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Prolonged exposure to a low-dose of bisphenol A increases
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Abstract We investigated the effects of bisphenol A
(BPA), an environmental endocrine-disrupting chemical,
on spontaneous motor activity in adult male rats. The rats
were implanted intraperitoneally with mini-osmotic pumps
containing either BPA (50 pg/kg body weight per day) in
sesame oil (BPA-treated group) or sesame oil only (vehi-
cle-treated group). Spontaneous motor activity during a
24-h period was measured over 5 days from day 9 to day
13 after implantation using an animal movement analysis
system. Spontaneous motor activity during the last 2 h of
the dark phase and during the first 1-h of the light phase
was increased in the BPA-treated group. Total spontaneous
motor activity during the 12-h light phase, but not the 12-h
dark phase, was higher in the BPA-treated group than in the
vehicle-treated group. These findings suggest that BPA
may induce hyperactivity in adult male rats during the 12-h
light phase, especially during the 2 h immediately pre-
ceding sleep-onset and 1 h immediately following sleep-
onset.
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Introduction

Bisphenol A (BPA) is an environmental endocrine-dis-

rupting chemical that is ubiquitously present in the envi-
ronment. BPA leaches from products containing

K. Nojima - T. Takata - H. Masuno (PX)

Department of Medical Technology, Faculty of Health Sciences,
Ehime Prefectural University of Health Sciences, Takooda,
Tobe-cho, Iyo-gun, Ehime 791-2101, Japan

e-mail: hmasuno@epu.ac.jp

polycarbonate plastics, such as baby bottles [1], food
containers [2], and beverage containers [3], and sealants
and dental composite resins [4]. Microgram amounts of
BPA have been found in both extracted foods and water
from autoclaved cans (4-23 pg/can) [2] and in saliva
(9-931 pg) during the first 1 h after the application of a
dental sealant (50 mg) [4]. The maximum amount (931 pg)
recorded in saliva has been reported to represent 13.3 ng/
kg body weight for a person weighing 70 kg and 37.2 ng/
kg body weight for a child weighing 25 kg [5]. BPA has
also been found in serum, breast milk, amniotic fluid, and
placental tissue at birth in humans [6—8]. The concentration
of BPA in various human biological fluids has been
reported to be 2.0 £ 0.8 ng/ml in non-pregnant woman
serum [7], 2.2 & 1.8 ng/ml in fetal serum [7], 8.3 &
8.9 ng/ml in amniotic fluid obtained at 15-18 weeks ges-
tation [7], and 0.61 % 0.20 ng/ml in breast milk [8]. These
findings indicate that humans are persistently exposed to
BPA and routinely ingest BPA.

In rodents, BPA induces abnormalities in nonreproduc-
tive behaviors, such as spontaneous motor activity, loco-
motor activity, and aggressive behavior [9—15]. In male
rats aged 4-5 weeks, postnatal exposure to BPA increases
spontaneous motor activity [9-12], while perinatal and
postnatal exposure to BPA increases locomotor activity in
female mice at 30 days of age and decreases it in male
mice at the same age compared with the sex- and age-
matched controls [13]. Pubertal exposure to BPA decreases
locomotor activity in female mice at 60—70 days of age
[14], and perinatal exposure to BPA temporarily activates
aggressive behavior in male mice at 8 weeks of age [15].
Thus, exposure to BPA during the perinatal and/or post-
natal periods leads to behavioral alterations in adulthood.
However, there has also been a report of the oral admin-
istration of BPA to pregnant rats from gestational day 3
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until postnatal day 20 not affecting total spontaneous motor
activity and the immobile time during the dark phase in
male offspring at 12 weeks of age [16].

The question of whether the exposure of adult rodents to
BPA induces behavioral alterations has not yet been
answered. In the study reported here, we investigated
whether the prolonged exposure of 8-week-old male rats to
BPA would cause alterations in spontaneous motor activity
using an animal movement analysis system.

