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Abstract

The ability of a species to reproduce successfully requires the careful orchestration of developmental
processes during critical time points, particularly the late embryonic and early postnatal periods. This
article begins with a brief presentation of the evidence for how gonadal steroid hormones exert these
imprinting effects upon the morphology of sexually differentiated hypothalamic brain regions, the
mechanisms underlying these effects, and their implications in adulthood. Then, I review the evidence
that aberrant exposure to hormonally-active substances such as exogenous endocrine-disrupting
chemicals (EDCs), may result in improper hypothalamic programming, thereby decreasing
reproductive success in adulthood. The field of endocrine disruption has shed new light on the
discipline of basic reproductive neuroendocrinology through studies on how early life exposures to
EDCs may alter gene expression via non-genomic, epigenetic mechanisms, including DNA
methylation and histone acetylation. Importantly, these effects may be transmitted to future
generations if the germline is affected via transgenerational, epigenetic actions. By understanding
the mechanisms by which natural hormones and xenobiotics affect reproductive neuroendocrine
systems, we will gain a better understanding of normal developmental processes, as well as to develop
the potential ability to intervene when development is disrupted.
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1. Introduction to development of reproductive neuroendocrine circuits

In vertebrates, the ability to attain reproductive competence in adulthood involves the
organization of a complex, steroid-sensitive network in hypothalamic-preoptic-limbic brain
regions during critical developmental windows. This process includes the establishment of the
hypothalamic neural network of gonadotropin-releasing hormone (GnRH) cells, together with
their regulatory inputs from other neuronal and glial cells in the brain [60], that enable feedback
effects of steroid hormones on pulsatile GnRH release, and the preovulatory GnRH/LH surge
in females. The anatomical development of this steroid-sensitive hypothalamic network occurs
early in life, typically the late embryonic and early postnatal period in mammals, and its
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organization is key to the attainment and activation of appropriate reproductive functions in
adulthood. Importantly, this same early developmental period is also a critical period for sexual
differentiation of hypothalamic-limbic neural networks that must be organized perinatally to
enable proper behavioral activation in adulthood.

During mammalian development, the fetal organism is exposed to its own gonadal hormones,
placental steroids, and maternal hormones that may cross the placental barrier [168,30,56].
There are sex differences in exposures to androgens and estrogens that appear to underlie
normal reproductive neuroendocrine development [85,164,146]. Aberrations in these
developmental patterns in females can cause masculinization (acquisition of a male-typical
trait) or defeminization (loss of a female-typical trait), and in males, may cause feminization
or demasculinization (comparably defined). The fetal testis in males is steroidogenically active
and produces substantial levels of testosterone that are necessary for the masculinization of the
reproductive tract, the genitalia, and the brain. These actions may be exerted directly upon
ARs, either by testosterone or its metabolite, 5-dihydrotestosterone, synthesized by the 5a-
reductase enzyme. In addition, testosterone is aromatized to estradiol by the p450 aromatase
enzyme, thereby enabling fetal estradiol to exert actions on ERs. Both testosterone and estradiol
are necessary for normal sexual differentiation of the male brain [98]. In developing females,
although it has been proposed that the fetal ovary is relatively quiescent compared to the male
testis, it is important to note that androgens and estrogens are measurable in the late embryonic
period in female rats [13,70]. However, sexual differentiation of the female and male brain still
differs due in part to alpha-fetoprotein, which protects the brain from effects of maternal
estrogens [10,42]. Alpha-fetoprotein knockout mouse females are masculinized and
defeminized in brain and behavior [10], providing further support for a role for estrogens in
the masculinization of the brain. Additional differences in brain development may result from
even subtle differences in the timing of hormone exposures between the sexes, as the
mammalian brain is exquisitely sensitive to hormones in late embryonic and early postnatal
time periods, and even small differences may exert large effects.

As epigenetic effects have been defined as “the study of the mechanisms of temporal and spatial
control of gene activity during the development of complex organisms” [77], this concept is
highly applicable to the field of developmental reproductive neuroendocrinology.

2. Morphological effects of neonatal steroid imprinting in two sexually
dimorphic brain regions

The consequences of perinatal exposure to hormones include permanent alterations in the
morphology of the brain in a sex-typical manner, which in turn correlate with adult sexual
behaviors. There are numerous sexually dimorphic brain nuclei [18] and here I have selected
to discuss two representative regions that are strongly implicated as being neonatally imprinted
and subsequently controlling sex-typical physiology and behaviors in the rat model. These two
brain regions, the anteroventral periventricular nucleus (AVPV), and the sexually dimorphic
nucleus of the preoptic area (SDN-POA), undergo sexually dimorphic development due to the
influence of endogenous hormones, and can be manipulated in size (and presumably function)
by castration or administration of exogenous hormones. Finally, these brain regions are targets
of permanent epigenetic imprinting effects of endocrine-disrupting chemicals, as described
later in this paper.

2.1 Anteroventral periventricular nucleus (AVPV)

The AVPV is a small preoptic brain region that is abundant in nuclear hormone receptors such
as ERa [25], ERp [108,26], AR [143], and PR [122] in a sexually dimorphic manner (ERa
[27], ERp [108], PR [122]). The AVPV of rats is larger in female than male rodents [18,43,
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150], due to influences of both estradiol and testosterone during the early postnatal (and
possibly prenatal) periods [43,150,142]. The AVPV is essential to the control of preovulatory
GnRH/LH release in female rats [167]. Consistent with this role, a subset of neurons arising
from the AVPV directly innervates GnRH perikarya [117,71], suggesting an anatomical
pathway for the mediation of positive feedback effects of steroids. Although less is known in
males about the function of the AVPV, male rats that are stressed neonatally have larger
(feminized) AVPV volumes and are less likely to ejaculate, suggesting that the AVPV size
correlates inversely with masculine sexual behavior [127].

Notably, the AVPV is only a part of the neural circuitry controlling preovulatory GnRH/LH
release and other reproductive functions, as it is interconnected with other key regions
regulating reproductive neuroendocrine function, including (but not limited to) inputs from
medial amygdala and the bed nucleus of the stria terminalis, and outputs to the organum
vasculosum of the lamina terminalis, parvocellular compartment of the paraventricular
nucleus, and other hypothalamic nuclei [117,71]. These projections too may be sexually
dimorphic. Thus, the AVPV appears to be a key node in the regulation of sexually dimorphic
reproductive neuroendocrine physiology, and a “hot topic” for current research in effects of
hormonal imprinting.

