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Abstract: Neonatal exposure of rats to bisphenol-
A, an endocrine disruptor, has recently been proposed
as a possible animal model of attention-deficit
hyperactivity disorder, because such rats exhibit motor
hyperactivity and impaired habituation to a novel
environment 4-5 weeks after bisphenol-A pretreatment.
To extend the original experiments, the present study
additionally analyzed the effects of neonatal exposure
to bisphenol-A (20 and 40 µg) on rat habituation to a
novel environment and drug-induced behavior
particularly at a later stage after bisphenol-A
pretreatment. Single intracisternal administration of
bisphenol-A (20 µg) into 5-day-old male Wistar rats did
not cause any significant changes in habituation, as
assessed in terms of locomotor activity, rearing, sniffing
and grooming in rats at 8 weeks of age. Methylphenidate
(1 and 3 mg/kg, i.p.), a psychostimulant, dose-
dependently enhanced locomotor activity in both
vehicle- and bisphenol-A (20 µg)-pretreated rats at 8
weeks of age, whereas other behaviors, i.e. rearing,
sniffing and grooming, were not significantly affected.
Additional challenge with apomorphine (1 mg/kg, i.v.),
a dopamine receptor agonist, in vehicle- and bisphenol-
A (20 and 40 µg)-pretreated rats at 10 weeks of age

elicited a similar level of repetitive jaw movements
measured by a magnet-sensing system under freely
moving conditions during both the dark and the light
phases. Thus, the effects of apomorphine did not differ
between bisphenol-A-pretreated and vehicle-pretreated
rats. It is concluded that, though some behavioral
changes are evident in rats at an early stage (4-5 weeks)
after neonatal treatment with bisphenol-A, the
pretreatment does not induce any behavioral changes
in habituation to a novel environment or in response
to methylphenidate and to apomorphine at a later
stage (8-10 weeks). (J. Oral Sci. 49, 311-318, 2007)
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Introduction
Neonatal exposure of rats to bisphenol-A, an endocrine

disruptor, has recently been proposed as an animal model
of attention-deficit hyperactivity disorder (ADHD) because
such rats exhibit motor hyperactivity (1). More specifically,
rats that are treated with bisphenol-A on postnatal day 5
show spontaneous motor hyperactivity in their home cage,
particularly during the early dark phase, at 4-5 weeks of
age when compared with vehicle-pretreated rats (2-4).
Since ADHD is characterized by an impaired habituation
response to novelty (5-7) and since motor hyperactivity
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seen in ADHD patients is attenuated by methylphenidate
treatment (8-14), we have recently studied the habituation
response to a novel environment and responsivity to
methylphenidate during the dark as well the light phase.
We demonstrated that single intracisternal administration
of bisphenol-A (20 and 40 µg) into 5-day-old male Wistar
rats impaired habituation to a novel environment by
measuring motor behavior, rearing, sniffing and grooming
in the light but not the dark phase, without any change in
the response to methylphenidate at 4 weeks of age
(unpublished results).

Rats with neonatal exposure to bisphenol-A have been
reported to show a reduction of tyrosine hydroxylase
immunoreactivity in the substantia nigra at 8 weeks of age
(2), suggesting that postsynaptic dopamine receptors may
be functionally up-regulated because of a reduced dopamine
concentration at the dopaminergic neuron terminals.
Therefore, it would be expected that the habituation
response to a novel environment and responsivity to
methylphenidate in bisphenol-A-pretreated rats aged
around 8 weeks would also be enhanced.

We have previously reported that jaw movements
occurring in response to stimulation of dopamine receptors
is a convenient parameter for examination of dopamine
receptor function (15-18). On the basis of these findings,
we hypothesized that the function of postsynaptic dopamine
receptors in the brain structures that are involved in the
elicitation of jaw movements would be enhanced in
bisphenol-A-pretreated rats relative to vehicle-pretreated
rats at around 8 weeks of age. In order to investigate this
hypothesis, we further analyzed the effects of systemic
injections of the dopamine receptor agonist, apomorphine
(1 mg/kg, i.v.), in bisphenol-A pretreated rats. This dose
of apomorphine was chosen because it is known to readily
produce repetitive jaw movements in rats when
administered intravenously (16,17).

