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Abstract

Endocrine-disrupting chemicals (EDCs) are pervasive in the environment. They are found in
plastics and plasticizers (bisphenol A (BPA) and phthalates), in industrial chemicals such as
polychlorinated biphenyls (PCBs), and include some pesticides and fungicides such as vinclozolin.
These chemicals act on hormone receptors and their downstream signaling pathways, and can
interfere with hormone synthesis, metabolism, and actions. Because the developing brain is
particularly sensitive to endogenous hormones, disruptions by EDCs can change neural circuits
that form during periods of brain organization. Here, we review the evidence that EDCs affect
developing hypothalamic neuroendocrine systems, and change behavioral outcomes in juvenile,
adolescent, and adult life in exposed individuals, and even in their descendants. Our focus is on
social, communicative and sociosexual behaviors, as how an individual behaves with a same- or
opposite-sex conspecific determines that individual’s ability to exist in a community, be selected
as a mate, and reproduce successfully.
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1. Endocrine-disrupting Chemicals (EDCSs)

An endocrine-disrupting chemical is “an exogenous chemical, or mixture of chemicals, that
interferes with any aspect of hormone action” (Zoeller et al., 2012). The World Health
Organization (WHO), U.S. Environmental Protection Agency (EPA), United Nations
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Environment Programme (UNEP), European Food and Safety Agency (EFSA), scientific/
medical societies such as the Endocrine Society, and many others, recognize EDCs as a
public health threat (Bergman et al., 2013; Di Renzo et al., 2015; Zoeller et al., 2012).
Exposure of humans and wildlife to EDCs comes from a variety of sources including
plastics, flame retardants, agrichemicals, personal care products, household chemicals, and
many others.

EDCs perturb hormonal systems. However, the molecular mechanism of action of an EDC in
a target cell is complex; this is attributable in part to the complexity of endocrine physiology,
but it is also due to chemical properties of EDCs that make them problematic. Most EDCs
were never intended for consumption, and with the exception of pesticides, were usually not
meant to have biological activity. Despite that, most EDCs are lipophilic (Fernandez et al.,
2004), can cross cell membranes, and exert actions within cells including via binding of
intracellular receptors (Balaguer et al., 2017). A single EDC may bind to one, or more than
one, hormone receptor, and act as an agonist, antagonist, or have mixed effects (Gore et al.,
2015). EDCs may also travel through the circulatory system as free chemicals, rather than in
association with binding proteins as is the case for many endogenous hormones, meaning
that EDCs have relatively higher bioavailability. Some EDCs can affect hormone
metabolism or degradation (Aluru and Vijayan, 2006; Kester et al., 2000; Kester et al.,
2002), thereby changing the ability of a hormone to function in the organism.

To date, EDCs are best studied for their actions via estrogen receptor signaling (Alonso-
Magdalena et al., 2006; Dickerson and Gore, 2007). However, EDCs can also be anti-
estrogenic, androgenic, anti-androgenic, thyroid-disrupting, and act on membrane hormone
receptors (Alonso-Magdalena et al., 2005; Gray et al., 2001; Kelce et al., 1994; Zoeller,
2005). Thus, in considering actions of EDCs, it is important to keep in mind these
pleiotropic effects on endocrine systems.

Events during the 201 century influenced our current understanding of how the environment
affects reproductive and endocrine systems. In the 1940s, sheep grazing on clover became
infertile (Bennetts et al., 1946); this was later attributable to plant phytoestrogens that
interfered with reproductive physiology (Adams, 1995). In her groundbreaking book Sifent
Spring (Carson, 1962), Rachel Carson made the case that environmental chemicals,
especially the pesticide DDT, were contributing to serious reproductive problems in wildlife.
Subsequent work on wildlife, comparing animals in areas of known contamination to those
considered relatively pristine, revealed malformations of reproductive tissues (Orlando and
Guillette, 2007). The relevance of environmental chemicals to humans, especially
xenoestrogens, came from the connection between the use of diethylstilbestrol (DES), a
powerful pharmaceutical estrogen, during pregnancy, and the increased incidence of a rare
clear-cell adenocarcinoma of the vagina in girls exposed /n utero (Herbst et al., 1971). In this
case, a pharmaceutical chemical acted as an EDC by exposing the developing fetus. The
widespread detection of estrogenic oral contraceptives and menopausal treatments in the
watershed means that aquatic wildlife are exposed to environmental pharmaceutical
estrogens (Milnes et al., 2006). As more observations in wildlife, experimental laboratory
studies, and human epidemiological work have converged, it is clear that all humans and
wildlife are exposed to EDCs, that we have numerous chemicals in our bodies, and that
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endocrine systems are vulnerable to actions of these environmental chemicals (Gore et al.,
2015).

In this review, we will discuss the evidence for effects of EDCs on neuroendocrine systems
and the neurobiology of social behavior in mammals. We begin by focusing on how direct
EDC exposure during key developmental windows, especially to the fetus and infant, change
the developing brain and subsequently, adult behavior of the exposed individuals. We will
also provide examples of EDCs influencing behavior several generations later.

There are about 1000 chemicals identified to date as EDCs. For this review, we selected 4
from different classes as examples (Table 1), selected based on knowledge for their direct
and/or transgenerational effects on neuroendocrine function and behavior: polychlorinated
biphenyls (PCBs), widespread and persistent industrial contaminants; the fungicide
vinclozolin; bisphenol A (BPA), commonly found in plastics; and phthalates, used as
plasticizers.

EDCs and the development of neuroendocrine systems

As the interface between the nervous and endocrine systems, neuroendocrine systems
integrate information about the external and internal environment and orchestrate
appropriate responses. In response to an environmental challenge, be it predator stress, a
social contextual change, climate, or chemical contaminants, the organism must be able to
attain and maintain a physiological state that allows survival, adaptation, and ultimately a
return to homeostasis when the challenge has passed. Neuroendocrine systems coordinate
physiology with behavior, and their actions enable an individual to attain reproductive
competence, exhibit sex-appropriate behaviors, choose a mate, reproduce, and care for
offspring. In order for this to happen, the brain circuits that regulate or modulate these
behaviors must develop under the influence of the correct temporal hormonal and social
influences that, if disrupted, may change development, behavior, and impair social
interactions and reproductive success.

2.1. The Developmental Origins of Adult Disease (DOHaD) and Neuroendocrine Systems

The DOHabD hypothesis postulates that environmental influences in early development shape
the propensity for health or disease states later in life. While initially applied to the concept
of prenatal nutritional deprivation in humans (Barker, 2003), DOHaD is fundamental to
understanding environmental EDC actions in the developing organism (Heindel et al.,
2015a). DOHabD is perfectly illustrated by the concept of brain sexual differentiation. During
critical pre- and postnatal developmental stages, gonadal steroids organize the brain, thereby
establishing the developmental trajectory of the individual (Arnold and Gorski, 1984). In
male mammals, the developing fetal testes produce testosterone, which masculinizes
reproductive and non-reproductive tissues. In the brain, fetal testosterone acts upon androgen
receptors; it is also converted to estradiol via the aromatase enzyme. Estradiol binds to
estrogen receptors in the male brain and activates signaling cascades responsible for both
masculinization and defeminization. In female mammals, the ovary produces estradiol,
albeit at low concentrations, but in non-human mammals, circulating estradiol is bound by
alpha-fetoprotein, preventing it from crossing the blood-brain barrier (Bakker and Baum,
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2008; Bakker et al., 2006). This relative lack of exposure to gonadal hormones results in
brain feminization and demasculinization. Organizational effects of hormones on the brain
are necessary for the development of neural circuitry and the expression of sexually
dimorphic physiology and behavior later in life (Nugent et al., 2011). Not only are
reproductive behaviors sexually dimorphic — much of the entire social behavior repertoire is
dimorphic.

Published work on neuroendocrine disruption is based on experimental and laboratory work
mainly conducted in rats and mice. This is the focus of our review, but when available, we
include evidence from other rodent species. Humans are exposed to the same chemicals as
wildlife, perhaps more due to household chemicals. However, experimental studies on
hypothalamic development, hormone and EDC actions, and latent effects on brain and
behavior are not possible or ethical in humans. Thus, epidemiological work fills a key gap in
knowledge about EDC exposures and their consequences on the propensity to develop
disease. Such studies show that humans with higher concentrations of EDC s in their bodies
are more likely to be those with endocrine and neurological/ neurobehavioral problems
[reviewed in (Gore et al., 2015)]. However, the direct cause-and-effect is not proven (Lee,
2018). Some interesting recent research has also related proxies of early life exposure —
chemicals detected in amniotic fluid, urine/serum from pregnant women, and umbilical cord
blood — and adverse outcomes (Braun, 2017; Buck Louis et al., 2018). By connecting results
of this human work to the experimental mammalian work, confidence in (and concern about)
neuroendocrine effects of EDCs emerges. There is an excellent literature on neuroendocrine
effects of EDCs in bird, amphibian, reptile and fish species, but we do not have the space to
review this field. Several reviews on the subject are here: (Le Page et al., 2011; Ledn-Olea et
al., 2014; Ottinger et al., 2013; Rosenfeld et al., 2017; Wingfield and Mukai, 2009).

