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Abstract

It has become increasingly clear that environmental chemicals have the capability of impacting endocrine function. Moreover, these
endocrine disrupting chemicals (EDCs) have long term consequences on adult reproductive function, especially if exposure occurs during
embryonic development thereby affecting sexual differentiation. Of the EDCs, most of the research has been conducted on the effects of
estrogen active compounds. Although androgen active compounds are also present in the environment, much less information is avail-
able about their action. However, in the case of xenoestrogens, there is mounting evidence for long-term consequences of early exposure
at a range of doses.

In this review, we present data relative to two widely used animal models: the mouse and the Japanese quail. These two
species long have been used to understand neural, neuroendocrine, and behavioral components of reproduction and are therefore
optimal models to understand how these components are altered by precocious exposure to EDCs. In particular we discuss
effects of bisphenol A and methoxychlor on the dopaminergic and noradrenergic systems in rodents and the impact of these
alterations. In addition, the effects of embryonic exposure to diethylstilbestrol, genistein or ethylene,1,1-dichloro-2,2-bis(p-chlor-
ophenyl) is reviewed relative to behavioral impairment and associated alterations in the sexually dimorphic parvocellular vaso-
tocin system in quail. We point out how sexually dimorphic behaviors are particularly useful to verify adverse developmental
consequences produced by chemicals with endocrine disrupting properties, by examining either reproductive or non-reproductive
behaviors.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

All living organisms depend upon a large and intricate
array of chemical signaling systems to guide biological devel-
opment and regulate cell and organ activity. The observation
that early exposure to industrial pollutants could raise
adverse effects on endocrine structures development, such
as the reproductive organs, induced public concern about
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the existence of endocrine active compounds that may affect
humans, farm animals and wildlife [67,146]. These environ-
mental chemicals have been termed endocrine disrupting
chemicals (EDCs)1 and have been defined by the European
Commission (1996) and by the United States Environmental
Protection Agency (US-EPA) panel as: ‘‘Exogenous sub-
stances that change endocrine function and cause adverse
effects at the level of the organism, its progeny, and of popu-
lations of organisms’’ [81].

There is evidence that EDCs may interact with several
endocrine systems, including the thyroid, reproductive,
and adrenal axes as well as other endocrine processes
[12,42]. Because hormones play important regulatory roles
in adults, EDCs can have transient effects that may be
reversible [66,67]. Additionally, hormonal signals control
normal development of many organs, including the brain,
therefore, EDCs may alter developmental processes by
interfering with these systems [180]. For these reasons,
effects of EDCs on developing organisms are of greatest
concern, since the disruptive effects of developmental expo-
sure interfere in the organization of neural systems fre-
quently exerting permanent and irreversible impacts (see
for reviews [66,168,236]).

Among the hormonal signals with high impact on brain
development, gonadal hormones, such as 17b-estradiol (E2)
and androgens, play key roles in the development of pri-
mary and secondary sex characteristics in higher verte-
brates, including several steroid dependent behaviors.
Many of the EDCs are estrogens or estrogen-like molecules
that have been classified as environmental estrogens or
xenoestrogens (XEs) [151,211]. Due to their estrogenic
effects, they could, even in very low concentrations, deeply
influence the development and the function of estrogen-
dependent neural circuits and related behaviors [165].

In recent years, the knowledge of how estrogen affects
mammalian brain function and development has substan-
tially broadened. After the demonstration that both
nuclear estrogen receptors [a and b (ERa and ERb)] are
expressed in many brain areas during ontogeny (for a sum-
mary of previous data see [191]), it was soon realized that
estrogens may modulate neuronal differentiation, notably
by influencing cell migration, survival and death, and syn-
aptic plasticity of neurons (for reviews, see [51,68,174,209]).
These effects were initially seen in the classical target area
1 Abbreviations used: AFP, a-fetoprotein; AMPH, amphetamine; ARO,
aromatase; ARO-ir, aromatase immunoreactive; AVPV, anteroventral
periventricular nucleus of the preoptic area; BPA, bisphenol A; BST,
nucleus of the stria terminalis; BW, body weight; CNS, central nervous
system; CPP, conditioned place preference; DA, dopamine; DDE,
1,1-dichloro-2,2-bis(p-chlorophenyl); DES, diethylstilbestrol; E2, 17b-
estradiol; EB, estradiol benzoate; EDCs, endocrine disrupting chemicals;
ERa-ERb, estrogen receptors [a and b]; GEN, genistein; GNX, gonad-
ectomized; HPG axis, hypothalamic–pituitary–gonadal axis; LC, locus
coeruleus; M, mount; MA, mount attempt; MXC, methoxychlor; NG,
neck grab; POM, medial preoptic nucleus; SDN-POA, sexually dimorphic
nucleus of the preoptic area; SL, lateral septum; T, testosterone; TH,
tyrosine hydroxylase; VT, vasotocin; XE, xenoestrogens.
for E2, the hypothalamus and, later, also in other brain
regions that revealed neurotrophic effects of estrogen
[143,218].

Appropriate levels of steroid hormones are essential for
normal development and sexual differentiation of the
reproductive system, central nervous system, and reproduc-
tive behavior [174,207]. Therefore, disturbing this develop-
mental milieu, via exogenous estrogen treatment or
gonadectomy, during critical periods of the pre- and/or
postnatal development, may induce irreversible changes
in the organization of the central nervous system (for a
reviews, see [19,74,143,144]) and determine behavioral
alterations in many species [126]. Similarly, if an EDC is
weakly estrogenic or androgenic, it still has the capability
to impact developing systems, especially the central ner-
vous system (CNS), resulting in functional alterations. Fur-
thermore, because behavioral responses represent the
culmination of several integrated systems, even small
changes of neural or neuroendocrine components are likely
to disrupt or modify behavior. Importantly, disturbances
in normal behavior may influence the individual fitness
and, therefore, assume a real biological significance in both
animal and human ecosystems [165].

Our present understanding of the activity and metabolism
of XEs has been based mainly on in vitro models [46], which
do not provide detailed study of XEs low dose effects. In
addition, the traditional testing paradigms consider mea-
sures that are not tailored for impact on endocrine systems,
current studies of EDCs must consider end-points that are
sensitive and reliable for assessing the effects of these com-
pounds on the whole living organism as well as on the inte-
grated systems (behaviors) that could be affected.

For example, the in vivo estrogenic action of a wide-
spread environmental pollutant such as DDT has been
demonstrated primarily at very high doses [58]. However,
more recent studies suggest that subtle behavioral modi-
fications may occur also in animals treated prenatally
with low, environmentally relevant doses of DDT [170].
An interesting example is bisphenol A (BPA), which is
widely used in the food industry and in dentistry. BPA
is known to have a weak estrogenic action due to its
low affinity for the ERa [214]. In spite of this weak bind-
ing activity, very low doses of BPA administered during
the perinatal period have consequences on male mice,
specifically increased prostate weight and decreased
sperm production [155,227]. In addition, mice fetuses
exposed to BPA and then raised by untreated foster
mothers still showed significant increase of body weight
at weaning, earlier vaginal opening signaling accelerated
puberty onset, and altered maternal behavior as adult
[107], as well as alterations of maternal behavior when
adult [172].

EDCs acting at low levels can exert subtle effects by
interfering with gene expression and other cellular activ-
ities which can cause transient activational responses, or
permanent impairment [231,236,237]. Thus, the impact of
EDCs will vary depending upon a variety of factors,
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including when in the life-cycle of an organism exposure
occurs, as well as the duration and amount of the expo-
sure (Fig. 1). Until recently, the critical importance of
life stage has not been fully appreciated. During the
life-cycle of an organism, developmental stages are typi-
cally far more vulnerable to signal disruption than adult
stages and the consequences of fetal exposure may be
drastically different from those of adult exposure. This
is thought to occur for several reasons, including the
absence of fully developed protective enzyme systems
and higher metabolic rates. Most importantly, however,
the events underway in development involve a series of
organizational alternatives that are (largely) irreversible
once the ‘‘choice’’ in development is determined
[176,180]. In sharp contrast, in adults, the processes
can be reversed very often by removing the perturbating
factor, thus returning gene expression levels and organ
functioning to (almost) normal. These transient effects
are termed ‘‘activational’’ effects [18,143].

