ABSTRACT

SULLIVAN, ALANA WELLS. Early-life Exposures to Estrogenic EDCs Impact Rodent
Neuroendocrine Signaling Pathways Involved in Sociosexual Behaviors, Including
Anxiety/Activity. (Under the direction of Dr. Heather Patisaul).

The neuroendocrine organization and activation of behavior is governed by sex-
steroid hormones and heavily influenced by neuropeptides and respective receptors. Thus,
exposure to endocrine disrupting compounds (EDCs) during important developmental
windows impacts behavior and the associated underlying neural substrates. Given that
“estrogenic” EDCs are ubiquitous in the human and wildlife environment, it is critical to
understand how endogenous estrogens orchestrate the organization of the neural architecture
involved in sociosexual behavior and how developmental exposure to EDCs may impact it.
Recent epidemiological studies in children have correlated prenatal exposure to EDCs with
behavioral outcomes including anxiety and deficits in executive functioning and sociality.
Similar outcomes have been reported in rodents that have been developmentally exposed to
bisphenol-A (BPA), a man-made EDC with estrogenic properties. In other rodent studies a
soy-rich diet, or exposure to phytoestrogens found in soy products have affected anxiety and
sociosexual behaviors as well, but sometimes in an opposite manner. Importantly both
phytoestrogens and BPA are able to bind to nuclear estrogen receptors (ERS). This
dissertation focuses on which ERs are involved in sexual differentiation of behaviors, and
how developmental exposures to BPA and phytoestrogens found in soy affect the underlying
circuitry responsible for sociosexual behavior. Through the use of the prairie vole in
conjunction with the rat, I confirmed that developmental exposures to BPA disrupt the
mesolimbic pathway involved in sociosexual behaviors and anxiety/activity. The prairie vole
is an under-utilized, highly social (prosocial) rodent that has been well- studied due to its
unique sociality and likeness to humans. This species is novel to the traditional toxicological
study of EDCs but should be considered in the future for further use, as | have demonstrated
its efficacy in understanding the perturbance of the neuroendocrine pathways involved in
behavior. Moreover, | have shown that developmental exposure to BPA alters behavior
across varying rodent species, no matter the degree of sociality and life history thereof.
These findings signify the importance of understanding EDCs and in accordance regulatory

agencies should consider new techniques (including the use of the prairie vole model) in



testing the effects of EDCs. Because developmental administration of a phytoestrogen found
in soy or a soy-rich diet was able to alter sociosexual behaviors and activity, the use of soy-

based infant formula should be further explored and future research design should consider
the diet of the study animals.
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CHAPTER 1: Introduction

The behavioral brain is organized and activated by endogenous gonadal hormones. Most
notably, estrogen influences sexual differentiation of reproductive physiology and behavior.
While estrogen is necessary for masculinization (Baum, 1979; Beach et al., 1969; McEwen,
1983; McEwen et al., 1977; Morris et al., 2004; Phoenix et al., 1959) and defeminization
(Kudwa et al., 2005; Kudwa and Rissman, 2003) in males, the lack of estrogen is necessary
in females for feminization. Classically in rodents, estrogens bind to the two nuclear estrogen
receptor (ER) subtypes, ER alpha (ERa) and ER beta (ERp) thus leading to the formation of
the male-specific neuroendocrine system (Kuiper et al., 1997; Merchenthaler et al., 2004;
White et al., 1987). Through the use of knock-out models, it has been hypothesized that ERa
is predominately responsible for masculinization of male-specific reproductive behavior and
ERP is necessary for defeminization, or the loss of lordosis function. Exogenous compounds
known as endocrine disrupting compounds (EDCs) are able to interfere with the endocrine
system and thus modify either or both the organization and activation of hormone-dependent
behaviors. Because developmental exposures to “estrogenic” EDCs impact sociosexual
behaviors (Handa et al., 2008; Patisaul et al., 2001; Sullivan et al., 2011; Weiser et al., 2009;
Wolstenholme et al., 2013Db), it is critical to develop models to elucidate the underpinnings of
sociosexual brain organization and EDC effects. This dissertation focuses on the two nuclear
ER subtypes, ERa and ER[ because they are known role players in the organization and

activation of sociosexual behaviors in rodents, including prairie voles.



“Estrogenic” EDCs examined in this dissertation

Phytoestrogens are plant-derived compounds that possess an estrogen-like structure and
action. In the late 1930’s naturally occurring phytoestrogens were first studied as an EDC
described as “clover disease.” Ewes grazing on clover displayed disrupted reproductive
cycles and behavior. It was discovered that clover contains a phytoestrogen, coumestrol
capable of interfering with estrogen steroid hormone-driven physiology and behavior
(Adams, 1978, 1979). Isoflavones are a class of phytoestrogens found in legumes, such as
soy. Soy has previously been associated with several health protective effects including
lowered risks of breast, prostate, and colon cancers, cardiovascular disease, and bone loss.
Because soy is associated with positive health effects and is considered an economical source
of protein it has become increasingly popular in human diet as well as animal chow (Lephart
et al., 2004). Infant exposure to phytoestrogens has been a concern as isoflavones have been
detected in human umbilical cord plasma, amniotic fluid, and breast milk at maternal plasma
levels (Todaka et al., 2005). Originally developed as an alternative for babies with milk
allergies, a soy-based infant formula can result in daily consumption of 3.9-5.85 mg/kg of
genistein (GEN), an isoflavone found in soy (Irvine et al., 1998a; Irvine et al., 1998b;
Setchell et al., 1997, 1998). Moreover, infants fed a soy-based infant formula can have an
total isoflavones exposure level of 1000ng/ml blood plasma, which is high compared to
infants breast-fed or fed a bovine-based infant formula having 4.7 ng/ml and 9.4 ng/ml
respectively (Patisaul and Jefferson 2010). Phytoestrogens found in soy products have a
binding affinity for estrogen receptors (ERs) (Adlercreutz and Mazur, 1997; Bernal and
Jirtle, 2010; Setchell et al., 1997, 1998). Due to their structural conformation, phytoestrogens
such as GEN have a higher binding affinity for ER than ERa (Kuiper et al., 1998).
Furthermore, GEN has a high relative binding affinity of 87 for ERp, which is critical for the
proper expression of sociosexual behavior. Therefore understanding the effects of a soy-rich
diet is crucial for addressing a public health concern.

It has been documented that sexually dimorphic behaviors such as anxiety/exploratory
activity behaviors and cognition in rats have been altered due to the administration of a diet

varied in phytoestrogen content (reviewed in (Lephart et al., 2004)). Both open- and closed-



formula laboratory animal chows have been analyzed and shown to contain phytoestrogens
(Thigpen et al., 1999a; Thigpen et al., 1999b). Male rats administered a phytoestrogen-free
diet and females administered a phytoestrogen-rich diet learned the maze faster than males or
females fed the opposite diet. In another study, males and females fed a phytoestrogen-rich
diet displayed less anxiety than those fed a phytoestrogen-free diet, suggesting that diet alone
can impact anxiety-related behaviors (Lephart et al., 2004).

Bishpenol-A (BPA) is a synthetic compound first identified in the 1800s, considered as a
candidate for birth control in the 1950’s and eventually commercially manufactured for use
in sealants and plasticizers. Currently, BPA is of concern due to its steroid receptor binding
properties and potential epigenetic effects. Consensus statements have been published on the
mounting health concerns about developmental BPA exposures resulting in disrupted
behavior, reproduction and the onset of adult disease (Vandenberg et al., 2013).

Developmental exposures to BPA has been associated with an increase in anxiety-like
behaviors and a loss in sexually dimorphic behaviors important for reproductive success such
as male-specific reproductive behaviors, activity, sociality, and cognition. These outcomes
have been reported in a wide array of animal models, including humans and socially
monogamous mice (Peromyscus californicus). Very little mechanistic work, however, has
been published in conjunction to elucidate the behavioral outcomes reported.

The Aims of this Dissertation
Early-life exposure to estrogenic EDCs impacts rodent sociosexual behaviors.

Estrogen is involved in the organization and execution of several behaviors important for
reproductive success. | plan to address how developmental exposures to EDCs impact

sociosexual behaviors and underlying neuroendocrine pathways.