Materials and Methods
Animals

Pregnant Wistar rats (Ishikawa Laboratory Animals,
Saitama, Japan) were housed for at least 1 week in cages
(42 × 26 × 20 cm) that were kept at constant room
temperature and relative humidity (23 ± 2°C and 55 ± 5%,
respectively) under a 12-h light/dark cycle (lights on at
07:00 h), with free access to food and water. Then, 8-15
pups born from pregnant dams were housed in the same
environment and weaned at 3 weeks of age.

Measurement of behavior
To measure locomotor activity, rearing, sniffing and

grooming, rats at 8 weeks (262.8 ± 3.5 g) of age were placed

singly in experimental boxes (30 × 30 × 35 cm) with
Perspex sides at 09:00 h (light phase observation).
Locomotor activity was measured with a battery of infra-
red photocells set 2 cm above the floor (Opto-Varimex,
Columbas Instruments Ltd., Ohio, USA) and the number
of beam interruptions during a 30-min observation period
was automatically registered as locomotor activity. During
light phase observations, the number of episodes of other
types of behavior, i.e. rearing, sniffing and grooming, was
also counted visually by a trained observer who was blind
to the treatments (15,19-22): each number (rearing) or
episode (sniffing or grooming) was scored as a “1”. Rearing
is characterized by rats standing up (including use of the
cage wall) on the two hindlimbs. A sniffing period consists
of distinct movement of the snout and vibrissae lasting 2-
5 s, and a grooming period consists of movements related
to grooming of the face, snout and/or trunk with the
forelimbs and lasting 2-5 s.

Surgical procedures for measurement of jaw
movements

The surgical and recording procedures employed were
as described previously (16-18). Briefly, male rats at 9
weeks of age were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.), and a neodymium magnet (5.0 mm
diameter, 2.0 mm thick, 350 mT; N-39SH, Niroku
Seisakusho, Shiga, Japan) was fixed to the mandible with
dental acrylic cement. Then the rats were placed in a
stereotaxic frame to fix a Hall-effect transducer (HW-
300B, Asahi Kasei Electronics, Tokyo, Japan) to the skull
with stainless steel screws and dental acrylic cement. The
rats were allowed to recover from the operation for one
week. On the day of behavioral observation, the rats at 10
weeks of age (319 ± 6.3 g) were placed individually in an
activity box (40 × 40 × 40 cm) with Perspex sides and a
wire-mesh floor at least 30 min before commencing
observation, i.e. at 09:00 h (light phase observation) and
at 21:00 h (dark phase observation).

Jaw movements were recorded on a tape recorder (RD-
180T, TEAC, Tokyo, Japan) for automatic off-line analysis
with a spike trigger that counted vertical jaw movements
during every 5-min period for 60 min.

The experiments were approved by the Animal
Experimentation Committee of Nihon University School
of Dentistry and were performed in accordance with
institutional guidelines for the care and use of experimental
animals, based on the UK Animals Scientific Procedures
Act 1986. All efforts were made to minimize animal
suffering and to minimize the number of animals used.
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Drugs
Bisphenol-A (Wako Pure Chemical Industries, Tokyo,

Japan) was suspended in a minimal amount of 50% ethanol
and made up to the required volume with olive oil (Nakarai
Tesque, Tokyo, Japan). The chemical (87 nmol/10 µl/rat,
= 20 µg/rat; 174 nmol/10 µl/rat, = 40 µg/rat) was injected
intracisternally into 5-day-old male pups. For intracisternal
injection, each pup was held manually and the injection
needle (o.d. 0.5 mm) was lowered toward the cisterna
magna. The needle was connected to a Hamilton syringe
(25 µl) and the drug was slowly delivered by hand in a
volume of 10 µl over 5 s, after which the needle was left
in place for a further 15 s. The pretreatment was conducted
only once. Control rats were injected with the vehicle for
bisphenol-A (10 µl). Methylphenidate (Sigma, St Louis,
MO, USA) and apomorphine (Sigma, St Louis, MO, USA)
were dissolved in saline immediately before use, and
injected intraperitoneally and intravenously from the tail
vein, respectively. The doses of the drugs employed in this
study were based on previous studies: bisphenol-A (1-4),
methylphenidate (23), apomorphine (16,17).