Materials and methods
Animals and materials

Male Sprague Dawley (SD) rats (8 weeks of age) were
obtained from Japan SLC (Shizuoka, Japan). ALZET mini-
osmotic pumps (model 2004; pumping rate 0.25 pl/h;
duration 28 days) were obtained from DURECT Co.
(Cupertino, CA). BPA was obtained from Tokyo Kasei Co.
(Tokyo, Japan), and sesame oil was obtained from Sigma-
Aldrich (St. Louis, MO).

Treatment of animals

Male SD rats were maintained in a temperature- and light-
controlled room (12/12-h light/dark cycle; lights on at 1900
hours and off at 0700 hours) and were allowed free access
to a standard laboratory chow (CE-7 diet; Clea Japan Inc.,
Tokyo, Japan) and tap water in glass bottles. The rats were
weighed and implanted intraperitoneally with ALZET
mini-osmotic pumps under nembutal anesthesia. BPA was
dissolved in sesame oil at a concentration of 1.83 & 0.01
pg/ul (n = 7). The pumps were designed to deliver 50 pg
of BPA/kg body weight per day based on initial body
weight (BPA-treated group). The vehicle-treated group was
implanted with the pump containing sesame oil only. The
initial body weight of the rats was 219 £ 3 g in the vehi-
cle-treated group (n =7) and 220 £ 1 g in the BPA-
treated group (n = 7). There were no differences in final
body weight on day 28 after implantation between the two
groups [vehicle-treated group (n = 7) 346 £+ 11 g; BPA-
treated group (n = 7) 350 £ 9 g].

All animals were treated humanely, and care was taken
to alleviate suffering. The experimental protocols were
reviewed and approved by the local Animal Ethics Com-
mittees at the Ehime Prefectural University of Health
Sciences (Approval No. 14), Ehime, Japan.

Behavioral experiments

Spontaneous motor activity was measured using an animal
movement analysis system (Scanet SV-10; MATYS,
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Toyama, Japan). The system consisted of a rectangular
enclosure (480 x 300 mm) with side walls (height
60 mm). The side walls were equipped with 144 pairs of
photosensors located 30 mm from the bottom edge and
placed at 5-mm intervals. Each pair of photosensors
scanned every 0.1 s to detect animal movements. Each rat
was individually placed in a standard rat cage
(445 x 276 x 204 mm) which was fixed at the center of
the apparatus. The data on spontaneous motor activity were
recorded separately for 48 consecutive periods of 30 min
each. Spontaneous motor activity during a 24-h period was
monitored over 5 days, from day 9 until day 13 after
implantation.

Statistical analyses

Significant differences between the two independent
groups were analyzed with the Mann—Whitney U test using
StatView ver. 5.0 software (SAS Institute, Cary, NC).
Significant differences among multiple groups in Fig. 2
were evaluated with analysis of variance (ANOVA). For all
statistical analyses, the criterion for significance was
p < 0.05. All values are expressed as the mean =+ standard
error of the mean (SEM).

Results

The mini-osmotic pumps containing either vehicle or BPA
(50 pg/kg body weight per day) were implanted intraperi-
toneally into 8-week-old male rats, and spontaneous motor
activity during a 24-h period was measured over 5 days
from day 9 until day 13 after implantation using an animal
movement analysis system. Figure 1 shows the mean
spontaneous motor activity during the 5-day experimental
period. Spontaneous motor activities at 1900, 2200 and
0200 hours were 1.41-, 1.73- and 1.63-fold, respectively,
higher in the BPA-treated group [5,812 & 529 counts/h
(n = 35) at 1900 hours, p < 0.05; 1,406 £ 206 counts/h
(n = 35) at 2200 hours, p < 0.05; 1,095 £ 178 counts/h
(n = 35) at 0200 hours, p < 0.05] than in the vehicle-
treated group [4,109 + 418 counts/h (n =35) at
1900 hours; 813 £ 145 counts/h (n = 35) at 2200 hours;
672 £ 119 counts/h (n = 35) at 0200 hours]. Spontaneous
motor activity from 1700 to 1800 hours was 1.17-fold
higher in the BPA-treated group [15,655 &+ 634 counts/2 h
(n = 35), p <0.005] than in the vehicle-treated group
[13,371 £ 520 counts/2 h (n = 35)]. All rats in both the
vehicle-treated and BPA-treated groups were much more
active during the dark phase than in the light phase. BPA
did not alter the rhythm of spontaneous motor activity

