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Abstract

Estrogenic endocrine disruptors are hormonally active compounds that can bind to estradiol receptors. Central dopamine pathways have
been reported to be affected by early developmental exposure to estrogenic endocrine disruptors. In the present study, pregnant female CD-1
mice were allowed to drink spontaneously either oil or environmentally relevant low doses of two estrogenic compounds, methoxychlor
(20�g/kg) or bisphenol-A (10�g/kg) during gestation days 11–18. Their adult offspring were assessed for conditioned place preference
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roduced byd-amphetamine (0, 1 or 2 mg/kg). Interestingly, prenatal treatment effects were sex-dependent and no changes in c
lace preference emerged for the male offspring. Conversely, a clear-cut profile ofd-amphetamine-induced conditioned place preference
nly shown by oil-exposed females, whereas exposure to bisphenol-A or methoxychlor resulted in little or no place conditioning. L
ffects of acuted-amphetamine were not affected by prenatal exposure to bisphenol-A or methoxychlor. As a whole, prenatal ex
strogenic endocrine disruptors affected some steps in the organization of the brain dopaminergic systems in the female offspring,

o long-term alterations in neurobehavioral function. These data confirm that exposure to weak environmental estrogens in the per
exual differentiation can influence adult behavior.
2004 Elsevier Inc. All rights reserved.
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. Introduction

There is increasing concern about the negative impact on
ublic health of environmental chemicals with estrogenic ac-

ivity [15,28]. Exposure to chemicals during early develop-
ent often inflicts toxic consequences that can be qualita-

ively different from effects on mature nervous systems. The
evelopmental effects of steroids are typically irreversible
nd are referred to as “organisational”, while effects in adults
re typically reversible and are referred to as “activational”

5,62]. The ability of estrogenic hormones to affect sexual dif-
erentiation of the brain during critical developmental periods
s well known[6,31]. Specifically, estrogens or aromatizable
ndrogens play a significant role in regulating neuronal devel-
pment and formation of neural circuits during the perinatal
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period. In certain brain regions, these organizational ac
of sex steroids can induce permanent sexual dimorphis
synaptic formation, dendritic length, distribution pattern
serotoninergic fibers, and in neuronal connectivity[41]. In
addition to reproductive and sexual behavior, a variety o
havioral patterns are organized and sexually differentiat
rodents under the influence of gonadal hormones[8,42,44].

Early events, such as small perturbations of hormona
lieu, have been found to alter ontogenetic pathways a
produce marked effects on brain function and behavior la
life (for a review, see[12,39]). In addition, an early-occurrin
damage may reveal itself and emerge only after a prolo
latency (e.g. during adulthood or as late as senescenc
growing literature has reported that manmade endoc
disrupting chemicals may alter development, leading t
tered behavior and reproductive capacity in the wild
[19,20]. Because they represent the end-point of the
grated activity of several neural systems, behavioral ind
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may be particularly sensitive to hormonal perturbation, and
even subtle alterations in any component system are likely
to be reflected in the disruption or modification of the final
behavioral output[50].

Bisphenol-A (BPA) is a widespread estrogenic chemical,
which is potentially ingested by humans, being released by
polycarbonate plastics, the lining of food cans, and dental
sealants[14,47]. BPA has a weak estrogenic activity in vitro
and in vivo[35,57], and interacts with the estrogen receptor
alpha (ER�) in a unique manner, somewhat different from
estradiol[26]. Prenatal exposure to BPA is able to affect the
development and function of reproductive organs, as well
as adult sexual behavior, especially in the male offspring
[7,24,54,60,61,63,64], but also in females[29]. Perinatal ex-
posure to BPA has also been implicated in altered profiles
of non-social behaviors, resulting in a reduced motivation to
explore and an altered profile of impulsivity in the offspring
of rats[1,24].

Methoxychlor (MXC) is used as an insecticide for pets,
gardens, crops and livestock. MXC has estrogenic effects
only in vivo after demethylation in the liver. In addition, MXC
has been reported to bind to androgen receptors and also acts
as an anti-androgen[27]. Exposure to MXC during develop-
ment leads to changes in the reproductive system and behav-
ior in rats and mice[52]. Recent advances have also shown
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as an index of BPA- and/or MXC-induced long-term effects
on the dopaminergic function of the brain.

2. Material and methods

The experimental protocols were approved by the compe-
tent institutional authorities and are in close agreement with
European Community Directives and with the Italian Law.
All efforts were made to minimize animal suffering, to re-
duce the number of animals used, and to use alternatives to
in vivo testing.