One clear implication of this focus on low level expo-
sure during fetal and neonatal development is that levels
of exposure that have been considered as ‘‘background’’
and thus ‘‘safe’’ can have deleterious effects. Many labo-
ratory studies on animal models now support the conclu-
sion of high sensitivity of the embryo and neonate
[180,184,212], as some epidemiological data from human
studies do [121].

We have here outlined evidence from a diversity of
sources indicating that a variety of EDCs can interfere with
the neuroendocrine system, affecting sexual and brain
development, and resulting in reduced fertility, decreased
immune competence, altered brain function and behavior
in wildlife, laboratory animals and humans. Four summary
points emerge:

– EDCs at low levels can interfere with gene expression.
– Wildlife, laboratory animal and human effects are

often concordant with potential differences in sensitiv-
ity to specific compounds.
Fig. 1. Diagrammatic summary of effects of environmental disrupting chem
postnatal, and adult life. During the postnatal and adult life, EDCs act primaril
with circulating hormonal levels and therefore with the reproduction. During e
steroid-sensitive neural circuits and in this way may heavily impact adult beha
– The available data on EDCs demonstrate that tradi-
tional toxicological assumptions of appropriate mea-
surement end points are not sufficient for regulatory
science and regulations.

– Due to the multiplicity of involved factors, traditional
epidemiology has great difficulty establishing causa-
tion of specific EDCs’ effects in humans. All else being
equal, the ability of an epidemiological study to iden-
tify the cause of an adverse outcome decreases as the
prevalence of the outcome and the number of causal
factors increases; thus multifactorial diseases of high
incidence are only poorly handled by epidemiology.

There are a number of potential mechanisms for EDCs’
actions. Many EDCs have direct action on a specific steroid
hormone receptor or on multiple receptors [72,92,117,122,
127,188]. In addition, some compounds act on the enzyme
systems (e.g., genistein [190]) and may impact hormone trans-
port (for a review, see [55]). Finally, as for endogenous steroid
hormones, they can act through signaling pathways includ-
ing the activation of additional transcription factors as well
as the action through estrogen receptors located outside the
nucleus: in the plasma membrane, mitochondria and proba-
bly the cytosol (for a review, see [200]).

For the purpose of this review, we will concentrate on
the effects of early exposure to selected EDCs on neural
systems that may alter sexual differentiation of brain and
behavior. There are a number of potential receptors for
EDCs’ effects. In addition to humans, domestic animals
and wildlife are likely to be impacted by EDCs’ exposure.
We will review the data from two groups of the animal
models in which EDCs’ effects have been studied, including
the rodent and galliform birds.

2. Developmental exposure to EDCs alters sexual

differentiation of brain and behavior in mice

Many studies on EDCs in rodent models reported effects
on both reproductive system and performances
icals (EDCs) on reproduction through the exposure during embryonic,
y at the level of peripheral organs (gonads, reproductive tracts), interfering
mbryonic or early postnatal life EDCs interfere with the differentiation of
vioral activities that, in turn, control reproduction.
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[70,85,107,227,235]. However, more subtle and potentially
insidious effects of chemicals can emerge due to interfer-
ence with brain developmental processes, resulting in
behavioral alterations [168–172]. Mothers can pass EDCs
to their offspring transplacentally, and after birth by
breastfeeding newborns. Through neurotrophic and differ-
entiation promoting effects, estrogens are crucial for the
sexual differentiation of CNS structures and functions.

According to the classic ‘‘hormonal’’ theory, during a
critical period of brain development, which in mice and rats
extends from late pregnancy until the first 1–2 weeks after
birth, estrogens organize male-type specific circuitries per-
manently and irreversibly [18,143]; E2 is actively synthe-
sized in the brain from testosterone (T) by neurons
expressing the enzyme aromatase [145]. In addition, the
classical theory hypothesizes that, in mammals, the brain
of the female fetus is protected from defeminization
(decrease or disappearance of displaying female-typical
behaviors, such as lordosis) or masculinization (displaying
male-typical behaviors such as mounting a female) by a-
fetoprotein (AFP, abundant during fetal and early neona-
tal life [45]) which binds circulating maternal E2. At the
same time AFP is also protecting the brain of male fetus
from the excess of maternal estrogens. This hypothesis
has been recently demonstrated by elegant experiments in
AFP knockout mice [28].

Contrary to estrogens, nonsteroidal estrogens, such as
BPA, exhibit a lower affinity for plasma estrogen binding
proteins [149], therefore they may avoid the protective
action of AFP. Although recent evidence has pointed out
that sex differences in non-reproduction related neural
structure (i.e., the hippocampus) may be related also to dif-
ferent mechanisms, such as de novo synthesis of neural E2

[143] or genetic sex [19], this does not seem to apply to
sexual differentiation of hypothalamus and hypothala-
mus-dependent behaviors. XEs 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 direct sexual
behaviors, social and non-social behaviors in adult life.

2.1. Sexually differentiated neural circuits in rodents

Many brain structures show volumetric or neurochemi-
cal features that are sexually differentiated in rodents. In
particular, hormone-dependent brain sexual dimorphism
was at first demonstrated in the number of dendritic spines
in the dorsal POA of the female compared with the male
[197], and in the volume of a particular region of the rat
preoptic area named sexually dimorphic nucleus (SDN-
POA, [91]) that was four to six times larger in male than
female. In addition, the whole accessory olfactory pathway
is sexually dimorphic [98]. Other regions were demon-
strated to have a reverse sex dimorphism (larger in female
than in male), in particular the locus coeruleus (LC, [97])
and the anterior ventral periventricular nucleus (AVPV,
[210]). It is now known that there is considerable variety
in the nature of structural sexual dimorphisms in the brain
including not only the size of specific brain regions, but
also the extent of dendritic aborization, the density and
pattern of synaptic connections (e.g., spine and somatic
synapses), size, number and phenotype of neurones in a
particular region and astrocyte morphology (for an up to
date review of these data see [240]).

In rodents, these differences are due to the effect of gona-
dal hormones’ neonatal environment on programmed cell
death, neurite growth, axon guidance and synaptogenesis
(for reviews, see [87,209]). Functionally, the structural sex-
ual dimorphisms in individual brain regions give rise to sex
differences in neuronal circuitry and thus differences in cir-
cuitries-dependent functions, such as various behaviors
related or not to reproduction. Among these circuitries
the dopaminergic system has been particularly considered,
due to its involvement in the control of rodent sexual
behavior [108–110], as well as for its involvement in many
other behaviors such as locomotion [44,61].

2.2. Effects of exposure to low dose XEs on reproduction

Prenatal exposure to doses of the estrogenic endocrine
disruptors, BPA and methoxychlor (MXC), within an envi-
ronmentally relevant range for human exposure, have pro-
duced abnormalities in daily sperm production per gram of
testis, and epididymis, prostate, and seminal vesicles in
male mice [155,227,235]. Exposure of rodents to low doses
of BPA during fetal development has been shown to induce
early vaginal opening [106], advance the onset of puberty
[107], disrupt estrous cyclicity [137,202], and decrease
serum levels of LH after ovariectomy [202] in females. Peri-
natal exposure to BPA alters postnatal mammary gland
development [138,152]and increases the sensitivity to estra-
diol at puberty [152]. These changes are a consequence of
altered development during the period of BPA exposure
[220]. Exposure during prenatal and postnatal development
to BPA (40 lg/kg body weight (BW)) altered sexual activ-
ity in rats. BPA-exposed females showed an increase in
receptive behaviors and in sexual motivation when in pro-
estrus, while BPA-exposed males showed a general impair-
ment of sexual behavior when compared to controls [85].