(Fig. 1).
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Fig. 1 Effects of bisphenol A (BPA) on spontaneous motor activity.
Spontaneous motor activity was measured over 5 days from day 9
until day 13 after implantation. The mean spontaneous motor activity
during the 5-day experimental period is as the mean =+ standard error
of the mean (SEM) for seven rats. *p < 0.05, **p < 0.005 (compared
with the values of the vehicle-treated group at the corresponding time
by the Mann—Whitney U test). Open circle Vehicle-treated group,
filled circle BPA-treated group

Fig. 2 Effects of BPA on total
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Figure 2 shows the total spontaneous motor activity
during the whole day, the 12-h light phase, and the 12-h
dark phase for each day. In the whole day, BPA increased
total spontaneous motor activity by 15 % on day 9, 18 %
on day 10, 15 % on day 11, 16 % on day 12, and 13 % on
day 13 compared with the vehicle-treated group on the
corresponding day (Fig. 2a), but these differences were not
significant [F(9,60) = 1.896, p = 0.0698 by ANOVA].
The sum of total spontaneous motor activity in the whole
day during the 5-day experimental period was 1.15-fold
higher in the BPA-treated group [442,127 + 23,592
counts/5 days (n = 7), p < 0.05] than in the vehicle-trea-
ted group [383,317 £ 18,274 counts/5 days (n = 7)]
(Fig. 3a). In the light phase, BPA increased total sponta-
neous motor activity by 27 % on day 9, 36 % on day 10,
34 % on day 11 (p < 0.05), 48 % on day 12 (p < 0.05),
and 29 % on day 13 compared with the vehicle-treated
group on the corresponding day [F(9,60) = 3.136,
p = 0.0037] (Fig. 2b). The sum of total spontaneous motor
activity in the light phase during the 5-day experimental
period was 1.34-fold higher in the BPA-treated group
[111,175 & 7,266 counts/5 days (n = 7), p < 0.01] than in
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Fig. 3 Effects of BPA on the
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the vehicle-treated group [82,774 £ 5,063 counts/5 days
(n = 7)] (Fig. 3b). In the dark phase, BPA did not increase
total spontaneous motor activity on each day compared
with the vehicle-treated group on the corresponding day
[F(9,60) = 0.714, p = 0.6942] (Fig. 2¢). No difference in
the sum of total spontaneous motor activity in the dark
phase during the 5-day experimental period was observed
between the BPA-treated group [330,952 + 18,602 counts/
5 days (n = 7)] and the vehicle-treated group [300,542 +
17,138 counts/5 days (n = 7)] (Fig. 3c).

Discussion

The aim of this study was to investigate whether BPA
induces behavioral alterations in adult rats. To this end, we
administered BPA intraperitoneally to 8-week-old male
rats using a mini-osmotic pump and measured spontaneous
motor activity over 5 days from day 9 to day 13 after pump
implantation. The results of our spontaneous motor activity
measurements showed that prolonged exposure of adult
rats to BPA increased total spontaneous motor activity in
the light phase during the 5-day experimental period
compared with the vehicle-treated group. In the dark phase,
total spontaneous motor activity of the BPA-treated group
did not differ from that of the vehicle-treated groups. These
findings suggest that BPA induced hyperactivity in the
light phase, but not the dark phase, in adult rats. Moreover,
we found that BPA increased spontaneous motor activity
during the last 2 h of the dark phase and during the first 1 h
of the light phase, thus suggesting that BPA induced
hyperactivity before and after sleep-onset.

