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Bisphenol A (BPA) is a widespread estrogenic chemical used in the production of polycarbonate, and
epoxy resins lining food and beverage cans and in dental sealants. During fetal life the intrauterine
environment is critical for the normal development, and even small changes in the levels of hormones,
such as estradiol or estrogen-mimicking chemicals, can lead to changes in brain function and
consequently in behavior. We review here a series of ethological studies on the effects of maternal oral
exposure during the last part of gestation (prenatal exposure) or from gestation day 11 to postnatal day 7
(perinatal exposure) to a low, environmentally relevant dose of BPA (10 mg/kg bw/day) on behavioral
responses of CD-1 mouse offspring. We examined both male and female offspring and found that
maternal exposure to BPA affected: (1) behavioral responses to novelty before puberty and, as adults;
(2) exploration and activity in a free-exploratory open ﬁeld; (3) exploration in the elevated plus maze
and (4) sensitivity to amphetamine-induced reward in the conditioned place preference test.
A consistent effect of the maternal exposure to BPA is that in all these different experimental settings,
while a signiﬁcant sex difference was observed in the control group, exposure to BPA decreased or
eliminated the sex difference in behavior. In addition, exposure of female mice to BPA in both adulthood
or during fetal life altered subsequent maternal behavior. These ﬁndings, together with those from other
laboratories, are evidence of long-term consequences of maternal exposure to low-dose BPA at the level
of neurobehavioral development.
& 2008 Elsevier Inc. All rights reserved.
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1. Introduction
A number of environmental compounds referred to as
estrogenic endocrine disrupters (EEDs) are able to bind to
estrogen receptors (ERs) and interfere with the normal cellular
development in target tissues. For example, studies have demonstrated estrogenic activity in vitro and in vivo for the naturally
occurring phytoestrogens (e.g., soybeans), some pesticides
(e.g., o,p0 -DDT, methoxychlor and lindane), products associated
with plastics (bisphenol A (BPA) and nonylphenol), pharmaceuticals (ethinylestradiol, diethylstilbestrol), or industrial chemicals
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(polychlorinated biphenyls, PCBs) (Sonnenschein and Soto, 1998).
Many studies on these EEDs in animal models reported effects on
the reproductive system (Richter et al., 2007). However, more
subtle and insidious effects of EEDs can emerge as interference
with brain developmental trajectories that result in behavioral
alterations.
BPA is a widespread estrogenic chemical that is produced in
excess of 6 billion pounds per year for use as the monomer that is
polymerized to manufacture polycarbonate plastic food and
beverage containers, the resin lining of metal cans, dental
sealants, and as an additive in a wide array of other products
(Vandenberg et al., 2007). Although assessments of all of the
sources that account for current levels found in human tissues are
limited, several studies have now conﬁrmed detectable levels of
BPA in human populations in developed countries (Calafat et al.,
2007; Vandenberg et al., 2007). Most relevant to the studies
described in this review, BPA has been measured in amniotic ﬂuid,
maternal and fetal plasma, and placental tissue at birth (Ikezuki
et al., 2002; Schonfelder et al., 2002), and in breast milk of
lactating mothers (Kuruto-Niwa et al., 2007; Sun et al., 2004). BPA
was reported by Dodds and Lawson in 1936 to be a full estrogen
agonist, before chemical engineers determined in the 1950s that
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this hormonally active drug could be polymerized to produce
polycarbonate plastic. BPA is an estrogen agonist that can bind to
both classical nuclear ERs, ERa and ERb (Welshons et al., 2006). In
addition, recent studies have revealed that low levels of BPA can
induce rapid, membrane-initiated estrogenic effects (Wozniak
et al., 2005; Zsarnovszky et al., 2005), suggesting that low levels of
BPA exposure might interfere with normal estrogenic signaling
(Wetherill et al., 2007). The developing brain is exquisitely
sensitive to estrogen and therefore might be particularly vulnerable to xenoestrogen exposure (Montano et al., 1995).
During mammalian brain development, estrogen participates
in the organization of neural circuits that control a broad
spectrum of neuroendocrine, behavioral, and cognitive functions.
Alterations in the estrogenic milieu of the developing central
nervous system (CNS) inﬂuence critical aspects of cellular
differentiation, including neurite extension and branching,
synapse formation, myelination, the expression of neurotransmitters and neuropeptides, and cell death and survival (Arnold and
Gorski, 1984). Through its neurotrophic and differentiation
promoting effects, estrogen also appears to be crucial for the
sexual differentiation of CNS structures and functions. During a
critical period of brain development that in mice and rats, extends
from late prenatal life until the ﬁrst 1–2 weeks after birth,
estrogen irreversibly organizes male-type speciﬁc circuitries
(Arnold and Gorski, 1984; Welshons et al., 2006). Estrogen is
actively synthesized in the brain from testosterone by neurons
expressing the enzyme aromatase (McEwen and Alves, 1999).
While it was initially assumed that the brain of the female fetus
was completely protected from defeminization or mascolinization
by the plasma estrogen-binding glycoprotein alpha-fetoprotein
(AFP), which binds circulating maternal/fetal estradiol, this was
shown to be incorrect (Montano et al., 1995). Instead, it appears
that it is the combination of maternal/fetal estradiol in blood
and intracellular produced estradiol (due to aromatization of
testosterone) that results in defeminization and masculinization
of the male but not the female brain in rats and mice. Some
isoforms of AFP bind estradiol in rodents with high afﬁnity
(Mizejewski and Jacobson, 1987), while non-steroidal estrogens,
such as BPA and the drug diethylstilbestrol (DES), that exhibit a
lower afﬁnity for plasma estrogen-binding glycoproteins, bypass
this cell uptake regulatory mechanism, thus increasing the
fraction of the total measurable amount of the compound in
blood that is able to pass from blood into cells and bind to nuclear
ERs (Nagel et al., 1997, 1999).
Estrogenic chemicals can thus interfere with the male- and
female-typical development of brain areas that control the
occurrence and pattern of a wide range of behaviors required for
reproduction, such as sexual behaviors, as well as social and nonsocial behaviors in adult life. Disruption of the normal processes
of masculinization of males and feminization of females may
undermine the survival and reproductive success (i.e., ﬁtness) of
exposed individuals (Parmigiani et al., 1998). Many studies
indicate that the developing fetus is more sensitive to estrogenic
chemicals relative to the adult (Bern, 1992; vom Saal et al., 2007).
Mothers can pass EEDs to their offspring transplacentally, and
after birth by breastfeeding newborns (Vandenberg et al., 2007).
The laboratory mouse is a good experimental model to
investigate the effects of developmental exposure to EEDs on
certain types of behavioral systems that are differently expressed
in adult males and female, such as the occurrence and pattern of
social behavior (e.g., aggression, parental behavior) and non-social
behaviors (e.g., exploration, emotionality, activity patterns,
learning, memory). In mice and rats, as in other mammals,
non-reproductive behaviors also show sex differences in quantity
of performance expressed rather than being present in one sex
and absent in the other (Goy and McEwen, 1980). Although some
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of these sex differences reﬂect activational (transient) effects of
estradiol and testosterone in the blood of adult males and females
(Palanza et al., 2001b; Zimmerberg and Farley, 1993), differential
actions of gonadal steroids during the perinatal period plays a
crucial role in permanently organizing sexual dimorphisms in
behavior and its underlying neural substrates (Arnold and Gorski,
1984).
We discuss here a series of experiments examining the effects
of maternal exposure to BPA, at doses within the range of
human exposure, on behavioral responses of male and female
CD-1 house mice (Mus domesticus). We fed pregnant and
lactating mice 10 mg/kg/day BPA. This dosage is far below the
United States Environmental Protection Agency (US-EPA) lowest
observed adverse effect level (LOAEL; 50 mg/kg/day) that was
used to calculate a reference dose (estimated to be safe for daily
human exposure) of 50 mg/kg/day (IRIS, 1988). Our previous
research on behavioral effects of developmental exposure to
estrogenic endocrine disruptors (Palanza et al., 1999a, b, 2001a, b)
has suggested that male and female mice show differing
sensitivities to EEDS in relation to different behavioral
systems. Prenatal exposure to different EEDS mainly affected
emotional, explorative and maternal behavior in females, whereas
the development of sexual and aggressive behavior was only
marginally affected in males. Based on this background, the
present analysis focused on the effects of BPA on maternal
behavior and on the behavioral systems involved in the response
to novelty and reward.