The mouse (Mus domesticus) is a good experimental
model to investigate the effects of developmental exposure
to EDCs on certain types of behavioral systems that are
differently expressed in male and female, such as the occur-
rence and pattern of social (e.g., aggression, parental
behavior) and non-social behaviors (e.g., exploration, emo-
tionality, activity patterns, learning, and memory) in adult
life. In mice and rats, as in other mammals, non reproduc-
tive behaviors have been described to show sex differences
in quantity of performance expressed rather than being
present in one sex and absent in the other [17,93]. Although
some of these sex differences reflect activational effects of
E2 and T in the blood of adult males and females
[167,192,243], differential actions of gonadal steroids dur-
ing the perinatal period play a crucial role in organizing



G.C. Panzica et al. / Frontiers in Neuroendocrinology 28 (2007) 179–200 183
the sexual dimorphism in behavior and its underlaying neu-
ral substrates [18,43]. For instance, ERa deficient male
mice have been shown to exhibit more female-like behavior
(higher locomotion and rearing, more center crossing, and
lower defecation) in the open field relative to wild-type
males [158], unfortunately no data are published for
ERKO female explorative behavior. However, this finding
suggests that estrogen action during development is impor-
tant for defeminization and/or masculinization of explora-
tion and emotional behaviors. A number of studies have
revealed higher levels of activity, sometimes associated by
lower anxiety, in female relative to male mice, though
many factors (such as strain, housing procedures, age,
and experience) can affect these behaviors [113,141,167,
201,203].

Results of a number of recent studies in our laboratory
and others [201,203] indicate that developmental exposure
to low doses of EDCs affect the sexual differentiation of
non reproductive behavioral systems in mice, such as
explorative, emotional, and cognitive behaviors. We have
previously shown that developmental exposure to sub-toxic
low doses of estrogenic compounds, relevant with the con-
centrations wildlife and humans could be exposed to, show
different effects than those observed at higher doses; specif-
ically, prenatal exposure to the estrogenic compounds
o,p’DDT, MXC or BPA can affect different behavioral sys-
tems in mice [170–172].

We report here our more recent research examining the
effects of maternal exposure to two estrogenic EDCs, BPA,
and MXC, at doses within the range of human exposure
and not patently teratogenic, on emotional, explorative,
and sexual behaviors of male and female CD-1 house mice
(Mus domesticus) [90,129]. MXC is widely used as insecti-
cide on pets, in home gardens, and on crops and livestock.
It acts as an agonist of the estrogenic receptor after being
metabolized by the liver as shown by in vitro and in vivo

studies (see for review [71]), it has also a weak anti-andro-
genic activity [94]. MXC was administered orally to preg-
nant/lactating mice at a dose of 20 lg/kg/day, which has
been shown to affect behavioral development in previous
experiments [171,172]. This dose is well below the lowest
observed adverse effect level (LOAEL 50 mg/kg/day,
according to Environmental Protection Agency, USA)
and also below the 5 mg/kg maternal predicted no
observed adverse effect level (World Health Organization,
1996). BPA is a widespread estrogenic chemical, with
human exposure, due to release by polycarbonate plastics,
lining of food cans, and dental sealants [56,159]. BPA has a
weak estrogenic activity in vitro and in vivo [123,130,214],
and interacts with ERa in a unique manner, somewhat
different from E2 [92]. We fed pregnant/lactating mice
10 lg/kg/day BPA, a dose reported as the tolerable daily
intake by the European Commission’s Scientific Commit-
tee on Food [80]. This dosage is far below the LOAEL of
50 mg/kg/day that was used to calculate a reference dose
of 50 lg/kg/day (IRIS 1988). This xenoestrogen has been
measured in maternal and fetal plasma and placental tissue
at birth in humans [111,205]. In a recent study, BPA was
found in 95% of urine samples of a 394 Americans [59].
From these data, the mean exposure was estimated to be
40 ng/kg BW per day and the 95th percentile was 230 ng/kg
BW per day, assuming that 70% of the daily dose was
excreted into the urine. A smaller study estimated a maxi-
mum daily intake of BPA to be 230 ng/kg BW [16].

2.3. Maternal treatment procedure

We developed a procedure that allowed oral adminis-
tration of the chemical to the pregnant female, without
disturbing or stressing the animal. 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. Before and after time-mat-
ing, female mice were trained to spontaneously drink a
small volume (50 ll) 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 intro-
duced; 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 estrogenic
plastic derivative, BPA (10 lg/kg) or the insecticide
MXC (20 lg/kg) from gestation day 11 to postpartum
day 8 (perinatal exposure) or only for gestation day
11–18 (prenatal exposure). Their offspring were examined
for exploratory behaviors before and after puberty, for
sexual behaviors and conditioned place preference (CPP
induced by amphetamine). Three different tests examined
different components of explorative and emotional
behaviors (see Fig. 2): (1) novelty test before puberty,
which measures levels of impulsivity and novelty-seeking;
(2) exploration and activity in a free-exploratory open
field as adults to measure propensity to explore a novel
environment and activity and anxiety levels; (3) explora-
tion in the elevated plus maze, which is the traditional
test for measuring anxiety responses in rodents. Sexual
behavior was examined by pairing experimental male
mice with unexposed estrous female and experimental
estrous females with unexposed males. The CPP mea-
sures potential changes in the reinforcing effects of
amphetamine. This paradigm provides a measure of
incentive memory of rewarding drug effects, which do
impinge on drug action within mesolimbic dopamine
(DA) systems [129].

2.4. Effects of EDCs on exploration and emotional behavior

We assessed explorative and emotional behaviors of the
maternally exposed offspring at different ages (pre-puberty
and adulthood) and in three different experimental settings.
As a general result, we found that while control mice
showed sex differences on a number of behavioral



Fig. 2. Different test paradigms (left column) to examine behavioral responses of male and female house mice perinatally exposed to BPA (10 lg/kg BW)
or MXC (20 lg/kg). (a) Novelty test before puberty; 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 compartment (b). (b) A free-exploratory open field, consisting of a home-cage and an unfamiliar area (an open-field, OF) of
73 · 110 cm bordered along by a 50 cm high wall and in which a bright and a dark zone were created. A male and a female per litter were individually
housed in the home cage section and after 24 h the removable barrier was removed allowing entrance in the OF. A cut-off of 10 min was used for those
animals that did not enter the OF and starting from the first entrance in the OF, behavioral observation lasted 5 min. (c) The Elevated Plus Maze 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. (d) The
conditioned place preference (CPP) paradigm consists of a three-compartments 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 amphetamine (1 or 2 mg/kg i.p.), whereas the black one was paired with an injection of saline. According to 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 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. (e) Summary of the effects of perinatal exposure to BPA or MXC on sex differences in the different test paradigms. F = M, level of behavior do
not significantly differ in males and females; F > M, levels of behavior significantly higher in females than males; F < M levels of behavior significantly
lower in females than males. fl statistically significant decrease of behavior following perinatal exposure; › statistically significant increase of behavior
following perinatal exposure.
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responses at both ages and in all the test paradigms, mice
perinatally exposed to BPA or MXC showed decreased
or no sex differences (see Fig. 2). Unexposed female mice,
either pre- or post-puberty, when ‘‘stimulated’’ to explore
a novel environment, were more reactive and explorative
and less anxious as compared to unexposed males. Devel-
opmental exposure to the estrogenic pollutants BPA and
MXC resulted in behavioral alterations mainly in females,
which 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 exposed females to novel stimuli and are consistent
with an estrogenic action of BPA and MXC, and possible
‘‘defeminization’’ or ‘‘masculinization’’ effects of the peri-
natal exposure to these compounds. However, we also
reported 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 EDCs
exposed mice, relative to those displayed by controls. Sex-
ual behavioral differences, as well as effects of estrogenic
compounds altering such differences, occur before puberty
(i.e., before the increase of sexual hormones production is
activated by gonads). This can be interpreted as an index
of an interference of EDCs in the processes of develop-
ment and organization of CNS and of receptor systems
of both sexes. Fig. 2 summarizes the main results of devel-
opmental exposure to BPA and MXC on mice behavioral
responses. Interestingly, no effects of prenatal exposure to
EDCs were recorded on male or female sexual behaviors
or reproductive success (Palanza, unpublished
observation).
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2.5. Effects of EDCs on 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 to that system
upon the behavioral responses modulated by that system.
For this reason we assessed in adult animals the possibility
that prenatal exposure to BPA or to MXC may influence
the development of brain dopaminergic systems by investi-
gating potential changes in the reinforcing effects of
amphetamine (AMPH), using a widely validated paradigm,
the CPP [129]. As a general result, AMPH treatment pro-
duced increased locomotory activity in mice regardless pre-
natal exposure. With respect to AMPH-induced place
conditioning, females as a whole were more responsive
than males, thus confirming previous results [128]. When
compared to unexposed female mice, BPA- as well as
MXC-exposed females failed to show AMPH-induced con-
ditioning. Males showed no changes due to the prenatal
treatment. Thus, prenatal exposure to BPA or MXC was
apparently responsible in female mice for impairment of
brain reward pathways targeted by the drug. Reduced nov-
elty seeking and increased neophobia were also found in
female rats perinatally exposed to BPA [9]. This behavioral
profile could be related to gender-specific alterations in the
function of brain neurochemical systems involved in the
response to AMPH. As release of DA within the dorsal
and ventral striatum is known to be involved in the behav-
ioral effects that follow amphetamine administration
[118,213], it is reasonable to assume that a potential
alteration in the behavioral effects of amphetamine admin-
istration could be an index of BPA- and/or MXC-induced
long-term effects on the dopaminergic function of the
brain. Our preliminary neurobehavioral study has shown
a decrease in D1-like receptors density in nucleus accum-
bens and olfactory tubercle of mice prenatally exposed to
MXC, at the same doses that have caused alteration in
exploration and novelty-induced locomotor activity
(Morellini F., Palanza P., Fuchs E., unpublished data).

