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a  b  s  t  r  a  c  t

Bisphenol  A  (BPA),  an endocrine-disruptor,  is  widely  used  in  the  production  of  plastics  and  resins.  Human
perinatal  exposure  to  this  chemical  has  been  proposed  to  be  a potential  risk  to  public  health.  Animal  stud-
ies indicate  that  postnatal  exposure  to BPA  may  affect  neocortex  development  in  embryos  by  accelerated
neurogenesis  and  causing  neuronal  migration  defects.  The  detailed  phenotypes  and  pathogenetic  mech-
anisms,  especially  with  regard  to the proliferation  and  differentiation  of neural  stem/progenitor  cells,
however,  have  not  been  clarified.  C57BL/6J  pregnant  mice  were  orally  administered  BPA  at  200  �g/kg
from  embryonic  day  (E)  8.5  to  13.5,  and  the fetuses  were  observed  histologically  at  E14.5.  To  clarify
the  histological  changes,  especially  in  terms  of  neurogenesis,  proliferation  and  cell  cycle,  we performed
histological  analysis  using  specific  markers  of  neurons/neural  stem  cells  and  cell cycle-specific  labeling
experiments  using  thymidine-analog  substances.  Cortical  plate  was  hyperplastic  and  the  number  of  neu-
eurogenesis ral stem/progenitor  cells  was  decreased  after  the exposure  to BPA.  In  particular,  the  maternal  BPA oral
dosing  related  to the effects  on intermediate  progenitor  cells  (IPCs,  neural  progenitor  cells)  in  the subven-
tricular  zone  (SVZ)  of  dorsal  telencephalon.  Exposure  to  BPA  associated  the  promotion  of  the cell  cycle
exit in  radial  glial  cells  (RGCs,  neural  stem  cells)  and  IPCs,  and  decreased  the  proliferation  resulting  from
the prolong  cell  cycle  length  of  IPCs  in  the  SVZ.  Our  data  show  that  maternal  oral  exposure  to  BPA  related

ell  cy
to  the disruption  of the  c

. Introduction

Endocrine-disrupting industrial chemicals are released into
he environment and interfere with normal endocrine function.
isphenol A (BPA; 2,2-bis(4-hydroxy-phenyl) propane) is known to
e one of the endocrine-disrupting chemicals because of its weak
strogenic, androgenic and thyroid hormone-like activity (Hiroi
t al., 2006; Krishnan et al., 1993; Takayanagi et al., 2006; Xu et al.,
005). BPA is used in polycarbonate plastics, epoxy resins, and den-
al resin-based composites (Howe and Borodinsky, 1998; Pulgar

t al., 2000; Sasaki et al., 2005). BPA has been detected in the serum
f pregnant women (1–2 ng/ml), fetus serum (0.2–9.2 ng/ml), amni-
tic fluid (8.3–8.7 ng/ml), placental tissue (1.0–104.9 ng/ml), and
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breast milk (1.1 ng/ml) (Ikezuki et al., 2002; Schonfelder et al., 2002;
Ye et al., 2005), suggesting that the human fetus is exposed to this
compound during pre- and post-natal development. Several studies
reported some adverse effects of high- and low-dose BPA on various
organs during the prenatal period (Golub et al., 2010; Kundakovic
and Champagne, 2011). During fetal development, there is a sen-
sitive period during which environmental exposure may  cause
persistent damage to the developing brain. Maternal exposure to
low-dose BPA (20 �g/kg/day, intraperitoneally) has been shown to
affect cortical development in embryos by accelerated neurogen-
esis and neuronal migration during the mid-gestational period in
mice (Nakamura et al., 2006). In addition, BPA exposure results in
abnormal neuronal positioning and aberrant neuronal network for-
mation between the thalamus and the cortex in the mature brain
exposed prenatally (Nakamura et al., 2007). However, no findings
have been added to these reports about the morphological changes
of the neocortex induced by low-dose BPA exposure.
During neocortical development, neural stem/progenitor cells
sequentially pass through phases of expansion, neurogenesis
and gliogenesis. Radial glial cells (RGCs) in the ventricular zone
(VZ), neural stem cells, expand their population by symmetric
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2.7.  Quantification of cell number for cell cycle exit, proliferation, RGC, IPC, and
cell cycle length