1.1. Effects of BPA on maternal behavior
When studying the impact of hormonal perturbations during
early development on behavioral responses as an index of altered
brain function, it should be considered that behavior is inﬂuenced
by a large variety of environmental factors affecting both the
mother and the offspring, and their interactions, in early and later
phases of development. For instance, perturbations of the stimuli
received by the pups from the mother may account for alterations
of the neuroendocrine system and behavior as expressed in
adulthood (Benus and Roendigs, 1997; Francis et al., 1999). In
studies where fetuses or newborns are directly treated or exposed
through treatment of the mother to a chemical, not only in
toxicological but also in pharmacological and endocrinological
studies as well, the analysis are generally only addressed to the
developing organism, while possible alterations of the mother–
offspring interactions are not taken into account and thus not
monitored.
Maternal behavior in mammalian species is the result of the
complex interaction between the developing offspring and the
lactating dam (reviewed in: Rosemblatt et al., 1979; Fleming et al.,
1999). During pregnancy and the prepartum period, numerous
hormones, such as progesterone, prolactin and estradiol, organize
and activate the neuroendocrine substrates responsible for the
expression of maternal behavior. After parturition, the hormonal
control wanes and the female depends only upon stimulation by
her suckling offspring to maintain her maternal responsiveness
(Svare, 1989). Slight perturbations in any of the components of the
mother–infant interaction may result in alterations of the
behavior of the mother and/or of the offspring during development (Fleming et al., 1999). Therefore, an EDC-induced alteration
in the female hormonal milieu and/or an EDC effect on early
development of her offspring might be reﬂected by an alteration
of the behavior shown by the dam during lactation. Ethological
observations of maternal–infant interactions may thus be a
sensitive index of perturbations due to exposure to very low
doses of estrogenic EDCs, which may act directly on the
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neuroendocrine system of the dam and on the development of
her offspring.
We have examined the effects of BPA treatment on maternal
behavior following exposure of mice to BPA during prenatal
development and/or adulthood (Palanza et al., 2002a). The CD-1
mice used in this study were maintained as an outbred colony at
the laboratory of the Division of Biological Sciences, University of
Missouri-Columbia. Mice were time-mated (gestation day, GD,
0 ¼ day of vaginal plug) and on GD 14–18, 14 pregnant mice were
fed tocopherol stripped corn oil vehicle and nine pregnant mice
were fed 10 mg/kg bw/day BPA using an electronic micropipette
(as opposed to gavage, which is more stressful). The day of birth
was considered postnatal day (PND) 1, and offspring were weaned
on PND 20. At 2.5 months of age, F1 female offspring from vehicleand BPA-treated dams were mated and fed vehicle or 10 mg/kg
bw/day BPA on GD 14–18. There were four groups of F1 females
that were exposed during gestation–adulthood to vehicle–vehicle
(N ¼ 20), vehicle–BPA (N ¼ 15), BPA–vehicle (N ¼ 15), and BPA–
BPA (N ¼ 15). F1 dams were observed in their home cages during
the dark phase of the light cycle, when mice are most active.
Maternal behavior was observed every 4 min during a 120 min
period on PND 2–15. On PND 1, F2 pups were counted, weighed,
and sex was determined. Litters were culled to 10 pups, with equal
numbers of male and female pups when possible. Pups were
weighed during the lactation period and cliff-drop aversion and
righting reﬂex were evaluated in all pups of a subset of 8 l/group
on PND 3, 5, 7 and 9. The dosing and the analysis design are
summarized in Table 1. For statistical analyses, all pup data were
adjusted for litter by including litter as a main effect variable and
dividing the F-value for treatment by the F-value for litter. Data
were analyzed by ANOVA, Holms t-test, and/or Fisher protected
least squared difference test.
BPA treatment did not affect gestational body weight gain in F0
or F1 dams. Statistically signiﬁcant effects for F1 maternal behavior
collapsed across 14 observation days are presented in Table 2.
Exposure to BPA either during gestation or in adulthood resulted
in a decrease in the percent of time dams spent nursing and in the
nest but increased the percent of time the dams resting alone,
grooming, out of the nest or nest building. Increased activity was
also observed in the group exposed to BPA in adulthood. The only
signiﬁcant effect observed in mice exposed to BPA during
gestation and then again during pregnancy in adulthood was
increased time resting. There were no signiﬁcant differences
between the 4 groups in the number of live F2 pups/litter, sex
ratio, or body weight at birth, or in weight gain during the
lactation period. No signiﬁcant effects were observed for cliff
aversion or righting reﬂexes development. The ﬁnding that BPA
exposure did not affect the weaning weights of the pups suggests
an adequate level of maternal care across the groups, albeit the
reported differences in the amount of nursing behavior. Naturally
occurring variations in maternal cares—with no effects on