2.2 Sexually dimorphic nucleus of the preoptic area (SDN-POA)

A second preoptic brain region that is neonatally imprinted by steroid hormone exposure is the
SDN-POA [66], which is approximately 5-fold larger in male than female rats [67,68,137].
The medial preoptic nucleus, which contains the SDN-POA, also expresses nuclear hormone
receptors, making these regions direct targets of hormone imprinting via ERa [25], ERp [93],
AR [97] and PR [123]. Figure 1 shows representative photomicrographs from two young adult
male Sprague-Dawley rats at the SDN-POA level, which exemplify the relative density and
expression of ERa.and AR. The developing SDN-POA size, like that of the AVPV, is organized
by endogenous gonadal steroid hormones [66]. More specifically, testosterone given to fetal
rats on gestational days 18, 19 or 20 (but not earlier in gestation) or on postnatal days 2, 3, 4
or 5 resulted in a larger SDN-POA of females (i.e., masculinized; [125,126]), and deprivation
of endogenous hormones via neonatal castration (day 1) in male rats caused the SDN-POA to
be smaller, suggesting a feminizing or demasculinizing event [81].

A clear causal relationship between the SDN-POA and function remains elusive, despite
correlations between SDN-POA size or integrity on masculine behaviors in rats. Small lesions
to this region did not impair copulatory behavior, although larger preoptic lesions (which spared
the AVPV) decreased male copulatory patterns in that study [8]. Another group reported that
SDN-POA lesions in male rats decreased the percentage of animals that ejaculated in a mating
test, and increased latencies to mount, intromit, or ejaculate [41]. Although an exact homolog
of the SDN-POA may not exist in other species, there is evidence for sexual dimorphism of
the anterior hypothalamus and preoptic area in other species that have been studied [152,22,
111,2], making the SDN-POA of the rat a valuable comparative model.

2.3. Mechanisms for hormone effects on AVPV and SDN-POA morphology

At least one of the mechanisms by which steroid hormones cause changes in hypothalamic
morphology is apoptosis, or programmed cell death [52]. When steroid hormones bind to their
receptors within target cells that express pro- or anti-apoptotic genes, they activate or inhibit
genes that stimulate or inhibit apoptosis, and hence target the neurons for survival or death.
There are sex differences in expression of pro- and anti-apoptotic genes in the POA. For
example, bcl-2 (an anti-apoptotic protein) expression is higher in male than female rats on
postnatal day 8, consistent with the overall larger POA size of male rats [78]. A subsequent
study from the Hsu group also showed specificity of this phenomenon to the SDN-POA, for
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which bcl-2 expression was higher in neonatal (postnatal day 2) males than females [79]. Davis
et al. found that the number of apoptotic cells in the SDN-POA exhibited differential
developmental profiles between the sexes, peaking at postnatal day 6 in males and later
(between days 7-10) in the females [40]. Yoshida et al. [170] reported that the total number
of apoptotic cells in the developing periventricular preoptic area (roughly equivalent to the
AVPV) was higher in male than female rats, consistent with the smaller AVPV size of males
due to greater cell death. Another study confirmed this result, showing that in the AVPV, the
number of apoptotic cells is greater in male than female rats in late embryonic/early postnatal
development [150,170].

With regard to the steroid regulation of apoptosis, it is notable that neonatal androgens maintain
a larger SDN-POA size through inhibition of apoptosis, whereas in the AVPV, neonatal
androgens promote apoptosis, resulting in a smaller male AVPV (reviewed in [158]). These
differences may be due to a differential balance in the expression of members of the anti-
apoptotic family of Bcl-2 genes, and those in the pro-apoptotic family of Bax family genes.
Male and female mice with mutations to these genes have significant changes in neuron
numbers in the AVPV and SDN-POA, and there are natural sex differences in the expression
of apoptotic genes in wildtype animals [172,53,157]. More specifically, deletion of Bax (pro-
apoptotic) abolished sex differences in AVPV cell numbers [53], and overexpression of Bcl-2
(anti-apoptotic) had a similar effect [172].

3. Physiological and behavioral outcomes of neonatal steroid imprinting

The functional significance of hypothalamic programming during fetal and early postnatal life
is the acquisition of the ability to exhibit appropriate physiological and behavioral responses
that enable successful reproduction in adulthood. The discipline of reproductive
neuroendocrinology was among the first to recognize that the prenatal environment plays a
key role in determining adult physiology and behavior in mammals (see [46,109] for examples).
Although beyond the scope of this article, studies of non-mammalian species have been very
important in defining the pathways by which exogenous hormones, which may be applied to
eggshells or added to water of fish, amphibians, reptiles and birds, result in inappropriate adult
sexual behaviors [24,58]. Here, I will briefly review the evidence for, and the mechanisms by
which, neonatal imprinting of hypothalamic circuits results in altered reproductive
neuroendocrine physiology and behavior in mammals.

3.1. Fetal imprinting and the GnRH circuitry

Despite the obvious differences of spermatogenesis in males, and oogenesis and follicular
development in females, surprisingly, most features of the hypothalamic-pituitary-gonadal axis
of the two sexes are quite similar. One of the fundamental differences in reproductive
neuroendocrine control between the sexes is the reproductive cycle in spontaneously ovulating
females such as rats and primates (estrous or menstrual cycles, respectively) and the
preovulatory GnRH/LH surge in response to positive steroid feedback. For information on
species with reflex ovulation (e.g., ferret, rabbit, cat), | refer readers to Bakker and Baum [9].

With respect to the ability to generate a preovulatory GnRH/LH surge, there is a critical window
ending at about postnatal day 5 in rats during which the brain is permanently imprinted by
hormones, disruption of which prevents the ability to exhibit a surge (reviewed in [14]).
Importantly, not all adult behaviors are modified by neonatal manipulations, supporting the
specificity of this phenomenon to reproductive neuroendocrine systems. For example,
treatment of early postnatal female Long-Evans rats with testosterone had no effect on maternal
behavior in adulthood [121]. In addition, in male rats, early postnatal castration followed by
treatment in adulthood with sequential estradiol and progesterone (at concentrations that induce
the LH surge in female rats) did not induce an LH surge [106,163]. Thus, the male brain is
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prenatally defeminized by steroid hormones in such a manner as to prevent the adult occurrence
of GnRH/LH surges [163].