Hormones exert effects at exquisitely low doses, particularly during sensitive life phases.
This concept extrapolates to EDCs, for which extensive research shows biological relevance
of dosages of certain EDCs below regulatory “safe” levels (Vandenberg et al., 2012).
Neuroendocrine systems are among the most hormonally-sensitive in the body due to high
abundance of receptors for steroid hormones, and expression of neuropeptides and their
receptors involved in hypothalamic-pituitary regulation, the central control of energy
balance, and social/reproductive behaviors, among others. Early in life, the consequences of
EDCs on the organization of the brain’s neuroendocrine systems can be both latent and
profound. Before we discuss neuroendocrine effects of EDCs, to follow is an introduction to
the four classes of EDCs that are the focus of this review .

Properties of Different EDC Classes

2.2.1. Bisphenol A (BPA)—BPA (Table 1), used in plastics and thermal receipts,
became a “poster child” of EDCs, when it was discovered that chemical leaching from
improperly washed mouse cages resulted in aneuploidy in mouse oocytes (Hunt et al., 2003).
Laboratory work has gone on to show that BPA exposure causes a variety of hormone-
sensitive cancers, affects thyroid hormones, is linked to diabetes and obesity, and leads to
many other reproductive problems beyond aneuploidy (Chapin et al., 2008; Vandenberg et
al., 2009). Since then, this chemical has received a great deal of public attention, leading to
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consumer pressure to remove it from the marketplace. The label “BPA-free” now appears on
a large number of products, although less commonly known is that other members of the
bisphenol family such as BPS and BPF have replaced BPA and are on the market. Although
beyond the scope of this review, research indicates that these bisphenols may be just as
problematic as BPA in acting upon hormone receptor-mediated and other (e.g. aromatase)
pathways [(Kinch et al., 2015; Vifias and Watson, 2013); reviewed in (Rosenfeld, 2017)].
While most work on BPA has focused on its estrogenic mechanisms, BPA also acts upon
androgenic, thyroid, progesterone, insulin and other endocrine signaling systems (Aldad et
al., 2011; Alonso-Magdalena et al., 2010; Brannick et al., 2012), and it influences the
control of energy balance (Chamorro-Garcia et al., 2018; Ohlstein et al., 2014; Roepke et al.,
2016). The half-life of BPA is short, on the order of hours (Gerona el al., 2013). However, its
pervasiveness means that it is constantly replenished, with over 90% of people tested having
detectable levels of BPA in their bodies (Braun et al., 2011; Calafat et al., 2008).

2.2.2. Phthalates—Phthalates (Table 1) are used as plasticizers in the production of
commercial plastics and plastic coatings, medical tubing, vinyl flooring materials, children’s
toys, and in some cosmetics. Phthalates are found in human urine and serum, as well as in
breast milk and umbilical cord blood (Fromme et al., 2011; Hines et al., 2009). Food
contamination with phthalates is common and likely the main route of exposure. The use of
phthalates in intravenous tubing also introduces the chemicals directly into the body, as does
application of personal care products to the skin, where dermal absorption can occur.
Phthalates have a short half-life in the body, estimated at about 12 hours (Gore et al., 2015).
They are best studied as anti-androgens, although anti-estrogenic effects have been shown
(Czemych et al., 2017).

2.2.3. Polychlorinated biphenyls (PCBs)—PCBs are a family of about 200 stable
and persistent chemicals that were widely used in industry from the 1930s until their ban in
the late 1970s. The number and position of chlorines around the double phenolic ring (Table
1) determines structural and functional properties of each specific PCB congener (Giesy and
Kannan, 1998), as well as its half-life in the environment or the body. PCBs typically are
found in mixtures, including the commercial Aroclor mixtures used in industry. Those PCBs
that are dioxin-like exert their toxic effects primarily through the aryl hydrocarbon receptor
(AhR) system (Zhang et al., 2012). Lightly chlorinated PCBs (1-3 chlorines per biphenyl),
including Aroclor 1221, the mixture used in the neuroendocrine studies discussed below, are
weakly estrogenic (Frame, 1997). More heavily chlorinated PCBs are the most persistent,
with half-lives in the environment of 20 years or more (Seegal et al., 2010). Thus, despite
their ban in most countries today, PCBs are detectable in body tissues, umbilical cord blood,
and serum and urine of virtually all humans and wildlife (Calafat et al., 2008; Centers for
Disease Control and Prevention, 2005; Haines and Murray, 2012). With climate change and
the melting of polar ice caps, more PCBs are liberated into the environment such that the
global burden is actually increasing in parts of the world (Colgan et al., 2016; Jepson et al.,
2016; Jepson and Law, 2016). Epidemiological evidence consistently shows that PCB
exposures impair the quality of life and increase the risk of chronic disease and reproductive
dysfunctions [reviewed in (Gore et al., 2015)].
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2.2.4 Vinclozolin—Vinclozolin (Table 1), a commercially available fungicide that is
used on turf, vineyards and other crops (Cabras and Angioni, 2000), is anti-androgenic, as
are its metabolites, M1 and M2 (Kelce et al., 1994). In the environment, although some of its
metabolites degrade via soil metabolism and hydrolysis, its terminal metabolite (3,5-DCA)
is resistant to the degradation process. Vinclozolin itself dissipates in the environment with
half-lives of 90 days, but with its metabolites, the estimated half-life is approximately three
years (EPA, 2000). In the body, vinclozolin has a half-life of about 1 day.

3. EDC effects on the hypothalamus

3.1

In order for an individual to survive and reproduce, he/she must exhibit social
communicative skills, reproductive behaviors, parental care, anxiety responses, and affective
states that are appropriate to their sex, life stage, and other factors. Sex differences in these
behaviors are due in large part to differences in hormone exposures during organizational
and activational periods of life. The control of social behavior involves a network of brain
regions involved in mediating and integrating the sensory, motor, affective, and motivational
aspects of how conspecifics interact and make choices about social and sexual interactions.
We refer readers to papers by Newman (Newman, 1999) and O’Connell and Hofmann
(O’Connell and Hofmann, 2012) on this subject. In brief, conserved neural circuits that
include the basal ganglia and limbic system enable the evaluation of a conspecific and the
subsequent decision-making process involved in interacting with that individual, be it in a
social or sexual context.

In the following sections, we will present the relevant literature on effects of pre- and/or
perinatal exposure to BPA, phthalates, and PCBs on hypothalamic development. To our
knowledge, there are no studies that specifically determined effects of vinclozolin on
hypothalamic development or differentiation.

Hypothalamic Structure and Neurochemistry

3.1.1 BPA—Developmental EDC exposures on hypothalamic morphology and
neurochemistry, particularly in rodents, are well-established [reviewed in (Gore et al.,
2015)]. This review will focus specifically on hypothalamic regions involved in the control
of social and sociosexual behavior and reproductive physiology. The majority of this
research has been conducted for BPA, with results varying depending upon experimental
models (e.g. species, strain, dose and route of BPA administration, age at administration, age
at phenotyping, etc.) and endpoint; experimental details of BPA studies are in Table 2. The
most consistent literature is for effects of BPA on the anteroventral periventricular nucleus
(AVPV), a sexually dimorphic brain region that in rats is larger in females than males, and is
abundant in dopaminergic neurons and estrogen receptors (Chakraborty et al., 2005; Davis et
al., 1996; Herbison, 2008; Orikasa et al., 2002; Simerly and Swanson, 1987). In an early
study, numbers of tyrosine hydroxylase labeled neurons in the AVPYV, indicative of
dopaminergic neurons, were increased in male but not female rats (Patisaul et al., 2006). In
that same study, whereas ERa-immunoreactive cells were unchanged in either sex, the
number (females) and percentage (females and males) of tyrosine hydroxylase cells that co-
expressed ERa was decreased. In mice, Rubin et al. also reported that the sex differences in
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the size of the AVPV, and expression of tyrosine hydroxylase, were diminished by BPA
(Rubin et al., 2006).

Other work has measured size and neurochemistry of the sexually dimorphic nucleus (SDN)
of the preoptic area (POA), which is larger in male than female rats (Gorski et al., 1980). A
study feeding BPA to pregnant rats showed that male but not female offspring had decreased
SDN-POA volume and fewer calbindin-immunoreactive neurons in a dose-dependent
manner (McCaffrey et al., 2013). Numbers of tyrosine-hydroxylase immunoreactive cells in
the AVPV were decreased in both sexes; again this was dependent upon dose (McCaffrey et
al., 2013). In mice exposed perinatally to BPA, numbers of neuronal nitric oxide synthase
(nNOS)-expressing neurons, the enzyme involved in the synthesis of nitric oxide in the
brain, was increased in females (Martini et al., 2010). Other brain regions were largely
unaffected in that latter study. Data from one arm of the CLARITY-BPA study (Heindel et
al., 2015b), in which daily gavage of BPA was done throughout gestation and postnatally
until weaning, BPA consistently increased the volume of the AVPV in both sexes; the SDN-
POA was unaffected (Arambula et al., 2017). Naule et a/. (Naule et al., 2014) reported that
BPA did not affect morphology of the SDN-POA. By contrast, numbers of kisspeptin-
immunoreactive cells were significantly and selectively increased in the rostral
periventricular nucleus (PEN), although not the AVPV or caudal PEN (Naule et al., 2014).
No effects of BPA were found on numbers of GhRH neurons, appositions between GnRH
neurons and kisspeptin fibers, or ERa cell numbers in the medial POA, ventromedial
nucleus (VMN), or arcuate nucleus (ARC).

