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Abstract: The vulnerability of developing brains to environmental chemicals has been reported. Here, we examined the
temporal effects of bisphenol A on dopaminergic neurons. Exposure of 5-day-old rats to bisphenol A caused hyperactivity
in juveniles, after which spontaneous motor activity leveled off at 8 weeks of age, when apoptotic cell death was still
observed along with the loss of tyrosine hydroxylase immunoreactivity. Accumulation of a-synuclein, a pathological
marker of neurodegeneration, was also detectable in the substantia nigra, but not in the cerebral cortex. In adult rats, acute
toxicity following microinjection of bisphenol A (20 pg) caused degeneration of dopaminergic neurons, similar to that
following administration of 6-hydroxydopamine (15 pg). Chronic exposure of adult rats to bisphenol A (3 mg/kg/day for
28 days) caused neurodegeneration in the substantia nigra. However, behavioral effects were not seen after either acute or

chronic exposure of adult rats to bisphenol A.

Thus, the sensitivity of the central nervous system to bisphenol A was shown to be different at different life stages,
confirming the greater vulnerability of the developing central nervous system.
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1. INTRODUCTION

Bisphenol A [2,2-bis(4-hydroxyphenyl)propane] is a
plasticizer that is widely used to produce polycarbonate
plastic, epoxy resin, and unsaturated polystyrene. The
widespread use of bisphenol A has resulted in the frequent
exposure to the compound of the majority of the population
of the developed world. Circulating levels of bisphenol A
measured in humans appear sufficient to induce detrimental
effects [1].

An emerging body of evidence is accumulating that
bisphenol A exerts effects on the central nervous system
(CNYS), in addition to its effects on the reproductive system
[2]. Since animals are very sensitive to exogenous chemicals
during perinatal or neonatal periods, many animal studies
have focused on these times [3]. We previously have
demonstrated, in neonatal (5-day-old) rats, the toxicity of
bisphenol A for dopaminergic neurons by exposure to the
chemical [4, 5]. Other studies have shown that
developmental exposure to bisphenol A might alter the
dopaminergic system at the pre- or post-synaptic level [6].
This is a rapidly expanding area of research [7].

Dopamine is a highly conserved neurotransmitter
involved in a number of complex functions such as
regulation of movements, goal-directed behavior, cognition,
attention, and reward-seeking behavior [8]. Progressive
degeneration of dopamine neurons is seen in Parkinson’s
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disease, which is estimated to affect ~2-3% of the population
more than 65 years of age [9-11]. Clinically, the cardinal
symptoms are bradykinesia, resting tremor, rigidity, and
postural instability. Adult animal models of Parkinson’s
disease have been generated by selective dopaminergic
degeneration with neurotoxins such as 6-hydroxydopamine
(6-OHDA),  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MTPT), or rotenone [12, 13].

Recently, in addition to developmental exposure to
bisphenol A, there have been reported about exposure of
adult animals to the chemical [14-16]. The current study was
designed to examine whether exposure of adult rats to
bisphenol A would cause neurodegeneration, particularly of
dopaminergic neurons, resulting in a model of Parkinson’s
disease.

2. MATERIALS AND METHODS
2.1. Chemicals

Bisphenol A was purchased from Wako Chemical
Corporation (Tokyo, Japan). 6-Hydroxydopamine hydro-
bromide was purchased from Sigma-Aldrich (St. Louis,
Missoruri, USA). Olive oil was purchased from Nacalai
Chemical Corporation (Kyoto, Japan).

2.2. Neonatal Animals and Treatments with Bisphenol A

Pregnant Wistar rats were obtained from Clea Japan
(Tokyo, Japan), and were maintained for at least 1 week,
housed in home cages, and fed with standard laboratory
chow (MF diet, Oriental Yeast Corp., Tokyo, Japan) and
distilled water ad libitum, at 22 °C, in a light-dark cycle
(12h/12h). Typically, about 50 male pups were born from 10
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pregnant rats, and 5-7 pups were randomly housed. They
were weaned at 3 weeks of age. This study was carried out in
strict accordance with the experiment and related activities in
Academic  Research Institutions guidelines, under
jurisdiction of the Ministry of Education, Culture, Sports,
Science and Technology. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the
National Institute for Environmental Studies.