AIM 1 Through the use of knock-out (KO) mice it was hypothesized that ER beta (ERB) was
involved in defeminization while ER alpha (ERa) was crucial for masculinization in rodents
(Kudwa et al., 2005; Kudwa et al., 2006). Because KO models cannot address at what point
in time which specific ER is necessary, and it has been hypothesized that the two ERs can

have a sequential relationship (Rissman, 2008), | found it important to further elucidate the



roles of specific ER agonism in the organization of sex-specific behaviors. Ithen could
address the effects of EDCs capable of agonizing/antagonizing estrogen receptors. For AIM
1 (Published: (Sullivan et al., 2011)) I hypothesized that postnatal exposure to ER-specific
EDCs would disrupt male-specific reproductive behavior and success. For Experiment 1, |
neonatally administered selective agonists for ERa or ER( and an estrogen control, estradiol
benzoate (EB). Males exposed to EB and diarylpropionitrile (DPN), an ERp specific ligand,
were impaired and unattractive to female conspecifics. | then further hypothesized that this
response was dose specific which was confirmed in Experiment 2 that this outcome is dose
specific, in a U-shaped manner. GEN is a potent ER[3 agonist thus for the final experiment, |
hypothesized that neonatal exposure to a human relevant dose of GEN would disrupt male
mating behavior in the same manner. | found that neonatal exposure to GEN (at a dose
equivalent to that of a traditional Asian or soy-based Western diet) resulted in impairment of

reproductive behaviors but not attractiveness.

AIM 2 For my second aim (Published: (Patisaul et al., 2012)) I sought to examine the
interaction of BPA and soy on sociosexual behavior. | employed an environmentally
relevant exposure paradigm by using concomitant consumption of two EDCs, both with well-
known binding affinities for ER[3, at naturally occurring levels of ingestion. | hypothesized
that administration of a soy-rich diet would result in anxiolytic effects while BPA exposure
would result in anxiety. Furthermore, | hypothesized that gene expression in the amygdala
(AMYG), a brain region involved in the limbic fear circuit, would be impacted, particularly
ESR2 (ERB). BPA was administered via the drinking water while GEN was administered
via a soy-rich diet, both offered to pregnant rats and their pups thereby administering the
EDCs from gestational day (GD) six through weaning, ad libitum. Early-life exposure to
BPA resulted in increased anxiety-like and decreased exploratory behavior in juvenile rats
while adults showed a loss in important sexually dimorphic behaviors. A soy-rich diet
mitigated these effects. A subset of animals tested for behavior were sacrificed on postnatal
day (PND) 34, a peri-pubertal window, for brain, blood, and organ collection. The AMYG

was analyzed on a 48 gene microarray specific to mesolimbic endocrine functions. Of the 48



genes, 8 had significant changes in expression levels. Interestingly, BPA-exposed animals
showed a significant down regulation in gene expression of ESR2 (ERf) and melanocortin-4
receptor (MCR4). These two genes relegate oxytocin (OT) and vasopressin (AVP)
production and secretion in the paraventricular nucleus (PVN), thereby directly regulating
fear and anxiety responses and sociality. These findings led me to my third aim, employing a
rodent model novel to traditional toxicological studies but better suited for understanding this

OT-AVP signaling system.

AIM 3 In my final aim (paper submitted to Endocrinology) | wanted to further address how
BPA impacts sociosexual behavior. The prairie vole is a prosocial species expressing
behaviors similar to those in humans (Modi and Young, 2012). These animals are socially
monogamous, alloparental, and exhibit mate guarding, all behaviors strongly tied to the
oxytocin-vasopressin (OT-AVP) system. Hence this system has been extensively
investigated for decades and recently has been applied to human behavioral conditions (Modi
and Young, 2012). | hypothesized that developmental exposure to a range of doses of BPA
would disrupt prairie vole sociosexual behavior and the underlying OT-AVP signaling
pathway. Data suggested that females were affected more than males. This could be due to
the window, or doses used and these variables can be further tested in the future to further
elucidate sexual differentiation of prairie vole behavior. Outcomes occurred in a dose-
specific manner, with the low dose resulting in hyperactivity. Pair-bonding ability, however,
was not significantly disrupted. Behavioral changes were accompanied by altered OT- and
AVP-ir cell numbers in subregions of the PVN, and TH-ir cell numbers in the pBNST. OT
and AVP immunoreactive neuron number was altered in the female PVN.

Collectively this dissertation work demonstrates that the rodent mesolimbic pathways can
be disrupted by environmentally-relevant exposures to EDCs, resulting in impairment of
soiciosexual behaviors necessary for reproductive success. Furthermore, dietary composition
alone may impact the organization of the sociosexual brain. The prairie vole model was a

valuable tool in demonstrating the impacts of BPA on sociosexual behaviors and the



underlying mesolimbic circuitry involved; and thus it should be considered for future use in

endocrine disruption work.
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S behasior AMTACLIVENESS wia & partner preference paradigm. DY had a greater adverse impact than PFT o reprodudive
Erdocnne dizrapinr behavior, suggesting a functiomal role for ER}S inthe organization of these male-specific behaviors. Therefore

Censtein the iinpadt of isomarsl ERP agenisim was further investigated by repeating the experimeist using vehicle, EB

Estroges recepeor and additional DPN deses (05 mgdkz | mg/kg, and 2 ma'kg bw). Exposure to DPN suppressed male
Parcrer prefinaoe reproductive beluvion and arractiveness iiva dese dependent manser. Finally. males wem exposed to EB or
bFN an emvironmentally relevant dose of genistem (CEN, 10 mg/kg), a naturally occurring sencestrogen, which
M&mlmn hiaz a higher relative binding affinity for ER than ERn. Sexual performance was impaired by GEN but not
Vindity AMTALIvEnEss In_addiﬁm T SWPN'SSH!E. l@wﬂdll.ﬂ'ﬁﬁ_b?hﬂﬁﬁ[ andl anractiveness, BB exposure significamly
say lvevered the testis to body weight ratio, and ciroalating testosterone levels PN and GEN exposure only
impaired behaviorn, suggesting that dismpred andiogen secretion does nor uibderlie the impairmei.

& 2011 Elsevier Inc. All nights reserved.

1. Introdduction the brain to induce male-specific newroendorine development

To display sex-specific reproductive behavior in adultheod, male
mammmale must unlerge both defeminization and masculingzalion
during critical windaws of dewvelopment that span the pre- and
postnatal penads. Masoulinization is the emergence of male-specific
beltavions and the underlying cireuitry respensibile for those beha-
iars while defeminization is the bess of femabe-specific behaviors and
the undetlying cireuitry necessary for these behaviors Steroid
hormanes are required for bath the organization and activation of
inabe-specilic traits { Baum, 1979, Beach et al, 1969, McEwen, 1983,
Marmis et al., 2004 Phoenix ef al, 19549} and defeminizatian (Kudwa
and Rissman, 2003 ). In the present study, we explored e hy pothess
that expasure ta estrogen receptor (ER] agonists. sebective for one of
e Do nuclear estrogen receplor isolonms (ERo and ERE), or the
endocrine disrupting compound (BDC) genistein [Meyers et al,
2001], during the neonatal critical period could disrupt this
organizational process, resulting in impaired reproductive behavior
and reduced artractiveness to a patential mate,

Classically, in male rodents, estrogens. aromatized from testicular
androgens, bind to the twe nuclear BR subtypes, ERaand ERP within

* Correspondmg authar at Department of Biodogy. 127 David Clark Labe, Campus Box
T, Karth Carolisa Stae Universing, Ralegh, 8C TT606, LUSA Fax: 1019 515 2698
E-rendl pdibress heather_patisaul@ncapedo (HE Patisaul ).