The preovulatory GnRH/LH surge of spontaneous ovulating females is not the only
manifestation of sexually dimorphic function in the HPG axis, although it is certainly one of
the most robust. Nevertheless, other pathways controlling hypothalamic GnRH neurons are
also organized in a sexually dimorphic manner that is influenced by steroid imprinting. One
example is the co-expression of the neuropeptide galanin in GnRH cells. Female rats have
approximately five-fold higher co-expression of the galanin and GnRH neuropeptides within
the same neurons than do male rats, and respond to hormone treatment in adulthood with
increased colocalization [102]. Although male rats do not normally respond to hormone
treatment with increased co-expression of galanin and GnRH, neonatal castration of male rats,
followed by hormone treatment in adulthood, enables males to manifest the up-regulation of
galanin and GnRH co-expression [102]. These findings by Merchenthaler et al. suggest a
sexually differentiated pathway for GnRH regulation that is active in female rats, but is
unmasked in neonatally castrated male rats.

Another player in the sexually dimorphic imprinted neural circuitry controlling GnRH release
is the kisspeptin system. This relatively newly discovered neuropeptide system has been the
subject of considerable attention in the past few years, as the ligand KiSS-1 and its receptor
GPR54, are obligatory for the control of GnRH function (reviewed in [147,139]). Significant
research shows that expression of KiSS-1 and GPR54 are sexually dimorphic, with most studies
focusing on the AVPV as a key control center of the preovulatory GnRH/LH surge, and the
arcuate nucleus as a potential target for negative feedback of the hypothalamic-pituitary-
gonadal axis by steroid hormones [147]. In the context of neural imprinting, when newborn
male pups were given asingle injection of estradiol on day 1, and hypothalamic gene expression
was measured in adulthood at day 60, there was a significant decrease in KiSS-1 mRNA and
serum LH, although GnRH and GPR54 mRNA did not differ from controls [105]. Although
these data merit further investigation, they implicate the kisspeptin system as part of the
imprinted hypothalamic network that controls reproductive neuroendocrine function.

3.2. Role of prostaglandin E2 (PGEZ2) in steroid imprinting

Some effects of steroid hormones on the developing hypothalamus are mediated by the PGE2
system. As reported in 2004 by McCarthy et al. [3,156], blockade of PGE2 on days 1 and 2 of
life in male rats impaired adult masculine behaviors, and activation of PGE2 in females at that
same age masculinized adult behavior. PGE2 did not defeminize behaviors, however, as
feminine sexual and maternal behaviors were not suppressed in the PGE2 treated females, and
newborn males in which PGE2 was blocked did not exhibit feminine behaviors in adulthood
[156]. Interestingly, these experimental manipulations did not alter SDN-POA size [156]
suggesting that this region’s volume is related to defeminization (which did not occur in this
study) rather than masculinization. These results are important because they provide novel
insights into the mechanisms for brain sexual differentiation and shed light on discriminating
between pathways involved in masculinization and defeminization of the brain.

3.3. Developmental expression and sexual dimorphism of histone H1 expression in
hypothalamus

Evidence from the field of effects of endocrine-disrupting chemicals on reproductive systems,
discussed in detail below, shows that imprinting mechanisms may include modifications to
factors that regulate gene expression. For example, promoters may be methylated at the
cytosine of CpG islands with a net effect of suppressing gene expression, and conversely,
demethylation enables genes to be expressed [69,76]. Histone modifications involve post-
translational regulation of the histone tail by acetylation, a process usually associated with
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activation of gene transcription [45]. This field is relevant to endocrine disruption but has not
yet been applied systematically to basic neuroendocrine research. Nevertheless, such effects
of steroids on the developing hypothalamus are highly likely to underlie some of the effects of
neonatal imprinting of brain and behavior. To my knowledge only one study has directly
addressed this question. Garcia-Segura et al. [55] analyzed the expression and hormone
regulation of histone H1°, a neural-specific H1-like protein. They reported that H1° is
distributed throughout the nervous system, it is located primarily in neuronal nuclei, and it is
developmentally regulated, increasing from birth through adulthood. In the arcuate nucleus of
the hypothalamus, they found that females have higher expression of H1° than males, a sex
difference that was reversed by neonatal androgenization of females by testosterone given on
the day of birth [55]. This paper is important because it shows that histone H1° may be a target
for hypothalamic imprinting by steroid hormones.

3.4. Fetal imprinting and the maturation of adult sexual behaviors

It is notable that whereas the critical period of brain sexual differentiation occurs during late
embryonic and early postnatal life, the manifestation of most of these effects does not occur
(“activated™) until much later in life, beginning in puberty, when the gonads begin to produce
large amounts of steroid hormones. In the absence of fetal imprinting, the pubertal activation
of sex-specific mating behaviors never occurs [43,116]. Furthermore, not only is puberty
important for activational effects of steroid hormones on neonatally imprinted circuits [12,
153,16,116,119], but the brain may be sensitive to the organizational effects of steroid
hormones during this developmental stage [119,129,39,144]. Matsumoto and Arai showed
substantial neural development, as manifested by neurite outgrowth, in the hypothalamus of
pubertal animals, and further, that this process was stimulated by exogenous hormone exposure
[96,7]. Recent work by Sisk et al. shows that brain masculinization/defeminization continues
via pubertal exposure to steroid hormones [138]. Administration of exogenous hormones such
as estradiol and testosterone to pubertal rodents disrupted the progression of puberty [110],
suggesting that the timing of exposure to hormones is key, again supporting the theme of
puberty as a critical developmental window.

4. The developmental basis of adult disease and dysfunction

The first part of this article has presented evidence for clear imprinting effects of hormones on
brain and behavior, and some of the neural targets, cellular mechanisms (e.g., apoptosis), and
mediators (e.g., steroid hormone receptors, neurotransmitter systems, PGE2) for this process.
The second part of this article discusses the concept of the developmental basis of adult disease
(often referred to as the “fetal basis of adult disease” when specific to gestational exposures),
and introduces the field of endocrine disruption. This discipline is beginning to inform basic
research in, and an understanding of, neuroendocrine development. The developmental basis
of adult disease was originally described in the context of how maternal nutrition or
undernutrition predisposed a developing fetus to metabolic disorders much later in life
(reviewed in [11]).