Bisphenol A was suspended in a minimal amount of 50%
ethanol and made up to volume with olive oil. The chemical
(87 nmol equivalent to 20ug/10ul/rat) was intracisternally
injected into 5-day-old pups. Control rats were injected with
vehicle alone (10 ul).

2.3. Measurements of Spontaneous Motor Activity

Spontaneous motor activity of rats was individually
measured in a home cage using a Supermex system
(Muromachi Kikai, Japan), as previously described [17]. In
this system, a sensor detects and measures the radiated body
heat of an animal. A Supermex sensor head consists of
paired infrared pyroelectric detectors. This system detects
any object with a temperature at least 5 °C higher than
background within a cone-shaped area having a 6 m diameter
and a 110° vertex. The sensor monitors motion in multiple
zones of the cage through an array of Fresnel lenses placed
above the cage, and movement of the animal in the X, ¥, and
Z axes can be determined. Activity was measured every
15 min for 22-24 h while animals were maintained in a 12 h
light:dark cycle. Food and water were provided ad libitum at
the beginning of the measurement period, and rats were not
subsequently disturbed in any way. The activity of 10 rats
was concurrently recorded.

2.4. Adult Animal Surgery

For stereotaxic microinjection of chemicals, all surgery
was performed as described previously [18]. Male 9-week-
old rats were anesthetized with ketamine (150-175 mg/kg
intraperitoneally) and placed on a stereotaxic apparatus with
the incisor bars adjusted to 3.3 mm above the interaural line.
A 25-gauge (0.5 mm OD) stainless-steel blunt-tipped syringe
needle connected to a Hamilton microsyringe (10 ul) by
means of Teflon tubing was inserted into the left substantia
nigra; the coordinates were AP = +3.0 mm from the
interaural line, L = 1.8 mm and H = +2.1 mm, calculated
according to the atlas [19]. Bisphenol A (20 ug) or 6-OHDA
(15 ug) was injected into the substantia nigra over a 3-min
period using a microsyringe mounted on a Syringe-Infusion
Pump 22 (Harvard Apparatus, Holliston, Massachusetts,
USA). The needle was left in place for 3 min before being
slowly withdrawn. For the sham operation, 3 ul of vehicle
was injected under the conditions described.

For chronic exposure to chemicals, Alzet osmotic mini
pumps (model 2ML4 or 2ML1, DURECT Corp., Cupertino,
California, USA) were used as previously described [20].
The pumps were filled with chemicals dissolved in equal
volumes of dimethylsulfoxide (DMSO) and polyethylene
glycol (PEG). Pumps were then placed in sterile 0.9% saline
at 37 °C for at least 4 h, and then were implanted under the
skin on the back of each animal. Control rats received pumps
filled with DMSO:PEG (1:1) only.
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2.5. Rotation Test

After 2 weeks, rats stereotaxically injected with or
without chemicals were subjected to the rotation test. The
rats received methamphetamine (3 mg/kg intraperitoneally)
and then rotation behavior was monitored with a video tape
recorder (Sony model PC120, Tokyo, Japan) for 10 min and
was scored.

2.6. Immunohistochemistry

Immunostaining was carried out as described previously
[4]. Rats were sacrificed by decapitation at the ages
indicated. Whole brain samples were fixed in 10%
phosphate-buffed formalin (pH 7.2) and embedded in
paraffin. Sagittal and coronal sections (5 um) were mounted
on siliconized slides (Matsunami, Kishiwada, Japan),
deparaffinized and hydrated. Each section was permealized
with 0.5% Triton X-100 in phosphate-buffered saline (PBS)
and blocked with 10% normal horse serum plus 4% bovine
serum albumin for 30 min at 4 °C. Samples were incubated
with the primary antibodies described below in the presence
of 4% bovine serum albumin and either 0.05% Triton X-100,
tyrosine hydroxylase (1:100; Sigma-Aldrich), glutamic-acid
decarboxylase 65/67 (1:100; Sigma-Aldrich), or a-synuclein
(1:100; MP Biomedicals Inc.). After three washes with PBS
containing 0.1% Tween 20, each sample was incubated with
secondary fluorescence-labeled goat anti-mouse or -rabbit
immunoglobulin G (IgG; 1:2,000; Sigma-Aldrich) or
biotinylated goat anti-rabbit IgG (1:2,000; Lab Vision Corp.,
Fremont, California, USA), for 60 min at room temperature.
Each fluorescence-labeled sample was washed twice with
PBS and observed under a microscope (IX70; Olympus,
Tokyo, Japan); the biotinylated samples were labeled with
streptavidin-conjugated alkaline phosphatase and visualized
with 3,3'-diaminobenzidine (Fig. 4) or 5-bromo-4-chloro-3-
indolyl phosphate/nitroblue tetrazolium (Fig. 5). Images
were captured using Viewfinder Lite version 1.0 camera
software and a DP-50 digital camera (Olympus).