offspring weights—have been reported in rats as related to
estrogen-modulated differences in oxytocin receptors levels in
speciﬁc brain areas (Champagne et al., 2001) and to long-term
effects on offspring endocrine and behavioral proﬁle in adulthood
(Francis et al., 1999).
We hypothesized that the changes seen in maternal behavior
may be the result of a direct effect of BPA on the neuroendocrine
substrates underlying the initiation of maternal behavior. The
possible mechanisms underlying the observed alterations in
maternal behavior of adult females just exposed during late
pregnancy to BPA (vehicle–BPA group) can be due to a direct effect
of BPA on the neuroendocrine system of the dam. In this study,
females were fed BPA during the last 5 days of pregnancy; and it is
possible that the subsequent effects on maternal behavior were
due, in part, to biologically active BPA remaining in treated
females after parturition during the time that they were lactating,
since it has been reported that the metabolism of BPA to its
inactive conjugated (glucuronidated) metabolite is reduced during pregnancy (Matsumoto et al., 2002). It is well recognized that
estrogen levels have to drop at parturition for normal lactation to
occur. Thus, while estrogen is important in mice for the initiation
of maternal behavior prior to parturition (Fleming et al., 1999),
our ﬁndings here show that exposure to manmade estrogenic
chemicals during late pregnancy has the effect of reducing
subsequent nursing behavior. These ﬁndings are consistent with
a previous study examining the effects on maternal behavior of
exposure to a low dose of the estrogenic pesticide methoxychlor during pregnancy in CD-1 mice (Palanza et al., 2002a).
Furthermore, a recent work showed that exposure of rats during
pregnancy and lactation to 40 mg/kg/day BPA reduced their
maternal behavior (Della Seta et al., 2005). Interestingly,
prolonged administration of BPA to lactating female rats
induced a decrease in estrogen receptor-a cells in the maternal
arcuate nucleus, a hypothalamic area involved in activating