ANV E-S00AS - see font matter © 2011 Hsevier lnc. All nghis reserved.
el L1006 yhibeh 301 1. 040006

(Kudper er al, 1996; Merchenthaler e al, 200d; White er al, 1987).
The specific mechanistic roles these two receptors play in the
imasculinization anel deleminization process, however, remain Largely
unclear, Based primarily on data abtained from knockeut (KO) mice,
null for either ERoe or ERR, o0 has been lypothesized that ERe i3
primarily responsible for masculinization while ER[% is more impor-
tant for deferninization (Kudwa et al, 2006]. Accordingly, ERclO
mice ol botl sexes exhibit mallormed gonads, infertility, ane
disrupted reproductive behavior (Lubahn et al, 1993; Rissman et al,
1997}, while ERPKD mice develap sulslumtional gonads | Krege et al,
1988], but are able to reproduce and display sex-typical reproducive
Iselsavior [Kudwa et al, 2005; Ogawa et al, 1899; Temple et al., 2003),
Malbe ERBKD mice, howeever, display higher bevels of lordosis than wild
type conspecifics under certain experimental conditions, suggesting
that ER* is impartant for defeminization (Kudwa et al, 2005 To test
Ui lypothess, Kodwa and colleagues (Kudwa el al, 2006] injeced
female mice an pasmatal days (PMDs) 1-3 with either a selective ERce
agaist, 44°4% [d-propyl-| 1H]-pyrazole-1.3.5-trivl] fris-phenol (PFT)
i i ERJS seleetive agonist diarylproprionitrile [DPN) and lound that
neonatal administration of DPN (but not PPT) significantly reduced
lordosis behavior in females, & result which supgorts a defeminizing
role far ER during necnatal life. By contrast, to date, few studies have
explored how necnatal exposure o ER selective agonits during
critical windows af development affect male repraductive behavier ar
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neurcendocrine development. Thus, the present study sought w [
this data gap.

Both ER sulstypes lave been shaw to be present in areas of the
brain impartant for male reproductive behavior, such as the medial
preoplic area [mPOA], throughowt perinatal life and into adulthood
(DanCarles, 19%6; Karolczak and Beyer, 1998; Merchenthaler et al,
2004, Shughrwe et al, 1998 sugzesting that either could be impentant
for crucial aspects of masculinization and defeminizaton. Natably, ER
expression in many hypothalamic regions i@ sexwally dimosphic
throughaut development (Cap and Fatisaul, 20011; Lemmen et al,
1995, Perez et al, 2003 | In mice, sex dilferences in the rumber of ERjE
immunareactive cells within the mPOA, for example, have been
shawn to be present both at birth and in adulthood, with males having
a greater number than lemales [Kudwa et al, 2004; Wolle e al,
2005, This pattern has also been seen in adult rats (Zhang et al,
002). We hypothesized that agonism of ERfs could disrupt male rar
reproductive behaviar, and the ability to amract & mate thereby
demanstrating that it may play 4 rode in masculinization, as well as
defeminization.

Ta test this hypothesis, we first performed a pilar sudy, during
which we neanatally expesed male rats to vehicke, estradiol benzoate
(ER], ar agenists selective lar ERw (PPT], ar ER[S [DPM] 1o detenmine
which agonist had a more profound impact on the emergence of
male sexual behavior and attractiveness. Results Trom this pilet
stucly suggested that agonism of ERP could reduce male sexual vigor,
Thus, we conducted 4 subsequent experiment wsing additional doses
ol DPN, followed by a third sosdy using the naturally occurring
ER: selective agonist, GEN to determine if the emergence of male
sexual behavior is vulserable to endocrine disruption. GEN & an
isoflavone phytoestrogen produced by legumes. such as soy. and
commonly found in soy-based lod products and beverages, including
soy-based infant formula (Dixen and Ferreira, 2002 ). Develapmental
GEM exposure has been Linked o detriental changes in lemale
reproductive health (Jeffersan et al., 200%; jefferson ot al., 2006, 2007;
Kouki et al, 2003; Patisaul et al, 2006) and possibly male repro-
ductive health and sexual differentiation [Atanassova et al.. 2000;
Bu and Lephart, 2007; Cederrath et al, 20000 Macill’ er al., 2005;
Scallet et al. 2004) in rodents. GEN has a nine fold higher relative
binding affinity for ER than ERee (Barkhem et al., 1998; Kuiper et al,
1998 ) suggesting it luid the pateitial to interfere with ERf depe ndent
brain arganization,

This series of experiments served to! 1) help elucidate the ER-
dependent mechanisms underdying the masculinization of male sex
beluvior, 2] determine if neonatal exposwre (o an ERS selective EDC
would have an impact on male sexual behavior and. through partner
preference testing, 3) examine hew this would impact attractiveness,

2. Materials and methods
2 1. Arinnals

Long Evans rats were maintained o a soy-Iree diet (5K96, Purina
Test Diets, Richmand, IN] aind 4 reversed {12:12] light cycle at 23 °C
and 50% relative humidity for the duration of the experiments. The
light eyede for the mabe animal in Experiment | was changed to 13:11
priar te the last reund af testing o inorease sexual mativation. The
anignals wsed in Experiments 1, 2 and 4 were bred in-house, and the
dams for Expeniment 3 were ordered timed-pregnant fram Charkes
River Laboratories, All pups wre weaied on post natsl dey (PND) 21
into same sex [ttermate pairs until owe months of age, at which time
thiy were singly housed Animal cane anel testing procedures followed
the relevant guidelines stated i the Animal Welfare Act and LS.
Department of Health angd Humuan Ssrvice “Guide Far the Care and Use
of Laboratory Animals.” The protoced was approved by the North
Carolina State Liniversity Animal Care and use Committee and
supervised by animal care personnel and vererinary sl All amimals

were ealed a8 young adulls, with onser ol testing ocoursing the week
of PR 70, but the specific age range varied somewhat between
experimments. This was ol conssderad 1o be o potemial conlaund
because male rat reproductive behavior remains relatively consistent
until approximately 10 months of age, an which poing it begins o
decline (Clark, 1995),

22 Experiment 1 (pilar). fmpact of ERoc agonist FPT and ERY ngenist
DPW om réproductive bebavios, physialogy, amd allrectivemes

Ot thee day al bisth, all amimals were crass-fastered, ad we have
done previoushy (Adewale et al, 200%; Patisaul et al, 2006). to
eiititnize litter elfects (a8 described in [Raulsertas et a1, 1989] (n="10
dams). Each litter contained a mixture of animals (n = 12 maximum].
oitly two al which were related to each ather, All pugs (e females
were ultimately used far other projects) were subcutancously (sc)
injected with esther a sesame oil based vehicle (L), 10 pg EB [Sigima
5% Lowis IL), 1 mg kg bw DFR [Tocris Cookson, Ellisville, M), 1 mg'kg
L PPT ( Tecris Bicsciences), or a mixiure of PPT and DPN (1 mg kg bw
PPT + | mg/kg bw DPK [PPT/DPN)] lrom the day of bicth {delined a5
PMOHOY) through PHE %, This exposure window was selected because it
i well estabdished that this is a critical period of sexual differentiation
in the mabe rat braim [Gaore, 2008; McCarthy, 2008; Simerby, 2002]. All
cosnpounds were ficst dissolved in 100% ethanal and then sesame oil
(Sigma, 5t Leuis, M) at a ratio of 144 as we have done previously
{ Patigaul et al, 2007, Patisaud et al, 20090 ). These concentrations of
DFY and PET reflect those successfully used in prior expenments
{ Donner and Handa, 2009; Handa e al, 2008; Lusd et al, 2006,
Patisaul et al, 200%9a), Male sexual performance was evaluated within
PRID= TE- 142 witlh hormane replaced ovariecdamized (VY] females.
These males (n=1001; 4 EB; 10 DPN; & PRT; 10 PET/DEN ) wiere then
used as mate chaices i a partner preference paradigm during FNDs
155-168 lor intact, sexually saive females (n=10; age PND 108-
123]. All malkes were weighed on PND 182, castrated under iseflurane
anesthesia, and returmed 1o the colomy for Tuture work beyond the
scope of this project. At the time of surgery, the testes were weighed
upar remaval and bood was collected via tail clip then spumar 4 °C an
13.000 rpm for 10 min to separate the plasma fracion. The plasma
s exirecied using o transfer pipet amd stored ar —B0°C wiil
analysis. Flasma testosterone levels were subsequently messured by
radinimmunoassay using 5 Coat-A-Count Iolal restosterane
kit with an analytical sensitivity of 4 ng/dl as described previcusly
[ Patizaul et al., 20054).