For quantification of data obtained using immunofluorescent staining, the
counterpart areas in the dorsal telencephalic region of brain of the control and BPA-
treated fetuses were selected, and the total number of cells (DAPI-stained) and cells
2 M. Komada et al. / To

ivision that produces two RGCs and simultaneously self-renew
nd generate more differentiated cells through asymmetric cell
ivision (Gotz and Huttner, 2005). The daughter cells of ventricular
GCs are often neuronal progenitor cells and can migrate super-
cially into the subventricular zone (SVZ) to divide (Haubensak
t al., 2004; Noctor et al., 2004). RGC divisions are asymmetric
nd associated with self-renewal, while the daughter progenitor
ells (intermediate progenitor cells: IPCs) usually undergo one
erminal symmetric division that produces two  neurons and
epletes the progenitor cells (Noctor et al., 2004). The majority of

ayer II/III neuron-producing cell divisions are by IPCs during the
ate neurogenesis stages (Kowalczyk et al., 2009). The number of
ymmetric IPC divisions could also affect neuron number and be a
eterminant of neocortical size. A human genetic study pinpointed
he disease-causing gene in a family exhibiting congenital micro-
ephaly to the homozygous silencing of Tbr2 (Baala et al., 2007),

 transcriptional factor shown in rodent studies to be a selective
arker for IPCs (Englund et al., 2005). These reports suggest the

verall importance of IPCs of SVZ in the control of neocortical size.
The purposes of this study are to clarify the mechanisms under-

ying the abnormal proliferation and differentiation of neural stem
ells in fetuses exposed to BPA. Observation of the BPA-treated
etuses revealed the accelerated neurogenesis and a reduced num-
er of neural stem/progenitor cells, especially IPCs, in the dorsal
elencephalon. Our data suggested that these aberrations of devel-
ping neocortex result in disruption of the cell cycle in IPCs.

. Materials and methods

.1. Animals and housing

Eight-week-old male and female C57BL/6J mice were purchased from Japan SLC
nc. to be used as breeder animals in this study. These mice were quarantined and
abituated for 2 weeks. These animals were kept under SPF conditions and a con-
tant light–dark cycle (dark period from 7:00 pm to 7:00 am)  at 24 ± 1 ◦C and 55 ± 5%
elative humidity. To avoid the possibility of stressing the animals, noise levels were
ept to a minimum both within the room and in the adjacent areas. Diet food (Cer-
ified Rodent Chow CE-2, CLEA Japan) and drinking water were available as libitum.
ertification analysis of each lot of diet was performed by the manufacturer. The
ame lots of diet were provided to animals from control and BPA-treated groups
nd at the same times, in order to control across groups for possible variation in the
ontent of the diet. Water was available via glass bottles with Teflon seals during
he  exposure period. Pregnant females were housed individually throughout the
tudy in polypropylene plastic tubs with stainless steel lids and corncob bedding.
ice in all experiments were humanely treated according to the guidelines of the

nimal Research Committee of Kinki University. Ten-week-old mice were allowed
o  copulate overnight at a 2:1 or 1:1 female to male ratio. Females were checked
t  12 h intervals for the presence of vaginal plugs, indicating copulation, and were
eparated from the male if a plug was present. The presence of a plug represented
mbryonic day (E) 0.

.2. Test substance and treatment regimen

Bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl)propane 4,4′-isopropyl-
idenediphenol, CAS no. 80-05-7, Sigma Aldrich) was suspended in corn oil
nd  administered by oral gavage from E8.5 to E13.5. The dose solution was
repared once per 5 days and analyzed prior to dosing. The BPA concentration was
onfirmed to be within ±10% of targeted concentration. Administration occurred
t  a defined time (12:00 pm). In a preliminary study, three dams per group were
xposed orally to BPA at 20 or 200 �g/kg from E8.5 through E13.5, and killed on
14.5 to collect the fetuses. Nine female fetuses in each group were examined
istologically in terms of the developing brain (Sup. Table 1). No histological
bnormality, such as hyperplasia of cortical plate and the acceleration of cell cycle
xit (Sup. Fig. 1, Tables 1 and 2), were detected in the fetuses exposed to BPA at
0  �g/kg. In the fetuses exposed to BPA at 200 �g/kg, hyperplasia of cortical plate
nd the promotion of neurogenesis were identified. On the basis of these results,
PA dose used in the present study was chosen as 200 �g/kg/day, which revealed
lear  effects on the development of neocortex. Control animals received an equal
olume of corn oil. At this dose of BPA (200 �g/kg/day) we calculate intake to be

pproximately 3 �g of BPA daily; body weight of mice used was approximately
0–40 g during the administration period. In the previous study, when rat dam was
rally administered BPA at 6 �g/kg/day, 4–5 �g/L BPA was detected in embryonic
erum (Yoshida et al., 2004). In addition, prenatal exposure to BPA at 200 �g/kg/day
PA induced changes of embryonic body weight and total number of embryos born
y 295 (2012) 31– 38

per litter (Cagen et al., 1999). These data indicate that the embryos were exposed
to BPA in utero in the experimental conditions of the present study.