Data analysis
All values are expressed as means ± S.E.M. The time-

course data for behaviors counted during a 30-min
observation period were analyzed using two-way (treatment
× time) analysis of variance (ANOVA) for repeated
measures (time), followed by post hoc Dunnett’s multiple
comparison tests when appropriate. The summed data for
jaw movements counted during a 60-min observation
period were analyzed using three-way (pretreatment ×
phase × challenge drug) ANOVA. Differences at P < 0.05
were considered to be statistically significant.

Results
Effects of intracisternal bisphenol-A admi-
nistration on locomotor activity, rearing, sniffing
and grooming during the light phase

Immediately after the rats had been placed into a novel
environment (the observation cage), they showed a high
level of locomotor activity, rearing, and sniffing that
gradually decreased over the 30-min observation period
(Fig. 1). Though grooming was maintained at a low level
throughout the observation period, early postnatal
pretreatment with bisphenol-A (n = 23) had no significant
effect on behavior habituation when compared to the
vehicle control (n = 21) during the light phase at 8 weeks
of age (Fig. 1).

Methylphenidate responsivity of locomotor
activity, rearing, sniffing and grooming during
the light phase in bisphenol-A- or vehicle-
pretreated rats

Intraperitoneal injection of methylphenidate (1 and 3
mg/kg) enhanced locomotor activity in a dose-related
manner during the dark phase in both vehicle-pretreated
and bisphenol-A-pretreated rats at 8 weeks of age (vehicle:
F(2,101) = 13.90, P < 0.0001; bisphenol-A: F(2,113) = 7.87,
P < 0.001) (Fig. 2, upper part). However, there was no
difference in the responsivity to methylphenidate between
bisphenol-A-pretreated and vehicle-pretreated rats.

Except for a modest enhancement of grooming in
vehicle-pretreated rats (F(2,101) = 6.44, P < 0.01),
methylphenidate produced no significant change in rearing,
sniffing and grooming (Fig. 2, lower left). Thus, the overall
effects of methylphenidate on rearing, sniffing and
grooming were similar in both bisphenol-A-pretreated
and vehicle-pretreated rats (Fig. 2).

Apomorphine responsivity of jaw movements
during the dark and light phases in bisphenol-A-
or vehicle-pretreated rats

Intravenous injection of apomorphine (1 mg/kg) at 10
weeks of age in vehicle- and bisphenol-A-pretreated rats
elicited significantly more repetitive jaw movements
measured by the magnet-sensing system under freely
moving conditions during both the dark and light phases
than those elicited by saline injection (F(1,72) = 250.26,
P < 0.0001; Fig. 3). Though induction of jaw movements
by apomorphine was higher during the light phase than
during the dark phase (F(1,72) = 12.35, P < 0.001; Fig.
3), there was no significant difference in the induction of
jaw movements by apomorphine between rats pretreated
with vehicle and those treated with bisphenol-A (20 and
40 µg) (F(2,72) = 0.13, P = 0.882; Fig. 3).

Discussion
Neonatal exposure to bisphenol-A in the rat has recently

been proposed as a possible animal model for ADHD
because it elicits motor hyperactivity (1-4). To strengthen
the validity of this animal model, the original experiments
were replicated and subsequently extended by measuring
both putative changes in behavioral habituation to a novel
environment and behavioral responses to methylphenidate,
two phenomena that are known to be altered in patients
with ADHD (5-14). The study demonstrated that single
intracisternal administration of bisphenol-A (20 and 40 µg)
into 5-day-old male Wistar rats impaired habituation to a
novel environment in terms of changes in motor behavior,
rearing, sniffing and grooming in the light phase, but not
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the dark phase, without changing the response to
methylphenidate at 4 weeks of age (unpublished results).