Gene expression in the hypothalamus has also been measured following BPA exposure. In
whole hypothalamus of mice, KissZ and GnRHI were increased by BPA in both sexes; Gper
(the membrane G-protein coupled ER) was unaffected (Xi et al., 2011). Another group
assayed gene expression in the ARC using a 48-gene qPCR platform (Roepke et al., 2016).
Of these, 6 genes were suppressed by BPA (high dose, low dose, or both): adiponectin
receptor 1, cholinergic muscarinic receptor 3, brain-derived neurotrophic factor,
cholecystokinin receptor 2, serotonin 2C receptor, and insulin-like growth factor 1. Prenatal
BPA was tested for effects on ERa and p genes, £srZ and £sr2(Cao et al., 2013). The
AVPV and medial POA were unaffected; however, in the rostral ARC, BPA abolished the
sex difference in £sr1 (female > male). In caudal ARC, as well as the VMN, Esr1 was
increased by BPA in male and female rats. £sr2was up-regulated by BPA in both rostral and
caudal VMN (Cao et al., 2013). Finally, again from the CLARITY-BPA study, BPA
increased £sr1and Esr2in whole female hypothalamus at P1; no effect was found in males
(Arambula et al., 2016).

3.1.2 Phthalates—Research on phthalates shows effects of developmental exposure on
hypothalamic genes and proteins; experimental details of these studies are in Table 2. In
female Sprague-Dawley rats exposed neonatally, gene expression in adulthood of KissZ,
Gperand Esr2in the AVPV were increased in a dose-dependent manner by dibutyl phthalate
(Hu et al., 2013). In the ARC, neonatal DBP increased KissZ, and decreased Gpr54, Esrl,
and £sr2 (see Table 2 for dosages). Consistent with the K7ssZ results, kisspeptin
immunoreactivity was increased in the AVPV and ARC (Hu et al., 2013). In another study,
DEHP (di(2-ethylhexyl)phthalate) changed expression of the monoaminergic
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neurotransmitters aspartate and GABA, but not glutamate, in a sex-specific manner in the
hypothalamus of P15 rats (Carbone et al., 2012). When a phthalate mixture was fed to rat
dams from gestational day (G)2 to postnatal day (P)10, gene expression of Avp, Avpria,
Avprlb, Cd38, Oxt, Oxtrwas unaffected in whole hypothalamus at P10 or P90 in male and
female rats (Kougias et al., 2018). Effects of prenatal DEHP were assessed in whole
hypothalamus of rats at Pl (Gao et al., 2018). Eleven genes were down-regulated by DEHP
(Esr2, Cypl9al, GrinZa, Avprila, Kiss1r, Tac3r, Amtl, Clock, Dbp, Mitnrla, Per2). In adult
male rats at P70, DEHP affected a large number of genes in a region- (AVPV, ARC, medial
preoptic nucleus (MPN)) and dose-dependent manner (summarized in Table 2). ERa. protein
expression was decreased in the ARC at the highest DEHP dose, and was unaffected by
treatment in the AVPV and MPN (Gao et al., 2018).

3.1.3 PCBs—The third class of EDCs, PCBs, has effects on hypothalamic structure and
function in developmentally-exposed individuals. Work from our lab has utilized a weakly
estrogenic PCB mix, Aroclor 1221 (A1221), for which we have reported sex- and age-
dependent outcomes of prenatal exposure. For the majority of these studies, Sprague-Dawley
rats were exposed prenatally on G16 and G18, and male and female F1 offspring were
characterized phenotypically. A summary of endpoints changed in the hypothalamus by
A1221 is presented in Table 3A. Among genes and proteins affected were ERa and ER,
Kisspeptin and its receptor, androgen receptor, and other neurotransmitter and receptor
genes. As a whole, we found more effects of A1221 on hypothalamic gene expression and
morphology in females than males.

Other laboratories have utilized another Aroclor mixture, A1254, and showed that treatment
of pregnant Sprague-Dawley rats (G15 to G19 via gavage, 25 mg/kg) increased expression
of hypothalamic aryl hydrocarbon receptor RNA when measured on P20 in males (the
increase in females was not significant) (Pravettoni et al., 2005). In another study, A1254 (10
mg/kg/day, s.c.) was administered to pregnant rats from G10 to G18, and exposed offspring
were euthanized at 4 months of age (Faass et al., 2013). In VMN, the normal sex difference
in progesterone receptor mRNA (Pgr, female > male) was lost in the A1254 rats due to
decreased Pgrin females to the male level. There was no A1254 treatment effect on £srZ or
Esr2, but expression of preproenkephalin mRNA decreased in the VMN of PCB-exposed
rats of both sexes. In the medial POA, A1254 increased £sr2and decreased
preproenkephalin mMRNA in both sexes. £sr1and Pgrwere unaffected in the medial POA
(Faass et al., 2013).

3.2. Hypothalamic vasopressin and oxytocin systems

The key roles vasopressin and oxytocin play in the control of social behavior make them an
obvious target for research on EDCs. These nonapeptides are synthesized in neurons in the
supraoptic nucleus (SON) and paraventricular nucleus (PVN), and act via receptors in
regions such as the medial amygdala and POA to regulate social recognition, affiliative
behaviors, and maternal behaviors, among others (Bosch and Neumann, 2010; Carter et al.,
2008; Choleris et al., 2007; Donaldson and Young, 2008). Vasopressin and oxytocin neurons
are highly sensitive to the steroid hormone milieu (Alves et al., 1998; Choleris et al., 2003;
Choleris et al., 2006; Pierman et al., 2008; Scordalakes and Rissman, 2004). However, there
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is a surprising dearth of research on EDC effects, summarized in Table 4. We also refer
readers to recent reviews on this subject (Patisaul, 2017; Rosenfeld, 2015). We are unaware
of research on phthalates and vinclozolin in this domain, other than a study by Kougias et al.
that found no effect of a phthalate mix on Oxt, Oxtr, Avp and Avprla(genes for oxytocin,
oxytocin receptor, vasopressin, and vasopressin la receptor, respectively) in the
hypothalamus (Kougias et al., 2018). Work on BPA (Table 4) shows that depending upon the
route, dosage, and age of exposure, effects on central oxytocin and vasopressin neurons are
observed. For PCBs, limited work from our lab shows relatively few effects of prenatal
A1221 (Table 4), but research in this area is in early days, with future research needed.

4. Social and Sociosexual Behaviors: Effects of EDCs

4.1 Social and sexual behaviors

A growing body of literature shows that developmental perturbations caused by EDCs play
out as deficits in the acquisition and manifestation of appropriate social behaviors. Rodents
such as mice and rats are social species that live in groups and engage in a variety of social
behaviors throughout their lives. This begins with the litter, in which infants communicate
with each other and with their mother (and father, in biparental species); the mother
(parents) must exhibit behaviors such as licking and grooming, nursing, and pup retrieval,
that are necessary for the maturation and survival of the offspring (Champagne et al., 2003;
Crews et al., 2004; de Medeiros et al., 2010). As pups mature, they display affiliative
behaviors as juveniles (Auger and Olesen, 2009). These social behaviors evolve into adult
behaviors that include affiliation, establishment and maintenance of the social hierarchy, and
territorial and aggressive behaviors (Engelmann et al., 1995; Williams et al., 2013). Most of
these behaviors are qualitatively and/or quantitatively sexually dimorphic, presumably due to
organizational/activational effects of hormones and their actions on the neural network
involved in social decision-making (Stack et al., 2010).

Work on EDCs has taken advantage of most rodents’ preference for novel over familiar
conspecifics, for opposite-sex over same-sex animals, for intact/hormone-treated
gonadectomized individuals over gonadectomized individuals without hormone, and in the
case of males, for estrous over non-estrous females (Bakker, 2003; Henley et al., 2011;
Reilly et al., 2018; Reilly et al., 2015; Xiao et al., 2004). There is also a small EDC literature
on maternal behavior of FO mothers towards F1 offspring that, for the most part, shows little
or no effect; we will not discuss these articles in the prose, but some are included in Table 5
for reference.

4.1.1 BPA—A substantial literature demonstrates effects of pre- or perinatal exposures to
BPA on the social and sexual behavioral phenotypes (Table 5). We have selected a subset of
studies that illustrate juvenile behaviors, as well as adult same-sex social and opposite-sex
sociosexual behaviors. As was the case for neurobiological effects, BPA’s effects on
behavior vary depending upon animal mode, dose, timing of exposure, route, age at
phenotyping, and endpoints.