2.1. Maternal treatment and procedure

Female CD-1 mice (Mus musculus domesticus, Charles
River, Calco, Italy) were time-mated and group-housed un-
til starting of treatment. Starting from day 6 after detection
of vaginal plug, the females were trained to spontaneously
drink a small volume (50�l) of corn oil purified from tocofe-
role (Sigma, Milan, Italy) from a modified syringe (without
the needle and with a larger hole) introduced in through the
cage top every day, 6 h after light onset. All females easily
learned to drink the oil as soon as the syringe was introduced
in the cage. This procedure allows accurate administration of
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fl red
hat estrogens interact with the dopaminergic[2,10,23,30,45
nd the serotonergic[48] brain systems. Exposure during o

ogenetic critical periods to estrogenic pollutants could h
esult in an altered development of these major neuroc
cal pathways (see e.g.[18,40]), thus leading to permane
eurobehavioral alterations in the offspring.

In the present work, we studied the effects of mate
xposure to BPA and MXC, during the last gestational w

n mice. These two compounds were administered at
oses, which are environmentally relevant, within the ra
f human exposure and not teratogenic[14,47]and have bee
emonstrated to affect behavioral development in prev
xperiments[51,52]. We assessed in adult animals the po
ility that prenatal exposure to BPA or to MXC may influen

he development of brain dopaminergic systems. In par
ar, we investigated potential changes in the reinforcing
ects of amphetamine, using a widely validated parad
he conditioned place preference (CPP). This paradigm
ides a measure of incentive memory of rewarding drug
ects, which do impinge on drug action within mesolim
opamine systems[53,65]. The specificity of the develo
ental changes affecting a central neurochemical sy

an be evaluated by assessing the effects of a psycho
gent targeting a given system upon the behavioral resp
nown to be modulated by that system. For this reaso
eemed appropriate to evaluate the behavioral effects th
ow amphetamine administration[33], since it is well known
hat release of dopamine within the dorsal and ventral s
um is involved in such a behavioral change[56]. To the pur
ose of the present study, a potential alteration in the be

oral effects of amphetamine administration was consid
hemicals without the stress associated with gavage or
ion [51,52]. On gestation day 11, each female was indi
ally housed and randomly assigned to one of the follow

reatment groups (10–12 females per group): oil control,
10�g of BPA per kg body weight per day) or MXC (20�g
f MXC per kg body weight per day). From gestation
1–18, each female drank 0.1 ml of corn oil per 50 g b
eight per day, with or without the chemicals. Within 1

ollowing parturition (on gestation day 19), each litter w
ulled to 10 pups (5± 1 males and 5± 1 females), whic
ere returned to their biological mothers. On postnatal
5, offspring were weaned and mice were group-housed
ame sex littermates till the moment they were used for
ng. At adulthood (60-day old), three males and three fem
rom each litter underwent the CPP test, being assign
ifferent treatment levels.

.2. Apparatus

The experimental apparatus consisted of an opaque
glas rectangular box with smooth walls, subdivided
hree compartments. The connecting doors between the
ompartments could be closed by means of temporary
itions (see[37]). Two cues, one visual and one tact
ere associated with each of the two end-compartm

20 cm× 14 cm× 27 cm each). One compartment was w
nd had a wide-mesh floor (wire diameter 0.7 mm, m
idth 6 mm), whereas the other one was black and h
arrow mesh floor (wire of 0.2 mm diameter, mesh w
mm). The middle compartment had grey walls and a sm
oor. Each compartment was equipped with four infra



G. Laviola et al. / Brain Research Bulletin 65 (2005) 235–240 237

photo-beams, placed on the wall (2 cm above floor). Photocell
interruptions were recorded by an IBM computer, equipped
with a custom-made software. The apparatus was cleaned
after each animal was tested. The following measures were
obtained automatically: (1)timespent in each compartment;
and (2)activity ratein each compartment (number of beam
interruptions per second). The whole session was automati-
cally subdivided into 5-min intervals. The whole experimen-
tal schedule took a total of 6 days, each subject from all three
prenatal treatment groups being tested between 10 a.m. and
18 p.m. Testing of different experimental groups was coun-
terbalanced across time. The test was carried out under dim
illumination.

2.3. Drugs

d-Amphetamine (AMPH) sulfate was dissolved in saline
(SAL, NaCl 0.9%) and injected i.p. in a volume of 1 ml/100 g
body weight. AMPH doses were chosen in the range of those
used in previous studies (see[38]). Doses are expressed as
salt weight.