23 Expevimeent 2. Dose dependent émpoct of DPN on reproductive
Behavior and mitroctiveness

Males were administered DFN at three different doses (005, 1,
or 2mgkg bw) (o establisl a doge response on male reprocuctive
behavior and attractiveness. On the day of birth males were crass-
Fostered as in Experiment 1 [n=258 dams). All pups were then ad-
rittistered wehicle (0L, n="=8), EB [10 gz n=4), 0.5 mkg bw DPN
(n=12), 1mg'kg bww DFN [n=7), or 2mg'kg bw DPN (n=12)
prepared as in Experiment 1, from PND 0 through 3 by sc injection.
This dose range & narrow but was selected because these three
concentrations of DPM bracket the range ol doses successlully wsed in
priarexperiments { Donner and Handa, 20099, Hanca et al., 200; Lund
el al, 206, Patisaul and Baterman, 2008; Weiser of al, 2009) and that
used in Experiment 1. DPN has a Y0-fald higher binding affinity far
ERp: than ERix, andl the highest dose used was not found 1o activate
ERa dependent gene expression (data not shown ). Males were sex
tested within PMDE 73-113 with harmanse replaced] 06X lemales and
then used as mate choices in partner preference over FMDs 113-123
for imtact, sexually natee females age PND 179-187 (n=12). The
rinalies expoded to the low dase (0.5 mg/ky b DPN) were nol fested
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lor attractiveness because they showed infromission latencies and
counts equivalent to thase of the cantrols,

24, Experiment 3, impact of GEN amd EB on reproductive behavior,
phipstalogy, and arrectivensss

On the day ol birch, male animads were again cross-lostered 1o
mimimize litter effects (n= 15 dams). All pups were sc injected with
pitlser a sesame oil based vehicle (DIL), EB [ 10 pg, Sigrma 52 Lowis, MO,
or GEN (10mg/ke bw. Indofine Chemical Company Hillsborough N])
rom PND D through 3. Tlee dase ol GEMN wsed lor [hs experiment &
approximately equivalent to the togal amount of soflavane phytoestro-
gens cansumed daily by infants reared exclusively on soy infant farmula
[Setchell of al, 1998). EB wad used & a pasilive comtral (Lewine and
Mullins, 1964), Males (n=15 GEN; 12 EB: 16 (HL) were sex tested
Iserween PHDS T1-85 with age-malched, hormame replaced OV
females and then used as mate chaices for age-matchedd, gonadalhy
inrace, sesually naive females (=11 during PNDs 92-156 to issess
partner preference, Fartner preference testing was performed twice, Al
animals were novel Lo one another in both rounds. All males were then
weighed om PMD 155, amd sacrificed by C0: asphyxiation followed by
rapid decapitation oa PND 170 and 171 o callsct trank bood and tespes
far evaluation. Flasma was extracted and analyzed for ciroulating
testogterone bvels as described for Experiment 1, and the testes were
weighed upon remaval using an electronic balance.

2.5, Experiment 4. Replicare of experinient 3, willh no crosi-fostering

A second group af animals was wsed for Experiment 4, which was
designed to replicate Experiment 3, but in this case the animals were
bred in-houwse amd the pups were mol cross-fostered because ey
were nat all born an the same day (n = 10 dams) and a recent study
reported that ¢rass-fostering may confound EDC effects [Cox et al,
2000} Thus it became important to determine if the behavieral
clhanges observed after GEN expasure were also evident in animals
that had not been cross-fostered. All compounds were prepared and
administered a8 described in Experiment 3. Males [n=11 GEN;
11 EB; 11 0HL) were sex tested within PND 65-95 with VX femabes.
These mabes were then used as mate choices in partier preference
dluriiag PND 127-173 for age matched, mntact, sexually naive females
[n=12). Fartner preference testing was performed twice, All animals
were wovel Lo ene dnatlser i ol rownds.

250 Asseszment of reproductive befavios

After the onset of puberty, males in each experiment were tested
for reproductive bebavior once each week for 2 total of three
(Experiment 3], four (Experiment 2 and 4}, or five (Experiment 1)
sesions dependent upan vehicle exposed [OIL] male perfonmance.
Because inexperienced males aften perform poorly at the onset of
testing, sexual performance was nol statistically compared between
cxposure groups until =25% of wehicle exposed males had in-
tromissions within the session. A lowurth rowsd was sdded 1o
Experiments 2 and 4, while & fifth round was added 1o Experiment
1 becavse the wehicle exposed males did not meet this performance
critegia in the first Tour rounds.

In each session, males were placed in a clean, novel cage and
introduced (e a sexually receptive, hommame replaced, OVX Feimale, a
procedure similar to what we and athers have done previously
[Becker et al, 2005; Hardy and DeBald, 1971, Patiaul e al., 2003).
Testing duratiom was 15 min for each round in Experiments 1. 2, 3,
and the Tirst two rounds of 4. Duration was increased to 30 min for the
final rounds of Experiment 4 to extend the observation pericd and
Lsetter cliaracterize sexusl performance. All testing began within twa
howrs of dark anset, under red-light illumination. All stimulus females
were deemed receptive via a lordosis response to male contact,
Beltavior wad recorded using a Sony camconder sen on night vision ane

then hand-scored by an investigater blind to the treatment groups
using the behavioral analysis software package Stopwatch [courtesy
of David A Brown, Center for Belavioral Kewroscience, Emory
University). Measures included latency to first intromission and
tofal number of intromissions made during the triad because they
were robustly displayed in all groups and meost reliably caprured the
sexual motivation of the male subjecs. Other measures, most notably
number of mounts. and batency to first mount. were nat induded
because they were nol comsistently perlormed by all males,
particularly after they were sexually experienced.

252 Assessment of partner preference

After all rouncds of sex testing were completed, the same =5t males
were used as choices for intact, sexually nalve, proestrus (determined
b vaginal cymology as descnibed in (Becker et al, 2005)) femalesin a
series of parines preference tests, All animals were Babituated to e
arena prior to testing. The plexiglass testing arena was a total length of
198,12 em, 30048 om deep and 304E eon wide and divided infe three
chambers roughly equal in size with small compartments
[ 1778« 3048 = 3048 cm) on either side. Each small compartment
contained a single male enclosed behind a wire mesh composed of &
inely hardware clath. & contral male was pleced on one side and an
exposed male an the other. Positions were randomized to contral for
side preforence. Females could spend time alone in the cemtral
chamber, or interact with one of the males in either of the end
clumlsers though the nvesh. Testing began within 2 b ol daik oiser,
undler ped-light ilumination, with each session lasting 200min.
Preference was determined by quantifiing the amount of time
spent in each chamber next to the stimulus male. [0 Experiments 3
and 4, the males were presented as mate choices to the females for a
first round [3a, 4a] and then again for 4 secomd reund (3b, 4b] 1o
demonstrate reproducibality. In all cases. all males were navel to the
selecting female, Beluavior was videa recorded amd scored by an
ohserver blind to the exposure groups as described abowve.

253, Sraristical analysis

Fior the sex behavior tests, dilferences in number of intromissions
and intromission latency were compared by two-way ANOVA with
round and exposure as factors. Significant effects were then followed
up by ane-way ANOVA, lirst with exposure a3 4 Eactar for each week,
then wath week as a factor wathin each exposure group, Significant
effects in the one-way ANDVAS were lollowed wp with Fisher's Least
Significant Differences post hoc tests, For all measures, analyses were
D Ladledl andd the Jevel of sigmilicance was set at P=0005.

For the partner preference data, preference was established by
comparing e total time speet in the chamber contaising the
unexposed control (OIL) male to the time spent with the exposed
imabe using a Fisher™s Studentized r-test witl the bevel of signilicance
set at P 005 Because some of the males did not intremit during the
sex festing, when amalyzing e parteer preference results, all daca
were first analyzed to determine if there was an effect of sexual
experience, and o eflect was fousd in any ol the expesiments | -rest;
data ol shown). The data were also analyzed [r-test) lor a side
preference. A side preference was identified in the second round of
Experiment 3, thus that experiment was ultimately repeated
(Experiment 4), The S¥STAT software package was used to perform
all statistical analyses, amd graphs were generated in SigmaPlat.