2.6. Mechanisms of EDCs action

As for possible action mechanisms, it should be noted
that both MXC and BPA exhibit weak estrogenic activity
in adult rats of both sexes [11,119,217]. In these studies,
motor activity and motivation to explore were depressed
at adulthood following maternal exposure to BPA [9,86].
Kubo et al. [125] reported that in rats, exposure to BPA
abolished sex differences in behavioral patterns in an open
field and reversed the normal sex differences in the locus
coeruleus. Locus coeruleus (LC) and dopaminergic system
are known to be involved in the regulation of animal reac-
tivity to a novel environment and in the CNS, the dopami-
nergic system having been reported to be affected by early
developmental exposure to EDCs. Sexual dimorphism in
LC has been detected in rats, with females showing larger
volume, higher number of neurons and more dopamine-
b-hydroxylase immunoreactive cells than males [193]. Peri-
natal exposure to low doses of BPA in rats reversed the sex-
ual difference in volume and number of cells of the locus
coeruleus [125]. The mesolimbic and nigrostriatal dopami-
nergic systems represent major structures of the CNS
essential for locomotor activity, novelty induced behavior,
reward learning, attention deficit [13,50,61]. In utero and
lactational exposure to PCB77 resulted in elevations in
concentrations of DA in the frontal cortex, and of DA
and its metabolites in the substantia nigra in young (before
puberty) and in adult rats [208].

We reported that prenatal exposure to the estrogenic
pollutants BPA and MXC resulted in marked alterations
in the psychopharmacological profile of female mice sug-
gesting an impairment of brain reward pathways targeted
by amphetamine, possibly involving brain monoaminergic
(particularly dopaminergic) circuits [129]. On this basis, it
may be supposed that prenatal exposure to BPA or
MXC might interact with some steps in the development
and organization of the monoaminergic system during
the perinatal period. A convincing body of evidence indi-
cates that estrogen can modulate basal and amphet-
amine-stimulated levels of DA release in rodent striatum
as measured by in vivo microdialysis [44] and intrauterine
exposure to estradiol has been reported to have a signifi-
cant effect on the organization of monoamine systems
within the foetal hypothalamus [116]. Developmental expo-
sure to BPA has been shown to alter D1 receptor expres-
sion and density in male mice [215]. The exposure to
BPA during either organogenesis or lactation, but not
implantation and parturition, significantly enhanced the
morphine-induced hyperlocomotion and rewarding effects.
Furthermore, exposure to BPA during either organogenesis
or lactation also produced an up-regulation of DA receptor
function to activate G-protein in the mouse limbic fore-
brain [156]. These results indicate that both organogenesis
and lactation are more sensitive to the BPA-induced devel-
opmental neuronal toxicology than any other periods.

Recent studies demonstrated that mice or rats perina-
tally exposed to low doses of BPA showed alterations in
sexually dimorphic population of tyrosine hydroxylase
(TH) neurons in the AVPV [186,201] and in the open field
behavior [201], 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 diethylstilbestrol (DES)
on the number of neurons producing TH 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 [194].

It is recognized that DA is regulating male sexual behav-
ior in rodents through its cooperation with the NO-produc-
ing system [108,204]. Our preliminary data indicate that
pre- and postnatal exposure to BPA can alter selectively
this system at the level of medial preoptic nucleus and of
the bed nucleus of the stria terminalis [140]. These data



Fig. 3. Sex dimorphism in the control of copulatory behavior of Japanese
quail (illustrated here by mount attempt, MA) by testosterone. (A) Adult
male Japanese quail readily show copulatory behavior when presented to a
sexually mature female. This response is never shown by intact females
(Control). It disappears after gonadectomy (GNX). Treatment of gonad-
ectomized birds with testosterone (T) activates MA in males but not in
females (GNX + T). Females are insensitive to the activating effects of T.
Redrawn from data in [39].
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indicate in the NO system another potential and important
target for the action of EDCs in mammals. Although we
did not find significant alteration of sexual behaviors in
male mice following perinatal exposure to EDCs, other
studies [85,154] reported that male rats perinatally exposed
to BPA showed less efficient sexual behaviors than
controls.

However, none of these studies can delineate the mech-
anisms involved in BPA’s or MXC’s actions on the devel-
oping brain; further study is needed to clarify possible
mechanisms underlying EDCs actions on brain develop-
ment and their effects on behavior. At present, it must be
recognized that in addition to well-documented estrogenic-
ity, BPA and MXC may exert other effects on the develop-
ing brain. A number of studies have suggested that some of
the neurobehavioral effects of XEs, such as BPA, cannot be
explained by an estrogenic action of this compound, related
to its binding to ER a and ER b [76,77,85]. MacLusky and
co-workers have recently reported anti-estrogenic effects of
BPA on hippocampal synaptogenesis of mice brain [136].
In another study, BPA has been shown to exert estrogenic
or anti-estrogenic effects in the rat cerebellum, according to
the concentration of the compound [244]. In addition,
recent studies have shown that not all effects of BPA are
mediated by the classical nuclear ERs. Non-genomic cell-
signaling systems involve serial activation of kinases via
ligand binding to cell-membrane receptors at very low con-
centrations [236].
3. Circuits controlling sexual behavior in birds

Birds, and in particular galliforms are characterized by
extreme forms of sex dimorphism [i.e., the male copulatory
behavior and neural circuits associated to it, as the vasoto-
cin (VT) system]. In quail, contrary to what is observed in
rodents, the male-type copulatory behavior is highly differ-
entiated between males and females, while the female-type
receptive behavior can be activated in both sexes by an
appropriate treatment with estrogens [4] (for a review, see
[31]). The sexual dimorphism affecting male copulatory
behavior is quite extreme in this species: under laboratory
test conditions, sexually mature males almost never fail
to exhibit the complete copulatory sequence, including
grabbing the female’s neck feathers, mount attempts,
mounts, and cloacal contact movements. These behaviors
are never seen in females and are T-dependent [4,39,163].
The dimorphism is an all or none phenomenon; it is qual-
itative in nature (Fig. 3). Because these behaviors are
T-dependent, they disappear after castration in males.
However, gonadectomized or intact females still do not
exhibit these behaviors due to a relative absence of circulat-
ing T. It has indeed been shown that treatment with high
doses of T is not sufficient to activate cloacal contact move-
ments in gonadectomized females, while such a treatment
restores the full spectrum of sexual behaviors in males
[4,39,162,206]. This suggests that the neuronal circuits
supporting male reproductive behavior are also sexually
differentiated in this species.