In our study, we consistently administered BPA intra-
peritoneally at 50 pg/kg body weight per day to male rats
from 8 to 11 weeks of age and found the induction of
hyperactivity in the light phase over the 5 days from day 9
to day 13 after BPA administration. Masuo et al. [9] and
Ishido et al. [10] administered BPA intracisternally at
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0.2 ug/10 g body weight into 5-day-old male rats and
found the induction of hyperactivity in the dark phase at
4-5 weeks of age. These doses of BPA are below or
equivalent to the “Tolerable Daily Intake” as established
by the European Food Safety Authority [EFSA Press
Release: EFSA update advice on bisphenol A (30 Sep-
tember 2010); available at http://www.efsa.europa.eu/en/
press/mews/cef100930.htm]. In addition, these authors
reported that the intracisternal administration of BPA at
higher doses (2 and 20 pg/pup), which are below the “no
observed adverse effect level” of BPA (50 mg/kg body
weight per day) [17], also induced hyperactivity in the dark
phase [9, 10]. Moreover, Ishido et al. [12] reported that oral
administration of BPA at 600 pg/pup per day to male rats
daily from 5 days to 3 weeks of age induced hyperactivity
in the dark phase, but not the light phase, at 4-5 weeks of
age. Taken together, the differences between our findings
and those of previous studies may be due to the different
timing of BPA exposure, but not to different doses and
routes of BPA administration.

To date, the majority of studies looking at the impact of
BPA on behavior have focused on exposure to BPA during
the perinatal and/or postnatal periods [9-16] because the
nervous system during these periods seems to be vulnerable
to this chemical [18]. For example, Ishido et al. [10] found
that a single intracisternal injection of BPA to 5-day-old
male rats decreased gene expression levels of the dopamine
D4 receptor in the striatum at 4 weeks of age and the
dopamine transporter in the midbrain at 8 weeks of age. In
our study, we administered BPA intraperitoneally into
8-week-old male rats because the nervous system has been
reported to continue to remodel and change not just early in
development but throughout the entire period of develop-
ment and even during adulthood [18]. Whether BPA
reaches the brain and affects the nervous system in adult
rats remains unclear from our results. Funabashi et al. [19]
reported that a single subcutaneous injection of BPA into
8-week-old ovariectomized rats increased the expression of
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progesterone receptor mRNA in the frontal cortex of the
brain and decreased it in the temporal cortex. Moreover,
oral administration of BPA to adult female rats from the
day of mating until weaning of the young has been reported
to decrease the number of estrogen receptor-immunoreac-
tive cells in the arcuate nucleus of hypothalamus of lac-
tating rats [20]. These findings indicate that BPA passes
through the blood—brain barrier and affects the brain in
adult rats. The mechanism by which BPA administered
intraperitoneally to adult rats induced this hyperactivity in
the light phase is now the subject of a continuing
investigation.

In conclusion, prolonged exposure of adult male rats to a
low-dose of BPA induced hyperactivity during the 12-h
light phase. BPA also induced hyperactivity during the 2 h
immediately preceding sleep-onset and during the 1 h
immediately following sleep-onset, suggesting that it may
induce delayed sleep-onset.

Conflict of interest None.

References

1. Brede C, Fjeldal P, Skjevrak I, Herikstad H (2003) Increased
migration levels of bisphenol A from polycarbonate baby bottles
after dishwashing, boiling and brushing. Food Addit Contam
20:684-689

2. Brotons JA, Olea-Serrano MF, Villalobos M, Pedraza V, Olea N
(1995) Xenoestrogens released from lacquer coatings in food
cans. Environ Health Perspect 103:608-612

3. Biles JE, McNeal TP, Begley TH, Hollifield HC (1997) Deter-
mination of bisphenol-A in reusable polycarbonate food-contact
plastics and migration to food stimulating liquids. J Agric Food
Chem 45:3541-3544

4. Olea N, Pulgar R, Perez P, Olea-Serrano F, Rivas A, Novillo-
Fertrell A, Pedraza V, Soto AM, Sonnenschein C (1996) Estr-
ogenicity of resin-based composites and sealants used in den-
tistry. Environ Health Perspect 104:298-305

5. vom Saal FS, Cooke PS, Buchanan DL, Palanza P, Thayer KA,
Nagel SC, Parmigiani S, Welshons WV (1998) A physiologically
based approach to the study of bisphenol A and other estrogenic
chemicals on the size of reproductive organs, daily sperm pro-
duction, and behavior. Toxicol Ind Health 14:239-260