2.7. In Situ TUNEL Labeling

In situ TUNEL labeling was performed using an
Apoptotag In Situ Cell Death Detection kit (Intrerigene,
Purchase, NY, USA) as described previously, with slight
modifications [5]. The whole brain sample was fixed in 10%
phosphate-buffered formalin (pH 7.2) and embedded in
paraffin. After deparaffinization in xylene and rehydration
through a graded series of ethanol dilutions, the sample was
treated with 20 ug/ml of proteinase K for 15 min at room
temperature. After washing twice with PBS, H,0, (2%) was
used to quench the endogenous peroxidase. The sample was
then incubated with equilibration buffer for 15 s, terminal
deoxynucleotidyl transferase reaction solution for 1 h at
37 °C and Reaction Stop buffer for 10 min. It was then
blocked in 4% serum and 0.1% Triton X-100 in PBS for
30 min with intermittent washes in PBS. The sample was
incubated with a peroxidase-conjugated sheep anti-
digoxigenin antibody overnight at 4 °C. Finally, it was
processed for the visualization of immunoreactive protein
using 3,3'-diaminobenzidine as the substrate for the color
reaction. Images were captured as described above.
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2.8. Fluoro-Jade Staining

Brain tissues from control and bisphenol A-exposed rats
were stepwise rehydrated with decreasing concentrations of
alcohol, as described above. Fluoro-Jade C histochemistry
was done according to the manufacturer’s protocol
(CHEMICON, Temecula, California, USA).

2.9. Statistics

Statistical analyses were carried out with repeated
measure ANOVA or the Student’s ¢ test using StatView Ver.
5.0 software (SAS Institute, Cary, NC, USA).

3. RESULTS

3.1. Behavioral Traits of Adult Rats with Neonatal
Bisphenol A Lesions

Previously, we demonstrated that intracisternal
administration of 20 ug of bisphenol A (equivalent to
87 nmol in 10 pl of olive oil per rat) caused hyperactivity in
the juvenile (4~5 weeks of age), compared to control rats. In
the current study, we further measured their spontaneous
motor activity at 8 weeks of age. Fig. (1) shows that the
bisphenol A-induced hyperactivity seen at 4~5 weeks of age
had leveled off at 8 weeks of age, suggesting a compensatory
input against the dopaminergic neuronal deficit.
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Fig. (1). Effects of neonatal bisphenol A-induced lesions on
adult behavior in the rat. Following exposure of 5-day-old pups to
bisphenol A (20 ug), spontaneous motor activity was measured
during dark periods at 4 weeks (/eff) and at 8 weeks (right) of age.
Control pups received vehicle alone. *P<0.01. NS: not significant.

3.2. Long-Term Effects in Adult Rats of Neonatal
Bisphenol A Treatment

We then investigated the long-term effects of bisphenol
A using immunohistochemical analyses. Brain tissues from
8-week-old rats with neonatal bisphenol A lesions were
processed for immunoreactivity to tyrosine hydroxylase,
which is a rate-limiting enzyme in catecholamine synthesis.
In the control rats, the substantia nigra or ventral tegmental
area of the brain tissue strongly stained with the anti-tyrosine
hydroxylase antibody (Fig. 2a). However, a single
intracisternal injection of bisphenol A (20 ug) into rat pups
resulted in a large reduction of tyrosine hydroxylase
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immunoreactivity in the substantia nigra pars compacta and
the ventral tegmental area at 8 weeks of age (Fig. 2b); this
indicated degeneration of dopaminergic neurons. Similar
results were observed following a single intracisternal
injection of 100 ug of 6-OHDA (data not shown).
Immunostaining for glutamic-acid decarboxylase, which is
involved in vy-aminobutyric-acid synthesis, revealed its
presence in the substantia nigra pars reticulata (Fig. 2¢, d).
This confirmed that the effects of bisphenol A were specific
to dopaminergic neurons.