Several important discoveries have emerged from these initial observations. First, the latency
between fetal insult and the manifestation of dysfunction can be extremely long; in the case of
humans the development of diseases such as cancer, metabolic disorders, and infertility, can
be decades. This concept may not be surprising to neuroendocrinologists who have long
appreciated the influence of fetal hormones on adult physiology and behavior, but it was a
breakthrough for endocrinology and toxicology as a whole. Second, the individual must be
considered as an important variable, as different individuals will respond to the same fetal
insult (e.g. undernutrition, smoking, environmental toxicants) in very unique ways due to
disparities in their genomes. In other words, the gene by environment interaction must be
considered as a predisposing factor for the development of dysfunction [45]. Third, the effects
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of fetal exposures may be manifested not only on the exposed individual but potentially on his/
her offspring, and on future generations, either due to overt mutation as is the case for high-
dose toxic exposures, or to epigenetic modifications including “heritable changes in gene
expression that occur without a change in DNA sequence” [45], including, but not limited to,
DNA methylation and histone acetylation [69]. It is important to keep in mind that mitotic
epigenetic modifications (e.g. effects on somatic cells) are fundamentally different from
meiotic epigenetic modifications (e.g., germline effects) (see [35] for review). Such changes
to the epigenome are observed for lower-level exposures to environmental factors, as opposed
to overt mutations caused by high dose exposures.

Epigenetic changes to an individual’s genes may be transmitted to the offspring through the
germline through effects on ova or sperm (reviewed in [82]), or through behaviors such as how
a mother behaves towards her offspring ([161,29,45]; see [35] for further discussion of these
different avenues of epigenetic modifications). This latter concept of the epigenetic
transmission of a trait through the modification of the infant’s genes by maternal behavior has
been studied extensively in the area of stress regulation, stress responsiveness, and the
hypothalamic-pituitary-adrenal axis, but is yet to be studied in any depth for the hypothalamic-
pituitary-gonadal axis. The former concept of germline transmission of an epigenetic trait has
been most clearly demonstrated in the field of reproductive toxicology, in which Skinner et
al. showed that prenatal exposure to endocrine-disrupting chemicals causes changes in DNA
methylation that were manifested as the latent development of male infertility, reproductive
cancers, and other dyfunctions, and that this phenotype is transmitted through the male
germline across multiple generations [5,6]. Furthermore, these animals were also behaviorally
modified across generations. A recent collaborative report by Crews, Gore, Skinner et al.
showed that reproductive behaviors such as partner preference, and attractiveness of
individuals to a conspecific mate, were modified in the third generation of descendants of
animals exposed fetally to endocrine disruptors [36]. This is strong evidence that neonatal
imprinting may epigenetically modify neuroendocrine genes that control reproduction.
However, the identity of the genes that have been modified to affect these behaviors is not yet
known.

5. Endocrine disruption and developing neuroendocrine systems

The recognition that endogenous hormones shape brain morphology and permanently program
neuroendocrine brain function and behavior, and that these pathways can be disrupted via
hormonal manipulations during the critical period of brain sexual differentiation, has led to the
investigation of effects of xenobiotics, particularly xenoestrogens and xenoandrogens, on
neuroendocrine development. These environmental substances can include industrial
chemicals, pesticides, fungicides, plasticizers, and even heavy metals and natural plant
products such as phytoestrogens. What these compounds have in common is the ability, albeit
via different mechanisms, to perturb natural hormonal systems and processes. In many,
although not all cases, effects are exerted through actions on nuclear hormone receptors such
as ERs (in the case of xenoestrogens) or ARs (in the case of xenoandrogens), whereby
exogenous substances act as hormone agonists or antagonists. However, the mechanism for
xenobiotic disruption extends to other processes involved in steroid-sensitive pathways such
as actions upon enzymes that synthesize or degrade hormones; steroid coregulatory factors;
membrane hormone receptors; neurotransmitter receptors, and beyond (reviewed in [62]).
Considering that endocrine-disrupting chemical (EDC) exposure is ubiquitous [23] and that
exposures often occur during critical developmental times, including from maternal-fetal
transfer or via lactation in mammals [4,94], the discipline of endocrine disruption has
considerable relevance to neuroendocrine function.
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The US Environmental Protection Agency (EPA)’s definition of an endocrine-disrupting
chemical is: “an exogenous agent that interferes with synthesis, secretion, transport,
metabolism, binding action, or elimination of natural blood born hormones that are present in
the body and are responsible for homeostasis reproduction and developmental process.” In
addition, endogenous agents also should be included in this definition, as a developing fetus’
own gonads; the gonads of a neighboring twin; the placenta; or maternal hormones (e.g. in
polycystic ovarian syndrome or overactivity of the maternal adrenal gland), can expose the
developing organism to natural hormones but in an inappropriate manner, such as at the wrong
critical window, the wrong dose, or at a gender-inappropriate level [109,46]. Thus, I include
as endocrine disruptors endogenous hormones that when produced outside the normal range
may exert some aberration in endocrine or reproductive systems, particularly when occurrence
takes place during critical developmental windows.

There are a number of key issues in endocrine disruption that are relevant to neuroendocrine
imprinting, several of which have already been introduced. 1) The developmental (fetal) basis
of adult disease: The developing fetus or infant is much more sensitive to endocrine-disrupting
compounds than the adult; moreover, effects early in life may not be manifested until adulthood
[63]. 2) Extremely low-dose exposures may exert significant effects on a developing organism,
particularly if the exposure occurs during critical developmental periods [165,140,15,91].
Furthermore, effects are often manifested via non-traditional dose-response curves, similar to
actions of steroid and nuclear receptor hormones [165,63]. 3) Environmental exposures
generally occur in complex mixtures, as a contaminated environment is rarely affected by a
single toxicant, and the effects may occur by more than one mechanism [15]. 4) Exposures
may be acute (e.g., toxic spills or contamination; [47]) but more often they are chronic. 5)
Transgenerational, epigenetic effects may be exerted by endocrine disruptors [5,6,36]. 6)
Mechanisms of endocrine disruption are complex and include not only direct actions on nuclear
hormone receptors, but also membrane steroid receptors, non-steroid receptors (e.g.,
neurotransmitter receptors), enzymes involved in synthesis/degradation of hormones, and other
mechanisms that control levels or activity of hormones (reviewed in [63,1]).