2.3. Body weight measurement and tissue preparation

Pregnant mice were humanely killed and underwent cesarean section on E14.5,
and  the fetuses were observed histologically. Fetuses were sampled out of the ostium
of  the uterus, because there were shown to be no differences in the postnatal growth
of  the reproductive and endocrine systems, sexual maturation and estrous cycle,
or  behavior depending on the embryo position in utero (Nagao et al., 2004). For
body weight measurement, the body weight before fixation was measured for E14.5
mouse fetuses. Fourteen males and 17 female fetuses from 6 litters in the BPA-
treated group and 9 males and 12 females from 6 litters in the control group were
used for head size and body weight measurement (Sup. Table 1). Fetuses were fixed
for  3 h in periodate lysin paraformaldehyde (PLP) at 4 ◦C, and washed in phosphate-
buffered saline (PBS). For paraffin sections, fetuses were embedded in paraffin and
sectioned at 5 �m for histological and immunohistochemical observation. For frozen
sections, fetuses were embedded in 30% sucrose/PBS for cryoprotection, and sec-
tioned at 10 �m for immunohistochemical observation. Nine female fetuses from 3
litters in both BPA-treated and control groups were sampled on E14.5 for HE stain-
ing and immunostaining (Sup. Table 1). Fetal body weight and brain measurement
data were analyzed employing Student’s t-test.

2.4. Immunohistochemistry

The following antibodies were used: mouse monoclonal anti-neural class III �-
tubulin (Tuj1, 1:500; Covance); pan-neuronal marker, rabbit monoclonal anti-Ki67
(1:200; Lab Vision, SP6); a proliferative cell marker, rat monoclonal anti-BrdU (CldU)
(1:50; Oxford Biotechnology, BU1/75), mouse monoclonal anti-BrdU (IdU) (1:50;
Becton Dickinson, B44), rabbit polyclonal anti-Tbr2 (1:200, Abcam); transcriptional
factor and IPC marker, rabbit polyclonal anti-Pax6 (1:200, Covance); transcriptional
factor and RGC marker, mouse monoclonal anti-Nestin (1:200, BD Pharmingen);
marker of radial fiber in RGC. Secondary antibodies were conjugated with Alexa 568
and  488 (1:200; Invitrogen). The nuclei were counterstained with DAPI in mounting
medium (Vector Labs). Immunohistochemistry was performed as described previ-
ously (Komada et al., 2008), and standard immunostaining procedures were used
in  E14.5 fetuses. Nine female fetuses from 3 litters in the BPA-treated group and
9  female fetuses from 3 litters in the control group were sampled on E14.5 for
immunostaining (Sup. Table 1).

2.5. CldU and IdU incorporation

For in vivo labeling of S-phase cells (thymidine analog incorporation), one injec-
tion  of CldU (105478, MP  Biomedicals Inc.) and IdU (I7125, Sigma) was  made 24 h
and  1 h, respectively, prior to cesarean sectioning on E14.5. Fetuses were allowed
to  develop to E14.5 and then sacrificed and processed for CldU and IdU immuno-
histochemistry. The quantification of positive cells and their distribution within the
cortical layer were analyzed according to the methods of Komada et al. (2008), with 2
anatomically matched sections from each fetus (9 BPA-treated and 9 control female
embryos).

2.6.  Cell cycle kinetics (analysis of cell cycle length and cell cycle exit)

For estimation of cell cycle length, we  counted the number of IPCs labeled by
1  h pulse of IdU in Tbr2-positive cells. The population of IdU/Tbr2 double-positive
cells among all Tbr2-positive cells enables estimation of the cell cycle length of
IPCs. A smaller population of IdU-positive cells among Tbr2-positive cells indicates
a  greater cell cycle length (Chenn and Walsh, 2002).

Cell cycle exit was estimated from the ratio of CldU-positive cells/Ki67, Pax6, or
Tbr2-negative (postmitotic and/or differentiation) cells to all CldU-positive cells at
E14.5 in the dorsal telencephalon (Ki67) or upper SVZ (Pax6 and Tbr2) (Chenn and
Walsh, 2002). One injection of CldU was made 24 h prior (at E13.5) to sampling (at
E14.5).
stained with each antibody were manually counted in two 100 �m-wide sampling
box (indicated by open boxes in Figs. 2–6)  with 2 anatomically matched sections
from each fetus (9 BPA-treated and 9 control female embryos) using Adobe photo-
shop  CS4 (Adobe). We performed the counting and quantitative procedures by the
method reported previously (Komada et al., 2008).
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Fig. 1. Maternal BPA oral dosing induces hyperplasia of cortical plate and promotes neurogenesis.  Parasagittal sections of the telencephalons of the control fetuses
(A)  and BPA-treated fetuses (B) at E14.5 were stained with HE. These panels illustrated that the size of the cortical plate was reduced in BPA-treated fetuses (black arrow).
Parasagittal sections of E14.5 dorsal telencephalon were immunostained with anti-neuron-specific class III �-tubulin (Tuj1) antibody (C, D) and expressing regions were
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easured on the sections (white arrow). (E) Tuj1-stained regions were significantly 

ompared with those of control fetuses (47.5 ± 2.09%, n = 9). Scale bar: 200 �m.

. Results

.1. Hyperplasia of cortical plate in BPA-treated fetuses

In order to clarify the effects of BPA exposure on the develop-
ent of neocortex, pregnant mice were treated continuously with

PA at a dose of 200 �g/kg from E8.5 (this day is the start point
f mouse neocortex organogenesis). Fourteen male and 17 female
etuses from 6 litters in the BPA-treated group and 9 male and 12
emale fetuses from 6 litters in the control group were sampled
t E14.5 (Sup. Table 1). These fetuses were weighed and we  mea-
ured the rostral-caudal length and width of the head region. The
ody weight and head length and width of male and female fetuses
reated with BPA were comparable to those of control fetuses at
14.5 (date not shown). In addition, there was no fetal lethal effect
f BPA when evaluated at E14.5 (date not shown).

As for the histopathological observation of fetuses treated with
PA, hyperplasia of the CP in the dorsal telencephalon was found

n the HE staining of the parasagittal sections (Fig. 1A and B). To
etermine the difference of neurogenesis in fetuses treated with
PA, the Tuj1 (neuron-specific class III �-tubulin; pan-neuronal
arker) expression regions were quantified by measuring the total

hickness of the dorsal telencephalon and the thickness of CP (Tuj1-
xpression region) (Fig. 1C and D). There was a significant increase
n the thickness of CP in BPA-treated fetuses (57.6 ± 2.11%, P < 0.05)
ompared with that of control fetuses (47.5 ± 2.09%) (Fig. 1E). How-
ver, hyperplasia of the CP and the expansion of Tuj1-expression
rea in the dorsal telencephalon were not found in the HE stain-

ng (Sup. Fig. 1A–C′) and immunostaining of Tuj1 (Sup. Fig. 1D–F′,
up. Table 2) in the 20 �g/kg/day BPA-treated fetuses. Nakamura
t al. reported that low-dose BPA might disrupt normal neocorti-
al development by accelerated neuronal differentiation/migration
sed in the dorsal telencephalon of BPA-treated fetuses (57.6 ± 2.11%, n = 9, *P < 0.05)

(Nakamura et al., 2006). Our results coincided with these previous
data and indicated that the maternal BPA oral dosing associated
with the accelerated neurogenesis and hyperplasia of CP during
the development of telencephalon.

3.2. Acceleration of cell cycle exit in the neural stem/progenitor
cells of the dorsal telencephalon

An adequately controlled cell cycle is important for proper neu-
rogenesis during corticogenesis in the neocortex. To investigate
the cause of neurogenesis promotion, we examined cell cycle exit
of neural stem/progenitor cells. We  performed double immunos-
taining using anti-Ki67 (nucleoprotein, expressed in proliferative
cells) and anti-CldU (thymidine analog) antibodies after 24 h CldU
labeling (Fig. 2A and B) (Chenn and Walsh, 2002). Cell cycle exit
was determined as the ratio of cells that exited the cell cycle (red,
CldU+/Ki67−, indicating cells no longer dividing) to all cells labeled
with CldU (red and yellow) after 24 h labeling. Quantification of the
experiment showed significantly increased cell cycle exit in BPA-
treated fetuses (44.1 ± 3.8%, P < 0.01) compared with that in the
control fetuses (34.3 ± 4.7%) (Fig. 2E). However, in the 20 �g/kg/day
BPA-treated fetuses, the significant increase in rate of cell cycle exit
was not observed in the dorsal telencephalon (Sup. Fig. 1G–I, Sup.
Table 2). These data indicated that the hyperplasia of CP was caused
by the accelerated neurogenesis of neural stem/progenitor cells in
the dorsal telencephalon. Ki67-expression region was decreased
and the distribution of double positive cells (Ki67+ and CldU+,
yellow cells) was  abnormal, remaining in a deep position of Ki67-

positive SVZ/VZ, compared with that in control fetuses (Fig. 2A and
B). We  hypothesized that these phenotypes resulted from the aber-
ration of interkinetic nuclear migration in the SVZ/VZ, in which
their nuclei migrate using radial fibers between the apical surface
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Fig. 2. The maternal oral exposure to BPA leads to acceleration of cell cycle exit and decreases the number of neural stem/progenitor cells. To estimate cell cycle exit
of  neural stem/progenitor cells, sections were stained with anti-Ki67 and anti-CldU antibodies 24 h after CldU pulse labeling at E14.5 in the control (A) and BPA-treated (B)
fetuses.  Parasagittal sections of E14.5 dorsal telencephalon were immunostained with anti-Nestin antibody. In BPA-treated fetuses, Nestin-stained radial fibers were shorter
than  those of the controls (C, D). (E) Cell cycle exit was determined as ratio of cells that exited the cell cycle (red, CldU+/Ki67−, no longer dividing) to all cells labeled with
C ng box
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positive cells between the BPA-treated (54.1 ± 3.1%) and control
fetuses (55.1 ± 3.8%) (Fig. 4E). However, the number of Tbr2-
positive cells was  significantly decreased in the BPA-treated fetuses

Fig. 3. Proliferation of stem/progenitor cells in the dorsal telencephalon is
reduced by maternal BPA exposure.  Immunostaining with Ki67 (red) of sagit-
tal  sections of E14.5 (A, B) fetal brains treated with BPA. Ki67 was expressed in
the  proliferative cells in the SVZ/VZ of dorsal telencephalon. Cells were counted in
100-�m-wide sampling boxes (white box). Examples of anti-Ki67 labeling of the
ldU  (red + yellow) after 24 h labeling. Cells were counted in 100-�m-wide sampli
ncreased at E14.5 (control fetuses: 34.3 ± 4.7%, n = 9, BPA-treated fetuses: 44.1 ± 3.8
gure legend, the reader is referred to the web version of the article.)

nd the basal part of the SVZ/VZ in synchrony with the cell cycle.
hus, we performed immunostaining using anti-Nestin (the marker
f radial fibers of RGCs) antibody in the parasagittal sections. In the
PA-treated fetuses, the Nestin-positive radial fibers were shorter
han control ones at E14.5 (Fig. 2C and D). These data suggested
hat the short radial fibers resulting from the abnormal interkinetic
uclear migration in the SVZ/VZ and abnormal positioning of Ki67+
ells and double-positive (Ki67+ and CldU+) cells.

.3. Reduction of proliferative neural stem/progenitor cells in the
orsal telencephalon

Accelerated neurogenesis might impact on the proliferation of
eural stem/progenitor cells in the dorsal telencephalon. To exam-

ne whether cell proliferation was affected in the BPA-treated
etuses, we performed immunostaining using anti-Ki67 antibodies
Fig. 3A and B). At E14.5, the Ki67-immunopositive cell index (Ki67-
ositive cells/DAPI-stained cells) was significantly decreased in the
orsal telencephalon of BPA-treated fetuses (41.6 ± 1.0%, P < 0.01)
ompared with that in the control fetuses (47.2 ± 1.0%) (Fig. 3C).
hese data suggested that the maternal BPA oral dosing related
o the reduction of neural stem/progenitor cells as a result of the
romotion of neurogenesis in the dorsal telencephalon.

.4. BPA specifically affected the intermediate progenitor cells

During the corticogenesis of neocortex, three different types
f neural stem/progenitor cells (RGCs, IPCs, and outer radial glial
ells) exist in the SVZ/VZ of the dorsal telencephalon (Molnar
t al., 2011). These neural stem/progenitor cells are distinguished
y their distribution, self-renewal ability, capacity for neurogene-
is and expression of transcriptional factors (Molnar et al., 2011).
o determine which cell population (RGCs or IPCs) was  affected

y BPA exposure, we performed immunostaining using anti-Pax6
transcriptional factor, the marker of RGCs) and anti-Tbr2 (tran-
criptional factor, the marker of IPCs) (Fig. 4A–D). Pax6-positive
ells represent RGCs in VZ and Tbr2-positive cells are IPCs in
es (white boxes in A and B). In the BPA-treated fetuses, the ratio was  significantly
 9, *P < 0.01). Scale bar: 200 �m. (For interpretation of the references to color in this

SVZ. There was  no significant difference in the number of Pax6-
dorsal telencephalon of the control (A) or BPA-treated fetuses (B). C: BPA-treated
fetuses showed significant decrease in the ratio of Ki67+ cells at E14.5 (control
fetuses: 47.2 ± 1.0%, n = 9, BPA-treated fetuses: 41.6 ± 1.0%, n = 9, *P < 0.01). Scale bar:
200 �m. (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)
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Fig. 4. Maternal BPA oral dosing induces the reduction of intermediate progenitor cells and does not affect radial glial cells. Immunostaining on coronal sections of
E14.5  dorsal telencephalon with anti-Pax6 (A, B) and anti-Tbr2 (C, D). The Pax6-positive cells were considered as RGCs in VZ of the control (A) and BPA-treated fetuses
(B)  at E14.5. Cells were counted in 100-�m-wide sampling boxes (white box). There was no significant difference in Pax6-positive RGC number between the control and
B 1 ± 3.1
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BPA at 20 �g/kg/day and the control group (Cagen et al., 1999). Our
PA-treated groups (E: control fetuses: 55.1 ± 3.8%, n = 9, BPA-treated fetuses: 54.
IPCs)  in SVZ of the control (C) and the BPA-treated fetuses (D). (E) Tbr2-positive IP
ompared with those in the control fetuses (5.46 ± 0.32%, n = 9). Scale bar, 100 �m.

5.46 ± 0.32%, P < 0.05) compared with that in the control fetuses
6.12 ± 0.24%) (Fig. 4E). These data suggested that the maternal BPA
ral dosing specifically associated with the maintenance of IPCs in
he SVZ of dorsal telencephalon.

.5. The acceleration of RGCs and IPCs differentiation by BPA
xposure

During the corticogenesis of neocortex, RGCs differentiate to
PCs or neurons and IPCs differentiate to neurons. IPCs mainly
roduce the projection neurons in layer II/III of neocortex. In evolu-
ion, layer II/III is among the most highly evolved regions and IPCs

ight have important roles in the progression of neocortex. Thus,
o determine which cell (RGCs or IPCs) differentiation was affected
y maternal BPA exposure, we performed cell cycle exit analysis
sing thymidine analog labeling with each cell. RGCs and IPCs are
roliferative cells labeled by CldU in the SVZ/VZ. In the CP and upper
VZ after 24 h of CldU injection, CldU positive and Pax6/Tbr2 neg-
tive cells are defined as postomitotic (differentiated) cells from
GCs/IPCs, respectively. Differentiated RGCs and IPCs were iden-
ified by double-immunostaining using anti-Pax6/anti-CldU and
nti-Tbr2/anti-CldU antibodies, respectively (Fig. 5A–D). The quan-
ification of these experiments showed that the cell cycle exits of
GCs (37.4 ± 2.4%, P < 0.01) and IPCs (35.7 ± 1.2%, P < 0.01) in the
PA-exposed fetuses were significantly promoted compared with
hose in the control fetuses (RGCs: 32.8 ± 2.8%, IPC: 30.7 ± 3.7%) at
14.5 (Fig. 5E). These results indicated that the maternal BPA treat-
ent related to the acceleration of neurogenesis of IPCs in the SVZ

nd differentiation of RGCs in the VZ of dorsal telencephalon.

.6. BPA leads to prolongation of cell cycle of IPC
To investigate the cause of reduction of IPCs (Fig. 4), we
xamined the cell cycle length of IPCs. We  hypothesized that pro-
ongation of the cell cycle results in decreased proliferation of
%, n = 9). The Tbr2-positive cells were identified as intermediate progenitor cells
the BPA-treated fetuses (6.12 ± 0.24%, n = 9, *P < 0.05) showed significant reduction

IPCs in the SVZ of dorsal telencephalon. We  performed double
immunostaining using anti-Tbr2 and anti-IdU antibodies (Fig. 6A
and B). Cell cycle length of IPC was calculated as the rate of the total
number of IPCs (Tbr2-positive cell) and the number of S-phase IPCs
for 1 h (Tbr2/IdU double-positive cell). A smaller population of IdU-
labeled cells among Tbr2-positive cells indicates a greater cell cycle
length (Chenn and Walsh, 2002). In the BPA-treated fetuses, the cell
cycle was significantly prolonged (8.4 ± 0.6%, P < 0.01) compared
with that in the control fetuses (16.5 ± 4.3%) at E14.5 (Fig. 6C). These
data indicated that the extension of the cell cycle length of IPCs
induced the reduction of self-renewal, resulting in the decreasing
number of IPCs.

4. Discussion

In previous studies, exposure to BPA (20 �g/kg/day) induced
the accelerated neuronal differentiation/migration in ICR mice
(Nakamura et al., 2006). Our data indicated that treatment with
BPA at the dose of 20 �g/kg/day showed no differences in the
morphogenesis of CP (Sup. Fig. 1A–C′) and neurogenesis of neu-
ral stem/precursor cells (Sup. Fig. 1D–I, Sup. Table 2) at E14.5
between the BPA-treated and control fetuses in C57BL/6J mice (see
the materials and methods). We hypothesized that the difference
of phenotype resulted from the different administration routes
(intraperitoneally or orally) or mouse strains used, with variation
in sensitivity to BPA. In a previous study involving the maternal
BPA oral dosing, number of fetuses born per litter and embry-
onic body weight were significantly lower in the group exposed
to BPA at 200 �g/kg/day than those in the control group. How-
ever, no difference was  detected between the group exposed to
data also showed that histological changes (cell cycle, proliferation,
and differentiation changes) were related to BPA at 200 �g/kg/day.
However, these were not found after oral exposure to BPA at
20 �g/kg/day (Sup. Fig. 1, Sup. Table 2).
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Fig. 5. Differentiation of radial glial cells and intermediate progenitor cells is promoted by maternal BPA exposure.  To estimate the differentiation of RGCs and IPCs,
sagittal  sections were stained with anti-Pax6 or -Tbr2 and anti-CldU antibodies 24 h after CldU pulse labeling at E14.5 in the control (A, C) and the BPA-treated (B, D) fetuses.
Differentiation was determined as the ratio of cells that differentiated from RGCs (green, CldU+/Pax6−, A, B) and IPCs (green, CldU+/Tbr2−, C, D) to all cells (blue: DAPI)
after  24 h labeling. Cells were counted in 100-�m-wide sampling boxes (white box) in the SVZ (RGC, A, B) or upper SVZ (IPC, C, D). (E) In the BPA-treated fetuses, the ratio
of  differentiated cells from RGCs was significantly increased at E14.5 (control fetuses: 32.8 ± 2.8%, n = 9, BPA-treated fetuses: 37.4 ± 2.4%, n = 9, *P < 0.01) and the ratio of
differentiated cells from IPCs was also significantly increased at E14.5 (control fetuses: 30.3 ± 3.7%, n = 9, BPA-treated fetuses: 35.7 ± 1.2%, n = 9, *P < 0.01). Scale bar: 100 �m.
(For  interpretation of the references to color in this figure legend, the reader is referred to

Fig. 6. The maternal exposure to BPA leads to prolonged cell cycle of intermedi-
ate  progenitor cells. After 1 h pulse labeling of IdU, immunostaining of coronal
sections was  performed with anti-Tbr2 (red) and anti-IdU (green) antibodies at
E14.5 (A, B). Cell cycle length was estimated as percentage of Tbr2 and IdU double-
positive cells among all Tbr2-positive cells. Smaller percentage represents longer
cell cycle. Cells were counted in 100-�m-wide sampling boxes (white box). (C) The
BPA-treated fetuses showed significantly prolonged cycle length of IPC (8.4 ± 0.6%,
n  = 9, *P < 0.01) compared with control fetuses (16.5 ± 4.3%, n = 9) at E14.5. Scale bar:
100 �m.  (For interpretation of the references to color in this figure legend, the reader
is  referred to the web version of the article.)
 the web  version of the article.)

BPA, an endocrine disruptor, induces the promotion of neuroge-
nesis and regulation of proliferation in neural stem/precursor cells.
BPA is known as an estrogenic chemical that interacts with human
estrogen receptor (ER) (Krishnan et al., 1993), acts as an antagonist
for human androgen receptor (Xu et al., 2005) and strongly binds
to human estrogen-related receptor gamma  (Takayanagi et al.,
2006). ERs and AR are expressed in many areas of the developing
brain in rodents (Matsuda et al., 2008; Zsarnovszky and Belcher,
2001). In the development of CNS, estrogens have neurotrophic
and differentiation-promoting effects. ER� and ER� are crucial for
the functions during a critical period of brain development (Beyer,
1999). In analysis using ER� knockout mice, ER� was  shown to play
important roles in the neuronal migration, differentiation and sur-
vival in the developing brain (Wang et al., 2003). In addition, BPA
increases ER� expression in the brain (Bromer et al., 2010). BPA
may  also enhance estrogenic activity through the up-regulation of
ERs and up- or down-regulation of estrogenic target gene expres-
sion in the target tissues. Presently, we  are examining whether the
estrogen and/or ER are related to these phenotypes and attempting
to identify the impaired expression of estrogenic target genes after
BPA exposure using our BPA exposure model fetuses.