3. Resulis

1.0, Experiment | [pilec): impocr of EBu agonisl PRT and ERE ageeaist
PN on reproductive belavior, physislogy, end effroctiveness

3.0 Reproductive behavior
Only round 5 met the behavioral threshold for analysis and
although a pattern did arise, there was mo main effecd of sxposure
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group on either intremission nuember (Fl4.36) = 1115, P =0.360) ar
intramission latency (F{4. 36) = 0817, P=0523: Fig 14-8). Analysis
ol perlermance among caly the intromining males alse Lailed o
reveal a maim effect of expasure group for either intromission number
(F4,10) = 0508, P=0.731] of intromissicn laency (F4, 10} =0.335,
P = 0L84%]. Iz both analyses, however, & bebaviaral pattern emerged
with the EB and DPM exposed males perlorming poorly, but not o
a significant degree. compared ta the other groups. These results
constituted the ratiomale for the subsequent stucdies,

3.1.2 Partner preference

Fenmales sebecterd against EB exposed males compared to velicle
pxpased confral males (P=<0008. Figo 1C]. Iy contrast, Females
shawed no chear preferenoe between DFN and vehide (P= 06749,
PPT aisd vehicls [P=00772), ar PPT/OPN ad vehicks [P=00160)
exposed males (Fig 1),

313 Teszosterone and testis ' body weight

There was a main effect of expasure group on plasma testosterone
levels (F4, 38) =3.212, P<0.03 ). EB expoded mabes had significantly
loweer testosterone levels compared to that of the vehicke exposed
contral [OIL}) group (P=002), heweser, none of the other exposure
groups had testosterone levels that were significantly different fram
the contrals (Talsle 1]

Of the four EB exposed males, two had retained testes. This was not
seen in any of the other exposure groups. EB exposed males were the
liglatest and the DPN naabes were the heassest (Talsde 1), but Dyere was
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Table 1

Experimem 1. Plasma cesiomeroae levels amd tesoes o body weight racos were
significanily loveer m the EB expossd males compered o the vehice espoed [DIL]
males. Sl Body weight did not snificanily difler barsees goups.
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only a weak rend for a madn effect of expasure on body weight
(F=0.103). The testis to body weight ratia, however, was significanthy
affected by exposure (Fd, 41] =8857, P 0001; Tabde 1) The ratio of
the EB exposed males was significantly smalber than that of the vehicle
exposed (OIL) males [P 0001 ], lut the other groups did not difler fram
the cantrals

Collectively the results from this pilot study indicated that
neonatal expedure o EB redults in sagnificantly bower sdult testoster-
one levels, improper testis development, significantly lower attrac-
tiveivess, amd, potentially, impaired male reproductive bebavior,
Mone of these were recapitulated in the group receiving both DPN
and PPT. The ERj: agonist, DN, appeared more elfective than PPT
in compromising both male sexual behavior and attractiveness.

-

Expt 1 Averages Lalency bo nfromil (=<} D

Fi 1. Experineent | seaual befrion and panner prefecence resalrs, (A-C) Daly behavir [reim the fEth rosnd of Bsning wic analyeed asd mo sigsifcant differences Beswesn graiugs
emerped for any emdpoant. but the metcome suggessed an emesculain g efect of neonatal P8 o OPY exposore. (A | KB and DPY exposed males o feser miromessiens oom pared b
wizhiche: expisaid (L] males. [B] EB and DPY expesid males had lofger inmrombsion Liesdis compansd e velick edpesed males. [C] Ferabes selecnsd aganst dae BB gdpadiad
males by spending snificantly more time in the chamber contaning the webice expesed (Coremi) males. Pariner preference was unaffeceed in the other groups (Mean £ SM;

*PEO05].
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Therelore we chose o lurther explore the imgact ol ERE selecive
aganism by testing addinanal dases of [N

1.2 Experiment 2 dose dependent impoct of PN on reproduwdive
befravior drad aftracifveness

1.2.1. Reproductive belavios

Omby rounds 3 and 4 met the behavioral threshold for analysis
and pwo-wiay ANOWA revealed a significant effect of testing rounc
(FI1.72)=19.31% P<0.001] as well as exposure (F[3,72) = 2874,
P 0,05 | on the number of intromissions but no significant interaction
(Fig. 2A). The vehicde exposed contral males (L) made significanthy
mare intremissions in round 4 than round 3 (F[1,16) =4.630,
P 0.05). The 0.5 mg DPN expossd males (F1,22) = 4.590, P < 005)
ardd the 2 mg DPN exposed males (F(1,22) = 14.285, P=0001) alsa
sagnificantly imgroved over time, however the 1 mg DPN exposed
mabes did nat (F{1,12] = 2548, P=10136),

Introsmission Lilency was similarly alfected [Fig 2B). Twa-wy
AMOYVA revealed a significant effect of testing round (F{1,72) = 22,542,
P20001] as well as exposure (F3,72] =5772, P<0002 ). Lalency 1o
intromit decreased in the vehicle exposed males between rounds 3 and
d (F[L16)="9634, P<O0D0B). A samilar decrease was chiervesd in the
05 mg D (F1.22) =4053, P =005 ) and 2 mg DPFM (F(1.22) = 16012,
P 0001 expased groups, wihereas the 1 mg DPY exposed (F(1,12) =
3.243, P=0136) males failed to improve (Fig 28], Within rmund 4. a

A

signilicant difference in intromission latency belween exposuse groups
emerged (F{3.36) = 4,847, P <0006, The 1 mg DPN exposed makes had
a significantly longer latency than the velicke (P=002), the 05 ng
(P=0u0E], and 2 mg DFMY exposed males (<0000 ).

322 Pariner preferemce

Thie males exposed to the low dose (0.5 mzdkg bw DPN] were nat
tested for attractiveness because they showed intromission latencies
ainl eounts equivalent to thase ol the velicle exposed males. Females
sgnificantly preferred the wehicle exposed mabes over the 2 mg DFN
exposed males [P=002; Fig 2C) while shewing o preference
betwoeen the 1mg DPM exposed and the vehicle exposed males
[P=0.452; Fig 2C).

1.3, Experimoent 3; impoct of GEN and EB on reproductive befevior,
physiology, and erroctiveness

3130, Reproduciive behavior

Baluwior in the control group did nar mest the theeshold lor
statistical analy=ss until round 2, Therefore, onby rounds 2 and 3 were
statistically analyzed [Fig 3A-B]. Twe-way ANOVA revealed a
sgnificant effect of testing round, but not exposure group, on the
twmiber of intromissions [F) 1,88 = 4683, P<0.03) with the number
of intromissions increasing over time. Gnly within the vehicle exposed
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prop was the only proup that dd not dieplay incressed sumbers of infremissons in Kowsd 4 compared to Bound 3. (B} Intremision lsbenor dd not ingialby differ between groups,
biat shigad Acantly dropped over tinee il groups except the | gl OPN exgased group resulting in sgs ey knger lanencies within fus group csmpaned to e vehilcls (4L
exposed controks, () Bemales sgnificantly preferred vehicde exposed (Combml ) males oeer 2 mpkg 0PN exposed males g showed no preference beiween 1 mefg 0PN exposed
males and control medes [Mean 4 SEM, * P2 005, 3 = significant difference berwers rounds, b =sigrifl cast @ference Trom OIL comrals)
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group died the number ol ntromesons dgnificantly increase Fom
round 2 tooround 3 (F[1,30] = & 168, P <0.008),

Intramigion latency was similarly alfected (Fig. 3B). Two way
AMNOVA revealed a significant effect of testing round [F(1,88) = 5558,
P=D02) a5 well a3 & significant intersction between round and
expasure (F[1.88] =3.990, P=002] but no main effect of cxposure
(P=0.19). Intremmission Latency was roughly equivalent witlin esch
expasure group in reund 2, but significant differences emerged in
round 3 (F(243] =4356, P<0.02 ) Intromission latency was signil-
icantly shorber in the vehicle exposed males compared to the EB
(F=001] and GEN (F=002) exposed males [Fig. 38). Significantly
decreased infromigsion latency between rounds 2 amd 3 was only
observed in the wehicle exposed mabes [F{ 1,307 = 17 465, P=0.001).