6. Morphological effects of fetal endocrine-disrupting chemicals (EDCs) on
the hypothalamus

Several recent studies have demonstrated direct effects of endocrine disruptors on
hypothalamic neural circuitry, hypothalamic morphology, the phenotype of hypothalamic
cells, and expression of steroid hormone receptors [141,115,134,113]. For illustrative
purposes, the AVPV and SDN-POA will again be the focus of discussion, as the morphology
of brain regions are particularly well studied in the endocrine disruption field. As will become
apparent, the bulk of the literature demonstrates that pre- or early postnatal exposure to
endocrine-disrupting chemicals has permanent effects upon the developing hypothalamus,
beginning with morphological changes, and extending to disruptions in physiology and
behavior.

6.1. Effects of perinatal EDCs on the AVPV and SDN-POA morphology

Several classes of EDCs have been shown to change AVPV and SDN-POA volume and cellular
phenotype, although results have not always been consistent due to different EDC choices,
different timing of exposure, and sex and species differences (reviewed in [44,158]).
Nevertheless, the bulk of the literature supports effects of neonatal EDCs on the morphology
of sexually dimorphic brain regions, consistent with permanent imprinting effects, and in most
case due to estrogenic or androgenic actions. The largest literature is for phytoestrogens. Effects
of early exposure to genistein and resveratrol on the volumes of the AVPV [115,73] and SDN-
POA [49,50,73,145,88,136] have been shown. Maternal resveratrol consumption resulted in
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larger AVPV and smaller SDN-POA volumes in adult male rats, with no effect on these
endpoints in females [73]. Early postnatal exposure to genistein increased SDN-POA volume
in female (but not male) rats [88,49]. Presumably these effects are due to the actions of
phytoestrogens on estrogen receptors, possibly as anti-estrogens [87]. It should be noted that
Masutomi et al. did not report any effects of neontal genistein and xenoestrogens
(methoxychlor, phthalates) on SDN-POA volume in early adulthood [95]; differences in results
may be attributable to the age of analyses, and doses and modes of administration of the EDCs.

Other classes of xenobiotics can alter the AVPV and/or SDN-POA volume following prenatal
or early postnatal exposure, with most research in this arena focusing on the SDN-POA. Ikeda
et al. [80] showed that prenatal dioxin exposure decreased SDN-POA volume of male rats but
did not influence this parameter in female rats, suggesting a demasculinizing effect. The
estrogenic pharmaceutical diethylstilbestrol (DES) also organizes the developing
hypothalamus: the SDN-POA region was increased in size in the female rat but was not affected
in male littermates, indicating a masculinizing effect [169]. Prenatal ethinyl estradiol, the most
common estrogen in oral steroid contraceptives, decreased SDN-POA volume of males but
had no effect in females, suggesting a demasculinizing effect [141]. Again, not all studies
confirm effects of prenatal xenoestrogens on SDN-POA sexual differentiation. Kubo et al.
[86] did not find effects of resveratrol, DES or bisphenol A on SDN-POA volume, although
they reported effects in a different brain region, the locus coeruleus. Again, differences among
studies are likely to be due to differential timing in the exposures to, or doses of, the EDCs.

Not only do EDCs affect sexually dimorphic regional volumes, but they affect the phenotypic
expression of hormone and neurotransmitter receptors that are expressed in these and other
hypothalamic-preoptic regions. Early postnatal exposure of rat pups to genistein or bisphenol
A decreased both the number and the percentage of cells in the AVPV that coexpressed tyrosine
hydroxylase (an enzyme involved in dopamine synthesis) and ERa in the AVPV of female
rats; this effect was seen just for number (not percentage) of double-labeled cells in males,
suggesting that female rats are more sensitive to this early EDC exposure [113]. Similar results
were reported in mice by Rubin et al. [130], who showed that the sex difference in AVPV size,
and tyrosine hydroxylase expression in the AVPV, were diminished by prenatal bisphenol A,
primarily due to effects in the females. Prenatal treatment of pregnant dams from days 15-19
of gestation with the PCB mixture Aroclor 1254 resulted in higher mRNA levels of 5-alpha
reductase mRNA (the enzyme that converts testosterone to dihydrotestosterone), and lower
levels of androgen receptor mRNA, in the hypothalamus of female but not male embryos on
gestational day 20 [33]. This same laboratory also showed that prenatal Aroclor 1254
stimulated levels of arylhydrocarbon receptor (AhR) protein in hypothalamus of male but not
female rats [118]. A study evaluating effects of prenatal ethinyl estradiol showed a significant
decrease in mMRNA levels of the GABA transporter-1, with a greater effect in females than
males [141]. Collectively, these studies show sex differences in the EDC-responsiveness of
hypothalamic molecules involved in mediating hormone signals.

A frequent target of study in endocrine disruption work is the ERp, the expression of which is
not only sexually dimorphic [108], but whose expression is affected in the adult hypothalamus
by prenatal exposure to EDCs. Effects on hypothalamic ERp expression have been shown for
a phytoestrogen (daidzein; [124]) an organochlorine pesticide (methoxychlor; [154], and PCBs
[134]. Takagi et al. [154] reported female-specific effects of exposure to ethinyl estradiol and
methoxychlor from gestational day 15 through postnatal day 10 on ER mRNA levels in the
medial POA of the P10 offspring. A lifelong phytoestrogen rich diet resulted in significantly
fewer ERp-, but not ERa-expressing neurons in the AVPV of male, but not female rats [21].
As the ERp gene is subject to DNA methylation, as shown for mammary carcinoma cells
[128] (albeit not yet shown for the brain) this may explain how EDCs may modify its gene
expression. The ERa promoter, specifically the exon 1b region (ERalb) that regulates gene
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transcription of the ERa gene, is modified in the preoptic area in infancy by maternal care via
DNA methylation ([29]; see also article in this issue by Champagne [28]). Although not studied
for reproductive neuroendocrine physiology, this is another interesting target for future
research.