In addition, BPA binds to protein disulfide isomerase (PDI), the
same binding site as thyroid hormone 3,3′,5-triodo-l-thyronine
(T3) (Hiroi et al., 2006). Thyroid hormone is essential for proper
brain development. In the neocortex, thyroid hormone deficiency
during development results in abnormal cytoarchitecture and neu-
ronal network formation (Cuevas et al., 2005). Thyroid hormone
receptor alpha and beta were expressed in the cerebral cortex

and hippocampus of rat brain (Di Liegro, 2008). The results of the
present study suggest that BPA has possibilities of interaction with
each factor (receptors and/or enzymes) during the development of
neocortex and can induce excessive signaling of these factors.
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Our data suggested that BPA exposure inhibited the prolifera-
ion and promoted the differentiation of RGC (Pax6-positive cells)
nd IPC (Tbr2-positive cells) in the SVZ/VZ of dorsal telencephalon.
R� is detected in the deep layer of the dorsal telencephalon at
16.5 (Fan et al., 2006), indicating that RGC and/or IPC in the
VZ/VZ expressed the ER�.  In addition, the estrogen signaling
ight maintain the stem cell niche of RGC and IPC and regu-

ate neurogenesis (Wang et al., 2003). We  hypothesized that BPA
cts as an agonist of ER and induces excessive estrogen signal-
ng in the dorsal telencephalon, resulting in the promotion of
eurogenesis.

A recent study based on cellular behavior, morphology and gene
xpression pattern identified three similar progenitors during the
evelopment of neocortex: outer radial glial cells, RGCs and IPCs.
GCs span the width from ventricular to pial surface, perform-

ng self-renewal from symmetric divisions and producing neurons
rom asymmetric divisions (Molnar et al., 2011). IPCs are derived
rom asymmetric divisions of RGCs. IPCs express the transcriptional
actor Tbr2 and divide within the SVZ (Noctor et al., 2004). IPCs

ainly produce projection neurons in layer II/III of the neocor-
ex during the later neurogenesis and are very important for the
volutional process of the human brain, upgrading and becom-
ng enormous in the neocortex. In the BPA-treated model, our
ata indicated that the abnormality of IPC resulted in neurogene-
is defect and aberrant corticogenesis. Accordingly, it is reasonable
o suggest that the detection of IPC defects is essential for the risk
ssessment of chemical exposure in the development of human
rain.

BPA exposure induced the alteration of gene expression associ-
ted with neurogenesis. Basic helix-loop-helix (bHLH) genes have
wo types, repressor type and activator type. Repressor types, such
s Hes1 and Hes5, maintain the neural stem cells and promote
liogenesis; activator types, Mash1, Mash2 and Ngn2, accelerate
eurogenesis. Nakamura et al. reported that Mash1 and Ngn2
ere significantly up-regulated in BPA-treated embryos at E14.5

Nakamura et al., 2006). In addition, we also indicated that Mash1
as up-regulated at E14.5 in BPA-treated embryos (data not

hown). These data suggested that BPA affected the expression
f activator-type bHLH gene, Mash1 or Ngn2, causing accelerated
eurogenesis.

. Conclusion

In our studies, the maternal BPA oral dosing related to hyper-
lasia of CP during the development of telencephalon (Fig. 1) and
hortened the radial fibers of RGCs in the SVZ/VZ (Fig. 2). The phe-
otypes were induced by the accelerated neurogenesis of neural
tem/progenitor cells in the dorsal telencephalon (Fig. 2). In addi-
ion, BPA associated with the reduction of neural stem/progenitor
ells in the SVZ/VZ as a result of the promotion of neurogene-
is in the dorsal telencephalon (Fig. 3). In particular, BPA related
o the maintenance and neurogenesis of IPCs in the SVZ of dor-
al telencephalon (Figs. 4 and 5). These phenotypes (accelerated
eurogenesis and the reduction of IPC number) were induced by
he extension of the cell cycle length of IPCs in the SVZ (Fig. 6).
n the near future, we will clarify whether these morphologi-
al defects in the embryonic brain persists, and result in the
unctional aberrations after birth. The maternal BPA dosing asso-
iated with the disruption of cell cycle in IPCs and related to
he effects on neurogenesis in the development of neocortex of

etuses.
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