To determine whether the bisphenol A-induced reduction
of immunoreactive tyrosine hydroxylase in the
mesencephalon reflected degeneration of the dopaminergic
neurons, we performed terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL). No
labeled cells were observed in the control brain tissue
(Fig. 3a). By contrast, TUNEL-positive cells with nuclear
condensation were detected in the treated group (Fig. 3b, c¢),
which indicated that bisphenol A induced apoptotic cell
death in the substantia nigra.

Furthermore, we performed an immunohistochemical
analysis of a-synuclein in the chemically lesioned rats, since
it is reported to be a key component of the pathological
process of neurodegeneration [21]. Fig. (4) shows that the
control tissues showed faint staining (Fig. 4a, d), whereas a
significant accumulation of a-synuclein was seen in the
substantia nigra pars compacta of adult rats that had been
neonatally treated with bisphenol A (Fig. 4b, c¢). Further-
more, diffuse staining of o-synuclein was observed much
more in the cortex of chemically treated rats (Fig. 4e, f)
compared with that in the controls (Fig. 4d).

3.3. Microinjection of Bisphenol A into the Substantia
Nigra of Adult Rats

To determine the acute effects of bisphenol A on adult
dopaminergic neurons, we stereotaxically injected bisphenol
A (20 pg) or 6-OHDA (15 pg) into the left substania nigras
of 9-week-old rats. Control rats received vehicle alone. After
2 weeks, the rotation test was carried out after administration
of methamphetamine and was monitored using a video tape
recorder. The rotation behavior was then quantified
(Fig. 5A). The rats with 6-OHDA lesions rotated about 45
times in 10 min, whereas those treated with bisphenol A
performed about 1~4 rotations during the same time period.
Subsequently, the brain tissues were processed to assess
immunoreactivity of striatal tyrosine hydroxylase. The
striatum in control rats was strongly stained with the anti-
tyrosine hydroxylase antibody (Fig. 5B a). Microinjection
with bisphenol A resulted in a large reduction of ipsilateral
tyrosine hydroxylase immunoreactivity in the striatum
(Fig. SB b), indicating degeneration of dopaminergic
neurons. This was also observed after microinjection of
15 pg of 6-OHDA (Fig. 5B ¢).

3.4. Chronic Exposure of Adult Rats to Chemicals with
Osmotic Pumps

The chronic effects of bisphenol A on 7-week-old rats
were determined using osmotic pumps. At the beginning of
exposure, the chemical concentration was 3 mg/kg/day. The
adult rats were exposed to bisphenol A for 28 days. There
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Fig. (2). Selective loss of tyrosine hydroxylase immunoreactivity after bisphenol A administration. After intracisternal injection
of vehicle alone (a and ¢) or 20 ug bisphenol A (b and d) into 5-day-old rats, sagittal sections of brain at 8§ weeks of age were stained with
anti-tyrosine hydroxylase antibody (TH; a and b) or anti-glutamic-acid decarboxylase (GAD 65/67; ¢ and d). Scale bar = 50 wm.
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Fig. (3). In situ TUNEL staining of the mesencephalon. After intracisternal injection of (a) vehicle alone or (b) 20 ug bisphenol A into
5-day-old rats, sagittal sections of brain at 8 weeks of age were stained with TUNEL. (¢) A higher resolution image of apoptotic nuclei
(arrow) induced by the chemical. Scale bar =25 um.
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Fig. (4). Pathological hallmarks of neurodegeneration in adult rats lesioned as neonates by bisphenol A administration. After
intracisternal injection of vehicle alone (a and d) or 20 ug bisphenol A (b and e) into 5-day-old rats, coronal sections of brain at 8 weeks of
age were stained with anti-o-synuclein antibody (a—f). The substantia nigra is shown in a—c, the cortex is shown in d—f and higher resolution

images (¢ and f) are shown in the insets. Scale bar = 50 um.

was no significant difference in spontaneous motor activity,
as shown in Fig. (6A), in contrast to rotenone 3 mg/kg/day, a
dopaminergic toxin, which caused 49% hypoactivity, as seen
in Parkinson’s model rats (manuscript in preparation). Brain
tissue was then stained with Fluoro-Jade (Fig. 6B);
fluorescent signals were observed in the substantia nigra of
bisphenol A-treated rats (Fig. 6B b), whereas none were seen
in the control rat tissues (Fig. 6B a), indicating
neurodegeneration by bisphenol A in adult rats.

DISCUSSION

Neuronal toxicity of bisphenol A has been shown in
experimental animals. Since animals are very sensitive to
exogenous chemicals during perinatal or neonatal periods,
many animal studies have focused on these times. The
effects of perinatal exposure to bisphenol A have been
shown to affect various aspects of behavior such as
exploratory, sociosexual [22], and aggressive behaviors [23],
as well as anxiety levels [24], and nociception [25], and the
response to D-amphetamine [26]. Impairment by bisphenol A
of sexual differentiation of exploratory behavior and the size
of the locus coeruleus was also observed [27], and it also
increased depression-like behavior [28]. Furthermore,
neocortical histogenesis was perturbed by bisphenol A [29].
We have demonstrated that rat hyperactivity was elicited by
bisphenol A via both intracisternal administration [4] and
oral administration to 5-day-old Wistar pups [5].

In this study, we demonstrated neurodegeneration in the
adult rat by acute and chronic exposure to bisphenol A. It is
notable that bisphenol A degenerates adult dopaminergic
neurons. However, it did not lead to behavior alteration,
whereas neonatal administration of bisphenol A caused
hyperactivity in the juvenile. The extent of lesions in the
adult rat was not sufficient to induce behavioral alterations.
As seen in Fig. (5B), microinjection of 6-OHDA into the
unilateral substantia nigra completely degenerated striatal
dopaminergic neurons (c), whereas that of bisphenol A did
not completely destroy those neurons (b). Therefore,
behavioral effects of bisphenol A were not observed
(Fig. 5A). This might reflect the fact that threshold for
Parkinson’s disease is less than 20% of remaining striatal
dopamine neurons [10]. This might be the case of chronic
exposure to bisphenol A (Fig. 6A, B). Thus, the developing
central nervous system is much more vulnerable to bisphenol
A exposure. This might reflect the fact that the ability of the
newborn to metabolize, detoxify and eliminate many toxins
is different from that of adults, in the brain as well as in
peripheral systems [30]. Furthermore, postnatal neurological
development is a highly complex process, involving cell
division, differentiation, and migration during structuring of
the central nervous system; therefore, this period might
present numerous “windows of opportunity” for the
chemical to interfere with normal neuronal development.



14 Open Environmental Sciences, 2014, Volume 8 Ishido and Masuo

(A)

60

50

40

30

Rotation/10 min

20

10

0 —F—
ctrl 60HDA BPA
(B)

Fig. (5). Microinjection of bisphenol A or 6-hydroxydopamine in the substantia nigra of adult rats. Male 9-week-old rats were
anesthetized with ketamine (150-175 mg/kg intraperitoneally) and placed on a stereotaxic apparatus, followed by injection of vehicle
(ctrl: n=9), bisphenol A (BPA: 20 ng; n=5) or 6-hydroxydopamine (60OHDA: 15 pg; n=5) into the substantia nigra over a 3-min period.
(A) After 2 weeks, rotation behavior induced by methamphetamine (3 mg/kg, intraperitoneally) was monitored using a video recorder and
was scored. (B) Brains were then removed and subjected to immunohistochemistry to detect striatal tyrosine hydroxylase, as indicated.
a: ctrl; b: BPA; ¢ 60HDA. Scale bar = 1 mm.
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Fig. (6). Chronic exposure of adult rats to bisphenol A. Vehicle alone (ctrl) or bisphenol A (BPA) (3 mg/kg/day) was infused
subcutaneously into adult Wistar rats using Alzet minipumps for 28 days. (A) After exposure, spontaneous motor activity was measured
by a Supermex system. NS: Not significant. (B) Brains were then removed and subjected to Fluoro-Jade staining. a; control rats: b; bisphenol

A-treated rats.

Recently, there have been some reports that examined
adult exposure to bisphenol A. Particularly, it is of interest
that bisphenol A exerts a powerful impact on neural system
[14-16]. It was shown using a dose that is below the USEPA
reference safe daily limit of 50 pg/kg/day [31]. In this study,
we employed 3 mg/kg/day, whose dose is as same as that
used in rotenone models of Parkinson’s disease [20].
Although the dose (3 mg/kg/day) is much higher than that of
USEPA reference safe daily limit, it would be helpful to
predict the low-dose effects of bisphenol A. Therefore,
future study should be made sure by chronic exposure for
much longer periods.

Dysfunction of dopamine neurons has been implicated in
many neurological diseases, and they are especially
vulnerable to degeneration, most notably in Parkinson’s
disease [9-11]. In this disease, motor disturbances do not
present clinically until ~80% of striatal dopamine has
already been lost; however, other non-motor symptoms are
evident before the onset of motor disturbances [9]. These
include sleep abnormalities, autonomic dysfunction, anxiety,
depression, gastrointestinal disturbances, and impaired
cognition. Animal models of Parkinson’s disease are

generated by exposing adult animals to dopamine-selective
neurotoxins, such as 6-OHDA or MPTP [12, 13]. Non-motor
phenotypes are present in these models [32]. Thus, it is
tempting to extensively analyze bisphenol A models for
similar manifestations of disease.

Parkinson’s disease involves a progressive loss of
dopamine neurons. Recently, to understand its etiology,
attention has been paid to the developmental origins of
health and disease (DOHaD) paradigm as a working
hypothesis. The DOHaD paradigm was based on a concept
by Dr. Barker [33], who hypothesized, after epidemiological
studies, that fetal undernutrition during critical periods of
vulnerability in early development leads to persistent
changes in hormone levels and to altered tissue sensitivity to
these hormones, permanently altering metabolism and body
structure. His concepts thereafter extended to other adult
diseases [34]. Many researchers further extended this
concept to environmental issues. According to the DOHaD
hypothesis, Parkinson’s disease might begin early in life.
One possible explanation for this phenomenon is that early
exposure to neurotoxic chemicals reduces the number of
dopaminergic neurons in the substantia nigra to levels below
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those needed to sustain normal function during the course of
neuronal attrition associated with aging. The -currently
reported bisphenol A hyperactive rat model includes
dopaminergic degeneration and hyperactive behavior that
decreases to a normal level at adulthood, probably by
compensatory input. Therefore, it may be an appropriate
model to use to determine whether neonatal bisphenol A
lesions might facilitate degeneration of dopaminergic
neurons, leading to hypokinesia in adulthood, as seen in
Parkinson’s disease. Such distinct temporal effects are seen
in von Economo’s encephalic lethargica: hyperactivity, sleep
disorders and antisocial personality disorder occur in
childhood, and Parkinsonism is observed in adulthood [35],
although the etiology remains unclear.

Some of recent human studies report that bisphenol A
may affects humans, but others do not [36]. In the reports
indicating the possible association of bisphenol A exposure
with human diseases, the attention has been paid to altered
behavior in children exposed to the chemical in utero or
before puberty, as well as adult obesity, type-2 diabetes, and
cardiovascular disorders.

Thus, government regulation has been done to ban its use
in baby bottles and sippy cups in some countries such as the
United States, Canada, and EU.

In conclusion, acute and chronic exposure of adult rats to
bisphenol A caused neurodegeneration in the substantia
nigra. However, behavioral effects were not seen after either
acute or chronic exposure to the chemical. The sensitivity of
the central nervous system to bisphenol A was shown to be
different at different life stages, confirming the greater
vulnerability of the developing central nervous system.
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