6.2. Apoptotic mechanisms for EDC effects on AVPV and SDN-POA morphology

As discussed earlier, normal developmental apoptosis determines the size and phenotype of
sexually dimorphic brain nuclei through a hormone-dependent mechanism. Just as this
apoptotic mechanism can be disrupted by early life exposures to abnormal timing in exposures,
or inappropriate doses of exogenous hormones such as androgens and estrogens, it can also be
permanently altered by EDCs that act upon hormonally-sensitive pathways (reviewed in
[158,44]).

Although the AVPV of male rats fed a soy isoflavone-rich diet throughout their lifetime was
not different in size from rats fed a phytoestrogen-free diet, the number of apoptotic neurons
(assessed through TUNEL labeling) was higher in the soy diet group [21]. There was a
concomitant decrease in ER, but not ERa, cell number in the soy group from that study. In
accord with that finding, expression of apoptotic genes was decreased in the medial basal
hypothalamus of soy-fed rats [20]. Although these data are somewhat difficult to interpret with
respect to sexual differentiation, as the exposure to soy was life-long, it suggests effects of
phytoestrogens on programmed cell death.

6.3. Effects of EDCs on hypothalamic GnRH neurons

Because GnRH neurons are the primary driving force upon the hypothalamic-pituitary-gonadal
axis, they represent a logical target for investigation in the arena of endocrine disruption [59].
Although relatively few studies have been performed, most show effects of endocrine
disrupting chemicals, both in vitro and in vivo, on GnRH functional properties. In the
hypothalamic GT1-7 GnRH cell line [100], polychlorinated biphenyls [65] and organochlorine
pesticides such as methoxychlor and chlorpyrifos [61] have significant effects on GnRH gene
expression, GNRH peptide release, and GT1-7 cell morphology. GnRH neurons in vivo are also
affected by phytoestrogens such as coumestrol [99,171] and industrial contaminants,
fungicides, and pesticides [17,59], as manifested by alterations in pulsatile GnRH/LH release,
GnRH gene expression, and GnRH cell numbers. For example, in Figure 2 a single exposure
of developing fetal rats in my laboratory to low levels of an estrogenic mixture of PCBs, Aroclor
1221, resulted in significantly elevated GnRH mRNA levels in adulthood in females, but not
males. Bisenius et al. [17] reported a significant decrease in numbers of GnRH neurons in both
male and female rabbits treated with vinclozolin, an effect which was limited to the rostral
organum vasculosum of the lamina terminalis (the most rostral part of the hypothalamus). It
remains to be determined whether these effects are manifested as altered sexually dimorphic
GnRH release such as the preovulatory GnRH surge. This is an important area of research that
merits future investigation.

6.4. Other hypothalamic neurotransmitter and neurotrophic factor targets of EDCs

A complex neural and glial circuitry regulates hypothalamic-pituitary-gonadal function
through actions upon the GnRH neural system (reviewed in [92]). Any or all of the
neurotransmitters and neurotrophic factors that control GnRH neurons are potential targets for
endocrine disruption. There are many reports showing neurotransmitter actions of EDCs in the
brain, with consequences for cognitive function, although few studies have investigated this
mechanism specifically for neuroendocrine systems. Nevertheless, the same neurotransmitters
that regulate GnRH neurons are disrupted by EDCs [104,90], suggesting that GnRH neurons
may be indirect targets of EDC actions on neurotransmitter receptors. Neurotrophic factors
may also play a similar role, and | would like to propose the hypothalamic insulin-like growth
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factor-1 (IGF-1) system as a target for neuroendocrine disruption. My laboratory and others
have shown that IGF-1 regulates GnRH release and gene expression, and that this is subject to
developmental regulation [74,75,37]. The IGF-1 system is also steroid sensitive [75,48,101].
Moreover, GnRH neurons co-express both IGF-1 and IGF-1 receptors [37,38] suggesting the
possibility of autocrine regulation of cells co-expressing GnRH and IGF-1 via the IGF-1
receptor. The IGF-1 receptor is a target of gene regulation by the phytoestrogen, daidzein
[124]. Interestingly, IGF-1 can stimulate histone H3 and H4 acetylation in the nervous system,
and a causal relationship was established between overexpression of IGF-1 in cortex and
hippocampus (hypothalamus was not studied) and this epigenetic process [151]. In neural cells
lines IGF-1 also regulates the activity of methionine synthase, an enzyme that converts
homocysteine to methyionine, which may serve as a methyl donor [159]. Moreover, in the
same study by Waly et al. [159] IGF-1 was able to increase global methylation in the neural
cell line. Thus, IGF-1 has the capacity to activate DNA methylation and/or acetylation in neural
tissues, and changes in the expression or level of IGF-1 protein would affect its ability to modify
epigenetic processes.

Endocrine-disrupting chemicals may regulate hypothalamic gene expression of IGF-1 mRNA,
together with GnRH mRNA described above. A single low-dose treatment of pregnant rats
with PCBs did not alter the timing of puberty, as measured by vaginal opening in females and
preputial separation in males, but resulted in significantly elevated concentrations of IGF-1
mRNA (Figure 2). These effects were specific to females, as mMRNA levels were unaltered in
male rats. In addition, beginning shortly after weaning, body weights of both male and female
PCB-treated rats were significantly smaller than vehicle/control rats, and this was maintained
until the age of euthanasia at 50 days. The body weight effect could not be attributed to
differences in litter size or composition, which did not vary among groups (data not shown).
Therefore, my preliminary data indicate that a single prenatal exposure to PCBs may affect
reproductive neuroendocrine gene expression in a sex-typical manner. It should be noted that
only A1221 but not A1254 had this effect, probably due to differences in the physical and
chemical properties of the PCB mixtures [54].