As mentioned in the Introduction, neonatal exposure to
bisphenol-A has been reported to reduce tyrosine
hydroxylase immunoreactivity in the substantia nigra at
8 weeks of age (2). Therefore, it can be speculated that
postsynaptic dopamine receptors will be functionally up-
regulated because of a reduced extracellular dopamine
concentration at dopaminergic neuron terminals. Since
Masuo and colleagues (1-4) did not observe spontaneous
behavior at 8 weeks of age, we examined putative changes
in behavioral habituation to a novel environment and
behavioral responses to methylphenidate in rats at 8 weeks
of age. However, the results of the present study showed

that bisphenol-A pretreatment did not elicit significant
change in any of the spontaneous behaviors observed. In
addition, methylphenidate produced overall changes in
the behavior of bisphenol-A-pretreated rats that were more
or less identical to those elicited by methylphenidate in
vehicle-pretreated rats. Thus, apart from a slight
methylphenidate-induced increase in grooming in vehicle-
pretreated rats, the overall effects of methylphenidate on
locomotor activity, rearing, sniffing and grooming were
similar in both groups. These results imply that, as is the
case in another rodent model of ADHD, namely the
bisphenol-A-pretreated mouse (24), the response to
methylphenidate is not changed in the bisphenol-A-
pretreated rat.

Fig. 1 Time course of locomotor activity (upper left), rearing (upper right), sniffing (lower left) and grooming (lower right) during
the light phase in vehicle-pretreated (n = 21) and bisphenol-A-pretreated (20 µg, n = 23) rats at 8 weeks of age. Behavioral
data were obtained immediately after placing the rats into the novel environment and expressed as the mean number of
infra-red photocell beam interruptions (locomotor activity) or episodes (rearing, sniffing and grooming) counted during
5-min observation periods for 30 min. Vertical bars indicate S.E.M.
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In order to investigate further the above-mentioned
hypothesis, we conducted an additional experiment to
study the effects of systemic injection of the directly-
acting dopamine receptor agonist apomorphine, at a dose
(1 mg/kg) known to readily produce repetitive jaw
movements in rats when administered intravenously

(16,17), in some of the bisphenol-A (20 and 40 µg)-
pretreated rats at a later stage (10 weeks). In the present
study, it was shown that an intravenous challenge with
apomorphine in both vehicle- and bisphenol-A-pretreated
rats at 10 weeks of age elicited significantly more repetitive
jaw movements than those observed after saline injection.

Fig. 2 Effects of intraperitoneal injections of saline and methylphenidate (1 and 3 mg/kg) on (A) locomotor activity, (B) rearing,
(C) sniffing and (D) grooming during the light phase in vehicle (left)-pretreated and in bisphenol-A (20 µg, right)-
pretreated rats at 8 weeks of age. The data are expressed as the mean number of infra-red photocell beam interruptions
(locomotor activity) or episodes (rearing, sniffing and grooming) counted during 5-min observation periods (n = 6-8).
Vertical bars indicate S.E.M.



316

However, the induction of jaw movements by apomorphine
was significantly higher during the light phase than during
the dark phase. More importantly, the present study clearly
revealed that there was no difference in the induction of
jaw movements by stimulation of dopamine receptors
between rats pretreated with vehicle and those treated
with bisphenol-A. This result, together with the lack of
responses to methylphenidate, suggests that no functional
change occurred in dopamine receptors as a result of
neonatal bisphenol-A treatment, at least at the later stage
at 8-10 weeks after the pretreatment.

In conclusion, the present findings indicate that, although
some behavioral changes were evident in rats at an early
stage (4-5 weeks) after neonatal treatment with bisphenol-
A, the pretreatment did not induce any behavioral changes
in habituation to a novel environment or in response to
methylphenidate or apomorphine at a later stage (8-10
weeks).