Juvenile behaviors were evaluated in prairie voles, for which early life BPA exposure
reversed the normal sex difference (males > females) in time spent by a juvenile (P30)
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investigating a stimulus animal (Sullivan et al., 2014). In laboratory mice, BPA-exposed
females increased time engaged in side-by-side interactions with a same-sex conspecific,
and decreased time spent self-grooming (Wolstenholme et al., 2012). Males were unaffected
by treatment. In that same study, social choice between a conspecific or an empty cage was
unaffected in juvenile male and female mice. Another study of BPA effects on juvenile/
adolescent behaviors in mice reported a loss in the sexual dimorphism of play behaviors
(Kundakovic and Champagne, 2011). In rats, social exploration and play behavior of female
towards male rats was assessed from P35-P55; BPA increased exploration but decreased
play and social grooming in the females (Porrini et al., 2005). Finally, Ferguson et al.
(Ferguson et al., 2014) did not observe any effects of prenatal BPA on play behavior at P34
in rats. More research is needed to resolve these differences; it should also be noted that
treatment details varied among the studies that could account for differential results (Table
5).

Effects of developmental BPA on adult social and sociosexual behaviors have been reported
in several species. California mice (Peromyscus californicus) exposed to BPA showed
reduced territorial marking in adult males (Williams et al., 2013). In laboratory mice, BPA
decreased time spent with a novel male in a 3-chambered apparatus, an effect that was seen
in animals cross-fostered but not raised by a biological dam (Cox et al., 2010). In a resident
intruder test given to rats at P100, males but not females changed defensive and agonistic
behaviors (Farabollini et al., 2002). In that same study, although there were no effects of
BPA in a choice between a sexually receptive female and a sexually experienced male rat,
aspects of sexual behaviors in both sexes were affected by BPA. Another study found non-
monotonic dose-response effects of perinatal BPA on sexual behavior in male rats
(impairments at low doses; no effect at the highest dose), and no change in sexual behavior
in females (Jones et al., 2011). For female rats given BPA in early postnatal life and tested
for sexual behavior after ovariectomy plus steroid priming, only the proceptive behavior of
hops and darts was affected (decreased by BPA), as lordosis behavior was unchanged
(Monije et al., 2009). Two additional studies reported no effects of prenatal BPA on lordosis
behavior and/or sex behavior in female rats (Ferguson et al., 2014; Ryan et al., 2010). This
contrasts with work in mice, in which perinatal BPA increased the lordosis quotient in
females (Naule et al., 2014). This latter lab also tested male mice for sexual behavior and
found no developmental treatment effect (Picot et al., 2014).

4.1.2 Phthalates—Most research on phthalates has focused on their effects on
reproductive development and physiology, especially in males, because of their anti-
androgenic mechanisms of action. Therefore, only a few studies have evaluated how
perinatal phthalate exposure affected social and sociosexual behaviors (see Table 5 for
experimental details). Exposure of rats to a phthalate mixture caused small but significant
effects on juvenile play behavior in rats. Males exposed to phthalates spent less time in
juvenile social play and increased time in passive contact, whereas females spent more time
alone (Kougias et al., 2018). A study on juvenile mice showed that phthalate exposure
decreased social interactions (Quinnies et al., 2017). High dose phthalates decreased male
sexual behavior and diminished female lordosis behavior in rats (Lee et al., 2006). In a test
of social interaction with a novel or a familiar mouse, DEHP exposed mice decreased time
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spent near the stranger but exhibited no difference in time near a familiar mouse (Lee et al.,
2016).

4.1.3 PCBs—Details of behavioral experiments conducted on animals developmentally
exposed to PCBs are in Tables 3 and 5. Rats exposed to PCB77 and tested as pups showed a
decreased preference for maternal-associated cues, but no overall impact on novel (odor)
preference (Cromwell et al., 2007). Male rats exposed to PCBs 47 and 77 perinatally showed
subtle effects in juvenile social behavior (Jolous-Jamshidi et al., 2010). Our lab also
evaluated effects of A1221 on juvenile social behavior in rats (Table 3B). Whereas prenatal
A1221 did not have any effects, females receiving a second hit of A1221 postnatally, in
juvenile life, decreased ultrasonic vocalization calling and increased their latency to hop in a
sociability test (Bell et al., 2016b). That study did not find any effects in juvenile males.

Tests of adult social preference have also revealed effects of PCBs. Using a mix of PCBs
(see Table 5), Karkaba et al. (Karkaba et al., 2017) found complex effects on social choice
(novel mouse vs. an empty cage) and social novelty (novel vs. familiar) that were dependent
upon the sex and age of the experimental mouse. In our lab, rats given prenatal A1221
showed few effects in a test of sociability (novel rat vs. empty cage), but in a test of social
novelty, A1221-exposed males spent less time nose touching with the stimulus rats
compared to the vehicle rats (Reilly et al., 2015). Females were also affected, with the
greater time spent in proximity to a novel over a familiar rat being lost in A1221 exposed
rats (Table 3). We also tested social behavior in a more complex testing arena that we refer
to as a FourPlex: it is an X-shaped apparatus with four arms, giving rats a choice among
same- and opposite-sex gonadectomized rats that were hormone or non-hormone treated
(Reilly et al., 2018). Male rats showed the expected preference for opposite-sex, hormone-
primed females, but the effects of PCB treatment were small, with A1221 rats spending
more time exploring no-hormone females.

Sexual behavior studies in male rats showed that developmental PCB77 or PCB126
increased numbers of intromissions but did not affect pregnancy outcomes (Faqi et al.,
1998). Another report in male rats showed no effect of PCB47 or PCB77 (Wang et al.,
2002). By contrast, measures of sexual behavior in females have revealed effects of
developmental PCB exposures. In a paced mating paradigm, prenatal PCB47 or PCB77
decreased lordosis quotient and approach latency (Wang et al., 2002), although another
study from this same lab using a similar model of PCB77 exposure did not see any effects on
female paced mating behavior (Cummings et al., 2008). Cummings et al. (Cummings et al.,
2008) found no effect of PCB77 (prenatal, postnatal, or both) on paced mating in female
rats, but in a test of preference between an adult male and a sexually receptive female, the
natural preference for the male over the female rat was diminished in the PCB-exposed
females, especially due to postnatal exposure. Treatment of rats with A1221 or A1254
(industrial PCB mixtures) on G14, P1 and P10 changed the timing of events as measured in
a paced mating test, with increased time the female spent away from the male, and decreased
lordosis quotient in the PCB females compared to their vehicle counterparts (Chung and
Clemens, 1999). A slightly different treatment regime (Aroclors given from P1-7) revealed
effects of A1254 but not A1221 on paced mating behavior (Chung et al., 2001),
underscoring the importance of the timing of exposure on behavioral outcomes. Work from
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our lab, in which A1221 was administered on G16 and G18, showed that paced mating
behavior in rats was impaired, with time away from the male rat increased, and the number
of trials needed to mate successfully also increased in the A1221 females (Steinberg et al.,
2007). As a whole, the literature on PCBs suggests greater sensitivity of female than male
rodents, and disruption of reproductive behaviors.

4.1.4 Vinclozolin—We are aware of only two published studies of direct perinatal
exposure to vinclozolin on the social behavioral phenotype. High-dose vinclozolin
administered to male rats in early postnatal life decreased play behavior (Hotchkiss et al.,
2003). By contrast, lower-dose vinclozolin enhanced play behavior in males (Colbert et al.,
2005), with the opposite effect presumably attributable to the differences in dose and/or the
exposure period (Colbert et al. exposed from G14 to P3; Hotchkiss et al. on P2-3).

4.2 Social communication: Ultrasonic vocalizations (USVs)

Communication in rodents is accomplished by ultrasonic calls in a range (20 kHz and above)
that is beyond human hearing (20 Hz to ~20 kHz). In adult rats, the species most commonly
studied for USVs, there are two types of ultrasonic vocalizations that are associated with the
affective state of the individual. Low frequency calls, in the range of 20 to 40 kHz, are
emitted in aversive situations such as pain, aggression, or drug or alcohol withdrawal, or as
alarm calls about intruders or predators (Brudzynski, 2007; Brudzynski and Chiu, 1995;
Mittal et al., 2017). High frequency calls, in the range of 50 to 90 kHz, are emitted in
general communicative or in hedonic situations. They are induced by the removal of a
partner or mate from the home cage, or when placed into a new cage, and are therefore
thought to maintain, establish or reestablish social contact (Garcia et al., 2017a; Garcia et al.,
2017b; Harding and McGinnis, 2003; Wohr et al., 2008). High frequency calls are also
emitted in rewarding and positive affective situations such as juvenile play (Knutson et al.,
1998), mating behavior (Burgdorf et al., 2008; Willadsen et al, 2014) and other social
situations (Brudzynski, 2013). Features of USVs such as call numbers, modulation of a
call’s frequency and amplitude, and other properties, probably provide other nuances to an
animal’s affective state (Burgdorf et al., 2011; Wohr et al., 2008).