7. Physiological and behavioral outcomes of neonatal EDC imprinting

Because neonatal EDCs affect the same circuits, brain regions, and hormone-sensitive
pathways and receptors as do endogenous hormones, it is not surprising that early EDC
exposure is manifested as compromised adult sexual behaviors. Such effects have been
documented for several classes of EDCs across a range of species. Although only mammalian
studies are discussed herein, non-mammalian vertebrate models have been extremely
informative for showing causal links between exposures to EDCs and reproductive behavioral
impairments (e.g., reviewed in [112]). Clemens’ group has reported consistent deleterious
effects of prenatal EDCs on feminine mating behaviors in rats [31,32,160]. My laboratory
reported evidence that acute prenatal exposure to low doses of PCBs had permanent
consequences on paced mating behavior in adult females [148]. As the ability of a female to
control the pace of mating enhances her reproductive success [34] we believe that these data
are relevant to non-laboratory animals, including wildlife. Some of the behavioral effects
exerted by prenatal PCBs in our laboratory exhibited an inverted-U or U-shaped dose-response
curve [148]. This is important because hormones and EDCs sometimes exert non-linear dose-
response curves due to the range of mechanisms acted upon by these substances, as discussed
above and reviewed in Gore et al. [63]. Aberrations in mating behavior of female rats have
also been shown for phytoestrogens such as soy, reported by Patisaul et al. [114]. Early
postnatal treatment with relatively high-dose coumestrol also inhibited lordosis behavior in
adulthood [84], and postnatal treatment with genistein reduced the lordosis quotient [83].
Moniz et al. [103] reported that perinatal exposure (day 18 of gestation and postnatal days 1
through 5) to the pyrethroid insecticide fenvalerate significantly reduced the lordosis quotient
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in female rats as adults. Thus, neonatal EDC effects on neuroendocrine systems have functional
outcomes relevant to reproductive success in female mammals.

Male mammals have also been studied in the context of endocrine disruption of reproductive
behaviors, although the literature in this arena is more limited (see [44] for review). Early
postnatal coumestrol given to developing male rats reduced aspects of their sexual behavior
including numbers of mounts and ejaculations, and the latency to first mount and ejaculation
[166]. Maternal resveratrol exposure affected sexual behavior of the male offspring, with
decreased mount frequencies reported [73]. The PCB mixture A1254 given to neonates resulted
in a decrease in the number of virgin males who mated in their first mating trial [133]. A single
dose of PCB126 (but not PCB77) given to pregnant rats in mid-gestation resulted in an
increased number of mounts with intromissions in the adult male offspring [51]. This result is
surprising as it is the only one, to my knowledge, that shows increased masculine sexual
activities; it is possible that this PCB compound acts through another mechanism, possibly as
an androgen or estrogen receptor agonist, to exert this action.

8. Transgenerational effects of endocrine-disrupting chemicals on
neuroendocrine systems

The ability of EDCs to influence not only the exposed individuals but also subsequent
generations of offspring has been shown for reproductive systems. As already discussed,
Skinner et al. reported that fetal EDCs cause epigenetic modifications, specifically differences
in DNA methylation, that are passed to up to four generations of offspring via the male germline
[5]. The best evidence for both the fetal basis of adult disease together with transgenerational
effects in humans is the case of the pharmaceutical, diethylstilbestrol (DES). The DES story
is important because it is one of the few examples in humans of a direct causal relationship
between fetal exposure and the latent development of disease and dysfunction much later in
life. The female offspring of pregnant women taking DES grew up to exhibit a relatively high
incidence of reproductive tract abnormalities and rare clear cell cervicovaginal cancers
(reviewed in [57]). Women exposed as fetuses to DES continue to have long-term reproductive
health changes such as infertility and an earlier age at menopause [72,57]. Male offspring also
have a small but significantly higher likelihood of reproductive tract malformations such as
hypospadias [19], although the overall reproductive impact of DES on males is less than that
in females. A recent epidemiologic study of “DES granddaughters” reported subtle differences
in menstrual cycles and a possible association with fewer live births than descendants of
unexposed women [155], suggesting the potential for transgenerational effects. This area of
research merits additional investigation and follow up, because animal models support
transgenerational effects of DES on reproductive systems (reviewed in [107]). For example,
gene expression of lactoferrin, an estrogen-regulated gene in the uterus, was up-regulated in
both F1 female mice (perinatally exposed to DES) and their F2 offspring [107]. The mechanism
for such an effect may involve epigenetic modifications, although this has not been reported
specifically for lactoferrin. Other animal models show that neonatal DES treatment resulted in
demethylation of the immediate early gene c-fos in the mouse uterus [89]. In epididymis of
male mice, DES given on postnatal days 1-5 altered expression of DNA methyltransferase
genes that are involved in the regulation of DNA methylation status [135]. Ruden et al. have
proposed a model whereby DES alters the interactions of estrogen receptor, the chaperone
protein Hsp90, and chromatin-mediated Whnt signaling involved in developmental patterning,
and which may contribute to the transgenerational phenotype [132,131].

My laboratory is beginning to investigate transgenerational effects of prenatal EDCs on
reproductive neuroendocrine function, using the model of PCBs. We previously showed that
late embryonic (gestational days 16 and/or 18) exposures to the estrogenic PCB mixture,
Aroclor 1221 (A1221), decreased expression of ERp in the AVPV of adult female rats [134],
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stimulated GnRH mRNA levels in the preoptic area (see Figure 2 and [59]); and altered female
paced mating behavior in adulthood [148]. We have recently extended some of our A1221
studies to a second generation. In this experiment, pregnant female rats were injected with low
doses of A1221 twice during late gestation, on embryonic days 16 and 18 (see [148] for
experimental details). Some F1 pups were euthanized on postnatal day (P) 1 for gene expression
analysis of the POA. Other pups were allowed to mature to investigate effects on adult
reproductive functions and mating behaviors. After delivery, some F2 pups were euthanized
on P1 for gene expression measurements; others matured to enable us to monitor reproductive
cycles in adulthood. The preliminary data from this two-generational study show that F2 adult
females have altered cyclic patterns of hormone release, including suppressed progesterone
and LH concentrations on proestrus [149]. Recently, we evaluated gene expression of
neuroendocrine genes in the POAs of P1 male and female pups from both the F1 and F2
generations (D.M. Walker, R.M. Steinberg, A.C. Gore, unpublished). Genes measured in this
region were GnRH, ERa, ERB, AR and PR. We observed effects of A1221 on all of the genes
in both generations of rats. Preliminary data for AR mRNA levels, quantified by real-time
PCR, are shown (Figure 3). In the F1 generation, AR mRNA levels in the POA were decreased
in both male and female P1 pups treated with A1221 as fetuses. In the F2 generation, AR
mRNA levels were consistently elevated in the male but not the female offspring of A1221
treated F1 rats. These data need to be interpreted cautiously because of the small sample sizes,
but they suggest direct hypothalamic-preoptic actions of perinatal PCB exposure in two
generations of rats, with the likelihood of epigenetic modifications to factors involved in the
control of neuroendocrine gene expression.