A large number of investigations have elucidated the
neural basis of this dimorphism and the results were partic-
ularly interesting for two nuclei of the limbic-hypothalamic
region, the medial preoptic nucleus (POM, [183]) and the
nucleus of the stria terminalis (BST, [20]). These two nuclei
were described in detail for both their cytoarchitecture and
for their neurochemical features (for a review, see [182]).
Several studies have also demonstrated that, in particular
the POM, they are profoundly implicated in the control
of male sexual behavior (for detailed reviews, see
[181,182]). Among the different neural circuits that have
been characterized in POM and BST, two are particularly
involved in the control of reproductive behavior, the neu-
rons producing aromatase (the enzyme converting T into
E2, [32]) and the parvocellular neuronal system producing
VT located in the BST and POM [173]. The quail (and
chicken) VT system shows however a stronger dimorphism
than the aromatase system [182], and its sexual differentia-
tion is influenced in the same way by estrogens as the cop-
ulatory behavior do [95,115,176].

Male copulatory behavior and VT parvocellular system
are therefore major targets of the action of estrogens dur-
ing development of galliforms, in this respect they are also
privileged targets for the action of EDCs, in particular XEs
and xenoandrogens, during the embryonic life [175].

In field birds, it is critical to consider endocrine, neuro-
endocrine, and behavioral components of reproduction, as
all are critical to overall fitness. Therefore, the study of
neural circuits as impacted by EDCs in specific avian mod-
els provides a fundamental understanding of the mecha-
nisms involved in the behavioral impairment and other
effects of exposure. This is especially important in light of
the apparent negligible effects on testis weight, plasma ste-
roids, and other more general measures of reproductive
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function. Understanding specific neural effects associated
with EDC effects provide an important measure for field
birds in which more subtle effects may occur due to spotty
or variable exposure. Furthermore, some of these endo-
crine active compounds may translate into epigenetic or
impaired reproductive fitness and variable responses
between individuals [14,15]. In this way, there may be
long-term deleterious effects on individuals and then even-
tually on the population as a whole.
4. The Japanese quail as an avian model for testing EDCs

As briefly described in the previous chapter, the Japa-
nese quail provides an advantageous model for under-
standing the impact of EDCs, in particular those
provided by the diet, because there are well characterized
embryonic effects of gonadal steroids. In the female
embryo, plasma E2 peaked at E10, E12, and declined post
hatch, with levels always higher than in males [164], in
males, plasma androgen peaked at E10–E12 and P1, with
a decrease post hatch being always higher than in females
[161] (Fig. 4). Administration of exogenous gonadal ste-
roids alters sexual differentiation of reproductive behavior
Fig. 4. (a) Plasma androgen concentrations in embryonic and post-hatch
male and female Japanese quail at various ages. (b) Plasma 17b-estradiol
concentrations in embryonic and post-hatch male and female Japanese
quail at various ages. Redrawn from [164].
in both sexes [6,7]. In male quail, the embryonic exposure
to T or E2 by E12 altered later expression of copulatory
sexual behavior (demasculinized males [5,22,176]). On the
contrary, early embryonic administration of specific inhib-
itors of the synthesis of E2 (fadrozole, R76713) induces
defeminization of sexual behavior in females [34,176].
These results indicate the important organizational role
of the conversion of T into E2 (aromatization) [29] in addi-
tion to its role in the induction of adult sexual behavior
[33]. Increased 5b reductase enzyme activity was found in
the brain of male quail embryos between E7 and E15,
which may protect males from being demasculinized by
inactivating T [37]. Finally, early steroid exposure also
influences gonadal development, with fadrozole and
tamoxifen exposure producing defeminization of the ovary
and accessory structures [82]. These data were confirmed in
several independent studies, including those that compare
the effects of gonadal steroids and EDCs.

Neural systems that are responsive to steroids and key
regulators of endocrine and behavioral components of
reproduction are found in the preoptic, septal, limbic,
and selected hypothalamic regions. In Japanese quail, neu-
ral systems that control male copulatory behavior include
the POM and BST [181,182], these nuclei are characterized
by a large sexually dimorphic population of aromatase-
immunoreactive (ARO-ir) neurons [23,40] and a sexually
dimorphic VT-immunoreactive parvocellular system
[20,173]. ARO-ir cells are also controlled by several neuro-
transmitter/neuropeptide afferents: catecholamines [36],
nitric oxide [38], VT [30] (for review, see [1]). Other neuro-
peptides and neurotransmitters are also present in the same
regions: galanin [27], neuropeptide Y [25], vasointestinal
polypeptide, substance P [26], and serotonin [69]. In addi-
tion, ARO, VT and vasointestinal polypeptide immunore-
active elements are modulated in adulthood by the
circulating levels of T. ARO and VT show a marked
decrease in the number of immunoreactive cell bodies in
POM, BST and lateral septum of castrated or aged males
[21,23,177,179,222], whereas, in the same endocrine situa-
tion, vasointestinal polypeptide fiber density in the caudal
lateral septum increases [24]. Conversely, the expression
of both VT-immunoreactive and ARO-ir elements are
stimulated in castrated adults when E2 is administered
[21,223]. ARO-producing neurons (primarily in the POM)
and neural input to these neurons are critical modulators
of male copulatory behavior [1,181]. In addition, the par-
vocellular sexually differentiated VT system is particularly
sensitive to estrogens during the embryonic period. Admin-
istration of estradiol benzoate (EB) at day 9 of incubation
suppresses male copulatory behavior in adults and induces
a female-type VT phenotype in adult males [176].

4.1. The effects of estrogenic EDCs in Japanese quail

Earlier studies showed that some pesticides have an abil-
ity to interfere with the hypothalamic–pituitary–gonadal
axis (HPG axis; [198]). Insecticides such as o,p 0-DDT
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[103], DDE [178] or MXC [100,101], as well as other com-
pounds such as ethinylestradiol [102], diethylstilbestrol
[224], and genistein [225] significantly decrease male sexual
performance when administered during embryonic devel-
opment. Besides the effects on behavioral differentiation,
these chemicals affect differentiation of gonads, accessory
sexual organs, and brain circuits.

In birds, the female deposits steroids and steroid-like
compounds into the yolk, thereby providing a primary
route of exposure during embryonic development (for a
review, see [60]). Female quail given E2 implants were
found to transfer estradiol to offspring via the yolk [7].
Therefore, a primary route of exposure is via maternal
deposition of the EDC into the yolk. This is also the case
for other endocrine active compounds, including MXC,
which is an estrogenic pesticide [166]. Although EDCs
are generally weaker in action than endogenous steroids,
including exogenous E2, the estrogenic pesticide MXC slo-
wed sexual maturation in both males and females. Treated
males also had impaired sexual behavior, similar to the
effects of embryonic estradiol [160]. Similarly, soy phytoes-
trogens and especially genistein readily transfer into the
yolk when ingested by the hen (Fig. 5) [135].

4.2. The Japanese quail sexually dimorphic parvocellular

vasotocin system

Among the different neural circuits that have been previ-
ously illustrated, the sexually dimorphic parvocellular
vasotocin system has been thoroughly investigated (for
reviews, see [115,173]). This system is sensitive to gonadal
steroids both in embryonic and in adult life [176,179]. In
detail, POM and BST contain a dense population of vasot-
ocinergic cells strongly sexually differentiated [182], in addi-
tion VT-ir fibers are present in much higher density in these
nuclei and in the lateral septum in males than in females
[20,221]. VT-ir cell bodies have been observed in POM
Fig. 5. Concentration of genistein in Japanese quail egg yolks from hens
supplemented with genistein, genistein or placebo capsules. Data points
represents average of 4 replies for treatment groups and 2 replicates for the
control groups. Modified from [135].
and BST of males but not in females, and accordingly, a
sex difference in VT expression has been confirmed by
in situ hybridization of VT mRNA in the BST and POM
[20] (Fig. 6).