Minimal research has documented the effects of prenatal EDCs on communicative behavior
in rodents but we consider this an important gap in knowledge considering the wide variety
of information conveyed by USV calls. Our lab published a study showing that prenatal
exposure to A1221 altered certain aspects of ultrasonic calling, particularly in female rats
(Bell et al., 2016b). Adult exposure to phthalates (DEHP) reduced the emission of ultrasonic
vocalizations and altered the types of syllables emitted in mice (Dombret et al., 2017).
Perinatal BPA exposure also increased the duration and median frequency distribution of
offspring USV calls (Harris et al., 2018). Collectively, these results indicate that
vocalizations are indeed susceptible to prenatal as well as adult EDC disruption, and suggest
that this endpoint should be included as part of the diagnostic of social behavioral disruption
by EDCs.
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5. Multi- and transgenerational effects of EDCs on the social behavioral

phenotype

5.1 EDC effects can be manifested across generations

In utero exposure to EDCs impacts not only the offspring (F1 generation), but subsequent
generations as well. In a seminal study, Anway, Skinner et al. (Anway et al., 2005)
demonstrated that high dose vinclozolin exposure to pregnant rat dams resulted in a complex
disease phenotype in the male offspring, an effect that persisted at least three generations
later. Although the mechanism for transmission is still not fully understand, epigenetic
molecular reprogramming such as heritable DNA methylation “imprints,” histone retention,
and non-coding RNAs are implicated in contributing to these outcomes (Ben Maamar et al.,
2018). This field is not without controversy and others have found different outcomes with
similar high-dose vinclozolin treatments (Igbal et al., 2015; Schneider et al., 2008; Stouder
and Paoloni-Giacobino, 2010), so more research is needed [see review article for some
perspective: (Heindel and Blumberg, 2018)]. Nevertheless since the time of the original
observation of transgenerational effects of vinclozolin, others have published clear evidence
that BPA, phthalates, and other EDCs result in an inter- or transgenerational disease
phenotype (Bansal et al., 2017; Brehm et al., 2018; Chamorro-Garcia et al., 2013;
Chamorro-Garcia et al., 2018; Crews et al., 2007; Drobn4 et al., 2018; Krishnan et al., 2018;
Manikkam et al., 2013; Quinnies et al., 2017; Rattan et al., 2018; Salian et al., 2009;
Susiarjo et al., 2015).

When an FO pregnant dam is exposed to EDCs (the most common experimental laboratory
model) both the dam and her fetal offspring (F1 generation) have direct exposure of their
bodies to EDCs. The F2 generation individuals, present as developing germ cells in the F2
fetus, are also directly exposed to the chemical (Skinner, 2008; Xin et al., 2015). The bulk of
research cited above has evaluated effects of EDCs in the F3 generation — the first to be
entirely unexposed to any personal contact with EDCs — as evidence for transgenerational
effects.

Of research on multi- or transgenerational EDC effects, little has considered the behavioral
phenotype or neuroendocrine endpoints. An exception is the body of work showing that
ancestral, high-dose vinclozolin affected the F3 descendants’ stress responsiveness in their
own lifetimes (Crews et al., 2012; Gillette et al., 2014; Skinner et al., 2008). These studies
did not evaluate social or neuroendocrine phenotypes, but they provide an important
precedent for how an individual’s transgenerational history of EDC exposures changes the
life trajectory.

5.2 Inter- and transgenerational EDC effects on social behaviors and neuroendocrine

systems

Because transgenerational high-dose vinclozolin increases the predisposition to develop a
disease phenotype (Anway et al., 2005), Crews, Gore et al. (Crews et al., 2007) used male
and female F3 rats, provided by the Skinner laboratory, to determine consequences on
attractiveness in a mate-preference test. Female rats were given a choice between an F3-
vinclozolin and an F3-vehicle male in a 3-chambered apparatus; the females unambiguously
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preferred the vehicle over the vinclozolin descendant. When male rats were given a similar
choice (F3-vinclozolin female, F3-vehicle female) they showed no preference. These results
are consistent with sexual selection theory in which the sex with the greater investment is
choosier (in rats, a polygamous species, females bear all of the energetic costs of pregnancy,
lactation, and pup care) (Gore et al., 2018). The mechanism by which female rats
distinguished the F3-vinclozolin and -vehicle males is unknown: a test of discrimination of
male odors did not reveal any clear preference (Crews et al., 2007). Despite that, odorants,
pheromones, behavioral cues, USVs, and others, likely account for the mate preference
results for vehicle over vinclozolin descendants.

Since then, intergenerational (F2) or transgenerational (F3 and beyond) exposures to EDCs
have been evaluated in a few more reports. Our lab recently published a study showing that
F2 males of patrilineal descent from vinclozolin-treated rats had decreased numbers of USV
calls; F2 PCB (A1221) descendants had changes in certain qualities of the USV calls
[power, frequency; (Krishnan et al., 2018)]. Sexual behavior in both the A1221 and
vinclozolin F2 patrilineal descendants was also changed (Krishnan et al., 2018). This was
one of few studies to look at descent via the male vs. the female lineage, and it is interesting
that the effects were in the patrilineal but not matrilineal line, suggestive of different
mechanisms of transmission of a trait across generations. In our females, F2 matrilineal and
patrilineal descendants each had unique effects of A1221 or vinclozolin on sexual behavior
(Krishnan et al., 2018).

The Rissman laboratory has conducted transgenerational social behavioral work for BPA
and phthalate exposures in mice. Wolstenholme et al. (Wolstenholme et al., 2012) evaluated
effects of BPA in F1 mice exposed prenatally, and in the F2 and F4 descendants. It is
informative to discuss results of the 3 generations together, to illustrate differences in social-
behavioral results. In the FI generation, juvenile mice exposed to BPA spent more time
sitting side-by-side, but spent less time interacting with one another. The BPA mice also had
fewer anogenital investigations but made more solicitations to play. Juvenile BPA F1 males
also had fewer social interactions with an adult male whereas female BPA mice increased
their social behaviors (Wolstenholme et al., 2012). In the F2 and F4 generations, in general,
social behaviors were increased — the reverse of what was seen in the F1 generation. In
another study, this laboratory conducted tests of social recognition in the F1 and F3
generations of mice exposed to BPA (Wolstenholme et al., 2013). When juvenile mice (both
sexes) were repeatedly exposed to a control mouse (ovariectomized female), BPA increased
time investigating the stimulus mouse. When a novel female was introduced, there were no
differences between BPA and vehicle mice (Wolstenholme et al., 2013). In the F3
generation, male and female BPA descendants again showed greater investigation of the
repeatedly-introduced stimulus mouse compared to vehicle descendants. In the test of social
novelty, F3 vehicle but not BPA lineage mice increased investigation time; the authors
speculated that social memory may be impaired in F3 but not F1 mice (Wolstenholme et al.,
2013).

Transgenerational effects of high-dose phthalates (DEHP) on juvenile social behavior were
tested in F3 male descendants (Quinnies et al., 2015). While DEHP F3 males spent more
time engaged in the non-social behaviors of digging and less time self-grooming, they did
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not differ from controls in social behaviors such as side-by-side sitting, approaching,
following, crawling, sniffing, or social grooming. A second study evaluated lower DEHP
exposures on social behaviors in F1 and F3 mice (Quinnies et al., 2017). Overall, results in
the F1 generation were opposite of those in the F3 generation. In a juvenile social interaction
test with same-sex and -treatment conspecifics, F1 mice in the higher dose DEHP exposure
groups had fewer interactions than lower dose DEHP or vehicle mice. In the F3 generation,
higher dose DEHP exposure groups were generally more interactive (Quinnies et al., 2017).
Thus, direct exposure to EDCs can affect the social behavioral phenotype, but this does not
predict transgenerational effects. This is not surprising considering that the F1 generation is
undergoing neural development during the EDC exposure, when the chemicals can directly
act upon cells and receptors in the developing brain. The F3 generation is unexposed, and
any EDC effect presumably is due to an epigenetic modification to the germline that would
be completely independent of somatic EDC effects on the F1 brain (Walker and Gore, 2017).

6. Summary and Conclusions

The evidence that EDCs affect the developing brain in a manner that alters social behavior
has grown considerably in the last decade. The maturing hypothalamus is highly sensitive to
endogenous hormones from the gonads and adrenals of the fetus, as well as placental and
maternal hormones (Gore et al., 2014), making it vulnerable to EDC effects. Although the
current review of the literature shows that the structural and behavioral outcomes of EDCs
differ in the details, several commonalities emerge. First, males and females have differential
sensitivity and responses to EDCs. In fact, some of the EDC effects appear to be a reduction
in sexual dimorphisms in brain and behavior. Second, the social behavior literature is
consistent with work on EDCs in other domains showing that there are both low-dose
effects, as well as non-monotonic dose-response curves to EDCs (Andrade et al., 2006;
Vandenberg et al, 2012; Vandenberg et al., 2007). Third, effects of EDCs can be relatively
subtle, in the sense that the entire social behavioral repertoire is not eradicated; rather, the
EDCs discussed here, when used at dosages that are comparable to environmental
exposures, disrupt specific aspects of neurobiological functions.