Together, these studies indicate that perinatal EDCs impact reproductive neuroendocrine
function at several levels. They alter morphology of sexually dimorphic brain regions; they
affect the phenotype of cells in the hypothalamus; they have detrimental actions on the
neuroendocrine circuits, including GnRH neurons and their regulatory inputs; and they have
functional outcomes on reproductive behaviors. Moreover, there are transgenerational effects
of EDCs on reproductive systems that may include neuroendocrine targets.

9. Endocrine disruption, reproductive neuroendocrinology, and future

directions

The field of endocrine disruption has contributed in two important ways to expanding
knowledge about reproductive neuroendocrinology. First, the concept that perinatal hormones
have permanent imprinting effects on the hypothalamus, manifested early on as morphological
sex differences in the brain, and manifested much later on as physiological and behavioral
differences between the sexes, forms the foundation of the “developmental basis of adult
disease.” Although researchers in EDCs were not the first to make this discovery, their research
has called much broader attention to the importance of critical periods of development,
particular the perinatal stage, to a wide range of disciplines, including toxicology, cancer
biology, psychiatric disease, and general endocrinology (not just reproduction). Moreover,
researchers in endocrine disruption are beginning to focus their research efforts on
understanding the underlying mechanism(s) by which early hormonal programming exerts its
effects. In particular, how DNA and gene expression are modified, not by overt mutations, but
rather by alterations in factors that control gene expression such as methylation status or histone
acetylation, is a key concept that can be applied back to basic reproductive neuroendocrinology.
This cross-fertilization among diverse disciplines in the biological sciences has resulted in
significant new discoveries in the past few years.

Second, recent studies are showing that when gene expression is modulated through molecular
epigenetic modifications such as histone acetylation and DNA methylation, these effects may
be expressed in subsequent generations. This concept of transgenerational epigenetic effects

Front Neuroendocrinol. Author manuscript; available in PMC 2009 June 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gore

Page 14

of EDCs stems from reproductive toxicology, but it is now being extended to other disciplines
including reproductive neuroendocrinology. Such observations raise concerns about

permanent effects of exposures to environmental toxicants, not just to exposed individuals but
also to future generations. Despite our best efforts to clean up contaminated sites, or to avoid
the use of known or suspected EDCs, it may be too late if the epigenome has been affected in

a

manner that can be transmitted to offspring (e.g., see [36]). By understanding the

neuroendocrine consequences of early EDC exposures, and whether effects are passed on by

a

transgenerational, epigenetic mechanism, we will be able to determine when, and how, we

may be able to intervene. Recent evidence showing that factors that alter histone acetylation
may break the cycle of epigenetic transmission of a trait is very encouraging [162], with broad
implications for mitigating effects of environmental contamination.
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Figure 1.

Photomicrographs of androgen receptor (left) and estrogen receptor a (right) of representative
young adult (4 month) sexually-experienced male Sprague-Dawley rats. Rats were deeply
anesthetized, perfused with 4% paraformaldehyde, and their brains sectioned at 40 um.
Immunohistochemistry was performed using a polyclonal rabbit antibody to ERa (Upstate
C1355, 1:20,000) or AR (PG21, 1:2000, provided by Dr. Gail Prins; [120]). The level of the
SDN-POA is circled at 4X magnification (top panels), based on Nissl staining and comparison
to Gorski et al. [68]. Bottom panels show higher magnification (20X) micrographs of the same
regions. Results show abundant expression of the two nuclear hormone receptors in SDN-POA
of male rat brains. Note that AR labeling is darker and more intense than ERa labeling, but
both are expressed in cell nuclei throughout the SDN-POA. (Photomicrographs from D. Wu
and A.C. Gore, unpublished).
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Figure 2.

Pregnant Sprague-Dawley rats (N=3 per treatment) were either uninjected (control) or given
a single s.c. injection on gestational day 16 of 0.1 ml of vehicle (DMSQO) or one of two PCB
mixtures, Aroclor 1221 (A1221) or Aroclor 1254 (A1254), each at 1 mg/kg. After birth, pups
were monitored for progression of reproductive development, weighed every other day, and
euthanized at 50 days of age (early adulthood). The POA-anterior hypothalamus was dissected,
RNA extracted, and mRNA levels of GnRH and IGF-1 were quantified by RNase protection
assay (all methods are described in [37,38,64]. Results are shown with the control and DMSO
vehicle groups combined, as these groups did not differ from one another. Significant effects
of A1221, but not A1254 were found for female rats (p < 0.05). Males were unaffected by
treatment. Results suggest that some PCB congeners (A1221) but not others (A1254) affect
neuroendocrine gene expression in a sex-specific manner. (C) Body weights of rats were
monitored every other day. Beginning shortly after weaning (day 21), rats treated prenatally
with A1221 and A1254 were significantly smaller than control/vehicle rats. It should be noted
that litter sizes and sex ratios did not differ among groups. (A.C. Gore, unpublished data).
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Figure 3.

Androgen receptor (AR) mRNA profiles in the POA of postnatal day 1 (P1) rat pups from two
generations. Pregnant dams (FO) were treated with Aroclor (A) 1221 on gestational days 16

and 18. POAs were collected from F1 male and female rat pups on P1. Some F1 females were
allowed to mature, mate, and give birth to an F2 generation. POAs were collected on P1 from
these F2 male and female pups. Numbers below the bars refer to the original treatment of the
FO dam. Numbers within bars in parentheses refer to the number of POAs from individual rats
assays by real-time PCR. These preliminary data for mRNA levels of AR suggest potential

effects of A1221 in both male and female P1 pups in the F1 generation, and effects in the P1
male pups in the F2 generation. Notably, patterns of gene expression are different in males of
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the two generations. See [148,149] for more detailed methodology. (D.M. Walker, R.M.
Steinberg, A.C. Gore, unpublished data).
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