In adult birds, the VT innervation of the POM is steroid
sensitive in males: the density of VT-ir fibers in this nucleus
decreases in conditions where males experience low levels
of circulating T (castration, photoregression, and aging)
and are restored to levels typical of sexually mature males
by exogenous treatments with T [177,222]. Similar changes
have been demonstrated also for the expression of VT
Fig. 6. (A) Schematic representation of connectivity of the parvocellular
sexually dimorphic VT system. BST and POM are the two nuclei in which
are concentrated the VT-ir cell bodies. BST is projecting to SL and POM
[2]. POM is connected to several hypothalamic and brainstem nuclei [35].
(B and C) Comparison of the VT immunoreactivity in adult female (B)
and male (C) Japanese quail. Black nuclei show VT-ir cell bodies, grey
nuclei show a sexually dimorphic VT innervation [173,221]. Bar = 300 lm.
AVT, ventral tegmental area; BST, bed nucleus of the stria terminalis; CA,
anterior commissure; GCt, central grey; ICo, intercollicular nucleus; LoC,
Locus ceoruleus; POM, medial preoptic nucles; PVN, paraventricular
nucleus; VMN, ventromedial nucleus.
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mRNA in the parvocellular elements of the BST and POM
[179].

As described before, T activates male sexual behavior
through its aromatization in estrogens (17b-estradiol, E2),
in parallel, E2 administration to castrated adults induced
VT innervation of POM, BSTm, and lateral septum com-
parable to that observed in the intact adult or in castrated
treated with T [223]. There are therefore many experimen-
tal situations in which the VT parvocellular system within
POM, BST and lateral septum vary with the expression
of male copulatory behavior.

The existence of causal links between the peptide VT
and this behavior has been investigated in experiments that
demonstrated either peripheral or intracerebroventricular
injection of VT or a specific V1-receptor antagonist mark-
edly affected the appetitive and consummatory aspects of
male sexual behavior in castrated T-treated male quail
[63]. The VT structures (cells and fibers) of POM and
BST are indeed sexually differentiated in the organizational
sense [176]. This was demonstrated by injecting fertilized
quail eggs of both sexes on day 9 of incubation with either
EB (25 lg/egg, a treatment that suppresses the capacity to
show copulatory behavior in adulthood) or the aromatase
inhibitor R76713 (10 lg/egg, a treatment that makes adult
females behaviorally responsive to T), or with the solvents
as a control (C). At 3 weeks posthatch, all subjects were
gonadectomized and later implanted with Silastic capsules
filled with T. At the age of six weeks, when quail reach pub-
erty, birds were perfused and brains were sectioned.
Despite the similarity of the adult endocrine conditions
of the subjects (all were gonadectomized and treated with
T implants providing the same plasma level of steroid to
all subjects), major qualitative differences were observed
in the density of VT-ir structures in the POM of the differ-
ent groups. Dense immunoreactive structures (fibers and a
few cells) were observed in the POM of C males but not
females; EB males had completely lost this immunoreactiv-
ity (and lost the capacity to display copulatory behavior)
and, conversely, R76713 females displayed a male-typical
VT-ir system in the nucleus (and also high levels of copula-
tory behavior). Similar changes in immunoreactivity were
seen in the BST and in the lateral septum (VT-ir fibers only
in this case) but not in the magnocellular vasotocinergic
system. These neurochemical changes closely parallel the
effects of the embryonic treatments on male copulatory
behavior. These results clearly demonstrate that, in quail,
the vasotocinergic innervation of the POM, lateral septum,
and BSTm, and its sensitivity to T and E2 in adulthood are
organized during the embryonic life. Exposure to high lev-
els of estrogens results in a female phenotype as far as these
vasotocinergic inputs are concerned; the (relative) absence
of estrogens in the embryos leads to the male phenotype.
The sexual dimorphism observed in the adults is truly orga-
nizational in its nature, even if the presence of T is required
for this dimorphism to be fully expressed during adult life.
Similar findings have also been recently reported in the
domestic fowl [96,114].
Therefore, both male copulatory behavior and the sexu-
ally dimorphic parvocellular VT system are particularly
sensitive to the organizing effects of E2 during embryonic
development. Hence, these variables provide useful end-
points to detect the estrogenic capacity of different XEs
[175]. To test this hypothesis, we administered BPA [229],
diethylstilbestrol (DES, a powerful synthetic estrogen
[79]), genistein (GEN, a phytoestrogen, [78,132]) and ethyl-
ene, 1,1-dichloro-2,2-bis(p-chlorophenyl (DDE, a common
metabolite of DDT, with anti-androgenic activity [117]) to
fertile quail eggs. Our hypothesis was that XEs may alter
the animal physiology through their binding to estrogen
receptor. In our model this means that a XE administered
during embryonic life, should reduce or abolish male cop-
ulatory behavior and interfere with the differentiation of
the sexually dimorphic parvocellular VT-ir system. We
have always introduced two other experimental groups,
one injected with the solvent (OIL) and a second one
injected with estradiol benzoate (EB). The hatched birds
were raised in heterosexual cages up to the age of 4 weeks
when they were put in individual cages. At the age of 7
weeks we tested the male copulatory behavior, and the fol-
lowing week the animals were perfused to dissect the brain
and perform immunocytochemical analyses (for the full
description of methods see [224,225]).

4.3. Effects of BPA administration

As previously reported the xenoestrogen BPA [226] is an
industrial chemical, used to manufacture polycarbonate
and numerous plastic articles, therefore it is largely diffused
in the environment and in the food. Investigations were
performed in both quail and chicken eggs using similar
doses of BPA (from 67 to 200 lg/egg [47]; embryos were
sacrified at the age of 15 or 19 days of incubation. BPA
induced Mullerian duct (embryonic oviduct) malformation
in female quail embryos and feminization of the left testis
(ovotestis) in male chicken embryos. BPA caused mortality
only in chicken embryos at 67 and 200 lg/egg. In this study
no investigations were performed on brain circuits. In two
different experiments we administered 50, 100, or 200 lg of
BPA per egg. The result of these embryonic treatments was
a dramatic decrease in the number of hatched animals: the
percentage of living chicks was in fact ranging from 8% to
11% of injected eggs (controls and EB-injected were rang-
ing from 55% to 60% in these experiments). The BPA-
injected young quail did not survive after one week of life.
The dissection of non-hatched embryos revealed that the
large majority of the embryos was blocked immediately
after the BPA administration (from 36% to 63%), whereas
for the embryos that died later, we observed a high inci-
dence of malformations of the gut, abdominal wall, and
legs. With these experiments we were, therefore, unable
to study any alteration in the brain (unpublished results).
Contrary to what happens in mammals, BPA, even at
low doses, has robust adverse effects in birds, inducing sev-
eral malformations also of the reproductive tract, and
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determining a strong reduction in their surviving after the
exposure.

4.4. Effects of DES administration

Among various chemical XEs, diethylstilbestrol (DES)
was initially synthesized as an orally effective estrogen
for use in human medicine and as anti-abortive sub-
stance and then used as anabolic growth promoter in
cattle, steer, and sheep [89]. In the beginning, the envi-
ronmental impact of this compound was not considered.
However, DES and its metabolites were also excreted
into the ecosystem with unknown consequences. Detec-
tion of radiolabeled DES in a model ecosystem demon-
strated that it was persistent and bioaccumulated (for a
review, see [146]). In quail, previous studies demonstrated
a potent effect of DES on the development of sex organs
and the differentiation of male sexual behavior [49], how-
ever, no attention was dedicated to alterations of brain
nervous circuits that should take place related to or
inducing behavioral changes.
Fig. 7. (Upper) Changes in male VT immunoreactivity in different experimenta
GEN, genistein; DDE, ethylene; 1,1-dichloro-2,2-bis(p-chlorophenyl). Bars = 3
POM, and SL of male quail from different experimental groups. Data redraw
In a recent study [224], we have confirmed that embry-
onic treatment with 700 ng/egg of DES demasculinize sex-
ual behavior and cloacal gland size of adult intact male
quail. These effects are particularly strong and fully compa-
rable to those obtained after administration of higher doses
of EB (10 or 25 lg) with the same procedure. These effects
confirm that sexual behavior of adult male quail is an excel-
lent bioassay for embryonic exposure to EDCs with estro-
genic activity. It is interesting to emphasize that a similar
dose of DES may induce in humans alterations of male
genital system (for a review, see [146]). In addition, as illus-
trated in Fig. 7, this in ovo treatment significantly decreased
the fractional area covered by VT-ir structures within
BSTm, POM, and lateral septum [224].