6. Schonfelder G, Wittfoht W, Hopp H, Talsness CE, Paul M,
Chahoud I (2002) Parent bisphenol A accumulation in the
human maternal-fetal-placental unit. Environ Health Perspect
110:A703-A707

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

. Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y (2002)

Determination of bisphenol A concentrations in human biological
fluids reveals significant early prenatal exposure. Hum Reprod
17:2839-2841

. Sun Y, Irie M, Kishikawa N, Wada M, Kuroda N, Nakashima K

(2004) Determination of bisphenol A in human breast milk by
HPLC with column-switching and fluorescence detection. Bio-
med Chromatogr 18:501-507

. Masuo Y, Ishido M, Morita M, Oka S (2004) Effects of neonatal

treatment with 6-hydroxydopamine and endocrine disruptors on
motor activity and gene expression in rats. Neural Plast 11:59-76
Ishido M, Masuo Y, Kunimoto M, Oka S, Morita M (2004) Bi-
sphenol A causes hyperactivity in the rat concomitantly with
impairment of tyrosine hydroxylase immunoreactivity. J Neurosci
Res 76:423-433

Ishido M, Masuo Y, Terasaki M, Morita M (2011) Rat hyper-
activity by bisphenol A, but not by its derivatives, 3-hydroxybi-
sphenol A or bisphenol A 3,4-quinone. Toxicol Lett 206:300-305
Ishido M, Yonemoto J, Morita M (2007) Mesencephalic neuro-
degeneration in the orally administered bisphenol A-caused
hyperactive rats. Toxicol Lett 173:66-72

Gioiosa L, Fissore E, Ghirardelli G, Parmigiani S, Palanza P
(2007) Developmental exposure to low-dose estrogenic endocrine
disruptors alters sex differences in exploration and emotional
responses in mice. Horm Behav 52:307-316

Yu C, Tai F, Song Z, Wu R, Zhang X, He F (2011) Pubertal
exposure to bisphenol A disrupts behavior in adult C57BL/6J
mice. Environ Toxicol Pharmacol 31:88-99

Kawai K, Nozaki T, Nishikata H, Aou S, Takii M, Kubo C (2003)
Aggressive behavior and serum testosterone concentration during
the maturation process of male mice: the effects of fetal exposure
to bisphenol A. Environ Health Perspect 111:175-178

. Negishi T, Kawasaki K, Suzaki S, Maeda H, Ishii Y, Kyuwa S,

Kuroda Y, Yoshikawa Y (2004) Behavioral alterations in
response to fear-provoking stimuli and tranylcypromine induced
by perinatal exposure to bisphenol A and nonylphenol in male
rats. Environ Health Perspect 112:1159-1164

Tyl RW, Myers CB, Marr MC, Thomas BF, Keimowitz AR,
Brine DR, Veselica MM, Fail PA, Chang TY, Seely JC, Joiner
RL, Butala JH, Dimond SS, Cagen SZ, Shiotsuka RN, Stropp
GD, Waechter JM (2002) Three-generation reproductive toxicity
study of dietary bisphenol A in CD Sprague-Dawley rats. Toxicol
Sci 68:121-146

Rice D, Brone S Jr (2000) Critical periods of vulnerability for the
developing nervous system: evidence from humans and animal
models. Environ Health Perspect 108:511-533

Funabashi T, Nakamura TJ, Kimura F (2004) p-Nonylphenol,
4-tert-octylphenol and bisphenol A increase the expression of
progesterone receptor mRNA in the frontal cortex of adult
ovariectomized rats. J Neuroendocrinol 16:99-104

Aloisi AM, Della Seta D, Ceccarelli I, Farabollini F (2001) Bi-
sphenol-A differently affects estrogen receptors-o in estrous-
cycling and lactating rats. Neurosci Lett 310:49-52

@ Springer



	Prolonged exposure to a low-dose of bisphenol A increases spontaneous motor activity in adult male rats
	Abstract
	Introduction
	Materials and methods
	Animals and materials
	Treatment of animals
	Behavioral experiments
	Statistical analyses

	Results
	Discussion
	Conflict of interest
	References


