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Bisphenol A (BPA) has been known to have endocrine-disrupting activity to induce repro-
ductive and behavioral abnormalities in offspring of laboratory animal species. However,
morphological basis of this abnormality during brain development is largely unknown.
Cerebral cortex plays a crucial role in higher brain function, and its precisely laminated
structure is formed by neuronal migration. In the present study, transfecting a plasmid
(PCAG-mCherry) by in utero electroporation (IUE), we visualized developing neurons
and investigated the possible effects of in utero BPA exposure on neuronal migration.
Pregnant mice were exposed to BPA by osmotic pump at estimated daily doses of O,
40 (BPA-40), or 400 (BPA-400) pg/kg from embryonic day 14.5 (E14.5) to E18.5. IUE
was performed at E14.5 and neuronal migration was analyzed at E18.5. Compared with
the control group, neuronal migration in the cortical plate was significantly decreased in
the BPA-40 group; however, there was no significant difference in the BPA-400 group.
Among several neuronal migration-related genes and cortical layer-specific genes, TrkB in
the BPA-400 group was found significantly upregulated. In conclusion, in utero exposure
to low BPA dose was found to disrupt neuronal migration in the cerebral cortex in a
dose-specific manner.

Keywords: bisphenol A, low dose, brain development, cerebral cortex, environmental chemicals, neuronal
migration

INTRODUCTION

Bisphenol A (BPA, 4,4'-dihydroxy-2,2-diphenylpropane) is a monomer used worldwide for manu-
facturing plastics, such as polycarbonates and epoxy resins. Humans are widely exposed to BPA
via leaching from plastic bottles, sealants for canned food, and other environmental sources. Low

Abbreviations: BDNE, brain-derived neurotrophic factor; BPA, bisphenol A; BrdU, 5-bromodeoxyuridine; Cdk5,
cyclin-dependent kinase 5; Cux2, cut-like homeobox 2; DISC1, disrupted in schizophrenia 1; E, embryonic day; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IUE, in utero electroporation; Kitl, kit ligand; Lhx2, LIM homeobox protein 2;
MAP2, microtubule-associated protein 2; PBS, phosphate-buffered saline; PBST, PBS containing 0.05% Triton X-100; PFA,
paraformaldehyde; PND, postnatal day; Slitrk1, SLIT and NTRK-like family, member 1; Tle3, transducin-like enhancer of split
3, homolog of Drosophila E; TrkB, neurotrophic tyrosine kinase, receptor, type 2.
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doses of BPA exposure during the perinatal period can result in
numerous effects on health, ranging from reversible physiological
responses to more long-term adverse effects. Exposure to BPA
early in life has been reported to be associated with behavioral
problems in children (1-3), presumably due to their limited
capacity to metabolize BPA and to the fact that the blood-brain
barrier is not fully developed. BPA has also been suggested to
have adverse effects on neuronal development in human infants
(4). Furthermore, animal studies have shown that offspring born
to dams exposed to low doses of BPA during gestation and the
early postnatal period had abnormal brain morphologies (5-9).
However, the mechanisms by which maternal BPA exposure
affects embryonic brain development are still largely unknown.

The laminated structure of the cerebral cortex is formed by
highly tuned neuronal migration. Perturbations of this neuronal
migration result in neurological and developmental abnormali-
ties. Although neuronal migration has been suggested as a target
of chemical exposure, it has not been widely studied in the con-
text of developmental neurotoxicity. A few studies have reported
that neuronal migration can be interrupted by environmental
chemicals, such as methylmercury (10, 11) and toluene (12). The
aim of the present study was to examine the possible effects of
prenatal exposure to low doses of BPA on the process of neuronal
migration. For this, we used in utero electroporation (IUE), a
gene-transfer technique that enabled us to introduce fluorescent
protein expression vectors into neuronal progenitor cells and
visualize the process of migration (13, 14). We found that prenatal
exposure to BPA interrupted neuronal migration in the cerebral
cortex in a dose-specific manner.

MATERIALS AND METHODS

Pregnant ICR mice were purchased from CLEA Japan (Tokyo,
Japan). The day of vaginal plug observation was designated as
E0.5. Mice were housed in an animal room maintained at a
temperature of 22-24°C, humidity at 40—60%, and under 12-h
light/12-h dark cycles (lights on and off at 0800 and 2000 hours,
respectively). Food (Labo MR Stock, Nosan, Yokohama, Japan)
and water were provided ad libitum. Pregnant mice were exposed
to BPA (Wako Pure Chemical Ind., Osaka, Japan) at a daily dose
equivalent to 0, 40, or 400 pg/kg b.w. from E14.5 to E18.5 by
implanting an osmotic pump (Alzet, Micro-Osmotic Pump,
Model 1007D, Cupertino, CA, USA) into the peritoneal cavity.
According to the doses given to the dams, the control and BPA
exposed groups were named as Control, BPA-40, and BPA-400,
respectively. The experimental protocols for the animal experi-
ments were approved by the Animal Care and Use Committee of
the University of Tokyo.