332 Partner preferenoe

Partner prelerence was perlormed twice (3 rounds) witl al
animals being nevel m ene anather in bath rounds, In the first round
ol testing, females speil sigrificantly mane time in e chamber con-
taining the vehicle exposed [Contral} male than the EB exposed male
(P 0UD0E; Fig. 3C). In contrast, lemales did not shw a preference lar
vehicle exposed males compared to the GEM exposed males [P = 067,
Results from the second round af testing wers conlounded by & distin
left side preferendce and were therefore not analyzed further (data not
shawn). Instead, the experiment was repeated with a new group of
animals to validate the initial findings (Experiment 4).

313 Testosterone and testis body weight

Exposure significantly affected plasma testosterane levels (F(2, 39] =
17320, P< D00 ; Table 2). Testasterone levels were signilicamtly lower
im the EB expased males compared to that af the wehicle (OIL) and GEN
exposed males (P<0001). In contrast, the plasma testosterons kevels in
the vehicle exposed males and the GEN exposed males did not
signilicanly daller from esch otlser [P=0578; Table I).

During testes colbection, it was discovered that 825 (S outof 11) of the
EB exposed males had retaived testes. Inall cases, both tesies were
retained. This was not seen in the other exposure groups. Body weight
did not signalicantly differ (P=0352) between groups. Testis 1o bedy
waesighil ratio, however, was significantly aflected by exposure (F(2,39) =
127554, P=000 ) with the BB exposed males having a smaller ratio
thun either the velide [P=<0001) or GEN expased (P=<0.001] males
(Table 2} There was no significant difference between the ratios af the
wishicle and tlye GEN exposed muabes (P =0.584).

3.4 Experiment 4 replicate of experiment 3, with no crosgfostering

T4l Reproductive behoviar

Rounds 3 and 4 met the behavioral threshold for analysis and two-
way ANDWA revealid o significant eflect of expodure groug, bul not
testing round or an interaction between the twe facors, on intro-
missian number [F260)=5312 P<0008). Significant differences in
the number of intromissions made between the groups emerged in
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Tahle 2 1.5 Paviner preference
Experiment 3. Plasma resioaerene levels aad tesies o Body weight ranios were
sgnificanity loweer in the BN expossd males compared 2 the velcle expeaed (L)

ales. Adulr Doy wHghe did o sinificamly diliee b P, Partner preference was perlonned twice (wo rourds] witls all

animals being novel to one anather in both rounds. The females

Experiment 3 m  Bodywtikpl  Testesbody wirmie  Total testostomne significantly preferred the vehicle [control) males over the EB
i (g cxposed males in both the firse (Fig 4C; P=0.01) and second rounds

GiL 15 HTI3L 1M Lm0 BB LT [Fig. 40 P=001). v contrast, the Temales preferred GEN exposed
= 11 GHEI:1438 L2010 L5 males over vehicle exposed males in the first round (Expt. 4a)
— 9 mEETRE MmLeIn flar e (P 0001 ], but i tse second rousd [Expr. 4b) they again shawed no

P00 preference (F=0274: Fig. 40-0).
4. Discussion
round 3 [F{2,30]=3.414, P<005), with the vehicle exposed males Here we dearly showed that necnaral exposure 1o EB negatively

intromatting signdficantly more than the EB [P=002) or the GEN impacted male reproguctive performance and the ability to attract a
caposed mabes [P<0005). Within round 4, a simllar performance mate in adulthood, obgervations wihich are comgistent with prior
pattern was abserved, but was not feund to be statisically significant  studies (Diamond ot al, 1973; Zadina et al, 1979). Moreower, we alsa
[P=0.0; Fig. 44). louisd that selective agonists for ERP [DPN and GEN) had an

Intramission latency was similarly allected [Fig. 4B). Two-way  emasculating cffect on these behaviors, suggesting that ERJ2 activation
ANOVA anly revealed a significant effect of exposure (F(260) = 5161,  dusing the nesnatal eritical period can patentially interfere with the
P00l A !Ismiﬁ(‘.in.l dillerende in intromdssion Lpency between =ex sperific organization of the neurocndocrine pathways which
graups arose in round 3 (F(230) =4.231, F<002) with the vehicle  mediste male reproductive behavior. Reduced testis weight and
expoied males having a signilicantly shoster latency than the EB significanthy lower cirqulating testosterone levels were onky sheerved
(F=0007} exposed males. The vehide exposed males alse had a in the EB exposed group, indicating that the disruption of male
shorter Latency Uan the GEN exposed males (Fig. 4B), bowever itdicd  reproductive behavior caused by the ER| agenists was not the result
not reach statistical significance (P =0.08]. There were no significant of abnorimal testicular develapment of circulating androgen beveld

dillerences berween groupd in round 4 (P=025], during adulthood. Instead. these obhservations signify that disruption
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Fig. 4. Experiment 4 seosal behavior and parmer preference results [&) Mumbsr of nbromissioss was signifl canmy kewer in the EB asd CEN espased groups compared oe the 0L
comtral makes w both ropmds of cesting. Mumbers did not spsificssty inorease oger fime in any oo, (8] Labenoy to imfremit was sigrficastly losger m the ED exposed proups
camspared 2 the OILgroup in Rousd 3 but this Sffererce was list in uumd 4.[€, D) Parcrser preference vesults differed berwesn founds. In both cases, lemalis: sgnicantly prefemed
comtra| males over BN exposed males However, females d ia  for GEN expoeed makes compared 6o 0L conirel mabes in the Srst romd of pariner
prefierence festisg [Experimest 4a] bt net the se:nrd.(apﬂlmm 4b]. {Mizan LS!.M * P05, b= significant difference frem DL conmols).
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oeourred eliewhere in the seurcendoorine systern Collectively, the
partner preference results reveal that compromised reproductive
beluvior is not always sccompanied by a less al attractivenesg,
indicating that females may nat always be capable of detecting the
subtle leas of virilicy.

Despite the narrow dose range, the effect of PN on male
reproductive behavior was dose specific, but pot linear. This non-
manetonic cffect may not be uncommon for same neuroendocrine
endpoints | Kendig er al, 2000}, including male reproductive beluavior
(Jones et al. 311 This phenomenon has recently emerged as an area
ol intense interest witlin the endocrine disruption lield because some
weakly estrogenic compounds, such as Bisphenal A (BPA] hawe
prostuced non-linear effects at low doses in a variety of madel systems
(Vandenberg et al, 2009). Unlortumstely, the molecular and bio-
chemical mechanisms associated with this type of dose response
curve are poarly understood, but the prevailing hypothesis is that it
likely reflects the intersection of multiple mechanisms. Far the
present study, one possibility is that ERce and ERf are modulating
each other's activity and that this relationship differs at high and low
duses of estrogen [or ER-selective agonists). It is now widely
recognized that the relationship between ERce and ER is dynamic
and camplex. Far example, ERf activation can antagonize ERix-
dependent transcription (Matthews and Gustafsson, 2003%; Matthews
et al, J06; Rissrman, J008) but the two ER subitypes can alsa have
synergistic or sequential effects (Rissman, 2008), It is pessibde that. at
thie 1 gk dose, agonisin of ERfS by DPM dampened the sdivity of
ER, thereby resulling in reduced wirlity but that other activitees
ooourred at the 05 and 2 mg'ke doses Further studies using
aclditional doses of BPM and PPT, a5 well a8 antagonists lor ERo and
ER: would be required to further eluodate these interactions
Moreover, prior work has established that although postnatal
admimistratian of testasterone to neanatal castrates can rescue male
sexual behavior, exogenous administration o gonadally intact
neonates results in compromised male sexual performance (Henley
el al, 2000; Pellak and Sschs, 1975; Zading et al., 1979). Thus there
appears to be an “optimal range” in which steraid harmones induce
masculinization, and doses shove or below that range can result in
partial demasculinization. This phenomenon is intninsically non-
TR

The segnificantly bower circulaliing testosterone levels olserved in
the EB exposed animals s likely a substantive contributing factor for
comprammised reproductive performance and attractiveiess in this
group (Baume 20060, but mot for the 1 mg'kg DPFN group or the GEN
groups, as ardrogen levels in those groups did ot signilicantly dalfer
frem controls. Unfertunately, plasma concentrations were not mea-
sured in the Z2mgkg DPN expesed amimals bun presusaldy heic
levels were within the normal range because irility was not found to
be compromized. The emasculating elfects ol EB ohserved hese are
consistent with prior studies examining the impact of postnatal
estrogen exposwre on male reproductive physiclogy amd belsaviar
([aamond et al, 1973 Zadina et al, 1979] but also a recent study
enmphoying e postnatal administration of an aromatizable andragen
(Henley et al, 2010). Male sexual perlormance was significantly
compromised and circulating testosterone levels were reduced
comipared to unexposed contral males. Moreover, partier prefersnce
was altered such that exposed males spent more time with another
male conspecific, when given a chaice between & male anel an estrous
femabe, than control males. This resalt was interpreted o indicate
partial demasculinization amd the development of 4 bi-sexual social
preference, an effect which could reduce reproductive fitness because
the hyper-androgenized male would presumably be just as likely 1o
approach a male or a female.