It is informative to consider the human epidemiological literature on behavioral effects of
EDCs [see review,(Braun, 2017)]. There is no “smoking gun” directly linking EDCs to
human social impairments. Studies of proxies of EDC exposures to fetuses/infants, through
measurements of EDCs in urine or serum of pregnant women, umbilical cord blood, or
breast milk, have shown some associations with autism-spectrum disorders [reviewed in
(Gore et al., 2014)]. More subtle impairments in social behavior are difficult to diagnose in
humans (especially in the first few years of life) but associations between certain pesticides
and poorer cognitive development (Horton et al., 2012), and between BPA and anxiety/
hyperactivity in children (Harley et al., 2013) suggests that humans, like their other
mammalian relatives, are sensitive to developmental EDCs.
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Highlights:

Bisphenol A, PCBs, phthalates and vinclozolin are endocrine-disrupting
chemicals (EDCs)

EDC exposures change hypothalamic development and organization.

Social and sociosexual behaviors are perturbed by developmental EDC
exposures

There are transgenerational effects of EDCs on social behavior
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Developmental EDCs

13

Inter- and transgenerational effects

* Hypothalamic structure * Hypothalamic structure
* Protein and gene * Protein and gene expression
expression in in hypothalamic & limbic
hypothalamic & limbic  * Adolescent behaviors regions
regions * Adult social and sexual * Social behaviors
behaviors ¢ USVs
¢ Communicative e Mate choice

behavior (USVs)

Figure 1.
Schematic overview of effects of developmental EDC exposures on social and sociosexual

behaviors, and on brain circuits involved in these processes. Along with direct EDC
exposure effects on the F1 generation, we show the potential for inter- and transgenerational
effects to be propagated across generations.
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Table 1.

EDC families associated with neuroendocrine and neurological effects

Page 29

Family Example EDCs Structure Best-known mechanisms of action
Bisphenols Bisphenol A (BPA) and Actions on estrogen receptors, androgen
other bisphenols (BPS, ™ receptors, aromatase
BPN, BPF, etc.) | /I
HO OH
Phthalates Di(2-ethylhexyl)phthalate cl o] Anti-androgenic, andi-estrogenic
(DEHP); Dibuty1 phthalate Yo
(DBP) N
rm
cl o
Fungicides Vinclozolin cl o] Anti-androgenic
Mo
m
o

cl

Polychlorinated biphenyls (PCBs)

Aroclor 1221

Depending upon the degree of chlorination,
can be estrogenic, anti-androgenic, bind to
thyroid hormone receptors, and bind to aryl
hydrocarbon receptors
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Developmental BPA and Phthalate Effects on Hypothalamic Morphology, Neurochemistry, and Gene

Expression
EDC Exposure Region EDC Effect Reference
BPA T # TH-ir neurons in & but not @ rats.
BPA injected into newborn No change # ERa neurons in either (Patisaul et al
rats (250 pg twice aday onP1 | AVPV Sex. 2006) "
and P2) \ #and % of TH cells that co-
expressed ERa.
BPA (25 or 250 ng/kg) : : :
administered s.c. by osmotic AVPV $Ee:;xrg;gzﬁ?ge;%?¥vzy size and (Rubin et al.,
pump to pregnant mouse (G8 diminirs)hed by BPA 2006)
to P16) ’
I SDN-POA volume in male rats at all
dosages.
SDN-POA | # calbindin neurons in male rats at
BPA (10 to 10,000 pg/kg/day) the two lowest dosages. (McCaffrey et
fed through pregnancy to rats No effect in Q. al., 2013)
I # TH neurons in the AVPV of both
AVPV sexes, dependent upon dosage.
BPA (10, 20, or 40 pg/kg/day) . . r -
fed to pregnant mice from Medial POA 2eﬁsnﬁl;1;osnal nitric oxide synthase-ir (Zh(;lf(;;lm etal.,
Gllto P8 '
BPA (2.5, 25, 2500 pg/kg/day)
given by gavage to rats AVPV T AVPV volume in both sexes. (Arambula et
through gestation and No change in SDN-POA volume. al., 2017)
postnatally (CLARITY-BPA)
No change in SDN-POA volume
SDN-POA (assessed by calbindin-D28-ir neuron
#).
BPA (0.05 or 5 mg/kg/day) 1 # kisspeptin-ir neurons in @ rats; Naule et al
from G15 until weaning to this was selective to rostral PEN and (2012 "
mice not seen in caudal PEN or AVPV. )
Rostral PEN No change in # GnRH neurons,
GnRH-kisspeptin appositions, or ERa
cell numbers in medial POA, VMN,
ARC.
No change in # calbindin-ir neurons in | (Picotetal.,
Medial POA d. 2014)
BPA (50 ug or 5 mg/kg/day) .
given orally to mice from G15 ! #ERa and AR cells in J.
top21 AVPV No change in # kisspeptin neurons in

d.

BPA (12, 25, 50 mg/kg/day)
by gavage, from G1 to P20 in
mice

Whole hypothalamus

* Gnrh, Kiss1 by higher-dose BPA in
both sexes; no change in Gper.

(Xietal., 2011)

ARC, VMN

BPA.

* Esrlin caudal ARC and VMN in
both sexes.

* Esr2in rostral and caudal VMN.

BPA (50 or 50,000 pg/kg/day) ARC \ Adipor1, Chrm3, Banf, Cck2r, Igf1, | (Roepke etal.,
from G7 through P7 in rats Hir2cin Q. 2016)
. No change Esr1, Esr2in AVPV,
AVPYV, medial POA medial POA.
The sex difference in Esr1(? > J) in
BPA (2.5 or 25 pg/kg/day) by PSR (Caoetal.,
gavage on G6-21 in rafs the rostral ARC was diminished by 2013)

BPA (2.5, 250, 25,000 pg/kg/

day) given by gavage to rats

Whole hypothalamus

1 Esrl, Esr2in @ at P1.
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EDC Exposure Region EDC Effect Reference
through gestation (CLARITY-
BPA) in rats
Phthalates Y Kiss1, Gper, Esr2in a dose-
dependent manner in adult @.
AVPVY * kisspeptin immunoreactivity (0.5
mg/kg).
DBP (0.5, 5, or 50 mg/kg/day,
s.c.) from P1-5 in rats 1 Kiss1 (50 mg/kg), ¥ Gper (all (Huetal., 2013)
doses), ¥ Esr1 (50 mg/kg), V Esr2 (5
ARC mg/kg).

* kisspeptin immunoreactivity (5 mg/
kg).

DEHP (3 or 30 mg/kg/day via
drinking water) from gestation
through P15 in rats

POA-medial basal hypothalamus

1 aspartate, | GABA in d'; no change
in glutamate.

(Carbone et al.,
2012)

Phthalate mixture (200 or
1000 pg/kg in food) from G2

Whole hypothalamus

No effect on Avp, Avpria, Avprib,
Cd38, Oxt, Oxtrat P10 or P90 in

(Kougias et al.,

to P10 in rats either sex. 2018)
\ Esr2, Cypl9al, GrinZa, Avprla
DEHP (2, 10 or 50 mg/kg/ Kiss]r’ Tac3r, A/nt/ Claék Db, '
day) given by gavage to rats Whole hypothalamus Mtnrlia, Perjin p1 éfs, espécialllj)]/ at
from G14 to G19 the 10 mg/kg dose.
t Crhrl, Dra2 (2 mglkg), ¥ Avp,
AVPVY Tac3r (10 mg/kg) in P70 o's.
J Npy, Pome, 1 Trh (10 mg/kg); * (ZGoig)et al,
Avp, Trh, \ Esrl, Esr2, Ghrh, Kiss1
DEHP (2, 10 or 50 mg/kg/ ARC , T1h, , Esr2, Ghrh, Kiss1,
day) given by gavage to rats ley, Pome, TacZ (S0 mg/kg) in P70
from G14 to G19 s
MPN ¥ Avp, 1 Hetr2 (50 mg/kg) in P70 g's.

ARC, AVPV, MPN

I ERa protein in ARC; no effect in
AVPV or MPN.

1, increase; |, decrease; &, male; 9, female. Abbreviations: ARC, arcuate nucleus; AVPV, anteroventral periventricular nucleus; DBP, dibutyl
phthalate; DEHP, di(2-ethylhexyl)phthalate); G, gestational day of age; ir: immunoreactive; MPN, medial preoptic nucleus; P, postnatal day of age;
PEN, periventricular nucleus; POA, preoptic nucleus; SDN-POA, sexually dimorphic nucleus of the preoptic area; TH, tyrosine hydroxylase
(marker of dopaminergic neurons); VMN, ventromedial nucleus.
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Table 3.