Acknowledgments
We would like to thank Dr. Yoshinori Masuo for his

technical guidance regarding intracisternal injection of
bisphenol-A to pups. These studies were supported by the
Sato Fund (NK), Uemura Fund (NK) and Dental Research
Centre (NK) at Nihon University School of Dentistry; the
Promotion and Mutual Aid Corporation for Private Schools
of Japan (MK, NK); and Kakenhi for Young Scientists (B,
#17791332 to SF and #19791466 to JL) and a grant for
promotion of multidisciplinary research projects entitled
“Translational Research Network on Orofacial Neurological
Disorders” (NK, ARC) from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

References
1. Masuo Y, Ishido M, Morita M, Oka S (2004) Effects

of neonatal treatment with 6-hydroxydopamine and
endocrine disruptors on motor activity and gene

Fig. 3 Effects of intravenous injections of saline and apomorphine (1 mg/kg) on jaw movements elicited during the dark (upper
part) and light (lower part) phases in vehicle (left)-pretreated and in bisphenol-A (20 µg, middle; 40 µg, right)-pretreated
rats at 10 weeks of age. The data are expressed as the mean number of jaw movements occurring during 5-min observation
periods for 60 min (n = 6-10). Vertical bars indicate S.E.M.



317

expression in rats. Neural Plast 11, 59-76
2. Ishido M, Masuo Y, Kunimoto M, Oka S, Morita

M (2004) Bisphenol A causes hyperactivity in the
rat concomitantly with impairment of tyrosine
hydroxylase immunoreactivity. J Neurosci Res 76,
423-433

3. Ishido M, Morita M, Oka S, Masuo Y (2005)
Alteration of gene expression of G protein-coupled
receptors in endocrine disruptors-caused hyperactive
rats. Regul Pept 126, 145-153

4. Masuo Y, Morita M, Oka S, Ishido M (2004) Motor
hyperactivity caused by a deficit in dopaminergic
neurons and the effects of endocrine disruptors: a
study inspired by the physiological roles of PACAP
in the brain. Regul Pept 123, 225-234

5. Jansiewicz EM, Newschaffer CJ, Denckla MB,
Mostofsky SH (2004) Impaired habituation in
children with attention deficit hyperactivity disorder.
Cogn Behav Neurol 17, 1-8

6. Anckarsäter H, Stahlberg O, Larson T, Hakansson
C, Jutblad SB, Niklasson L, Nydén A, Wentz E,
Westergren S, Cloninger CR, Gillberg C, Rastam
M (2006) The impact of ADHD and autism spectrum
disorders on temperament, character, and personality
development. Am J Psychiatry 163, 1239-1244

7. van Meel CS, Heslenfeld DJ, Oosterlaan J, Sergeant
JA (2007) Adaptive control deficits in attention-
deficit/hyperactivity disorder (ADHD): the role of
error processing. Psychiatry Res 151, 211-220

8. DuPaul GJ, Rapport MD, Vyse SA (1988) ADDH
and methylphenidate responders: effects on behavior
controlled by complex reinforcement schedules. Int
Clin Psychopharmacol 3, 349-361

9. Swanson JM, McBurnett K, Christian DL, Wigal T
(1995) Stimulant medication and treatment of
children with ADHD. In Advances in clinical child
psychology, Ollendick TH, Prinz RJ eds, Plenum
Press, New York, 265-322

10. Findling RL, Dogin JW (1998) Psychopharmacology
of ADHD: children and adolescents. J Clin
Psychiatry 59, Suppl 7, 42-49

11. Wender PH (1998) Pharmacotherapy of attention-
deficit/hyperactivity disorder in adults. J Clin
Psychiatry 59, Suppl 7, 76-79

12. Dresel S, Krause J, Krause KH, LaFougere C,
Brinkbäumer K, Kung HF, Hahn K, Tatsch K (2000)
Attention deficit hyperactivity disorder: binding of
[99mTc]TRODAT-1 to the dopamine transporter
before and after methylphenidate treatment. Eur J
Nucl Med 27, 1518-1524