Table 2
Effects on maternal behavior in F1 female mice fed bisphenol A (BPA; 10 mg/kg/day)
during gestation and/or adulthood
Percent time

Nursing
Nest building
Resting alone
Grooming
Active
In nest
Out of nest

Bisphenol A exposure during gestation and/or adulthood
BPA–vehicle

Vehicle–BPA

BPA–BPA

k15%
m73%
m67%
m25%
2
k12%
m17%

k14%
m146%
m29%
m18%
m18%
k10%
m12%

2
2
m46%
2
2
2
2

k,m Statistically signiﬁcant increases/decreases compared to vehicle–vehicle
group, 2 no statistically signiﬁcant effect. From Palanza et al. (2002a).

Table 1
Transgenerational exposure of mice with corn oil control (vehicle) or 10 mg/kg/day bisphenol A (BPA)
F1

F0

Exposure
Vehicle
BPA

F2

Dosing

Resulting treatment

Vehicle
BPA
Vehicle
BPA

Vehicle–vehicle (20)
Vehicle–BPA (15)
BPA–vehicle (15)
BPA–BPA (15)

Only maternal dosing

Maternal behavior PND 1–15

Litter size, sex ratio growth rate, reﬂex development

Only maternal dosing

Measures

(N) refers to the number of dams per resulting treatment group.
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reproductive behavior, including maternal behavior (Aloisi et al.,
2001).
Females that were exposed to BPA only during fetal development (BPA–vehicle group) showed similar changes in their
maternal behavior as those described above for female mice
exposed to BPA for the ﬁrst time during late pregnancy
(vehicle–BPA group). The BPA–vehicle females exhibited lower
nursing and nest-related behavior, and increased out-of-nest
behaviors (particularly, resting alone and self-grooming) relative
to control (vehicle–vehicle) dams. The decrease in maternal
behavior as a result of in utero BPA exposure might be due to an
interference in the organization of the neuroendocrine substrates
underlying the expression of maternal behavior later in life. This
would suggest that the interactions of an adult postpartum female
with her pups may be a sensitive measure of hormonal
perturbation during the lactating female’s prior fetal life.
An intriguing ﬁnding here is the absence of an effect on
maternal behavior in females ﬁrst exposed to BPA during fetal life
and then again in adulthood during late pregnancy. One hypothesis is that fetal exposure to BPA results in permanent changes in
systems that maintain homeostasis. This shift in homeostatic
mechanisms may alter the subsequent response to chemical
exposure at a later time in life relative to the response that would
occur with no prior exposure to the chemical. There has been
speculation that short-term exposure to chemicals, such as BPA,
could lead to different outcomes relative to long-term exposure,
such as in a multigenerational study (NTP, 2001). However, more
comprehensive studies involving administration of endocrine
disrupting chemicals at different times in life, which include
physiological measures as well as behavior, will be required to
answer this question.

