed with anti-synapsin I (1:600, Chemicon, Temecula, CA)
or phosphorylation site-specific antibodies against synapsin I;
phospho-Ser-9 (#2311, Cell Signaling), phosphor-Ser-553 (sc-
12913, Santa Cruz), phospho-Ser-603 (#574774, Calbiochem),
phospho-Ser-62/Ser-67 (G-526; Jovanovic et al., 1996) and
phospho-Ser-549 (G-555; Jovanovic et al., 1996). Anti-rabbit
IgG conjugated with alkaline phosphatase (1:800, Dako, Carpin-
teria, CA) was used as the second antibody. Immune complexes
were visualized with nitroblue tetrazolium (NBT) and bromo-
chloroindolyl phosphate p-toluidine salt (BCIP). Immunoblots
were quantified with Scion Image software and statistically
analyzed by Student’s t-test.

2.5. Real-time PCR

Total RNA was extracted from cells treated with or without E2

using Isogen (Nippon Gene, Toyama, Japan) according to the
instructions of the manufacturer. Total RNA (1 mg) was reverse
transcribed in 20 ml of reaction mixture for 30 min at 42 8C using
QuantiTect Reverse transcription kit (QIAGEN). Real-time PCR was
performed for synapsin I using an ABI Prism 7000 sequence
detection system (Applied Biosystems). The levels of gene
expression of the target sequence were normalized in relation
to that of an internal control, 18S rRNA. The primers for rat
synapsin I and 18S rRNA were designed with the primer design
software Primer Express version 1.5 (Applied Biosystems). The
forward primer for synapsin I was AGACTACCGCAGTTTGGTCATTG;
the reverse primer was CAAGCTTCTTGTGTAGTCGAACCAT. The
forward primer for 18S rRNA was CGGCTACCACATCCAAGGAA; the
reverse primer was TCCAATTACAGGGCCTCGAA. The PCR condi-
tions were one cycle of 95 8C for 10 min, followed by 45 cycles of
95 8C for 5 s and 60 8C for 30 s. Data were expressed as means or
means � S.E.M. Data were analyzed by Student’s t-test.

3. Results

In the present study, hypothalamic cells were treated with
100 nM E2, because this concentration was the most effective
among doses examined (1–1000 nM) to induce the distribu-
tional change of synapsin I (Yokosuka et al., 2008). Cultured
cells treated with 100 nM E2 were double-stained with anti-
bodies specific for synapsin I and MAP2 (Fig. 2). Dendrites and
somata of neurons were immunocytochemically stained in red
with anti-MAP2, while synapse-like dots were stained in green
along dendrites and around somata with anti-synapsin I. In
addition to these synapse-like dots (arrowheads in Fig. 2C and
F), synapsin I-immunoreactivity was also detected as dispersive
weak intracellular staining (arrows in Fig. 2C). In previous
studies (Castejón et al., 2004; Bonanomi et al., 2005), dot-like
staining of synapsin I was regarded as localization of synapsin I
at synaptic sites. Compared to control cells, E2-treated cells
exhibited increased MAP2 staining (Fig. 2B and E) and dot-like
staining of synapsin I (Fig. 2C and F). The effects of E2 on
dendritic development and localization of synapsin I were then
analyzed by quantifying MAP2-immunoreactive area (MAP2-
area) and the area of dot-like staining of synapsin I (synapsin I-
area), respectively.

3.1. Effects of E2 on MAP2- and synapsin I-areas in cells cultured in

media containing either charcoal-treated or charcoal-untreated sera

Because the heat-inactivated fetal bovine serum and donor
equine serum contain extraneous steroid hormones and
charcoal treatment is effective in reducing the influence of
them, we first quantitatively compared the effects of E2 upon



Fig. 2. Double-immunostaining of hypothalamic cells cultured in control medium (A–C) and in E2 (100 nM)-containing medium (D–F), with MAP2 and synapsin I antibodies.

(A and D) Double-immunostaining with MAP2 (red) and synapsin I (green) antibodies. (B and C) Single images of MAP2 (B) and synapsin I (C) immunoreactivities in A. (E and

F) Single images of MAP2 (E) and synapsin I (F) immunoreactivities in D. Arrowheads indicate dot-like staining of synapsin I. Arrows indicate dispersive weak staining of

synapsin I. Control, cells cultured in control medium containing solvent (ethanol); E2, cells cultured in media containing E2 (100 nM).

Fig. 3. (A) Effects of E2 on the synapsin I- and MAP2-areas in hypothalamic cells

cultured in the media containing charcoal-treated or untreated serum. (B) Effects of

E2 on the ratio of synapsin I-area/MAP2-area. Data are expressed as the

mean � standard error. **p < 0.01; ***p < 0.001.
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MAP2- and synapsin I-areas between the two media: one
containing the heat-inactivated sera; and the other containing
the heat-inactivated and charcoal-treated sera. As shown in
Fig. 3A, E2 significantly increased the MAP2- and synapsin I-
areas in media containing charcoal-untreated sera as well as in
those with charcoal-treated sera (p < 0.001). The density of
localized synapsin I (the ratio of the synapsin I-area to MAP2-
area) was also significantly increased by E2 in both media
(Fig. 3B, p < 0.001 for charcoal-untreated sera and p < 0.01 for
charcoal-treated sera). Since the positive effects of E2 were
obtained by using medium supplemented with either sera, we
used charcoal-untreated sera in subsequent experiments. The
E2-induced increase in the density of localized synapsin I
(Fig. 3B) suggested that the increase in the synapsin I-area did
not simply result from the increased dendritic and somatic area.
We then studied the mechanisms underlying the E2-induced
increase in dot-like staining of synapsin I (synapsin I-area).

3.2. Effects of E2 on synapsin I-area and the expression of synapsin I

mRNA and protein

Values of MAP2- and synapsin I-areas, expressed as the
number of pixels, varied slightly among experimental groups,
mainly due to experimental variation of the immunostaining.
Consequently, E2-induced changes were expressed in a relative
manner; where the value of untreated cells was designated as
100% for each experiment. As shown in Fig. 4A, the synapsin I-area
in control cells, which were cultured in medium containing
0.001% ethanol, was identical to that of untreated ones. E2

treatment for 7 days resulted in a significant increase in the
synapsin I-area. However, immunoblotting and real-time PCR
revealed that neither total protein levels of synapsin Ia and Ib
(Fig. 4B) nor mRNA expression levels of synapsin I (Fig. 4C) were
increased by E2 treatment.



Fig. 4. Effects of E2 on synapsin I-area (A) and expressions of synapsin I protein (B) and mRNA (C) in cultured hypothalamic cells. Values are expressed as a ratio of the synapsin

I-area/untreated value (A and B) or the synapsin I-area/control value (C). (A) The synapsin I-area in untreated, control and E2-treated cells. (B) Relative expression of synapsin I

protein (upper graph) and immunoreactive bands (synapsin Ia and Ib) detected with anti-synapsin I antibody. (C) Relative expression of synapsin I mRNA. Untreated, cells

cultured in normal medium; control, cells cultured in control medium containing solvent (ethanol); E2, cells cultured in media containing E2 (100 nM). Data are expressed as

the mean � standard error (N = 6). **p < 0.01.
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3.3. Effects of cyclohexamide (CHX) combined with E2 on synapsin I-

area

In order to examine whether protein synthesis was required for
the E2-induced increase in the synapsin I-area, we used cells
treated simultaneously with E2 and CHX (1 mM), an inhibitor of
protein biosynthesis. Because prolonged treatment of CHX caused
cell death, we applied E2 and CHX to cells for only 8 h in this
experiment. Even after E2 treatment for 8 h, we observed
significant increases in synapsin I- and MAP2-areas (Fig. 5).
Treatment of CHX (1 mM) remarkably reduced the MAP2-area, but
did not affect the synapsin I-area. When CHX was applied
simultaneously with E2, the E2-induced increase in the MAP2-
Fig. 5. Effects of combined treatment with cyclohexamide (CHX) and E2 on the synapsin I-

ratio of the synapsin I-area (or MAP2-area)/untreated value. E2 and EtOH, combined tre

with CHX. Data are expressed as the mean � standard error (N = 6). ***p < 0.001; **p < 0
area was completely suppressed to the level of CHX-treated cells,
indicating that protein synthesis was sufficiently suppressed by
CHX treatment. In contrast, the combined treatment of CHX with
E2 only marginally, not significantly, reduced the synapsin I-area.
These results raised the possibility that protein synthesis is not
necessary for the E2-induced increase in the synapsin I-area.

3.4. Effects of E2-BSA on synapsin I-area

In order to examine the involvement of membrane estrogen
receptor (ER), we applied BSA-conjugated E2 (E2-BSA) to cells for 7
days (Fig. 6). When BSA was administrated to cells as a control, the
synapsin I-area was slightly reduced. This may be due to non-
area (A) and MAP2-area (B) in cultured hypothalamic cells. Values are expressed as a

atment with E2 and EtOH (solvent for CHX); E2 and CHX, combined treatment of E2

.01. NS, non-significant.



Fig. 6. Effects of E2-BSA on the synapsin I-area (A) and MAP2-area (B) in cultured hypothalamic cells. Data are expressed as the mean � standard error (N = 6). *p < 0.05;

**p < 0.01; ***p < 0.001. NS, non-significant.
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specific absorption of serum factors by BSA. E2-BSA increased the
synapsin I-area as well as E2, whereas it did not significantly affect
the MAP2-area. These results imply that effects of E2 on the
synapsin I-area are mediated at least in part by membrane ER.

3.5. Effects of ER antagonist ICI 182,780 on synapsin I-area

We used an ER antagonist, ICI 182,780, to further characterize the
mechanism underlying E2-effects on the synapsin I-area (Fig. 7). In
this experiment, synapsin I- and MAP2-areas were examined after
combined treatment with ICI 182,780 and either E2 or E2-BSA. As
controls, cells were treated with either ICI 182,780 or solvent DMSO
alone. In these controls, we did not detect significant changes in
either the MAP2-area or synapsin I-area. Combined treatment with
E2 and DMSO significantly increased both areas, compared to those
of untreated cells. Combined treatment with E2 and ICI 182,780
completely blocked the E2-induced increase in the MAP2-area
(p < 0.01, E2 vs E2 + ICI 182,780). On the other hand, this treatment
reduced the E2-induced increase in the synapsin I-area only in a non-
significant manner. In accordance with the result shown in Fig. 6, E2-
BSA was not effective for increasing the MAP2-area. Additionally,
Fig. 7. Effects of ICI 182,780 (ICI) combined with E2 or E2-BSA on the synapsin I-area (A

control medium containing solvents (ethanol + DMSO); Cont + ICI, cells cultured in mediu

containing E2 and solvent (DMSO). E2 + ICI, cells cultured in medium containing E2 and

(DMSO); E2-BSA + ICI, cells cultured in media containing E2-BSA and ICI 182,780. Data ar

one-way ANOVA, followed by the post hoc Newman–Keuls multiple comparison test. Diff
combined treatment with E2-BSA and ICI 182,780 did not affect the
MAP2-area. On the contrary, E2-BSA was effective for increasing the
synapsin I-area (p < 0.05). Simultaneous treatment with ICI 182,780
and E2-BSA did not suppress the E2-BSA-induced increase in the
synapsin I-area. These results indicate that membrane ERs, which
are not blocked by ICI 182,780, are involved in E2- and E2-BSA-
induced increases in the synapsin I-area, suggesting a non-genomic
pathway mediated by membrane ERs.

Then, the question arises as to how dot-like staining of synapsin
I was increased by E2. It has been reported previously that the
intracellular localization or dispersion of synapsin I is regulated by
phosphorylation of the molecule at multiple sites targeted by
various kinases (Fig. 8A). Therefore, we examined the possibility
that E2 increased dot-like staining (the synapsin I-area) by altering
the phosphorylation state of the molecule.

3.6. Effects of E2 on the phosphorylation of synapsin I

To examine site-specific changes in the phosphorylation state of
synapsin I, we performed immunoblotting with phosphorylation
site-specific antibodies against phosphorylated synapsin I (Fig. 8B).
) and MAP2-area (B) in cultured hypothalamic cells. Cont + DMSO, cells cultured in

m containing solvent (ethanol) and ICI 182,780; E2 + DMSO, cells cultured in media

ICI 182,780; E2-BSA + DMSO, cells cultured in media containing E2-BSA and solvent

e expressed as the mean � standard error (N = 6). Data were statistically analyzed by

erent letters indicate significant difference at p < 0.05.



Fig. 8. Phosphorylation sites of synapsin I examined in the present study (A) and western blot analysis of phosphorylated synapsin I (B). (A) Six Ser residues known to be site-

specifically phosphorylated by kinases (PKA, CaMKI, CaMKII, CaMKIV, ERK, and Cdk5) were analyzed. (B) Densitometry of the immunoreactive bands (synapsin Ia and Ib) from

cells treated with or without 100 nM E2. Immunoreactive bands were detected with phosphorylation site-specific antibodies against synapsin I. Cont, cells cultured in control

medium containing solvent (ethanol); E2, cells cultured in media containing E2 (100 nM). Data are expressed as the mean � standard error (N = 3). *p < 0.05.
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E2 significantly decreased synapsin I phosphorylation at residues
Ser-9, Ser-553 and Ser-603. However, E2 did not cause significant
changes in synapsin I phosphorylation at residues Ser-62/67 nor Ser-
549. From these findings, it is postulated that the reduction in
phospho-synapsin I levels at residues Ser-9, Ser-553 and Ser-603
induces localization of synapsin I molecules, and the resultant
increase in dot-like staining of synapsin I.

4. Discussion

Our previous study (Yokosuka et al., 2008) indicated that dot-
like staining of synapsin I was significantly increased by 10 and
100 nM E2 in a dose dependent manner, while it was significantly
reduced by 1 mM E2. In the present study, we applied 100 nM E2 to
hypothalamic cells, and confirmed increases in MAP2 staining
(MAP2-area) and dot-like staining of synapsin I (synapsin I-area)
(Figs. 2 and 3A). However, neither protein nor mRNA expression
levels of synapsin I were increased by E2 (Fig. 4). We then
investigated the mechanisms underlying E2-induced increase in
dot-like staining of synapsin I. The following experiments using
CHX, E2-BSA and ICI 182,780 (Figs. 5–7) implied the involvement of
a non-genomic pathway mediated by membrane ER. Furthermore,
the results form immunoblotting with phosphorylation site-
specific antibodies revealed that E2 decreased levels of synapsin
I phosphorylated at specific sites (Fig. 8), suggesting that E2-
induced increase in dot-like staining of synapsin I was brought
about by suppressing phosphorylation and/or promoting depho-
sphorylation of synapsin I at those specific sites. The present study
raises the new possibility that E2 localizes synapsin I molecules to
form dot-like structures, which in turn may modulate the number
of SVs, synaptic localization and neural circuits in the developing
hypothalamus.

4.1. Mode of action of E2-induced changes in synapsin I

The mode of action of estrogen has been extended over recent
years. In addition to its classical nuclear action via a genomic
pathway, estrogen can also regulate intracellular signaling
cascades that are initiated at the membrane receptor and mediated
through a non-genomic pathway within neurons (for reviews,
McEwen, 2001, 2002; Ohtani-Kaneko, 2006; Vasudevan and Pfaff,
2008). Many studies on hippocampal neurons have reported
important roles of membrane receptors which induce a non-
genomic pathway for E2 action (for reviews, Foster, 2005; Walf and
Frye, 2008). Recent studies on hypothalamic neurons also
demonstrated the involvement of membrane receptors in neuronal
activities, growth and differentiation (Carrer et al., 2003, 2005; Qiu
et al., 2003; Temple and Wray, 2005). Using membrane imperme-
able E2-BSA, we revealed in a present study a new E2-response
mediated through membrane receptors in the cultured hypotha-
lamic cells.

4.2. Changes in the phosphorylation of synapsin I induced by E2

It has been reported that dispersion or localization of synapsin I
is controlled by phosphorylation of the molecule (Chi et al., 2001,
2003). As shown in Fig. 8A, distinct phosphorylation sites of
synapsin I and kinases that phosphorylate the specific site have
been reported: PKA and CaMKI for residue Ser-9; CaMKII for Ser-
566 and Ser-603; cyclin-dependent protein kinases (cdk 1 and 5)



R. Ohtani-Kaneko et al. / Neuroscience Research 66 (2010) 180–188 187
and mitogen-activated protein kinase (MAPK/ERK) for Ser-549;
Cdk5-p23 (tau protein kinase II) for Ser-551 and 553; MAPK for
Ser-62 and Ser-67; and PAKs for Ser-603 (Matsubara et al., 1996;
Ferreira and Rapoport, 2002; Sakurada et al., 2002; Yamagata et al.,
2002; Yamagata, 2003; Bonanomi et al., 2005; Fdez and Hilfiker,
2006). Our results (Fig. 8B) showed that synapsin I phosphorylated
at residues Ser-9, Ser-553 and Ser-603 was reduced by E2

treatment, whereas levels of phosphorylated synapsin I targeted
by MAPK (Ser-62/Ser-67 and Ser-549) remained unchanged. These
results suggest that E2 selectively regulates phosphorylation and/
or dephosphorylation at the former sites. Rebas et al. (1995)
examined the effect of E2 using 32P-labeled ATP, and showed that
E2 decreased the phosphorylation of synapsin Ia and Ib in the rat
cerebral cortex and hippocampus. These authors also showed that
E2 has an inhibitory effect on the phosphorylation of synapsin I
catalyzed by all kinases tested (PKA, CaMK and PKC) in vitro and in

vivo (Rebas et al., 2005). Our present result that E2-induced site-
specific reduction in phospho-synapsin I levels is well consistent
with these earlier observations.

Since Schiebler et al. (1986) found that the phosphorylation of
synapsin I by CaM kinase II causes a 5-fold decrease in its affinity to
SVs, several studies have examined the relationship among the
site-specific phosphorylation, localization and functions of synap-
sin I (for review, Fdez and Hilfiker, 2006). Among the Ser residues
receiving phosphorylation, Ser-603 has been recognized as one of
the most effective sites for the dispersion of synapsin I into axons
(Hilfiker et al., 1999; Turner et al., 1999; Tao-Cheng et al., 2006).
Taken together, it can be speculated that E2-induced increase in
dot-like staining of synapsin I is accomplished by the localization
of synapsin I, which is elicited by the decrease in the site-specific
phosphorylation of synapsin I. Whereas the intimate relationship
between MAPK/ERK and the localization of synapsin I has also been
demonstrated (Jovanovic et al., 1996, 2000; Chin et al., 2002), our
present results showed that E2 did not change the levels of
phosphorylated synapsin I targeted by MAPK (Fig. 8B). Synapsins
have been proposed to control a reserve pool of synaptic vesicles
(SVs) in the proximity of the active zone through phosphorylation
(for reviews, Fdez and Hilfiker, 2006; Baldelli et al., 2007; Levitan,
2008). These previous findings and our present results lead us to
hypothesize that phosphorylation status of synapsin I modified by
E2 may modulate the intracellular localization of synapsin I, a
reserve pool of SVs and synaptic transmission. Recent study
demonstrating that E2 induces hypothalamic dendritic spines by
enhancing glutamate release (Schwarz et al., 2008) supports this
hypothesis. Although the functional meaning of E2-induced
changes of synapsin I remains still unclear, the present findings
shed new light on effects of E2 on synapses in developing
hypothalamic neurons. It is of great interest to examine whether
or not the effects of estrogen on synapsin I last beyond the critical
period.

Many studies have demonstrated that exposure to endocrine
disrupting chemicals with estrogenic activities, such as BPA and
NP, affects sexual differentiation of the brain and behavior (Nagao
et al., 2000; Farabollini et al., 2002; Kubo et al., 2003; Rubin et al.,
2006). In offspring received perinatal BPA exposure, for example,
significant sex differences disappeared in the number of tyrosine
hydroxylase (TH) neuron in the anteroventral periventricular
nucleus (AVPV) of the mouse preoptic area, and in behaviors in the
open field (Rubin et al., 2006). Our previous in vitro study
(Yokosuka et al., 2008) showed that not only E2 but also NP and BPA
caused changes in the MAP2- area and dot-like staining of synapsin
I in developing hypothalamic neurons. Responses caused by BPA
are reported to be mediated by classical nuclear ERs and
membrane receptors as well (Pennie et al., 1998; Wozniak et al.,
2005; Zsarnovszky et al., 2005). A similar non-genomic mechanism
is likely to work in the disturbance of neural circuit formation
induced by estrogenic endocrine disruptors. Thus, the present
study provides a suitable model for elucidating effects of
estrogenic endocrine disruptors on developing hypothalamic
neurons.
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