Summary of Neuroendocrine and Behavioral Effects of Prenatal PCBs (Aroclor 1221)

Page 32

Age Evaluated

P1

P42

P60

P15-P90

P90

P93-P108

9 months

Age

P30-P39

A. Hypothalamic effects of A1221

Endpoint

Apoptosis (AVPV)
Apoptosis (MPN)

Gene expression (POA)

ERP cell number (AVPV; @ only)
ERP cell number (SON; ¢ only)

Gene expression (POA)

AVPV volume

ERa cell number (AVPV)
Kisspeptin fiber density (AVPV)

GnRH-Fos co-expression in POA on
proestrus (? only)

Sexual dimorphisms in gene
expression induced by A1221 (AVPV)

Genes masculinized in the @ (AVPV)

Gene expression (MPN)
Gene expression (VMN)

Gene expression (MPN, PVN, VMN)

Gene expression (ARC)
Gene expression (ME)
Gene expression (AVPV)

B. Behavioral effects of A1221

Endpoint

Adolescent behaviors: Affiliative
behaviors, sociability, anxiety-like
behaviors (EPM, LD box)

Females

T A1221
No effect

1 A1221: Arnt, Gabbrl, Kiss1r,
Grin2b, Var

V' A1221 (given G186, P1, P4)
No effect

V A1221: Ar, Igrl, Grin2b,
Tofbl

I A1221
I A1221
I A1221

I A1221

Kiss1

Ar, Thra, Gper, Gal, Kiss1r,
Dnmtl, Amntl, Per2

T A1221: Ar, Esrl, Esr2, Drd3,
Kissl, Oprml

No effect

No effect A1221 (given G16, 18,
20) in MPN (Ar, Esrl, Oxtr,
Oprm1), PVN (Crh, Esr1, Avp,
Ox?), VMN (Esr1, OprmlI).

I A1221 in acyclic @, : Dnmt3a,
Ar, Pdyn, Lepr, Mc3r, Oxt,
Grin2b, Grin2d

I A1221 in cyclic 9: Esr1
No effect

Females

No effect of prenatal A1221,
although a second set of A1221
“hits” at P24, 26, 28 |
frequency-modulated USVs, 1
latency to hop to reach the social
stimulus in a sociability test. In
EPM, 1 A1221: time in open
arm, # entries into open arm.

Males

No effect
No effect

\ A1221: Banf, Kissir;t
Al1221: [gf1

(Not measured)

(Not measured)

No effect
No effect
No effect
No effect

(Not measured)

Kiss1

(Not applicable)

t A1221: Per2
No effect

\ A1221: Ar, Esr1, Oprm1,
Oxtrin MPN.

No effect
No effect
No effect

Males

No effect
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P50

P60-P90

P56-P90

P60-P90

P60-P90

P90-P110

Paced mating (2 only)

Sociability (choice between same-sex
rat vs. empty cage)

Social novelty (choice between a
familiar and a novel same-sex rat)

Four-choice test (“FourPlex™) in
which a rat is given a choice between
2 same-sex gonadectomized rats (one
given hormone, one no hormone) and
2 opposite-sex gonadectomized rats
(one given hormone, one no hormone)

Anxiety-like behaviors (LD box,
EPM)

Sociosexual choice (3-chambered
apparatus, with a rat given a choice
between 2 gonadectomized rats. One
was hormone treated, the other
untreated).

Adult sociosexual USVs, sociosexual
choice (3-chambered apparatus),
anxiety-like behaviors (EPM, LD
box).

* A1221: Mount return latency
and post-ejaculatory return
latency

T A1221: # trials to successfully
mate

No effect

The greater time spent in
proximity to, and nose touching
with, a novel over a familiar rat,
was lost in A1221 9 rats.

All females showed a preference
for the opposite-sex,
testosterone-treated male.
Treatment effects were small:
A1221 females spent more time
with the gonadectomized no-
hormone female compared to
vehicle, and made more arm
entries towards this stimulus.

No treatment effect in the EPM
or LD box.

No effect

No effect

(Not measured)

(Not measured)

No effect

¥ A1221 (0.5 mg/kg):
overall time spent nose
touching, and the
preference for a novel over
familiar rat for this
behavior was lost in these
J rats.

All males showed a
preference for the opposite-
sex, estradiol-treated
female. Treatment effects
were small: A1221 males
spent more time than
vehicle males exploring the
no-hormone 9s.

1 A1221: In the LD box,
time spent in the light box,
# line crossings, speed, and
distance traveled.  A1221:
time spent immobile.

| A1221: Time spent nose-
touching with the @
stimulus rats, irrespective
of their hormone treatment.

| A1221: time close to
non-hormone stimulus rat
in sociability test.

Page 33

(Steinberg et al.,
2007)

(Reilly et al.,
2015)

(Reilly et al.,
2018)

(Gillette et al.,
2017)

(Topper et al.,
2018)

(Bell etal.,
2016b)

Unless otherwise noted, PCBs (A1221) or vehicle were given i.p. on G16 and G18 at 1 mg/kg. No effect indicates no significant difference between
A1221 and vehicle groups. 1, increase; V, decrease; o', male; @, female. Abbreviations: ER, estrogen receptor; G, gestational day of age; P, postnatal
day of age; AVPV, anteroventral periventricular nucleus; ARC, arcuate nucleus; ME, median eminence; MPN, medial preoptic nucleus; PVN,
paraventricular nucleus; VMN, ventromedial nucleus; USV: ultrasonic vocalization; LD box: light:dark box; EPM: elevated plus maze.
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Table 4.

Developmental EDC effects on vasopressin and oxytocin neurons and their receptors

Page 34

Animal Exposure EDC effect on vasopressin, oxytocin Reference
BPA
BPA (50 mg/kg/day) T# vasopressin neurons in @ anterior
5 pg, 50 pg, or 50 mg/kg/day, given PVN, 1 oxytocin neurons in ¢ posterior PVN. No effect in
Prairie vole  orally to pups from P8-P14. J (Sullivan et al., 2014)
BPA T# oxytocin neurons in @ anterior PVN. Double-
50 ug, or 50 mg/kg/day, given s.c. labeling of oxytocin and Fos was unaffected. Males were
Rat daily to pups from PO to P3. not studied. (Adewale et al., 2011)
1 mg/L in drinking water, throughout
gestation and postnatally until
Rat puberty. No effect on Oxt, Oxtr, Avprlain the amygdala. (Patisaul et al., 2012)
2.5, 25, 250, 2500, 25,000 pg/kg/day  In whole hypothalamus of P1 pups, BPA (25, 250) T Oxt
Rat by gavage throughout gestation. in @ and BPA (25) * Oxtin & (Arambula et al., 2016)
5 pg BPA daily in chow, during (Wolstenholme et al.,
Mouse gestation through G18.5. BPA | Oxtrin whole embryonic & brain. No change in@  2012)
PCBS
Rat A1221 (i.p. on G186, 18). A1221 |\ Oxtin acyclic @ ARC. No effectin & (Walker et al., 2013)
A1221\ Oxtrin & MPN. No effect in @. Oxt(PVN), Avp
Rat A1221 (i.p. on G16, 18, 20). (PVN) were unaffected in both sexes. (Bell et al., 2016a)
No effect on # of vasopressin or oxytocin immunoreactive  Reilly and Gore,
Rat A1221 (i.p. on G186, 18). neurons in the SON or PVN of &'s or @s. unpublished
Phthalates
Phthalate mixture (200 or 1000 No effect on Avp, Avprla, Oxt, Oxtrin whole
Rat pg/kg in food) from G2 to P10 inrats  hypothalamus at P10 or 90 in either sex. (Kougias et al., 2018)

1, increase; 1, decrease; &', male; @, female. Abbreviations: G, gestational day of age; P, postnatal day of age; MPN, medial preoptic nucleus; PVN,

paraventricular nucleus; SON, supraoptic nucleus. Modified from: (Gore et al., 2015)
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Table 5.

EDC Effects on Social and Sociosexual Behavior

Page 35

Exposure Social Behavior(s) Tested EDC Effect Reference
BPA
Sex difference in control voles (& >
BPA 5 ug, 50 ug, or 50 mg/kg/ Novel social test at P30 (interactions with Q in time spent investigating the
day, given orally to prairie vole tethered, unrelated same-sex and -age stimulus vole) was reversed in BPA  (Sullivan et al.,
pups from P8-P14. stimulus vole) (50 mg) group 2014)
Control @ formed a partner
Partner preference test at P60-75 (opposite preference; BPA females did not.
sex conspecific) No d's formed a partner preference.
BPA 50 mg/kg/day in feed
(exposure dose estimated at 0.15
mg/day) beginning 2 weeks
prior to mating, and through
pregnancy and lactation in Territorial marking (urination pattern) by & | territorial marking on day 7 of (Williams et al.,
California mice when placed as dyads across a barrier testing; no difference on daysOor1  2013)

BPA 50 mg/kg in feed prior to
mating and through pregnancy
and lactation in mice

BPA 1.25 mg/kg in diet
(exposure dose estimated at 5 pg
BPA daily) in mice

BPA 2, 20 or 200 pg/kg/day
given orally through gestation in
mice

BPA 10 pg or 10 mg/kg/day in
diet beginning 2 weeks prior to
mating through weaning at P21
in mice