The effects of DES on VT-ir structures appear to be ana-
tomically specific in that no changes were observed in VT
magnocellular neurons of the supraoptic and paraventricu-
lar nuclei. This further supports our previous findings
showing that changes in VT-immunoreactivity related to
endocrine status affect only VT parvocellular circuits of
the preoptic and limbic regions [173,223].
l conditions. OIL, control; EB, estradiol benzoate; DES, diethylstilbestrol;
00 lm. (Lower) Fractional area covered by VT-immunoreactivity in BST,
n from [178,224,225].
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4.5. Effects of genistein administration

Genistein is the simplest isoflavonoid compound pro-
duced by Leguminosae, particularly abundant in soybeans.
In plants, together with the other isoflavonoids collectively
called phytoestrogens, it has antimicrobial activity [78], as
well as a specific activity to protect plants from insects
[52,233]. This action is mediated by its activity as a ligand
of ecdysone (the molt steroid hormone of invertebrates)
receptor [157]. This molecule shares structural features with
the 17b-estradiol and therefore can bind ERs and sex hor-
mone binding proteins [127,150]. Thus genistein, as other
similar isoflavones collectively called phytoestrogens, can
exert both estrogenic and antiestrogenic activity, the latter
by competing with estradiol for receptor binding [53].

A number of studies have been performed to investigate
possible alterations of brain circuitries or of behavioral
activities after administration of genistein (or of a mixture
of phytoestrogens) in mammals during adult life or during
the critical period (for recent reviews, see [132,184]). The
administration of genistein to neonatal female rats: (a) sig-
nificantly increased SDN-POA volumes in adult gonadec-
tomized female [8,84], or b) resulted in a non-significant
volumetric decrease of SDN-POA in intact adult female
[133,134]. The administration of genistein to neonatal male
rats induced an increase in the number of calbindin positive
cells within the SDN [187]. Neonatal administration of
genistein is also influencing the sexual differentiation of
TH system of the hypothalamic AVPV in rodents. In intact
adult rat and mouse, female AVPV is larger than the male
AVPV and contains a higher number of cells expressing
TH. Peri- or postnatal exposure to genistein demasculi-
nized TH-ir system in the male AVPV [186,201]. In addi-
tion, the number of TH-ir neurons colocalized with
estrogen receptor a is strongly decreased in females [186].
Overall, these studies suggest that acute exposure to geni-
stein and other phytoestrogens during a critical develop-
mental period alters the development of some encephalic
sexually dimorphic structures. Finally, other studies per-
formed during adulthood demonstrated that phytoestro-
gens may have also activational effects. In fact, in adult
rat, variation of the diet from a phytoestrogen-rich to a
phytoestrogen-free diet determined the decrease of the
SDN-POA volume in males and of the AVPV volume in
females [131].

In our study we have treated quail eggs with 100 or
1000 lg of genistein [225]. The lowest dose of GEN had sig-
nificant effect only on one aspect of male copulatory behav-
ior (mount attempt, MA), whereas the GEN-1000 treated
males showed a significant reduction for most aspects of
the copulatory behavior (neck grab, NG, MA, and mount,
M). No effects were detected on the cloacal gland size.

The parvocellular VT-ir system (POM, BST, and lateral
septum) was affected by GEN treatment, showing a signif-
icant decrease of immunoreactivity with both 100 and
1000 lg of GEN. However, the reduction was not as strong
as that observed after treatment with EB (Fig. 7). As for
the experiment with DES no significant effect was detected
in the magnocellular VT system.

4.6. Effects of DDE administration

It took about 50 years after the initial use of DDT as a
pesticide to understand some of the mechanisms of action
of its main metabolite DDE. This is due in part to much
of the early research concentrating on the estrogenic effects
of o,p 0-DDT, which only made up about 15% of technical
DDT. o,p 0-DDT was shown to cause estrogenic effects in
female rats [65]. It was not until studies began to show phe-
notypic effects of this chemical on male rats that were very
similar to those observed with exposure to known andro-
gen receptor blocking chemicals that scientists first began
to speculate about p,p 0-DDE’s anti-androgenic nature
[117]. It is now known that DDE is a potent androgen
receptor antagonist and a very potent testosterone hydrox-
ylase modulator. Its androgen receptor blocking ability is
almost equal to that of the anti-androgen hydroxyfluta-
mide [117]. In birds, in ovo DDE administration has impact
on brain structure (reduction in volume of the forebrain,
and of the song controlling nuclei in a wild oscine species
[112]) and on the immune system [195,196].

In a preliminary experiment, we have tested if the
administration of 20 or 40 lg of DDE per egg has an
impact on male quail sexual behavior and parvocellular
VT system [178]. At both doses DDE significantly
decreases the number of MA, as well as the VT immunore-
activity in POM, BST, and lateral septum (Fig. 7). There-
fore, this antiandrogen compound, when administered
during the embryonic life, has also a powerful action on
the differentiation of estrogen-dependent function (male
copulatory behavior) and nervous circuitries (the parvocel-
lular VT system).

5. General comments

In the conceptual frame of the evolutionary theory, sex-
differences in behavior are thought to reflect adaptive dif-
ferences of behavioral strategies in coping as resulting from
sexual selection [73]. Longitudinal studies on effects of
EDCs should be carried out in order to evaluate in which
contexts, and with what intensity, reversing or leveling of
sexual differences could have relevance, in particular
whether behavioral alterations occur in systems influencing
individual fitness/reproductive success.

EDCs are globally distributed through our atmosphere,
our seas and wildlife. Many are persistent; others, while not
persistent, should be treated as persistent because of their
chronic and ubiquitous use. They act at a population level
and many have the potential to (individually or cumula-
tively) affect future generations, for example by decreasing
fertility, feminizing males, masculinizing females or altering
cognitive abilities. All these endpoints have been studied in
our or others’ laboratories and many have been observed in
wildlife. Recent data, which must be confirmed by further
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studies, suggest that comparable changes can be produced
in human populations as well [105,228,241]. These include
increases in the frequency of preterm birth, obesity, cogni-
tive/behavioral dysfunctions (such as autism and attention
deficit hyperactivity disorder, ADHD, Parkinson’s dis-
ease), and decreases in reproductive function (such as a
decline in sperm count) and immune function [121,216].

In birds, the diversity of reproductive strategies, habitat
and the migration of many species means that their expo-
sure to EDCs may be extremely variable, also depending
by the amount of body fat (many of the EDCs are lipo-
philic), so, for example, migratory birds might receive addi-
tional exposure during migration when lipid stores are
utilized for energy. Exposure of the avian embryo to mater-
nal hormones or to EDCs is increased by the use of fat
stores for the production of vitellogenin that becomes a pri-
mary component of the yolk, which is then used by the
embryo during development [7,48,60,99,104,135]. As we
have demonstrated in our studies, it is clear that low, field
relevant concentrations of EDCs do exert irreversible
effects on endocrine, neuroendocrine, and behavioral sys-
tems that are often due to permanent changes in neural sys-
tems. Therefore, the embryonic period, during which
irreversible alterations in the organization of neural sys-
tems occurs, appears to be the most vulnerable stage in
the life. The use of laboratory species, as the Japanese
quail, is valuable to fully characterize the impact and risk
of EDCs to avian species, as well as to understand the
mode and mechanisms of action of classes of EDCs, but
further studies are needed to assess risk in field birds.

In rodents the reported experimental studies indicate
that exposure to environmentally relevant doses of EDCs
during developmental critical periods interacts with some
steps in the sexual differentiation of the neural systems con-
trolling explorative and emotional behavior. Therefore,
from this point of view, rodents and galliforms are simi-
larly sensitive to early exposure to EDCs, mainly in those
‘‘critical’’ periods that are important for brain sexual differ-
entiation. However, experimental data suggest that the
behavioral responses as well as the neural circuits sensitive
to the action of EDCs differ between these vertebrate clas-
ses. In rodents, the majority of data suggest alterations
mainly in females and in non-reproductive behaviors that
could be related to altered development of central mono-
aminergic pathways, but further work is needed to clarify
the neural basis of long-term consequences of developmen-
tal exposure to EDCs such as BPA and MXC at the level of
neurobehavioral alterations. Some compounds target neu-
roendocrine systems, thereby affecting reproductive endo-
crine systems as well as other endocrine systems.
Therefore, exposure to the estrogenic chemicals during
fetal/early prenatal development has consequences beyond
impaired function of the reproductive axis.