1.2. Effects of BPA on the offspring’s brain and behavioral
development
We have also conducted studies examining the effects of
perinatal exposure, via maternal treatment during pregnancy and
lactation, to BPA on non-social behaviors sensitive to the action of
perinatal gonadal hormones. The interplay among developmental
stage at the time of exposure, age of testing, and response
endpoint can be of considerable value in the study of the possible
mechanisms of action of estrogenic chemicals on the development
of brain and behavior.
In these experiments we used a procedure that allowed oral
administration of the chemical to the pregnant and lactating
female without handling at all the female and her offspring. This
is a critical issue, since handling procedures can be stressful to
animals, and stressful events during pregnancy can change the
hormonal milieu of the mother and affect neuroendocrine
development of the offspring (Montano et al., 1991; vom Saal et
al., 1990). Before and after time-mating, female mice were trained
to spontaneously drink a small volume (50 ml) of corn oil from a
modiﬁed syringe (without the needle and with a larger hole)
introduced through the cage top every day. All females easily
learned to drink the oil as soon as the syringe was introduced; this
procedure allows accurate administration of chemicals without
the stress associated with gavage or injection. Pregnant female
mice spontaneously drank daily doses of corn oil with or without
the BPA 10 mg/kg/day) from GD 11 to PND 8 (perinatal exposure—
‘‘exploration and anxiety’’ experiments) or only from GD 11 to 18
(prenatal exposure—‘‘brain dopaminergic function’’ experiment).
Within 12 h after parturition (which occurred on GD 19), the sex
and weight of live newborn pups was recorded, and each litter
was culled to 10 pups (3–6 males and 3–6 females) in order to
reduce litter size and sex-ratio variability that could impact the
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growth and development of pups during the early postnatal
period. When 25–26 days old, offspring were weaned, and mice
were group-housed with same-sex littermates (3–6 mice/group).
For each test, only one male and one female from each litter was
examined (N ¼ 12–14/sex/treatment/test). We examined control
and BPA-exposed offspring for exploratory behaviors before and
after puberty and for conditioned place preference (CPP) induced
by amphetamine.

2. Exploration and anxiety
We assessed explorative and emotional behaviors of the
maternally exposed offspring at different ages and in different
experimental settings (Gioiosa et al., 2007). Mice underwent a (1)
novelty test before puberty (PND 28–30); (2) a free-exploratory
open ﬁeld test as adults; (3) the elevated plus maze as adults. All
of these behavioral paradigms show sex differences in rodents,
including mice (Laviola et al., 2005; Leret et al., 1994; Palanza
et al., 2001b, 2002b), and can be sensitive to alterations in
the endocrine milieu (Leret et al., 1994). Our hypothesis was that
if such differences were decreased, reversed or enhanced by
perinatal BPA exposure, then a reasonable inference is that
developmental exposure to BPA interfered with sexual differentiation of the brain (Weiss, 2002).
2.1. Novelty test before puberty
A transparent Plexiglas cage (40  25  15 cm) was divided into
two compartments (A—familiar and B—novel; 20  25 cm each)
by a partition of white opaque polypropylene with a small
opening in the middle that could be opened and closed by the
experimenter. Male or female sibling groups were housed in
compartment A of the apparatus. After 24 h, all mice but one were
randomly removed from the cage, so that only one mouse was
tested and the door dividing the two compartments was opened
thus allowing the mouse to enter the novel area (compartment B).
This test can measure the propensity of exploration (curiosity)
and preference for novelty, amount of locomotion, and also serves
as an index of anxiety. The results showed that in the control
group, female mice entered the novel compartment more quickly,
spent more time in it, and were less active (lower locomotion
levels) when compared to males. Pre-puberal unexposed females
thus showed a behavioral proﬁle suggestive of lower anxiety and
higher propensity to explore a novel environment (which suggests
that females showed lower risk assessment levels than males),
but, at the same time, they seemed to be less active as compared
to control males. Relative to controls, pre-puberal BPA-exposed
females entered the novel compartment less quickly, spent less
time in it, spent more time exhibiting grooming behaviors, and
were more active than controls, suggesting that BPA resulted in an
increase in risk assessment behaviors in females.
2.2. Free-exploratory open ﬁeld
This test was conducted in an apparatus with a home-cage area
and an unfamiliar arena (an open-ﬁeld—OF) of 73  110 cm2,
bordered by a 50-cm high wall and in which a bright and a dark
zone were created. One male and female per litter were
individually housed in the home-cage section, and after 24 h the
barrier between the compartments was removed allowing
entrance into the OF. A cut-off of 10 min was used for those
animals that did not enter the OF. Starting from the ﬁrst entrance
in the OF, behavioral observation lasted 5 min. The results showed
that adult control females displayed higher exploration than
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males when challenged to explore a novel environment; control
females spent more time exploring the arena and showed more
returns between OF and home-cage, and when in the OF arena,
they spent more time in the bright zone and in the central area of
OF relative to males. Compared to same-sex controls, BPA-exposed
females showed decreased frequencies of returns while BPAexposed males displayed increased returns between home-cage
and OF (BPA-exposed females were more similar to control males
while BPA-exposed males were more similar to control females).
Thus, a consistent ﬁnding was that BPA-exposed animals showed
no behavioral sex differences, while control animals showed
signiﬁcant behavioral sex differences.
2.3. Elevated plus maze
The elevated-plus-maze paradigm is one of the most widely
used animal tests for the study of anxiety (Rodgers, 1997). It
consists of two open arms and two closed arms that extended
from a common central platform. A mouse was placed in the
center, and tests lasted 5 min. In the conventional form of the test,
anxiety is routinely assessed by measures of open-arm avoidance,
while locomotor activity is most reliably measured by the
frequency of closed arm entries. A series of additional ethological
measures, which include stretched attend postures, head-dipping
and grooming, have been linked through factor analysis to risk
assessment, directed exploration and displacement activity,
respectively (Rodgers and Johnson, 1995).
Our data indicate that controls’ behavioral proﬁle differed
between males and females, with females being more explorative
on the elevated plus maze. Females entered more frequently the
open arms, spent more time in the center and were more active
than males. BPA-exposed females displayed a lower frequency of
open-arm entries and spent less time in the center, showing a
behavioral proﬁle more similar to that of control males. Consequently, BPA-exposed males and females did not differ in their
behavioral response in the elevated plus maze, an effect mainly
due to changes in BPA-exposed females’ behavior relative to
female controls. Interestingly, traditional indexes of anxiety (time
spent in open arms) did not differ in relation to sex, and this was
not affected by BPA exposure. Farabollini et al. (1999) previously
reported decreased anxiety in the elevated plus maze in male rats