2.4. Place-conditioning paradigm

The white compartment of the apparatus was drug-paired
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AMPH, we analyzed data of the place-preference test. The de-
pendent variable was the time spent in either the drug-paired
or the SAL-paired side. The general design of the experiment
was a three prenatal treatment (OIL, MXC, BPA)× 2 sex× 3
treatment (0, 1 and 2 mg/kg AMPH), as well as repeated mea-
sures on the same individual. A side variable (paired versus
unpaired chamber) was used for place-preference data. Mul-
tiple comparisons were performed with Tuckey HSD test.

3. Results

No differences were found in body weight and sex ratio at
birth as a consequence of prenatal treatment (data not shown).

3.1. Acute effects of AMPH (day 2 of the schedule)

Analysis yielded a main effect of sex (F(1, 28) = 6.64,
p< 0.05), males showing higher overall levels of activity
counts (data not shown). In both sexes, a main effect of
treatment (F(2, 42) = 14.6,p< 0.001 for females andF(2,
42) = 14.7,p< 0.001 for males) confirmed the expected dose-
dependent increment in locomotion induced by acute admin-
istration of the drug. No effects of prenatal exposure to chem-
icals were found, although a slight tendency towards an in-
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i.e. the paired chamber), whereas the black one was
aired (i.e. the unpaired chamber). This “biased” proce

s often reported in the literature on place conditioning
.g.[38]). According to a split-litter design, one male and

emale from each litter were randomly assigned to be co
ioned with one of the three AMPH doses (0, 1 or 2 mg
.p.).
Day 0: Familiarization. Animals were allowed to free

xplore the whole apparatus for 10-min session, in a drug
tate.
Days 1 and 3:Animals were injected with the appropria

MPH dose and immediately placed in the paired cham
f the apparatus for a 20-min session.
Days 2 and 4:All animals were injected with SAL an

laced in the unpaired chamber of the apparatus for a 20
ession.
Day 5: Conditioned place preference test.Mice were

llowed to freely explore the whole apparatus for a
in session, in a drug-free state. Time spent in each

ompartment, and total locomotor activity were obtained
omatically.

.5. Design and data analysis

Data were analyzed by asplit-plot analysis of varianc
ANOVA), where the litter was the block variable: prena
reatment was a between-litters factor, whereas all other
bles were within-litter factors. In order to study the ac
MPH effects, we analyzed activity data expressed w

he drug-paired compartment on the first pairing day (se
rocedure above). In order to study the incentive properti
reased response to AMPH appeared in BPA and in M
ales, when compared to prenatal controls.

.2. Conditioned place preference

ANOVA revealed a significant main effect of sex fac
F(1, 20) = 8.57,p< 0.01), thus allowing to carry out separ
nalyses for each sex. In males (Fig. 1 lower panel), a sig
ificant dose by side interaction was found (F(2, 40) = 16.6
< 0.001). No significant or reliable effect of prenatal
osure to BPA or to MXC was found. Multiple comp

sons confirmed that the expected CPP was produced b
ose of the drug in all prenatal-treatment groups. As fo
ales (Fig. 1 upper panel), a significant dose by side (F(2,
0) = 9.08,p< 0.001), as well as a dose by side by pren
xposure (F(4, 40) = 2.51,p< 0.05) interactions were foun
his profile indicated that the AMPH-conditioned profile w
function of prenatal exposure. Specifically, at both d

oses OIL-exposed control females spent significantly m
ime in the paired than in the unpaired chamber. By cont
he conditioned response to rewarding property of AM
as completely dampened in BPA and MXC groups.

. Discussion

As expected, acute AMPH injection on the first train
ay of the CPP paradigm induced a dose-related hyper

ty profile. Prenatal BPA or MXC exposure, however, w
ot associated with significant changes in the classical
otor response to AMPH. With respect to AMPH-indu
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Fig. 1. Mean (±S.E.M.) time spent in drug-free state in the AMPH-paired
or unpaired (i.e. SAL-paired) chambers of the apparatus by female (upper
panel) and male (lower panel) mice exposed prenatally to BPA or MXC
(n= 10/12). (*) Evidence of drug-induced place conditioning:p< 0.05 in
multiple comparisons between time spent in either chamber.

place conditioning, females as a whole were more respon-
sive than males, thus confirming previous results[38]. When
compared to prenatal controls, BPA- as well as MXC-exposed
females failed to show AMPH-induced conditioning. In other
words, prenatal exposure to BPA or MXC was apparently re-
sponsible in female mice for a profound impairment of brain
reward pathways targeted by the drug. Interestingly, no reli-
able or significant changes due to the prenatal treatment were
evident for males. Recently, reduced novelty seeking and in-
creased neophobia were found in female rats perinatally ex-
posed to BPA (see[1]). Findings may well be seen as indexes
of reduced reactivity or readiness to experience positive rein-
forcing effects of natural (environmental) or drug-mediated
stimuli. The overall result of our studies is that prenatal ex-
posure to the estrogenic pollutants BPA and MXC resulted in
marked alterations in the psycho-pharmacological profile of
female mice. It could be argued that BPA and MXC exposure
impaired the subject adaptation to environmental challenges
[11].