The results [rom the present study suggest that postnatal agonsim
of ER: alsa mclsces a partial demsasculiestion. A role o ERP in the
mastulinzation precess is further supported by the discovery that
andragen metsholites, must notably Sa-androstane-30, 17j5-dic (3f-

Addiod), intersct with ER in the beain ard other oegans [Handa e al,
HE, Kuiper et al, 1998; Lund et al., 2006; Weiser et al., 2009), During
developaent, 35-Adiod i3 secreted lrom immature testes and can alse
be synthesed de move in cells that express So-reductase and 173-
bydrosystercid delndrogenase ype 7 (Weiliwa er al, 2002} [t has
previously been shown that 3p-fdiol activates estrogen respanse
element [ERE] deperdent ERp-inducesd transcription equivalent o
that of 17[-estradial in neural tissue (Fak et al . 2005). Thus it has been
progosed that 3fi-Adied is the sative ligand lar ERR i perinatal life
(Fan et al.. 2010), Moreower, expression af ERP within the mPOA, a
region long recagnized o be impostant for both appetitive and consum-
matnry aspects of mabe sexual behavior (Balthazart et al, 1998; Hull and
Domanguez, 207, McCarthy et al, 200%; Phillips-Farfan and Femardiez-
Guasti, 2004, is rabust within te necnatal period [Cao and Patisaul,
2011 suggesting that emerging sexual dimorphisms within this
region may be particulardy gensitive o ERPE agomists during this time.
For example. synaptic spine density in the mPO® is positively commelated
with male meunting belwvios (MoCartly et a1, 2009) and the density
of dendritic spines in the mPOA is higher in males than females as
warky as PND O (Amatesy and MeCartlyy, 2002). Meonatal aganisemn of
ER: may have altered the masoulinization of this pathway, keading to
Fewesr mPOA dendritic spines and therefore campromised male sexual
performance

Paradoxically, fermales selected against the males neanatally
expased to the high dose {2 mg/kg) of DPN in the partner preference
test even though the reproductive behavior of these males did not
appear to be compromiged. Conversely, lemales Giled 1o select agains
the males exposed to the intermediate {1 mg/kg) dose of DPN or GEN,
ewen Lhough both of these groups had lewer virility. In one reund of
Experiment 4. females actually displayed a preference for the GEM
expassd males o collectively the data indicate that, il anything,
neonatal GEM expesure could slightly enhance attractiveness, rather
thai reduce it, despite compromised sexual vigor. In all cases, females
consistently favored the contral males over the EB exposed males,
thisd it i certain that the females were being selective. I is not clear
upon what pheremonal or ather cues the females based their
preference, but it is possible that fernales peed o plysically intersct
with the males to make a more accurate assessment of wirility,

The results abserved follewing neonatal GEN exposure on male
reproductive plysiolagy and behaviors are consistent with prior
studies. For example, a recent study also failed to find any impact of
perinatal GEM expasuie, across 4 wide dose range, an testis weight or
bleod androgen levels ina variety of speckes (Cederrath et al, 2000a]
Effects on mmale reproductive pasametens may be nsore sulstle, however,
A recent stady characterized the impact of lifetime (gestation to
adultheod ) exposure to a soy-rich diel containing GEN an 4 range of
reprodluctive parameters in mabe mice and found a 25% decrease in
epididymal sperm cout a8 well a8 o 208 reduction in liter o
Moreover, expression of numeraus germ cell speaific genes involved in
sperm glycolyss and moebility were also sgoillcantly kower in the soy-
exposed males (Cederrath et al. 2000b), This is impartant to note in
light of the parmer preference results because if males exposed to GEM
are reproductively impaired, bur fermales continwe to selkect them as a
mate, then fitness could be decreased and this may ultimately
negatively aflect a population.

Only twio ather published studies have examined the effects of
expodure [o an emvironmentally relevant dose ol endocrine disrupting
chemicals on partner preference (Crews ot al, 2007, Markman et al.
O8], Collectively, the results ram thess two prior studies indscate
that EDE exposure might mduce multigenerational effects, and a
transgholas] population decline in a given species. Crews et al. {2007
found that exposure to vinckozolin, an amt-androgemic fungiode,
decreased male attractiveness, and that this eflect persisted across
generations such that lemales with no exposure history and lemudes
three generations removed from the exposure, sebected against males
witly an expodure history. By conirast, males libed 1o select againsg
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exposed females. Further assessiment revealed & iransgenerasonsal
impairment in male feriliy (Anway et al. 2005) suggesting that
vinclezalin exposure induces epigenetic changes within the male
germi line that impact bath fertility and attractiveness in subsequent
generations of mabes (Amway amd Skineer, 2008). Markman et al
(2008 exposed juvenile male song bards to different combinations of
estrogenic EDCs, all present in the natural Feeding aress of the study
population. in 4 manner consistent with the natural exposure route,
A mikfure of estradial, dicciylplathalate, BPA and dibubylplithalate,
appeared o act synergistically, producing a hypermasoulinized song
syaten, ancl bence o more artractisee male, baged on female selection of
sang quality. Exposure to these EDCs, however, also bed fo these males
bzing immunacampromised. Therefore, song quality was no konger a
reliable indicator al sverall fitness wikich, aver time, could contribute ta
populamon decline

Finally, ne gignificant effect of PPT was olsered in Experiment 1.1t
should be noged that, averall, male reproductive perfonmance was poor
itn Experiments 1 and 4 which contributed o the high degres of
variahility. This project began and ended during the winter manths and,
altlougl the envirenment in our vivarium is tightly contralled, it &
passible that there was an effect of season on reproductive performande,
Ta compensate, the experimental paradigm was amended in several
ways as the studies progressed. For examiple. addibonal rounds of
testing were included, the light cyele was extemded, and the
ohservational period was bengthened. It is also possible that the dose
of PPT wias insufficient 1o induce & redpanse. Becaudge male mounting
Isehaiar is compromised by perinatal androgen (Henbey et al, 2000) or
estrogen [(Zadina et al. 1979) administration, it was hypothesized that
PFT admindstration could impas wirilsty. Furthes wok will be needed 1o
adequately test this passibality.

It is important e note that maternal behavior is well recognized 1o
influence the subsequent male reproductive behavior of their
odlapring, thus EDCs or experimental manipulations that impact
maternal care can be potential confounds (Con et al., 2010; Del Cerra
eral, 2000; Rhees e al, 20010). The dams in Chis study were nol dosed
directly, as we targeied the developmental wandow of PNDs 0-3,
Therelare il dams were exposed, it would only be minimally wia
ingestion duning the licking and groeming of pups. Prier studies have
established that dietary genistein does not significantly impact licking
aisdl groaming of west bailding in tats (Ball el al, 2010) aitel either Lails
te alter (Flynn et al., 2000), or enhances nursing behavior (Ball et al.,
2000} Handling stress is a concern when cross-lastering [Caldji et al.,
2003 Cox et al, 2000), Thus, to account for that, the GEN exposure
whas conducted twice, once with cross-Tostering and once without, The
results were similar in both cases, suggesting that cross-fostering was
ol & conlound and did not significantly modily the eflecs of GEN.