perinatally exposed to BPA, as indicated by the increased time
spent in the open arms and decreased time spent in risk
assessment by the exposed rats.
In summary, as a general result, we found that while control
mice showed sex differences on a number of behavioral responses
at both ages and in all the test paradigms, mice perinatally
exposed to BPA showed decreased or no sex differences (Table 3).
Unexposed female mice, when allowed to explore a novel
environment, were more reactive and explorative as compared
to unexposed males, either prior to puberty or in adulthood.
Developmental exposure to the estrogenic pollutants BPA resulted
in behavioral alterations mainly in females, similar to ﬁndings
with methoxychlor (Palanza et al., 2002b). Females showed levels
of exploratory behavior more similar to the typical behaviors
observed in control males than to those recorded in the control
females. Altogether these ﬁndings may well be seen as indexes of
reduced reactivity of BPA-exposed females to novel stimuli and
are consistent with an estrogenic action of BPA, and possible
‘‘defeminization’’ or ‘‘masculinization’’ effects of developmental
exposure to these compounds.
However, we also found that BPA-exposed males showed
female-type behavior on a few measures. The overall result was a
reduction or a reversal of sexual differences in exposed mice,
relative to those displayed by controls. The fact that sexual
behavioral differences occur before puberty (i.e., before the
increase of sexual hormones production is activated by gonads),
and that exposure to estrogenic compounds decreased differences
in response to a challenge (novelty), suggest an interference of
BPA in the processes of development and organization of the CNS
and possibly of hormone and/or neurotransmitter receptor
systems of both sexes (reviewed in Richter et al., 2007).

3. Brain dopaminergic function
The speciﬁcity of the developmental changes affecting a
central neurochemical system can be evaluated by assessing the
effects of a psychoactive agent targeting that system upon the
behavioral responses known to be modulated by that system. For
this reason we assessed in adult animals the possibility that
prenatal exposure to BPA may inﬂuence the development of brain

Table 3
Sex differences in behavioral test responses of pre-puberal and adult mice pre- or peri-natally exposed to vehicle or to bisphenol A (BPA 10 mg/kg bw/day).
Behavioral test

Behavioral response

Control

BPA

Latency to novelty
Exploration of novelty
Risk assessment
Locomotion
Self-grooming

FoM
F4M
FoM
FoM
FoM

kF ¼ M
mF4M
F4M
F¼M
mF4M

Free-exploratory open ﬁelda

Exploration
Locomotion
Time center
Time bright area
Returns home

F4M
F4M
F4M
F4M
F4M

kF ¼ M
kFoMm
F¼M
F¼M
FoMm

Elevated plus mazea

Entrance open arms
Time center
Time closed arms

F4M
F4M
FoM

F¼M
FoMm
F¼M

Conditioned place preference (amphetamine induced)b

Preference for drug-paired compartment (reward memory)

F4M

Novelty test (pre-puberty)

a

kF ¼ M

F ¼ M, level of behavior do not signiﬁcantly differ in males and female; F4M, levels of behavior signiﬁcantly higher in females than males; FoM levels of behavior
signiﬁcantly lower in females than males. k,mstatistically signiﬁcant decrease or increase of behavior following BPA exposure, respectively.
a
Exposure to BPA from gestation day 11 to postnatal day 7 (from Gioiosa et al., 2007).
b
Exposure to BPA from gestation day 11 to 18 (from Laviola et al., 2005).
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dopaminergic systems by investigating potential changes in the
reinforcing effects of amphetamine, using a widely validated
paradigm, the CPP (Laviola et al., 2005). This paradigm provides a
measure of incentive memory of rewarding drug effects, which
impinge on drug action within mesolimbic dopamine systems.
The CPP paradigm consists of a three compartment opaque
rectangular box; two cues, one visual (white or black walls) and
one tactile (wide or narrow mesh ﬂoor), were associated with
each of the two end-compartments. The white compartment of
the apparatus was repeatedly paired with the administration of
amphetamine (1 or 2 mg/kg i.p.), whereas the black one was
paired with an injection of saline. Using a split-litter design, one
male and one female from each litter were randomly assigned to
be conditioned with saline or one of the two amphetamine doses.
On the test day, mice were allowed free-access to both compartments, and a preference for the drug-paired side is taken as an
index of the drug’s positive reinforcing properties.
As a general result, amphetamine treatment produced increased
locomotor activity in mice regardless of prenatal exposure to BPA or
vehicle. With respect to amphetamine-induced place conditioning,
females as a whole were more responsive than males, thus
conﬁrming previous results (Laviola et al., 1994). When compared
to unexposed female mice, BPA-exposed females failed to show
amphetamine-induced conditioning. Males showed no changes
due to the prenatal treatment. Thus, exposure during fetal
development to BPA was apparently responsible in female mice
for impairment of brain reward pathways targeted by the drug.
Reduced novelty seeking and increased neophobia were also
found in female rats perinatally exposed to BPA (Adriani et al.,
2003). This behavioral proﬁle could be related to gender-speciﬁc
alterations in the function of brain neurochemical systems
involved in the response to amphetamine. As release of dopamine
within the dorsal and ventral striatum is known to be involved in
the behavioral effects that follow amphetamine administration
(Kelly et al., 1975; Staton and Solomon, 1984), it is reasonable to
assume that a potential alteration in the behavioral effects of
amphetamine administration could be an index of BPA-induced
long-term effects on the dopaminergic function of the brain.
In rats, motor activity and motivation to explore were
depressed at adulthood following perinatal exposure to BPA
(Adriani et al., 2003; Farabollini et al., 1999) and perinatal
exposure to BPA abolished sex differences in behavioral patterns
in an open ﬁeld (Kubo et al., 2003). Locus coeruleus and
dopaminergic system are known to be involved in the regulation
of animal reactivity to a novel environment and in the CNS, the
dopaminergic system have been reported to be affected by early
developmental exposure to estrogenic endocrine disruptors.
Sexual dimorphism in the locus coeruleus has been detected in
rats, with females showing larger volume, higher number of
neurons and greater dopamine-b-hydroxylase-immunoreactive
cells than males (Pinos et al., 2001). In addition, perinatal
exposure to low doses of BPA in rats reversed the sexual difference
in volume and number of cells of the locus coeruleus (Kubo et al.,
2003). The mesolimbic and nigrostriatal dopaminergic systems
represent major structures of the CNS underlying locomotor
activity, novelty induced behavior, reward learning, attention
deﬁcit (Andersen and Teicher, 2000; Berridge and Robinson, 1998;
Braak and Braak, 2000). In utero and lactational exposure to
PCB-77 resulted in elevations in concentrations of dopamine in
the frontal cortex, and of dopamine and its metabolites in the
substantia nigra in periadolescent and in adult rats (Seegal et al.,
1997).
In our study, developmental exposure to BPA resulted in
alterations in the psychopharmacological proﬁle of female mice,
suggesting an impairment of brain reward pathways targeted
by amphetamine, possibly involving brain monoaminergic
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(particularly dopaminergic) circuits (Laviola et al., 2005). On this
basis, it may be supposed that BPA might interact with some steps
in the development and organization of the monoaminergic
system during the perinatal period. A convincing body of evidence
indicates that estrogen can modulate basal and amphetaminestimulated levels of dopamine release in rodent striatum as
measured by in vivo microdialysis (Becker, 1999) and intrauterine
exposure to estradiol has been reported to have a signiﬁcant effect
on the organization of monoamine systems within the fetal
hypothalamus (Kaylor et al., 1984). Developmental exposure to
BPA has been shown to alter D1 receptor expression and density in
male mice (Suzuki et al., 2003).
Rubin et al. (2006) have reported that mice perinatally exposed
to low doses of BPA showed alterations in sexually dimorphic
population of tyrosine hydroxylase containing neurons in the
anteroventral periventricular preoptic area (AVPV), and in the
open ﬁeld behavior, an effect consistent with an estrogenic
activity of BPA on the developing brain. This is consistent with
our preliminary data on the effect of prenatal exposure to BPA or
the synthetic estrogen DES on the number of neurons producing
tyrosine hydroxylase in the locus coeruleus of pre-puberal mice.
We found that, while control animals showed sex difference in the
number of TH-stained neurons in the LC, the exposure to BPA
eliminates this difference, as did DES (Ponzi et al., 2006).
However, none of these studies described here can presently
delineate all of the mechanisms involved in BPA’s actions on the
developing brain, and further studies are needed to clarify
possible mechanisms underlying BPA’s actions on brain development and effects on behavior. At present, it must be recognized
that in addition to its well documented estrogenicity, BPA may
exert other effects on the developing brain. A number of studies
have suggested that some of the neurobehavioral effects of
xenoestrogens, such as BPA, cannot be explained by an estrogenic
action of this compound, related just to its binding to nuclear ERs
alpha and beta (Wetherill et al., 2007). Furthermore, MacLusky
et al. (2005) have recently reported anti-estrogenic effects of
BPA on hyppocampal synaptogenesis. BPA has also been shown to
exert estrogenic or anti-estrogenic effects in the rat cerebellum,
according to the background concentration of estradiol
(Zsarnovszky et al., 2005).