A plasmid (pCAG-mCherry, a kind gift from Dr. Masanori
Matsuzaki at the National Institute for Basic Biology, Okazaki,
Japan) was purified using the EndoFree Plasmid Kit (Qiagen
K.K., Tokyo, Japan) according to the manufacturers protocol.
The purified plasmid was diluted with phosphate-buffered saline
(PBS) to a final concentration of 3 pg/ul before use.

In utero electroporation was performed at E14.5, as described
previously (13, 14). Briefly, time-pregnant mice were deeply anes-
thetized by an intraperitoneal injection of sodium pentobarbital

solution (Dainippon Sumitomo Pharma, Osaka, Japan) at a dose
of 50 mg/kg b.w. After the uterus was carefully pulled out from
the abdominal cavity, an aliquot (approximately 1 pl) of plasmid
solution colored by 0.01% fast green was injected into the lateral
ventricle of the embryo and was transfected by electroporation
(30—35V, 50 ms, four pulses) using a square wave electroporator
(CUY21SC, Nepa Gene Co., Chiba, Japan) with a forceps-type
electrode (CUY650P5). The uterus was returned to the abdomi-
nal cavity, and an osmotic pump was implanted in the peritoneal
cavity, followed by a closure of the abdomen with sutures. In this
study, plasmids were successfully transfected into more than half
of embryonic brains.

Mice were sacrificed at E18.5. Embryonic brains were col-
lected, fixed with 4% paraformaldehyde (PFA) in PBS overnight
at 4°C, and immersed consecutively in 20 and 30% sucrose in PBS
at 4°C. Then, brains were embedded in O.C.T. compound (Sakura
Finetek, Tokyo, Japan), and stored at —80°C until analysis. Frozen
brains were cut into 20 pm thick coronal sections by cryostat
(CM30508S, Leica Microsystems K.K., Tokyo, Japan).

To visualize the cortical plate (CP) boundary, microtubule-
associated protein 2 (Map2) immunostaining was performed.
Briefly, brain tissue sections were washed in PBS containing
0.05% Triton X-100 (PBST) and fixed in 4% PFA for 10 min.
After blocking with 3% bovine serum albumins in PBST at room
temperature for 1 h, the brain sections were incubated with anti-
MAP2 antibodies that were conjugated to Alexa Fluor 488 (Merck
Millipore Japan Headquarters, Tokyo, Japan) for 3 h. Following
additional washing with PBST, the sections were mounted with
4’,6-diamidino-2-phenylindole (DAPI, Vector Laboratories,
Burlingame, CA, USA). Images were acquired using a Leica
microscope (DM6000 B, Leica Microsystems K.K.), processed
with Neurolucida (MBF Bioscience) and Image-] (NIH) software.

Cell distribution in the CP was evaluated using a bin analysis, as
described previously (15). The CP was equally divided into 10 bins
in which the bin closest to the ventricle was numbered as Bin 1 and
the bin closest to the pia mater was numbered as Bin 10. In each
bin, the number of fluorescent cells (mCherry-positive cells) was
estimated as a percentage of the total number in all 10 bins, using
Image-] software (National Institute of Health, Bethesda, MD,
USA). Embryonic brains that were successfully transfected with
fluorescent protein vectors were selected for cell migration analy-
sis. One to three brains from each litter were randomly selected,
and total two to four litters in each dosed group were analyzed.

For body weight and mRNA analyses, another set of BPA-
exposed pregnant mice was used. At PND 0, we checked the litter
size and body weight and randomly selected one male from each
litter, followed by the analysis of a total of six pups in each dosed
group. Forebrains were dissected, snap frozen in liquid nitrogen,
and stored at —80°C until analysis.

Total RNAs were extracted using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. cDNA
synthesis was performed using the PrimeScript RT reagent Kit
(Takara, Otsu, Japan). Quantitative real-time PCR was performed
using the Thunderbird qPCR mix (Toyobo, Osaka, Japan) and
LightCycler (Roche Diagnostic Co., Tokyo, Japan). Primer design
and specificity check were performed by Primer-BLAST (NCBI,
Bethesda, MD, USA). The mRNA expression of the target gene
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in each sample was normalized with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

For statistical analysis, one-way ANOVA (for litter size, body
weight, and mRNA expression) and two-way ANOVA (for neu-
ronal migration) followed by the Tukey-Kramer’s post hoc test
were used. All data are expressed as mean & SEM. p-Values <0.05
were considered statistically significant.