Collectively. the data indicate that ERP &5 involved in the
masculinization ol peurcendocrine pathways that regulate sex
specific behavier, and imply that environmental exposures during
critical spages of peurcendocrine development can evake long term
effects on complex behaviors, Qur results show that neenatal agonism
of ERJ3, sither with a synthetic agonist ar a naturally cocurring ECL,
cai impair reproductive behavior in mabe rats. This elfect, however,
does not always accomipany decreased capacity to amtract a mate,
Furthenmare, DPN produced & non-monotonic efect an male virility.
Because GEN and other EDCs are increasingly ubiquitous companents
of pur enviramment, 4 critical next step would be o explare the dose-
specific effects of more ERJS agonists like GEN and determine if these
eflects persist in subsequent generations, potentislly through epige-
netic mechanisms
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Anxiogenic Effects of Developmental Bisphenol A
Exposure Are Associated with Gene Expression Changes
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Abstract

Early life exposure 1o Bidphensl A (BFA), & component of polycarbonate plasticd and epasy resing, alters sociodexusl
behavior in numerous species including humans. The present study focused on the ontogeny of these behavioral effects
Beginning in adolescence and assessed the underlying molecular changes in the armygdala We also sxplored the mitigating
patential of & soy-rich dist on thede endpaints. Wistar rals wers exposad ta BPA via drinking water {1 mg/L) from gestation
through puberty, and reared an & soy-based or soy-free diet A group exposed to ethinyl esradiol {50 pofl) and a soy-fres
diet was used a5 a positive estrogenic control. Animals were tested as juveniles or adults for anxiety-like and exploratony
behavior, Adsesirnent of serum BPA and genistein (GEM), & soy phytoestrogen, confirmed that internal dose was within &
human-relevant range. BPA induced anxiogenic behavior in juveniles and loss of sexual dimarphisms in adult exploratory
behavior, but only in the animals reared on the soy-free diet Expression analysis revealed a suite of genes, including a
subsel known to mediste dociosexusl behavior, associsted with BPA-induced juvenile anxiety. Motably, expression of
eslrogen receplar beta (Eie2] and two melanacartin receptors [Medr, Medr) were downregulated. Collectively, these results
shiw that behavioral impacts of BPA can manifest during adoleseencs, but wane in adulthaod, and may be mitigated by
dist. Theis data abio reveal that, because ERf and melsnocortin receptors are crudial o their function, oxytocinda i

signaling pathways, which hawe praviously been linked o buman affective disorders, may underbie these behavional
OULLOFEL.
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Tram rodents 1o humans, developmental exposure o
disnipting compouncs [EDS) alfects the genice of
we to the arginistianal eflects
| exposure o the plastics

dlimarphic behaviers s
al steroid hermcnes [1]. B
companent Bisphenol A (BIY bers socbosexnal and anx
related] hehaviors in rodents el i [2]) and nooesbman
primates [3]. in ages and sexsspeciic manners. In nearly all of
priar siudies, hehavior was assessed in adulthocd, and the
s by which BPA aleered behavior were largely
Emerging studies have assochted prenasal BPA
tivity and

i possihiling thiar diey
EPA and siber ETCs might con i prevalence
al behavioral- ferelated disorders in children [6,7]. What
remains e be esablished, and was addressed by the presemt
stplies, are (1) how chronic, low daose oral exposure o BPA

pmenital

<t the grow

1l o

FLOS QNE | woerw plascne arg

threughout developmient mmpacts alfective behavier during ado-
ilar chianges 1o
the nervons system relaved ioothese behassoral effects, and (3) the
potential far dietary mtervention w© mitigate BPA effects.
EPFA s used in numeros householkl  producs  inclsding
pobecarbonate plasic od contaimers, the epaxy lmings of canned
ind thermal paper receipes [8,9,10]. BPA exposure is nearly
I States [11] and occurs primarily vis
ages From which BPA has leached
ly, by
icrisly

|l unserkving meal

anc bew

BPA & hypathesiced 1o acr, i
sgen receplons [12], bt we have pr

ogenic propertics of BPA exposure are nat
conststently recapindatedd by estragen exposure [ 15]. Chbher susdies
demonsrate BPA effects an the thyroid hommaone secepeor [14]
and dopamine signaling pathoways  [15], i ing that the
mechanism ol action s more comples. Add ally, work with

ihe agowth mouse (Awvy) has revealed that the sy

September 1017 | Woleme 7 | lssee 9 | e43500
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plvtoesirogen gendstein (GEN) can counter the hvpomethylaiing
properies of BFPA resulimg in a coat cobor shilt, suggesing
epigenctic change as an aliernaive mechanism of acotkon [16].

GEN and cther mollavene phvioesirogens are  estrogen-like
compaunds produced by planis, most nombly soy and other
Eegumes. Far decades, they have heen recognized 1o imeract with
the mammialian endacrine svstem [17,18,1%9). Like BPA and ather
svithetic EIMCs, they have historically been theught 1o act
primardly through estrogen recepiors [20], bt they are alse
tyrasine kimase inhihiers [21,22], and modulate IEINA methylation
anel chramatin condfiguration [23]. The observation that GEN can
matigate elfecis af BPA an DNA methvlaton [16] suggesis that the
mechanisms of action of these compeands are not anly distinen bat
can also a0l in appositicn. Fer example, the impact of BPA on
oocyte mwinsks depenids, at least in part, on diet [24], further
emphasizing  the mreractive potential of anthropogenic  amd
naturallv-orourring ED s

Abthough marketed a5 a therapeutic t alleviace the physiolog-

dral and mood changes assodated with mencpause, the experi-
mentil evidence far sov phvtaesitogen impacts on socosexl
hehavior & mconsistent amdd appears 1o vary depending on
exposure persad and sex [25,56,27]). While some siadies have
shown that life-lang soy intake can resubt in angolvie effeces in
rodends [20,2%9], others have shown that adult-only meake can be
anxiogenis m males ver anssalytic in females when endogenos
estrogen levels are high and exploratory drive is nararally
heighrenexd [HF].

The current study acldressed several imporane gaps identified
above, First, effects of BIFA and soy phvicesirogens were tested on
sexually dimarphic anxiery-relsted behaviors as juveniles amd
adlulis, This appraach enabled us o distimguish the imponance of
clevelopmental age ar esting, and 1o explare interacions benween
BFA and plviossirogens. To gain further msight oo what
malecular changes might underlie the hehavioral phenctype, we
wsed a lowsdensity PCR ammay 1o klemify transcipricnal changes
within the amvgdala (AMY), chosen hecase of #s fundamental
role in the processing of sociabiliy, fear, anxiety and other
emationail responses [11]. The 48 genes selecied for analysis in ths
stuly were chasen becanse they are known to influence sociosexual
hehavior, are madified by estrogen, or are wuloerable e BPA
exposure. Ta ensure that exposure 1o BPA and the phytoestrogens
were in 2 range comsidered relevant te humans, internal dose ol

BFA and GEMN were assessed throughowt the dosing pericad.

Methods

Ethics Statement

Animal care, maintenance, and surgery were conduceed in
accordance with the applicable porticns of the Animal Wellare Act
anel the 105, Depaniment of Healih and Human Services “Guide
for ike Care and use of Laboratary Animak” and were approved
by the North Caroling Stave University (NOCSLT) Instmticnal
Amimal Care and Use Cormemadicee (LG All procedures were
approved and monitored by the superisng veterimarian for the
cluraticn af the praject.

Animal Care and Exposure

Wistar rats bred i howse and reared on a phvioesirogen-free
dier cver several generations were used for these experiments. Dise
1o the large number of animak needed and bmiced space aailable
for hreecding, matings were split e 4+ cobheris, all bred
approximately one month apart. All dams were howsed individ-
wally in two humiliy-and-temperamre conralled  romms (segres
gated by dliet), each with a 14 10 b lgha, dark oyele (lighes on

PLOS ONE | weew plasoneang

Say Mitigates BPA Effects on Behaviar

froma Q300 v 1-HIO h) ac 2370 and S average relative humidice
al the Biological Kesource Facliog ar KOS

Expesure began on gestiaiional day (G 6 and contineed anail
posinatal day (PNIN 40 (GD O defined as day of sperm plug
detection; PRI 0 defined as day ol birth) o that exposare covered
pest-implantation gestaibon threugh perispubeny. On PRI 21
pups were weaned o same sex and exposure groups (35 pups
per cagel, and car punched for ddentificakon. At 5 menths of age
ey were separated inte samesex pairs. There were a 1ozl of 5
exposure groups: Soy (sov cier); BPA 4 Soy (sov dict plus water
contaming BPA); