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a b s t r a c t

Estradiol plays an essential role in sexual differentiation of the rodent hypothalamus. Endocrine disrup-
tors with estrogenic activity such as bisphenol A (BPA) are reported to disturb sexual differentiation of
the hypothalamus. The purpose of the present study was to examine in vitro effects of BPA on develop-
ing hypothalamic neurons by focusing on a presynaptic protein synapsin I and microtubule-associated
protein 2 (MAP2). In cultured hypothalamic cells from fetal rats, treatment with BPA enhanced both den-
eywords:
PA
evelopment
AP2

ynapse
ynapsin I
ypothalamus

dritic and synaptic development, as evidenced by increases in the area of dot-like staining of synapsin I
and MAP2-positive area. An estrogen receptor (ER) antagonist, ICI 182,780, only partially blocked BPA-
induced increase in the synapsin I-area, while it suppressed the MAP2-area increased by BPA. A specific
ERK inhibitor, U0126, reduced the synapsin I-area without affecting the MAP2-area. BPA significantly
decreased protein levels of synapsin I phosphorylated at Ser-9 and Ser-603. These findings indicate
that BPA-inducing effects on dendritic and synaptic development are mediated by different molecular
pathways.
RK

. Introduction

Bisphenol A (BPA), a monomer of polycarbonate plastics, is one
f the most common environmental endocrine disruptors with
strogenic properties. BPA has attracted increasing attention for
ts high potential for human exposure (for review, vom Saal and
ughes, 2005). BPA is widely used in the manufacture of polycar-
onate plastics and epoxy resins, being found in beverage bottles,
anned food liners, and epoxy dental sealants (Carwile et al., 2009).
lthough there is still a controversial discussion on the concentra-
ions of free BPA in human blood and biological fluids because of the
ifficulty for the accurate determination of free BPA (Dekant and
ölkel, 2008; Völkel et al., 2005, 2008), BPA was detected in 92.6%
f the participants, according to Calafat et al. (2008) who measured

� This work was supported in part by the Grant-in-Aid for Scientific Research (C)
17500241) of the Ministry of Education, Cultures, Sports, Science and Technology
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the total (free plus conjugated) urinary concentrations of BPA in
2517 participants in the 2003–2004 National Health and Nutri-
tion Examination Survey and calculated the least square geometric
mean (LSGM) concentrations of BPA. They showed that children
had higher LSGM concentrations of BPA (4.5 �g/L) than adolescents
(3.0 �g/L) (p < 0.001), who in turn had higher concentrations than
adults (2.5 �g/L) (p = 0.003). Furthermore, BPA has been detected
in the placental tissue, umbilical cord blood (Schönfelder et al.,
2002), amniotic fluid (Ikezuki et al., 2002; Engel et al., 2006) and
breast milk of lactating mothers (Sun et al., 2004). Tsutsumi (2005)
demonstrated that BPA was present in serum and follicular fluid
at approximately 1–2 ng/ml as well as in fetal serum and full-
term amniotic fluid, confirming its passage through the placenta.
An approximately fivefold higher concentration (8–9 ng/ml) was
revealed in amniotic fluid at 15–18 weeks of gestation, showing
increased exposure of BPA during the critical developmental period
in humans (Tsutsumi, 2005). Animal studies have shown its pla-

cental transfer to fetuses after a single oral administration of BPA
(Takahashi and Oishi, 2000), and the limited capacity of developing
animals to metabolize BPA relative to the adult (Domoradzki et al.,
2004). It is thus highly possible that the human fetus and neonate
are exposed to BPA of maternal origin.

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:r-kaneko@toyonet.toyo.ac.jp
dx.doi.org/10.1016/j.tox.2010.04.005
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Recently, Braun et al. (2009) suggested that BPA exposure dur-
ng development may be associated with externalizing behaviors
n 2-year-old children, especially among female children. Rodent
tudies have showed alterations in sexual and socio-sexual behav-
ors in offspring treated with BPA during gestation and/or lactation
vom Saal et al., 1998; Farabollini et al., 1999, 2002; Palanza et al.,
002; Dessi-Fulgheri et al., 2002; Kubo et al., 2003; Porrini et al.,
005; Monje et al., 2009), whereas some recent studies showed
o statistically significant developmental neurotoxic effects of BPA
Ryan et al., 2010; Stump et al., 2010). Additionally, perinatal expo-
ure of BPA has been shown to affect gonadotropin levels, estrous
yclicity and onset of puberty in females (Rubin et al., 2001; Markey
t al., 2003; Fernández et al., 2009). These results imply that expo-
ure of the developing fetus and neonate to BPA may influence
he normal development of neuronal networks for sexual and/or
ocio-sexual activities. In rodents, it has been demonstrated that
7�-estradiol (E2) aromatized from testicular androgen plays an
ssential role in the sexual differentiation of the brain during
he ‘critical period’, a single sensitive period which extends from
he late embryogenesis to early postnatal period (MacLusky and
aftolin, 1981). Accordingly, alterations in sexual and socio-sexual
ehaviors and/or gonadotropin secretion observed in the offspring
xposed perinatally to BPA are presumably due to the estrogenic
ctivity of BPA. However, the precise effects of BPA on the develop-
ent of neural networks and the underlying mechanisms remain