As for possible mechanisms, it should be noted that BPA
exhibits weak estrogenic activity in adult rats of both sexes.
Namely, BPA administration results in a significant increase
in uterus and vagina weights in ovariectomized females[34],
whereas it directly inhibits testicular functions and produces a
reduction in the negative feedback of testosterone[59]. Long-
t fica-
t rain
a r
O l has
a tems
w -
t dult-

hood following maternal exposure to BPA[1,24]. This behav-
ioral profile could be related to gender-specific alterations in
the function of brain neurochemical systems involved in the
response to AMPH. On this basis, it may be supposed that
prenatal exposure to BPA interacted with some steps in the
development and organization of the dopaminergic system
during the prenatal period of female offspring.

The dopamine (DA) system has been reported to be
affected by in utero and/or lactational exposure to en-
docrine disrupters (e.g.[55]). It is widely recognized that
the mesolimbic and the nigrostriatal dopaminergic systems
represent major structures of the CNS underlying hyperac-
tivity, novelty-induced behavior, reward-based learning, and
attention deficits[4,13,16]. A convincing body of evidence
indicates that estrogen can modulate basal and amphetamine-
stimulated levels of DA release in rodent striatum as mea-
sured by in vivo microdialysis[10]. In general, estrogen lev-
els are positively correlated with striatal DA release. For ex-
ample, basal and amphetamine-stimulated levels of DA are
higher in female rats during behavioral estrus (i.e. physio-
logical proestrus, when estradiol levels are high) relative to
diestrus or to levels in ovariectomized rats[10]. Similar re-
sults are found when striatal DA content is measured, in that
peak levels occur during behavioral estrus[21,46]. Although
less thoroughly studied, circulating levels of gonadal hor-
m rats.
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erm exposure of adult female rats to BPA induces modi
ions in� estrogen receptor immunoreactivity in various b
reas, which regulate reproductive and maternal behavio[3].
ne study reported that intrauterine exposure to estradio
significant effect on the organization of monoamine sys
ithin the foetal hypothalamus[32]. In previous studies, mo

or activity and motivation to explore were depressed at a
ones appear to have few behavioral effects in male
or example, adult castration has no effect on basal D

ease[66], although these levels are still higher than th
f ovariectomized rats[17]. Finally, unlike females, estr
iol or testosterone treatment in gonadectomized males
ot substantially alter amphetamine- or potassium-stimu
A release[9,17,22,43].
Sexual differences in striatal tyrosine hydroxylase

unoreactivity have been described as early as embr
ay 16 in the rat[49]. Gonadal hormones may also play
ssential role in organizing the underlying differences[36].
ex differences in striatal DA content or density of D1 and D2

eceptors during development[4,25] also imply that steroi
ormones may play a role. Few studies, however have e

mentally manipulated the developmental hormonal m
nd examined later striatal DA release. The results of
tudy imply that levels of androgens during the neonata
iod are not important for establishing the sexual dimorph
n amphetamine-stimulated striatal DA release at adult
9]. For example, neonatal castration did not diminish in v
A release in adult males nor did neonatal ovariectomy
cute testosterone treatment alter DA release in adult fem
imilar studies based on developmental estrogen trea
ave been reported. For instance, developmental exp

o BPA has been shown to alter D1 receptor expression a
ensity in male mice[58].

In conclusion, exposure to BPA during ontogenetic
cal periods interacts with some steps in the organiza
f the monoaminergic neural systems in the offspring.

he basis of the scientific literature, behavioral alteration
orted in the present study could be ascribed to an al
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development of central monoaminergic pathways, but further
work is needed to clarify the neural basis of long-term neu-
robehavioral alterations. As a general conclusion, the present
findings provide evidence of long-term consequences of pre-
natal exposure to BPA and MXC at the level of neurobe-
havioral development. This should be a cause of concern for
public health, confirming that exposure to low doses of envi-
ronmental estrogens with a weak activity, during the period of
sexual differentiation of the brain, can influence subsequent
adult behavior. Our results indicate that further research is
needed to better understand which levels of exposure would
not be potentially dangerous for human health.
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