Most of the data that we discussed in the present review
are summarized in Table 1. They are only considering stud-
ies in which behavioral effects following pre- and/or early
post-natal exposure to low, environmentally relevant doses
of EDCs were recorded. Many other studies have analyzed
only alteration of neural circuits, with no description of
related behaviors [10,83,112,186,187], or the effects of feed-
ing EDCs in adult animals [55,57,88,132,185,199,217,
238,242]. A direct comparison of the EDCs effects in
rodents and galliform is impossible, due to the variety of
behaviors that were considered for rats and mice and the
almost exclusive consideration of male copulatory behavior
in quail. However, they strongly indicate that altered
behavior is one of the most conspicuous endpoint pro-
duced by EDCs. Behavioral alteration, although a rela-
tively insensitive indicator of the degree of exposure, has
the advantage of revealing both direct or indirect effects
of contamination and in some cases represents the only
clue of functional deficits at different physiological levels
[75] and can be more sensitive than other endpoints as
biomarkers of exposure, either in terms of chemical con-
centration, response time or both. In particular, sexually
dimorphic behaviors (either reproductive or non non-
reproductive) are useful to verify adverse developmental
consequences produced by chemicals with endocrine dis-
rupting properties: they interfere with sexual differentiation
of the brain, consequently they can diminish, eliminate,
reverse or widen sex differences in behaviors. In contrast,
explicit recognition of sex differences in performance is
not a prominent feature of toxicological studies, except
for reproductive capacity studies and neurotoxicity testing
does not typically recognizes sex differences in behavioral
responses as an experimental criterion [234]. It should be
noted that in a number of the reported studies no signifi-
cant effects of perinatal exposure to EDCs on brain and/
or behavior were found, but a consistent result was the
elimination of the sex differences shown by unexposed
animals [90,124,125,129,172,201]. If these studies had
tested only males, as the majority of classic toxicological
studies do, no effects of EDCs on behavioral/brain
development would have been detected.

Collectively, the new behavioral data from studies of
EDCs are strongly suggesting that prior methods of testing
chemicals have been inadequate to detect adverse effects of
the type now known to be caused by chemicals that are
classified as endocrine disruptors. Foremost, there is a chal-
lenge to the operating assumption concerning appropriate
dose. Because many EDC have effects at very low concen-
trations in water (for example, nanogram per litre levels for
estradiol), it is obvious there is a need to develop analytical
methods applicable at such trace levels. It is also important
to integrate and correlate chemical analytical data with
endocrine-disrupting effects [41].

The recent evidences for multiple roles of steroid hor-
mones in the brain (neurogenesis, neuroprotection, regula-
tory, short-term and long-term activators) indicate that the
nervous system is a target for two different pools of steroids
[147]), one coming from the peripheral glands (i.e., gonadal
steroids) and the second one originating in the nervous sys-
tem partly by de novo in situ synthesis and partly for enzy-
matic activation of peripheral steroids (neuroactive steroids



Table 1
Sex-specific effects of developmental exposure (prenatal, or pre- and post-natal) to low, environmentally relevant concentrations of xenoestrogens or
xenoandrogens on brain and behavior of rodent and quail animal models

EDC Species Sex specific behavioral effect Neural circuits References

Bisphenol A Rat Decreased explorative activity in females — [89]
Diethylstilbestrol LC volume [123,124]

LC volume [124]
Bisphenol A Mouse Decreased explorative activity in females TH neurons in AVPV [203]
Bisphenol A, Methoxychlor Noradrenergic receptors in [93]
Methoxychlor LC [170]
Bisphenol A, Ethynil estradiol Mouse Decreased anxiety in females — [205]
Bisphenol A Rat Increased exploratory activity in males — [90]

Dopaminergic system [157]
Bisphenol A, methoxychlor Mouse Decreased response to reward in females LC, Dopaminergic system [128]

Bisphenol A Rat Decreased drug-induced locomotion in males Monoaminergic system [9]
Ethynil Estradiol Mouse Increased spatial memory in females [205]

Ethynil Estradiol Rat Increased spatial memory in males [70]
Methoxychlor Mouse Decreased onset of aggression in males — [170]
Vinclozolin, Methoxychlor Quail Decreased male mating behavior — [85,101,161]
Diethylstilbestrol Vasotocin system in BST [225]
Genistein Vasotocin system in BST [226]
DDE Vasotocin system in BST [179]
Ethynilestradiol No effect on Vasotocin system [142]
Bisphenol A (embryonic death) [47]

Bisphenol A Rat Decreased male mating behavior — [89,155]
Methoxychlor — [85]

Bisphenol A Rat Increased female sexual interest — [88]
Bisphenol A Mouse Decreased maternal behavior — [173]
Methoxychlor Rat Estrous cyclicity — [141]
Genistein TH neurons in AVPV [190]
Genistein Mouse Estrous cyclicity — [64]
Bisphenol A, Ethynil estradiol Mouse Onset of puberty [108,205]
Bisphenol A Mouse Memory impairment in male ChAT neurons in hyppocampus [150]
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[189]). Probably, the gonadal steroids are most important
to determine irreversible changes in brain circuits as well
as in sexually dimorphic behaviors, whereas the neuroac-
tive steroids are more important for short-term regulations.

As reviewed before, the EDCs, chiefly the xenoestro-
gens, may have heavy biological effects that will vary over
the life cycle of the animal as well as across species and
phyla [180], moreover they accumulate not only because
of environmental pollution, but also due to their wide pres-
ence in the food. The evolutionary implications of having
some of these compounds in the normal food supply for
certain human populations (i.e., phytoestrogen derivatives
from soy, [54,62,153,219]), as well as for wild and farm ani-
mals have not yet been discussed, even if animals that, due
to their specific diet, are largely exposed to these com-
pounds, as the domestic ruminants, seem to show unfavor-
able effects of phytoestrogens at least on reproduction [3].
Research in reproductive endocrinology has been almost
exclusively focused on a small group of domesticated spe-
cies, but if ecological variables, such as dietary burden of
phytoestrogens, have altered susceptibility to anthropo-
genic contaminants, then a more diverse research base is
urgently needed. Furthermore, phytoestrogens in the diet
can lead to a net decrease in estrogenic activity in the serum
in rodents and interfere with the action of other EDCs
[8,139,230].

The mechanisms underlying the effects of these com-
pounds needs to be further investigated; in fact, in many
cases the effects of XEs cannot be easily superimposed to
those of ‘‘natural’’ estrogens, suggesting that non-estro-
genic or/and metabolic effects are involved [92,239].
For example, phytoestrogens may play different roles in
the cells. On one side genistein and other isoflavones
are direct regulators of the aromatase activity [190],
while it has high affinity for some transcription factors
as PPAR-c [120,148] that have been recently localized
also in the brain [64] where it, potentially, could have
a role in nervous tissue differentiation [232]. Therefore,
at least part of the effects of prenatal exposure to EDCs
may involve non-steroidal mechanisms activating signal-
ing cascades that in many cases finalize with the activa-
tion of transcription factors, turning a non-genomic
response into a genomic one (rapid endocrine disruption
[200]).

In parallel we should note that in rodents, in some cases,
XEs may masculinize female brain morphology and femi-
nize the male brain [125], as indicated also by the expres-
sion of sexually differentiated socio-sexual and non-social
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behaviors [86]. A smaller number of reports support a sim-
ilar masculinization of the female brain and feminization of
the male brain in response to anti-androgenic EDCs [142].
It is possible that these contrasting effects depend by the
alteration of androgen:estrogen balance during develop-
ment (for a review, see [240]).

In conclusion, in addition to gonadal steroids and neu-
roactive steroids, xenoestrogens derived from food and
environment should be considered as a third player within
the nervous system that can regulate or alter its functions
through multiple pathways.
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