4. Conclusions
The literature on long-term brain and behavioral effects of
developmental exposure to BPA, that we have brieﬂy reviewed
here, indicates that altered behavior is a conspicuous endpoint
produced by low-dose exposure to BPA. Behavioral alteration has
the advantage of revealing both direct and indirect effects of
contamination exposure. Indeed, our research on long-term
effects of developmental exposure to BPA in mice, as well as
evidence from other laboratories (Rubin et al., 2006), clearly
indicates that behavioral endpoints can be more sensitive than
other endpoints as biomarkers of exposure, either in terms of
chemical concentration, response time or both. We have shown
that sexually dimorphic behaviors are particularly sensitive to
developmental interference produced by chemicals with endocrine disrupting properties, by examining both reproductive and
non-reproductive behaviors.
A common issue emerging from developmental studies in mice
and rats is that exposure to BPA, as well as to other endocrine
disrupting chemicals, can diminish, eliminate, reverse or widen
sex differences in behaviors, thus interfering with normal sexual
differentiation of the brain. These behavioral changes are
associated with changes in monoamines (Ishido et al., 2004,
2007; Patisaul et al., 2006; Rubin et al., 2006). However, as Weiss

ARTICLE IN PRESS
156

P. Palanza et al. / Environmental Research 108 (2008) 150–157

(2002) points out, explicit recognition of sex differences in
performance is not a prominent feature of toxicological studies,
except for reproductive capacity studies. Neurotoxicity testing
does not typically recognize sex differences in behavioral
responses as an experimental outcome.
Animal models may contribute to elucidating the impact of
endocrine disrupters on brain development and behavior, but
when designing laboratory experiments, the species used, gender,
age, experience, environmental features, and their interactions are
all aspects to evaluate in order to recreate the context and hence
the function of the particular behavioral patterns under examination (Parmigiani et al., 1998). For example, developmental effects
of toxicants are sometimes misinterpreted to refer exclusively to
direct and speciﬁc damage to the developing nervous system,
while they may depend, at least partially, on alterations to
delicate reciprocal mother/pup relationships (Palanza et al.,
2001a, b, 2002b; Della Seta et al., 2005). An analysis of maternal
behavior is therefore important when assessing the effects of
chemicals administered via maternal treatment. It is well known
that both variations in maternal care and the response of pups to
maternal cues can be responsible for variations in the rate of
maturation, such as differences in growth rate or neurobehavioral
responses. The effects on offspring of administration of chemicals
to pregnant/lactating females can thus be ampliﬁed due to an
interaction of effects on the mother as well as effects on the
offspring (Fleming et al., 1999). As the results of these ethological
studies indicate, exposure through a non-stressful administration
procedure (i.e., allowing females to drink corn oil in which the
compound is dissolved) of pregnant female mice to a low,
environmentally relevant dose of an endocrine disrupter produced
subtle alterations in subsequent maternal behavior and in their
offspring’s behavioral development; environmentally relevant
levels refer to doses that could be encountered by wildlife and
humans in the daily environment.
The low dose of BPA that caused elimination of the sexual
difference in exploration observed in unexposed animals are far
below the acceptable daily intake considered ‘‘safe’’ for humans
by the FDA (US Food and Drug Administration). This should be a
cause of concern for public health, conﬁrming that low-dose
exposure to weak environmental estrogens during brain sexual
differentiation can inﬂuence subsequent sexually differentiated
adult behaviors. In the conceptual frame of evolutionary theory,
sex differences in behavior are thought to reﬂect adaptive
differences of behavioral strategies in coping as resulting from
sexual selection. Longitudinal studies on effects of endocrine
disrupting chemicals should be carried out in order to evaluate in
which contexts, and with what intensity, eliminating or reversing
sex differences could have relevance to population dynamics, and
whether behavioral alterations occur in systems inﬂuencing
reproductive success and thus individual ﬁtness.
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