BPA 40 pg/kg/day to rat dams
through gestation and lactation

BPA 40 pg/kg/day to rat dams
either through gestation or
lactation

Social novelty at P27-30 in a 3-chambered
apparatus, one side with an empty cage, one
with a novel untreated adult male mouse

Juvenile social interactions on P21
(interaction with same age, sex, and
treatment mouse)

Social preference on P24 in a 3-chambered
apparatus, one side with an empty cage, one
with a novel untreated adult male mouse

Maternal behavior on P1 to P6 toward F1
offspring

Home cage social behavior from P30-P40
(huddling, sniffing, grooming, play)

Maternal behavior

Social choice in a 3-chambered apparatus
(non-social vs. social cue)

Social investigation and play from P35-55
in @ toward &

Intruder test (same-sex and size unfamiliar
intruder)

Sexual preference between a sexually
experienced & and a receptive ?

| time spent interacting with the
male in mice raised by a foster but
not biological dam

1 side-by-side interactions, ¢ time
spent self-grooming in @

No effect

1 pup licking and arched-back
nursing at the highest BPA dose

Reduction in the sexual dimorphism
in play behaviors

No effect

No effect

@ social exploration at P35 and
P45

I 9 play with & at P45

I @ social grooming at P45

No effect in @; | proportion of &
showing defensive behaviors, and *
ratio of defensive to agonistic
behavior

No effect in @ or &
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(Cox et al., 2010)

(Wolstenholme et
al., 2012)

(Kundakovic and
Champagne, 2011)

(Xinetal., 2018)

(Porrini et al., 2005)

(Farabollini et al.,
2002)
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Exposure

Social Behavior(s) Tested

EDC Effect

Page 36

Reference

BPA 5, 50, 500 or 5000
ug/kg/day given orally from G7
through P14 in rats

BPA 0.05 or 20 mg/kg injected
to rat pups s.c. every other day
from P1 to P7

BPA 50 pg or 5 mg/kg/day
given orally to mice from G15
to P21

BPA (0.05 or 5 mg/kg/day from
G15 until weaning at P21) to
mice

BPA (2.5, 25 ug/kg/day) by
gavage from G6-21 in rats

BPA (2, 20, 200 pg/kg/day) by
gavage from G7 to P18

Phthalates

DEHP (0.5, 40, 400 pg/kg/day)
orally to mice throughout
gestation to P10

Phthalate mixture (200 or 1000
ug/kg in food) from G2 to P10
in rats

d' sexual behavior

Q sexual behavior

d' sexual behavior

Q sexual behavior

Q sexual behavior (Ovariectomy, hormone-
primed in adulthood)

J sexual behavior

Olfactory preference between soiled
bedding of male and estrous female, or
between anesthetized mice

Q sexual behavior (Ovariectomy, hormone-
primed in adulthood)

Olfactory preference between soiled
bedding of male and estrous female, or
between anesthetized mice

Play behavior at P34
Manual lordosis

Q sexual behavior

Lordosis behavior

Maternal behavior on P2, 4, 6

Social interaction (same-sex, age and
treatment) from P28-32

Maternal behavior daily from P3 to 10

Social play behavior for 4 consecutive days
between P32-40

T # intromissions (postnatal BPA);
* intromission latency, genital
sniffing (prenatal BPA)

| exit latency, 1 lordosis frequency

Non-linear dose responses, with
lower doses impairing behavior and
the highest dose having no
impairment

No effect on proceptive or receptive
behaviors

| hops and darts; no effect on ear
wiggling, lordosis quotient or
lordosis rating

No effect

No effect

1 lordosis quotient (BPA 0.05)

No effect

No effect
No effect
No effect

No effect

No effect

| time sitting side-by-side (' 40,
400), time sitting alone (both sexes,
40, 400); 1 time sniffing (both
sexes, 40) and time exploring (both
sexes, 400)

No effect

| social play, 1 passive contact in &
(200); * time spent alone in @ (200)
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(Jones et al., 2011)

(Monije et al., 2009)

(Picot et al., 2014)

(Naule et al., 2014)

(Ferguson et al.,

2014)

(Ryan et al., 2010)

(Quinnies et al.,
2017)

(Kougias et al.,
2018)
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Exposure

Social Behavior(s) Tested

EDC Effect

Page 37

Reference

DBP (20, 200, 2000, 10,000
mg/kg), DINP (40, 400, 4000,
20,000 mg/kg), DEHA (480,
2400, 12,000 mg/kg) in food
from G15 to P21 in rats

DEHP (30 mg/kg orally) 4
weeks prior to mating, and
through pregnancy and lactation
in mice

PCBs ™

PCBA47 and PCB77 (12.5, 25
mg/kg) fed in chow from G1
through weaning at P20 in rats

PCB47 and PCB77 (12.5, 25
mg/kg) fed in chow from G1
through weaning in rats

PCB47 (2, 4 mg/kg) G6-18 in
rats

PCB77 (100 pg/kg) or PCB126
(10 pg/kg) on G15 in rats

PCB47 (1, 20 mg/kg) or PCB77
(0.25, 1 mg/kg) injected from
G7-18 in rats

A1221, A1254 (14 or 42 mg/kg)
injected on G14, P1, P10 in rats

A1221, A1254 (2.5, 5 mg) on
P1to 7 inrats

PCB77 (2 mg/kg) injected s.c.
from G6-18 in rats (prenatal);
pups were cross-fostered to
result in individuals with
prenatal only, postnatal only
(via lactation) or both exposures
to vehicle or PCBs

J sexual behavior

Q sexual behavior

Social interaction with a strange or familiar
rat placed into a box in the testing chamber

Juvenile (P21) &' social interactions and
recognition: choice between an adult &'
conspecific or an empty box, followed by a
social port test of preference after social
isolation

Maternal odor conditioning in P12 to P14

pups

Maternal behavior

J sexual behavior

d' sexual behavior

Q sexual behavior - paced mating

Q sexual behavior - paced mating

Q sexual behavior - paced mating

Partner preference in @ (3-chambered
apparatus, choice between a sexually
experienced & and a receptive ?)

V' # mounts and intromissions
(DINP 40, DEHA 480); | #

ejaculations (DBP 200, 2000, DINP

40, DEHA 48, 12,000)

| lordosis quotient at all doses and
chemicals

| time spent near a stranger; no
change in time near a familiar
mouse

1 time in social compartment in
PCB (25) J's; no effect on entries
into the social or nonsocial
chamber. Few effects in the social
port test, although PCB (25)
animals lost the social preference
when socially isolated

Aspects of odor preference were
changed in the PCB rats (both
sexes)

1 time spent on the nest, licking
and grooming (4)

* # intromissions (PCB126); no
change in impregnantion or litter
outcomes

No effect

| lordosis quotient (PCB47 (20),
PCB77 (0.25, 1); | approach

latency in a paced mating paradigm

(PCB77 (0.25, 1)

1 intromission return latency, %
intromission leave, ¢ lordosis
quotient (A1221 5); * %mount
leave and intromission leave
(A1254 5, 15)

I lordosis quotient, intromission
return latency (A1254 2.5, 5); no
effect A1221

| preference for & over @ stimulus

rat in PCB (pre + postnatal,
postnatal only) 9s
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(Lee et al., 2006)

(Leeetal., 2016)

(Jolous-Jamshidi et
al., 2010)

(Cromwell et al.,
2007)

(Simmons et al.,
2005)

(Faqi et al., 1998)

(Wang et al., 2002)

(Chung and
Clemens, 1999)

(Chung et al., 2001)

(Cummings et al.,
2008)
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Exposure Social Behavior(s) Tested EDC Effect Reference

Q sexual behavior - paced mating No effect

Same-sex social behavior in 3-chambered In both tests of sociability (stranger

apparatus, first between a stranger mouse vs. empty cage) and social novelty
PCB mix of PCBs 28, 52, 101, and an empty cage; then a test of social (familiar vs. novel mouse), there
138, 153, 180 (10 or 1000 novelty between the familiar and a novel were various sex- and age-
ng/kg) fed to mice from G6 mouse. Mice were tested at young adult dependent changes in the PCB (Karkaba et al.,
until P21 (P50) and middle-aged (P330) ages animals 2017)
Vinclozolin
Vinclozolin (200 mg/kg) | # of chases and total amount of
injected to &' rat pups on P2 and play behavior; no effect on sniffing (Hotchkiss et al.,
3 Play behavior on P35-36 or dorsal contacts 2003)

Vinclozolin (3, 6, 12 mg/kg)
from G14 to P3 given orally in
rats

Social play on P22 and P34 with a same-sex

littermate

* play on P34, but no effect on P22

(Colbert et al., 2005)

*
See Table 3B for a summary of effects of A1221 on behaviors in work from the Gore laboratory

1, increase; ¥, decrease; &', male; @, female. Abbreviations: A1221, Aroclor 1221 (PCB mix); A1254, Aroclor 1254 (PCB mix); DEHP, di(2-
ethylhexyl)phthalate); G, gestational day of age; P, postnatal day of age. Behavioral studies were conducted on adult animals unless otherwise
indicated. In column C, numbers refer to dosages specified in column A, with units omitted in column C.
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