RESULTS

There was no significant difference in litter size between control
dams and BPA-exposed dams. In addition, no statistical differ-
ences in body weight were observed between groups for either
sex at PND 0 (Table 1).

To investigate whether in utero BPA exposure affects neuronal
migration, IUE was performed at E14.5 to introduce a fluorescent
protein expression vector (pCAG-mCherry) into neural progeni-
tor cells, and the distribution of mCherry-positive neurons was
analyzed at E18.5 in the three groups (Control, BPA-40, and BPA-
400) (Figure 1A). At E18.5, mCherry-positive cells were found in
ventricular zone (VZ), subventricular zone (SVZ), intermediate
zone (1Z), and CP (Figures 1B,C). Beneath the subplate (SP), not
only mCherry-positive cells but also axons of projection neurons
overlapped together exhibiting intense mCherry fluorescent
signals, and it was very difficult to differentiate each single
mCherry-positive cell from mCherry signals in IZ, so only the
mCherry-positive cells migrated into the CP were subjected to a
bin analysis to examine the cell distribution in CP (Figure 1B).
In the control group, the majority of mCherry-positive neurons
were located in layers II/III (corresponding to Bins 8 and 9)
of the cerebral cortex. In the BPA-40 group, the percentage of
mCherry-positive neurons in Bin 9 was significantly lower than
that in the control group or the BPA-400 group. There were no
significant differences in the distribution of mCherry-positive
neurons in the CP between the BPA-400 group and the control
group (Figure 1D). These data show that prenatal exposure to
BPA suppresses neuronal migration in a dose-specific manner.

Neuronal migration is guided by various molecular cues.
Thus, we examined the forebrain mRNA expression of genes
that are known to be important for neuronal migration and layer
formation, such as brain-derived neurotrophic factor (BDNF),
neurotrophic tyrosine kinase receptor type 2 (TrkB), Reelin,
cyclin-dependent kinase 5 (Cdk5), and disrupted in schizophre-
nia 1 (DISC1), and the neocortical layer II/III laminar-specific
genes, such as transducin-like enhancer of split 3, homolog of
Drosophila E (Tle3), kit ligand (Kitl), LIM homeobox protein

TABLE 1 | Litter size and pup body weight after in utero BPA exposure®.

Group® Litter size Body weight (g)

All pups Male Female Male Female
Control 148+08 6.67+061 817079 1.67+0.05 1.60+0.04
BPA-40 183.7+15 583+110 7.83+1.01 1.81+0.05 1.71+0.05
BPA-400 15.0+0.7 850+0.80 6.50+1.09 1.77+0.03 1.69 +0.03

aData are shown as mean + SEM.
bn = 6 dams per treatment.

2 (Lhx2), cut-like homeobox 2 (Cux2), and SLIT and NTRK-
like family, member 1 (Slitrk1) (Figure 2). TrkB, a receptor for
neurotrophins, was significantly increased in the BPA-400 group

A In utero electroporation  Analysis
I 3 p— L —
EO E14.5 E18.5
BPA treatment
by osmotic pump
Control ; DMSO

BPA-40 ; BPA 40 pg/kg/day
BPA-400; BPA 400 pg/kg/day
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W/
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FIGURE 1 | Effects of prenatal BPA exposure on neuronal migration in
the developing cerebral cortex. (A) Diagram of the experiment design.

(B) Bin analysis was performed to evaluate differences in cell distribution. MZ,
marginal zone; CP, cortical plate; SP, subplate; IZ, intermediate zone; SVZ,
subventricular zone; VZ, ventricular zone; LV, lateral ventricle; Str, striatum.
(C) Representative photographs of brain sections in the Control, BPA-40,
and BPA-400 groups. (D) Distribution of mCherry-positive neurons in the CP
at E18.5. Data are shown as mean + SEM, n = 4 (control), n = 5 (BPA-40),

n =5 (BPA-400), **p < 0.01.
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compared with the control group. No significant difference in
the mRNA expression of other genes was observed among the
control, BPA-40, and BPA-400 groups.

DISCUSSION

In this study, we used IUE to transfect neural progenitor cells with
plasmids that express fluorescent protein, and found that in utero
low doses of BPA exposure significantly perturbed neuronal
migration in the embryonic cerebral cortex in mice. The neurons
born in VZ at E14.5 are mostly excitatory projection neurons that
undergo radial migration in the cerebral cortex before reaching
their final destination in layers II/III. Neurons located in layers
II/1IT are commissural projection neurons extending axons to
the opposite hemisphere across the corpus callosum. It has been
reported that abnormalities in higher brain function observed in
various neurological diseases are considered to be associated with
the inappropriate positioning of neurons, which in turn leads to
inaccurate projections and impairment of synaptogenesis (16, 17).
Thus, it is possible that abnormal neuronal migration observed
after low doses of BPA exposure could be a cause of abnormal
brain function, but the direct link between delayed neuronal
migration and high brain functions warrant future studies.

A previous study reported that BPA exposure from E0.5 at a
daily dose of 20 pg/kg b.w. significantly decreased the number of
5-bromodeoxyuridine (BrdU)-positive cells in the VZ at E14.5
and E16.5 and increased the number of BrdU-positive cells in
the CP at E14.5 compared with the control group, indicating
that prenatal BPA exposure accelerates neuronal migration
(18). However, the same research group also reported that when
BrdU-positive cells were labeled at E14.5 in mice exposed to BPA
in utero, there was subsequently a significant increase in labeled
cells in cortical layers V and VI and a decrease in labeled cells in
layer IV when the brains were examined at postnatal week 3 (19).
Another in vitro study reported that BPA treatment increased
the tangential migration of interneurons in cortical slices (20).
In cerebral cortex, inhibitory neurons and excitatory neurons
are born at different time periods and different places. Inhibitory
neurons are born in the ganglionic eminence and migrate tangen-
tially, whereas excitatory neurons are born in the VZ and migrate
radially. The differences between results from previous studies
and our study may be due to different exposure durations, doses,
and neuronal types studied. The present study showed that the
prenatal BPA exposure suppressed radial migration of excitatory
neurons in the developing cerebral cortex.

The daily doses of 40 and 400 pg/kg used in this study are low
doses compared with 5 mg/kg/day, which is regarded as the cutoff
dose for low-dose effects regardless of the exposure route and
duration (21). The observation of the present study, an abnormal
neuronal migration in the mouse embryonic brain, can be added
to the list of toxic phenotypes induced by low doses of BPA. Our
study provides an example of a dose-specific response to BPA,
as shown by the distinct disturbance of neural migration in the
BPA-40 group that was absent in the BPA-400 group. A number of
previous studies have investigated the effects of low doses of BPA
and have shown that the dose-response curve has an inverted
U-shape (22, 23). BPA can bind to the estrogen receptor and
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FIGURE 2 | mRNA expression of neuronal migration-related genes [BDNF
(A), TrkB (B), Reelin (C), Cdk5 (D), and DISC1(E)] and cortical layer-specific
genes [Tle3 (F), Kitl (G), Lhx2 (H), Cux2 (I), and Slitrk1 (J)] in mouse
forebrain. Data are shown as mean + SEM, n = 6 per treatment, *o < 0.05.
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has been shown to have estrogenic properties. As hormones are
known to act in a non-monotonic dose-response manner, the
low-dose-specific response to BPA may be regulated by interac-
tions between BPA and hormone receptors (22, 23). For further
study, the mode of action of BPA needs to be studied extending a
dose range that includes multiple lower BPA doses.

In order to investigate the molecular basis of BPA-induced
impairment of neuronal migration observed in the develop-
ing brain, we analyzed several migration guidance genes and
neuron-specific markers for layer II/II1. We identified a signifi-
cantly enhanced gene expression of TrkB upon high dose BPA
exposure. TrkB is a receptor for neurotrophins, which mediate
neuronal migration, differentiation, and survival through ben-
eficial trophic effects (24). Therefore, a plausible explanation for
the dose-specific effects of BPA on neuronal migration would be
that compensatory mechanisms may have been triggered in the
BPA-400 group, such that higher TrkB expression minimized
the effects of BPA exposure on neuronal migration. However,
in order to elucidate mechanisms of BPA-induced abnormal
neuronal migration, gene expressions of other neurotrophins
(NGE, NT3, and NT4/5) and receptors (Trk A and Trk C) in
specific brain regions, such as CP, need to be investigated in
future studies. Migration guidance genes, such as Reelin, and
several layer II/III-specific genes did not show any significant
differences in expression between the control and BPA-40
groups. Because of the limited time point of the determina-
tion of mRNA levels on PND 0, it can be speculated that BPA
may have disrupted expression of layer-specific genes in later
time points. A recent study showed that perinatal exposure
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