13. Pelham WE, Gnagy EM, Burrows-Maclean L,

Williams A, Fabiano GA, Morrisey SM, Chronis
AM, Forehand GL, Nguyen CA, Hoffman MT,
Lock TM, Fielbelkorn K, Coles EK, Panahon CJ,
Steiner RL, Meichenbaum DL, Onyango AN, Morse
GD (2001) Once-a-day Concerta methylphenidate
versus three-times-daily methylphenidate in
laboratory and natural settings. Pediatrics 107, E105

14. Volkow ND, Fowler JS, Wang GJ, Ding YS, Gatley
SJ (2002) Role of dopamine in the therapeutic and
reinforcing effects of methylphenidate in humans:
r e su l t s  f r om imag ing  s t ud i e s .  Eu r
Neuropsychopharmacol 12, 557-566

15. Ikeda H, Adachi K, Hasegawa M, Sato M, Hirose
N, Koshikawa N, Cools AR (1999) Effects of chronic
haloperidol and clozapine on vacuous chewing and
dopamine-mediated jaw movements in rats:
evaluation of a revised animal model of tardive
dyskinesia. J Neural Transm 106, 1205-1216

16. Lee J, Adachi K, Gionhaku N, Fujita S, Uchida T,
Koshikawa N (2003) Measurement of dopamine
receptor-mediated jaw movements by a magnet-
sensing system in freely moving rats. Methods Find
Exp Clin Pharmacol 25, 525-530

17. Lee J, Adachi K, Gionhaku N, Fujita S, Uchida T,
Gerstner GE, Koshikawa N (2004) Evidence that
angiotensin II enhances apomorphine-induced jaw
movements via AT1 receptors in the ventrolateral
striatum: studies by magnet-sensing system in freely
moving rats. Methods Find Exp Clin Pharmacol
26, 195-199

18. Uchida T, Lee J, Fujita S, Kiguchi M, Matsumoto
M, Oi Y, Gionhaku N, Koshikawa N (2005) Effects
of NMDA and MK-801 injected into the substantia
nigra pars reticulata on jaw movements evoked by
dopamine D1/D2 receptor stimulation in the
ventrolateral striatum: studies in freely moving rats.
Methods Find Exp Clin Pharmacol 27, 31-37

19. Koshikawa N, Aoki S, Tomiyama K, Maruyama Y,
Kobayashi M (1987) Sulpiride injection into the
dorsal striatum increases methamphetamine-induced
gnawing in rats. Eur J Pharmacol 133, 119-125

20. Diana M, Collu M, Mura A, Gessa GL (1992)
Haloperidol-induced vacuous chewing in rats:
suppression by alpha-methyl-tyrosine. Eur J
Pharmacol 211, 415-419

21. Fujita S, Okutsu H, Yamaguchi H, Nakamura S,
Adachi K, Saigusa T, Koshikawa N (2003) Altered
pre- and postsynaptic dopamine receptor functions
in spontaneously hypertensive rat: an animal model
of attention-deficit hyperactivity disorder. J Oral
Sci 45, 75-83



318

22. Fujita S, Adachi K, Lee J, Uchida T, Koshikawa N,
Cools AR (2004) Decreased postsynaptic
dopaminergic and cholinergic functions in the
ventrolateral striatum of spontaneously hypertensive
rat. Eur J Pharmacol 484, 75-82

23. Davids E, Zhang K, Tarazi FI, Baldessarini RJ
(2002) Stereoselective effects of methylphenidate
on motor hyperactivity in juvenile rats induced by

neona ta l  6 -hydroxydopamine  les ion ing .
Psychopharmacology (Berl) 160, 92-98

24. Suzuki T, Mizuo K, Nakazawa H, Funae Y, Fushiki
S, Fukushima S, Shirai T, Narita M (2003) Prenatal
and neonatal exposure to bisphenol-A enhances the
central dopamine D1 receptor-mediated action in
mice: enhancement of the methamphetamine-
induced abuse state. Neuroscience 117, 639-644