till unclear.
In our previous study, we found that administration of E2

nd environmental estrogenic chemicals, nonylphenol (NP) and
PA, to cultured hypothalamic cells affected the dendritic devel-
pment and synaptic localization (Yokosuka et al., 2008). These
evelopmental changes were examined by detecting immunocy-
ochemically two proteins, anti-microtubule-associated protein 2
MAP2) and synapsin I, which serve as protein markers associ-
ted with neuronal growth and synaptogenesis in vitro, respectively
Mundy et al., 2008). In our recent study, we further revealed that,
hile E2 does not change protein and mRNA levels of synapsin

, it affects localization of synapsin I by altering site-specific
hosphorylation of synapsin I possibly mediated not through ICI
82,780-dependent classical estrogen receptors (ERs) but through
on-classical membrane-bound receptors (Ohtani-Kaneko et al.,
010). On the other hand, there are some reports describing that
he effects of BPA are not the same as those of E2 (Adewale et al.,
009; Miyatake et al., 2006). The purpose of the present study is to
xamine the effects of BPA on dendritic and synaptic development
n cultured hypothalamic neurons, and to clarify the underlying

echanisms.

. Experimental procedures

.1. Procedures of cell culture

Hypothalamic cells isolated from rat fetuses on embryonic day 15, prior to the
nset of gonadal steroid hormone secretion on embryonic day 17 (Csernus, 1986),
ere used in the present study. Pregnant female Sprague–Dawley rats (Japan SLC,
amamatsu, Japan) were housed in a light- and temperature-controlled room (lights
n 07:00–19:00, 24 ◦C). Pregnant rats were fed on NIH-07PLD laboratory chow (Ori-
ntal Yeast, Co., Ltd., Japan; the diet contains a very low amount of phytoestrogens)
nd received water ad libitum. All animal protocols used in this study were approved
y the St. Marianna University School of Medicine Animal Care and Use Commit-
ee. Primary cultures of dissociated hypothalamic cells were prepared according to a
reviously described method (Ohtani-Kaneko et al., 2010). Briefly, the hypothalamic
issue including the preoptic area was removed from rat fetuses. The tissues from
wo to four pregnant rats were collected into a sterilized dish, cut into small pieces,
nd incubated at 37 ◦C for 15 min in phosphate-buffered saline (PBS) containing

.2 mg/ml l-cystein hydrochloride, 0.2 mg/ml BSA, 5 mg/ml glucose and 0.5 U/ml
apain (Worthington Biochemical Corp., Lakewood, NJ). The cells were mechan-

cally dissociated by trituration through a plastic-pipette. Then, the cells were
uspended in a culture medium (normal medium) consisting of 5% heat-inactivated
etal bovine serum (Equitech-Bio, Kerrville, TX), 5% heat-inactivated donor equine
erum (Equitech-Bio), and 90% Dulbecco’s modified Eagle’s medium (DMEM; Invit-
y 272 (2010) 52–58 53

rogen, 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 �g/ml streptomycin sulfate (Meiji Seika, Japan). For immunocyto-
chemistry, 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% polyethylenimine (Sigma). For Western blot analysis, 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 ◦C. Hypothalamic cells of fetuses from
four pregnant rats were usually plated into 12 culture-slides or 4 culture flasks.
Twenty-eight pregnant rats were used for this study.

2.2. Bisphenol A (BPA) and other treatments

After the cells were cultured in the standard medium for 3 days, half the culture
medium was changed to a fresh one with or without chemicals (BPA, ICI 182,780
and U0126). Thereafter, half the culture medium was changed to the same medium
every other day. The cells cultured totally for 10 days, in the standard medium for 3
days and in the medium with or without chemicals for 7 days, were processed for
immunocytochemistry and Western blotting.

Hypothalamic cells were treated with 100 nM BPA (Wako, Japan). BPA was first
dissolved in ethanol to a concentration of 10 mM and stored at −20 ◦C, and then
diluted with culture medium to the final concentration. The effects of ICI 182,780 and
U0126 on BPA-induced changes were also examined. ICI 182,780 is a novel steroidal
estrogen antagonist that was designed to be devoid of estrogen agonist activity;
U0126 is a chemically synthesized organic compound that inhibits activation of
MAPK (ERK 1/2) by inhibiting MAP Kinase Kinase (MAPKK or MEK 1/2). ICI 182,780
(Tocris Cookson Inc., Bristol, UK) and U0126 (Promega) were first dissolved in DMSO
to a concentration of 10 mM and stored at −20 ◦C, and then diluted with culture
medium to the final concentrations. U0126 was used at 10 �M after preliminary
examinations. ICI 182,780 was used at different concentrations (1–100 nM). The
solvents (ethanol and DMSO) used to solve chemicals (BPA, ICI 182,780 or U0126)
were added to control cultures at the corresponding concentrations.

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 ◦C. After fixation, immunocytochemical staining was per-
formed according to a previously described method (Ohtani-Kaneko et al., 2010).
Cultured cells were incubated with 10 mM PBS containing 0.1% saponin (Sigma) and
10% Block Ace (Dai-Nihon Seiyaku, Japan) at room temperature for 15 min. Then, the
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 ◦C for 3
days. After a brief rinse in 10 mM PBS, the cells were incubated overnight at 4 ◦C
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, cover-
slips were mounted on the sample slides with an antifade reagent (Fluoro-Guard
Antifade Reagent; Bio-Rad, Hercules, CA). Stained cells were observed under a flu-
orescence microscope and a confocal laser scanning microscope (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
areas with dot-like staining of synapsin I (synapsin I-area) and MAP 2-positive area
(MAP2-area) were measured with Scion Image software (NIH). The two-dimensional
reconstruction images containing about 40 MAP2-positive neuronal cell bodies
were chosen to evaluate synapsin I- and MAP2-areas. Three-dimensional images
of about 30 �m 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 �m thickness was enough to cover the whole neural cells.
When confocal images were captured for quantitative analysis, brightness and con-
trast conditions were kept constant during measurements of each experimental
group to ensure accurate comparison. The synapsin I- and MAP2-areas were mea-
sured in 3–5 frames (one frame = 5 × 104 �m2) per well. One experimental group
consisted of 6 culture wells for each experiment. We performed the same experi-
ment twice and obtained similar results. The values were expressed as the number
of pixels. Statistical analysis was conducted by unpaired Student’s t-test or one-way
ANOVA followed by the post hoc Newman–Keuls multiple comparison test.

2.4. Western blot analysis
Cells were rapidly washed twice with ice-cold 10 mM PBS containing 5 mM
phenylmethylsulfonyl 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 pyrophos-
phate, 50 mM NaF, 1 mM Na3VO4 (ortho), 1 mM dithiothreitol, 0.1 mM PMSF and
10 �g/ml each of leupeptin, antipain, pepstatin and chymostatin. Total protein
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ig. 1. Double-immunostaining of hypothalamic cells cultured in control medium
ntibodies. (A and D) Double-immunostaining with MAP2 (red) and synapsin I (gree
C, C′ , F and F′) Single images of synapsin I immunoreaction in A and D, respectively
ot-like staining of synapsin I and arrows in C and C′ indicate disperse weak stainin

oncentration was determined with Bio-Rad DC Protein Assay Kit (Bio-Rad, CA).
xtracts were boiled in SDS-polyacrylamide gel electrophoresis sample buffer, and
roteins (25 �g/lane) were separated on a 10% SDS-polyacrylamide gel. The pro-
eins were then transferred to an Immobilon-P transfer membrane (Millipore,
illerica, MA), and treated with blocking buffer containing BSA (Sigma). Mem-
ranes were probed with anti-phosphorylated ERK (1:1000, #9101, Cell Signaling),
nti-synapsin I (1:600, Chemicon, Temecula, CA) or phosphorylation site-specific
ntibodies against synapsin I: phospho-Ser-9 (1:1000, #2311, Cell Signaling),
hosphor-Ser-603 (1:1000, #574774, Calbiochem), and phospho-Ser-62/67 (1:100,
-526; Jovanovic et al., 1996). Anti-rabbit IgG conjugated with alkaline phosphatase

1:800, Dako, Carpinteria, CA) was used as the second antibody. Immune com-
lexes were visualized with nitroblue tetrazolium (NBT) and bromochloroindolyl
hosphate p-toluidine salt (BCIP). Immunoblots were quantified with Scion Image
oftware, and statistically analyzed by Student’s t-test or one-way ANOVA followed
y the post hoc Newman–Keuls multiple comparison test. One treatment group
onsisted of 4 culture flasks. That is, we performed the experiments four times,
ach of which consisted of ethanol- and BPA-treatment groups, or ethanol/DMSO-,
thanol/U0126-, BPA/DMSO- and BPA/U0126-treatment groups.

. Results

In the present study, hypothalamic cells were treated with
00 nM BPA, because this concentration was the most effective
mong doses examined (1–1000 nM) to induce the distributional
hange of synapsin I (Yokosuka et al., 2008). Cultured cells were
ouble-stained with antibodies specific for synapsin I and MAP2
Fig. 1A and D). Dendrites and somata of neurons were immunocy-
ochemically stained in red with anti-MAP2 antibody (Fig. 1B and
), while synapse-like dots were stained in green along dendrites
nd around somata with anti-synapsin I antibody (arrowheads in
ig. 1C, C′, F and F′). In addition to these synapse-like dots, synapsin
-immunoreactivity was also detected as dispersive weak intracel-
ular staining (arrows in Fig. 1C and C′). In previous studies (Castejon
t al., 2004; Bonanomi et al., 2005), dot-like staining of synapsin

was regarded as the localization of synapsin I at synaptic sites.
ompared to control cells (Fig. 1B for MAP2-, and Fig. 1C and C′

or synapsin I-staining, respectively), BPA-treated cells exhibited
ncreased MAP2 staining (Fig. 1E) and dot-like staining of synapsin
(Fig. 1F and F′).
C, C′) and BPA (100 nM)-containing medium (D, E, F, F′), with MAP2 and synapsin I
tibodies. (B and E) single images of MAP2 immunoreaction in A and D, respectively.
d F′) Magnified views of C and F, respectively. Arrowheads in C, C′ , F and F′ indicate

ynapsin I.

3.1. Effects of BPA and ER antagonist ICI 182,780 on the synapsin
I- and MAP2-immunoreactive areas

The effects of BPA 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. Furthermore, we used
an ER antagonist, ICI 182,780, to examine a possible involvement of
the classical estrogen receptors in effects of BPA on the synapsin I-
and MAP2-areas (Fig. 2). As controls, cells were treated with ethanol
and DMSO, solvents for BPA and ICI 182,780, respectively (Fig. 2).

The treatment with 100 nM BPA significantly increased the
synapsin I- and MAP2-areas, compared to control cells (Fig. 2; a vs.
b, p < 0.001). After the cell was treated with ICI 182,780 combined
with ethanol, no significant change was detected in the synapsin I-
or MAP2-areas (Fig. 2). When ICI 182,780 was applied to the cells
simultaneously with BPA, BPA-induced increase in the synapsin
I-area was slightly inhibited [Fig. 2A; BPA + DMSO (10−4, 10−3%)
vs. BPA + ICI 182,780 (10, 100 nM)] (Fig. 2A). This inhibition caused
by ICI 182,780 was constant over the dose range examined. The
synapsin I-area remained larger in cells treated simultaneously
with BPA and 100 nM ICI 182,780 than in control cells (a vs. b,
p < 0.001).

On the other hand, the BPA-induced increase in MAP2-area was
suppressed by ICI 182,780 in a dose-dependent manner (Fig. 2B),
and completely blocked at the highest dose of 100 nM.

These results suggested that BPA-induced increases in the
synapsin I- and MAP2-areas were mediated by different pathways.

3.2. Effects of BPA and U0126 on activation of ERKs and the
synapsin I- and MAP2-areas
It has been reported that BPA at 100 nM triggers activa-
tion of ERK in developing neurons (Zsarnovszky et al., 2005).
Immunoblotting with anti-phosphorylated ERK antibody con-
firmed that BPA increased phosphorylated forms of ERK (pERK1
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Fig. 2. Effects of BPA and ICI 182,780 (ICI) on the synapsin I-area (A) and MAP2-area
(B) in cultured hypothalamic cells. EtOH + DMSO, cells cultured in control medium
containing solvents (ethanol + DMSO); EtOH + ICI, cells cultured in medium contain-
ing solvent (ethanol) and ICI; BPA + DMSO, cells cultured in medium containing BPA
and solvent (DMSO); BPA + ICI, cells cultured in medium containing BPA and ICI.
Data are expressed as the mean ± standard error (N = 6). Different letters indicate
significant differences (p < 0.05).

Fig. 3. Effects of BPA and U0126 on ERK activation. (A) Representative images of immuno
EtOH) and BPA-treated cells. (B) Representative images of immunoblot analysis for pERKs
(pERK1 and pERK2) from control cells and those treated with BPA and/or U0126. EtOH
EtOH + U0126, cells cultured in medium containing solvent (ethanol) and U0126; BPA + D
cells cultured in medium containing BPA and U0126. Data are expressed as the mean ± st
y 272 (2010) 52–58 55

and pERK2) (Fig. 3A). The expressions of pERK1 and pERK2 in
BPA-treated cells were significantly increased compared to that of
control cells (p < 0.05, Fig. 3C). A specific MAPK/ERK kinase (MEK)
inhibitor U0126 at 10 �M depressed protein expression levels of
both pERKs in control and BPA-treated cells (p < 0.01, Fig. 3B and
C). The effects of suppressed pERKs on the synapsin I- and MAP2-
areas were then examined with combined treatment of U0126 and
BPA. The synapsin I-area was completely inhibited by U0126 in
BPA-treated and control cells (Fig. 4A), whereas no effects of U0126
were seen on the MAP2-area (Fig. 4B). These results indicated that
the ERK pathway is importantly involved in formation of dot-like
localization of synapsin I, while dendritic development enhanced
by BPA does not necessarily require the ERK pathway.

3.3. Effects of BPA and U0126 on protein levels of synapsin I and
phosphorylated synapsin I

Next, effects of BPA and U0126 were examined on protein levels
of synapsin I and phosphorylated synapsin I. As shown in Fig. 5A,
the protein levels of synapsin I remained almost constant after BPA-
and/or U0126-treatments. These results indicated that the activa-
tion and inhibition of the ERK pathway, induced respectively by
BPA and U0126, did not affect the total protein level of synapsin I.

It has been reported that dispersion or concentration of synapsin
I is controlled by phosphorylation of the synapsin I molecule
(Chi et al., 2001, 2003). In the present study, we examined pro-
tein levels of phosphorylated forms of synapsin I after BPA-
and/or U0126-treatments by immunoblottings with three different
phosphorylation site-specific antibodies against phosphorylated
synapsin I (Fig. 5B–D). BPA and/or U0126 caused no significant

changes in synapsin I phosphorylated at Ser residues 62/67 which
are known to be targeted by ERK and Cdks (Fig. 5B), suggesting that
BPA and U0126 did not affect the phosphorylation of synapsin I at
the residue targeted by ERK. On the other hand, BPA significantly
decreased synapsin I phosphorylated at Ser-9 as well as Ser-603

blot analysis for phosphorylated ERKs (pERK1 and pERK2) in control (treated with
in BPA and/or U0126 treated cells. (C) Densitometry of the immunoreactive bands
+ DMSO, cells cultured in control medium containing solvents (ethanol + DMSO);
MSO, cells cultured in medium containing BPA and solvent (DMSO). BPA + U0126,
andard error (N = 4). *p < 0.05. **p < 0.01.
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Fig. 4. Effects of U0126 combined with BPA on the synapsin I-area (A) and MAP2-
area (B) in cultured hypothalamic cells. EtOH + DMSO, cells cultured in control
medium containing solvents (ethanol + DMSO); EtOH + U0126, cells cultured in
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edium containing solvent (ethanol) and U0126; BPA + DMSO, cells cultured in
edium containing BPA and solvent (DMSO); BPA + U0126, cells cultured in medium

ontaining BPA and U0126. Data are expressed as the mean ± standard error (N = 6).
p < 0.05, **p < 0.01, ***p < 0.001.

hich are targeted by PKA, PAK and CaMKs (Fig. 5C and D). U0126
reatment combined with BPA cancelled the BPA-induced reduc-
ion in synapsin I phosphorylated at these residues (Fig. 5C and D).
hese results indicated an involvement of the ERK pathway in the
PA-effect on synapsin I.

. Discussion

In the present study, we investigated effects of BPA on devel-
ping hypothalamic neurons, focusing on two proteins, MAP2 and
ynapsin I. MAP2 is a neuron-specific cytoskeletal protein enriched
n dendrites; synapsin I is a synapse-related protein to control
ynaptic transmission, localization and development (Lu et al.,
992; Chin et al., 1995; Ferreira et al., 1998; Valtorta et al., 1995;
iumara et al., 2004; Tao-Cheng, 2007; Mundy et al., 2008; for a
ecent review, Fornasiero et al., 2009). We showed BPA-induced
ncrease in the synapsin I- area (dot-like staining area of synapsin
) and MAP2-area in developing hypothalamic cells (Figs. 1 and 2).
ccording to the experiment using ICI 182,780 (Fig. 2), a criti-

al role of classical ERs was revealed in BPA-induced changes in
he MAP2-area, in contrast to less involvement of classical ERs
n the BPA-effect on the synapsin I-area. Furthermore, treatments

ith U0126 combined with BPA suggested the involvement of
he ERK pathway in the effects of BPA on synapsin I, whereas
y 272 (2010) 52–58

no effects were observed on the MAP2-area. Although the pre-
cise regulatory mechanisms still remains unclear and a potential
impact of cytotoxicity of BPA on the observed results cannot be
clearly excluded, we speculate that BPA alters neural networks of
the developing hypothalamus by affecting dendritic and synaptic
growth through at least two different pathways. In the present
study, we focused on MAP2 and synapsin-I at the optimum stimu-
lation of BPA which we found neurodevelopmental effects of BPA in
our previous study (Yokosuka et al., 2008). Effects of BPA on other
parameters involved in the development of neural networks and
their regulatory mechanisms induced by BPA would be investigated
in future studies.

4.1. Mode of action of BPA-induced effects

The effects of BPA have been proposed to be mediated through
binding to intracellularly localized ERs (classical ERs), ER� and ER�
(Gould et al., 1998; Kuiper et al., 1998; Laws et al., 2000). How-
ever, a new mode of action of BPA on neurons has been suggested
over recent years. According to Lee et al. (2007), pretreatment with
xenoestrogens, including BPA, exacerbated the glutamate-caused
CA3 neuronal damage. Since ER antagonists (tamoxifen and ICI
182,780) did not relieve the exacerbation, this effect was con-
sidered to be mediated through mechanisms other than classical
ERs. Similarly, using rat pheochromocytoma PC12 cells, Alyea and
Watson (2009) have demonstrated that low levels of xenoestro-
gens including BPA act via membrane-bound receptors but not via
intracellular ones. It is generally accepted that E2 regulates not only
a genomic pathway via classical ERs but also a non-genomic path-
way which is initiated at membrane receptors including classical
ERs and/or G protein-coupled receptor 30 (GPR30) (for reviews, Qiu
et al., 2008; Raz et al., 2008; Vasudevan and Pfaff, 2008; Roepke
et al., 2009). Our recent study has revealed that effects of E2 on
synapsin I were mediated mainly via a membrane receptor in cul-
tured hypothalamic cells (Ohtani-Kaneko et al., 2010). Similar to the
present study, E2 increased dot-like staining of synapsin I (synapsin
I-area), although the change was not accompanied by the increase
in protein or mRNA expression levels of the molecule. The exper-
iments using a translation inhibitor, cycloheximide, membrane
impermeable E2 (E2-BSA) and ICI 182,780 implied the involvement
of a non-genomic pathway mediated by ICI 182,780-independent
membrane receptor. Taken together, we postulate that BPA, similar
to E2, induced effects on synapsin I mainly through a non-genomic
pathway.

On the other hand, our previous report showed a crucial role
of the classical ER mechanism in E2-effects on dendritic growth,
which were mediated through ICI 182,780-dependent intracellular
receptor and a genomic pathway (Ohtani-Kaneko et al., 2010). The
involvement of ICI 182,780-dependent ERs was also indicated in
BPA-effects on dendritic growth. Therefore, this is the first report
to provide evidence that BPA simultaneously affects developing
hypothalamic neurons through two different pathways initiated
from ICI-182,780-independent and dependent receptors.

4.2. BPA-induced increase in dot-like staining of synapsin I

Dot-like staining of synapsin I has been regarded as the local-
ization of synapsin I at synaptic sites with synaptic vesicles (SVs)
(Bonanomi et al., 2005; Tao-Cheng et al., 2006; for review, Fdez
and Hilfiker, 2006). The association and dissociation of synapsin
I to SVs are regulated by phosphorylation of synapsin I (Chi et

al., 2001, 2003). Distinct phosphorylation sites of synapsin I and
kinases responsible for phosphorylation 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) and ERK for Ser-
549; Cdk5-p23 (tau protein kinase II) for Ser-551 and 553; ERK
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Fig. 5. Effects of BPA and/or U0126 on levels of synapsin I (A) and phosphorylated synapsin I (B–D). (A) Densitometry of the immunoreactive synapsin I band from control
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ells and cells treated with BPA and/or U0126. (B–D) Densitometry of the immuno
. EtOH + DMSO, cells cultured in control medium containing solvents (ethanol + DM
PA + DMSO, cells cultured in medium containing BPA and solvent (DMSO); BPA +
ean ± standard error (N = 4). *p < 0.05.

or Ser-62 and Ser-67; and PAKs for Ser-603 (Matsubara et al.,
996; Chi et al., 2001; Sakurada et al., 2002; Yamagata et al., 2002;
onanomi et al., 2005). It has been expected that pERKs increased
y BPA promote direct phosphorylation of synapsin I; however,
ur immunoblotting studies revealed that levels of phosphory-
ated synapsin I (Ser-62/67) targeted by ERKs remained unchanged,

hile those with phosphorylated sites (Ser-9 and Ser-603) tar-
eted by other kinases were reduced by BPA. These results were
n accordance with our earlier observations on E2-effects on the
hosphorylation levels of synapsin I (Ohtani-Kaneko et al., 2010).

t is thus presumed that BPA-induced localization of synapsin I
s elicited by the decrease in the site-specific phosphorylation of
ynapsin I.

.3. Relation between the ERK pathway and localization of
ynapsin I

The intimate relationship has been demonstrated between
ctivation of ERK induced by electrical stimulation and phospho-
ylation state of synapsin I (Yamagata et al., 2002). In contrast,
he present results showed that BPA did not change the levels of
hosphorylated synapsin I targeted by ERK (Ser-549, Ser-62/67).
dditionally, an ERK pathway inhibitor U0126 did not alter the

evel of synapsin I phosphorylated at Ser-62/67. Taken together,
t is assumed, under our experimental conditions, that neither BPA
or U0126 changes phosphorylation states of synapsin I targeted
y ERK. On the other hand, U0126 strongly declined the dot-like
taining of synapsin I independent of BPA treatment, suggesting

possible requirement of the ERK pathway for the localization of

ynapsin I. Most likely, depletion of pERK may disturb the arrange-
ent of cytoskeletal proteins known to be associated with ERK and

ynapsin I (Veeranna et al., 2000), and in turn the localization of
ynapsin I.
ive bands detected with phosphorylation site-specific antibodies against synapsin
EtOH + U0126, cells cultured in medium containing solvent (ethanol) and U0126;

6, cells cultured in medium containing BPA and U0126. Data are expressed as the

So far, many studies have demonstrated that exposure to BPA
affects sexual differentiation of the brain and behavior in vertebrate
species, though the potential developmental neurotoxicity of BPA
in vivo remains still controversial (Ryan et al., 2010; Stump et al.,
2010). The present study provides a possible molecular mechanism
underlying effects of BPA on developing hypothalamic neurons as
well as a useful in vitro model system for the investigation of effects
of estrogenic endocrine disruptors on developing neurons.
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onje, L., Varayoud, J., Muñoz-de-Toro, M., Luque, E.H., Ramos, J.G., 2009. Neona-
tal exposure to bisphenol A alters estrogen-dependent mechanisms governing
sexual behavior in the adult female rat. Reprod. Toxicol. 28, 435–442.

undy, W.R., Robinette, B., Radio, N.M., Freudenrich, T.M., 2008. Protein biomarkers
associated with growth and synaptogenesis in a cell culture model of neuronal
development. Toxicology 249, 220–229.
y 272 (2010) 52–58

Ohtani-Kaneko, R., Iwafuchi, M., Iwakura, T., Muraoka, D., Yokosuka, M., Shiga, T.,
Watanabe, C., 2010. Effects of estrogen on synapsin I distribution in developing
hypothalamic neurons. Neurosci. Res. 55, 655–665.

Palanza, P., Howdeshell, K.L., Parmigiani, S., vom Saal, F.S., 2002. Exposure to a low
dose of bisphenol A during fetal life or in adulthood alters maternal behavior in
mice. Environ. Health Perspect. 110 (Suppl. 3), 415–422.

Porrini, S., Belloni, V., Della Seta, D., Farabollini, F., Giannelli, G., Dessì-Fulgheri, F.,
2005. Early exposure to a low dose of bisphenol A affects socio-sexual behavior
of juvenile female rats. Brain Res. Bull. 65, 261–266.

Qiu, J., Rønnekleiv, O.K., Kelly, M.J., 2008. Modulation of hypothalamic neuronal
activity through a novel G-protein-coupled estrogen membrane receptor.
Steroids 73, 985–991.

Raz, L., Khan, M.M., Mahesh, V.B., Vadlamudi, R.K., Brann, D.W., 2008. Rapid estrogen
signaling in the brain. Neurosignals 16, 140–153.

Roepke, T.A., Qiu, J., Bosch, M.A., Rønnekleiv, O.K., Kelly, M.J., 2009. Cross-talk
between membrane-initiated and nuclear-initiated oestrogen signalling in the
hypothalamus. J. Neuroendocrinol. 21, 263–270.

Rubin, B.S., Murray, M.K., Damassa, D.A., King, J.C., Soto, A.M., 2001. Perinatal expo-
sure to low doses of bisphenol-A affects body weight, patterns of estrous cyclicity
and plasma LH levels. Environ. Health Perspect. 109, 675–680.

Ryan, B.C., Hotchkiss, A.K., Crofton, K.M., Gray Jr., L.E., 2010. In utero and lactational
exposure to bisphenol A, in contrast to ethinyl estradiol, does not alter sexually
dimorphic behavior, puberty, fertility, and anatomy of female LE rats. Toxicol.
Sci. 114, 133–148.

vom Saal, F.S., Hughes, C., 2005. An extensive new literature concerning low-dose
effects of bisphenol A shows the need for a new risk assessment. Environ. Health
Perspect. 113, 926–933.

vom Saal, F.S., Cooke, P.S., Buchanan, D.L., Palanza, P., Thayer, K.A., Nagel, S.C.,
Parmigiani, S., Welshons, W.V., 1998. A physiologically based approach to the
study of bisphenol A and other estrogenic chemicals on the size of repro-
ductive organs, daily sperm production, and behavior. Toxicol. Ind. Health 14,
239–260.

Sakurada, K., Kato, H., Nagumo, H., Hiraoka, H., Furuya, K., Ikuhara, T., Yamakita,
Y., Fukunaga, K., Miyamoto, E., Matsumura, F., Matsuo, Y.I., Naito, Y., Sasaki, Y.,
2002. Synapsin I is phosphorylated at Ser603 by p21-activated kinases (PAKs)
in vitro and in PC12 cells stimulated with bradykinin. J. Biol. Chem. 277, 45473–
45479.

Schönfelder, G., Wittfoht, W., Hopp, H., Talsness, C.E., Paul, M., Chahoud, I., 2002.
Parent bisphenol A accumulation in the human maternal-fetal-placental unit.
Environ. Health Perspect. 110, A703–A707.

Stump, D.G., Beck, M.J., Radovsky, A., Garman, R.H., Freshwater, L.L., Sheets, L.P.,
Marty, M.S., Waechter Jr., J.M., Dimond, S.S., Van Miller, J.P., Shiotsuka, R.N.,
Beyer, D., Chappelle, A.H., Hentge, S.G., 2010. Developmental neurotoxicity study
of dietary bisphenol A in Sprague–Dawley rats. Toxicol. Sci., 2010 February 17.
[Epub ahead of print].

Sun, Y., Irie, M., Kishikawa, N., Wada, M., Kuroda, N., Nakashima, K., 2004. Deter-
mination of bisphenol A in human breast milk by HPLC with column-switching
and fluorescence detection. Biomed. Chromatogr. 18, 501–507.

Takahashi, O., Oishi, S., 2000. Disposition of orally administered 2,2-Bis (4-
hydroxyphenyl) propane (Bisphenol A) in pregnant rats and the placental
transfer to fetuses. Environ. Health Perspect. 108, 931–935.

Tao-Cheng, J.H., Dosemeci, A., Winters, C.A., Reese, T.S., 2006. Changes in the dis-
tribution of calcium calmodulin-dependent protein kinase II at the presynaptic
bouton after depolarization. Brain Cell Biol. 35, 117–124.

Tao-Cheng, J.H., 2007. Ultrastructural localization of active zone and synaptic vesicle
proteins in a preassembled multi-vesicle transport aggregate. Neuroscience 150,
575–584.

Tsutsumi, O., 2005. Assessment of human contamination of estrogenic endocrine-
disrupting chemicals and their risk for human reproduction. J. Steroid Biochem.
Mol. Biol. 93, 325–330.

Valtorta, F., Iezzi, N., Benfenati, F., Lu, B., Poo, M.M., Greengard, P., 1995. Acceler-
ated structural maturation induced by synapsin I at developing neuromuscular
synapses of Xenopus laevis. Eur. J. Neurosci. 7, 261–270.

Vasudevan, N., Pfaff, D.W., 2008. Non-genomic actions of estrogens and their inter-
action with genomic actions in the brain. Front Neuroendocrinol. 29, 238–257.

Völkel, W., Bittner, N., Dekant, W., 2005. Quantitation of bisphenol A and
bisphenol A glucuronide in biological samples by high performance liq-
uid chromatography–tandem mass spectrometry. Drug Metab. Dispos. 33,
1748–1757.

Völkel, W., Kiranoglu, M., Fromme, H., 2008. Determination of free and total bisphe-
nol A in human urine to assess daily uptake as a basis for a valid risk assessment.
Toxicol. Lett. 179, 155–162.

Veeranna, G.J., Shetty, K.T., Takahashi, M., Grant, P., Pant, H.C., 2000. Cdk5 and MAPK
are associated with complexes of cytoskeletal proteins in rat brain. Brain Res.
Mol. Brain Res. 76, 229–236.

Yamagata, Y., Jovanovic, J.N., Czernik, A.J., Greengard, P., Obata, K., 2002. Bidirectional
changes in synapsin I phosphorylation at MAP kinase-dependent sites by acute
neuronal excitation in vivo. J. Neurochem. 80, 835–842.

Yokosuka, M., Ohtani-Kaneko, R., Yamashita, K., Muraoka, D., Kuroda, Y., Watanabe,
C., 2008. Estrogen and environmental estrogenic chemicals exert develop-

mental effects on rat hypothalamic neurons and glias. Toxicol. In Vitro 22,
1–9.

Zsarnovszky, A., Le, H.H., Wang, H.S., Belcher, S.M., 2005. Ontogeny of rapid estrogen-
mediated extracellular signal-regulated kinase signaling in the rat cerebellar
cortex: potent nongenomic agonist and endocrine disrupting activity of the
xenoestrogen bisphenol A. Endocrinology 146, 5388–5396.


	In vitro effects of bisphenol A on developing hypothalamic neurons
	Introduction
	Experimental procedures
	Procedures of cell culture
	Bisphenol A (BPA) and other treatments
	Immunocytochemistry and quantitative analysis
	Western blot analysis

	Results
	Effects of BPA and ER antagonist ICI 182,780 on the synapsin I- and MAP2-immunoreactive areas
	Effects of BPA and U0126 on activation of ERKs and the synapsin I- and MAP2-areas
	Effects of BPA and U0126 on protein levels of synapsin I and phosphorylated synapsin I

	Discussion
	Mode of action of BPA-induced effects
	BPA-induced increase in dot-like staining of synapsin I
	Relation between the ERK pathway and localization of synapsin I

	Conflict of interest statement
	Acknowledgement
	References


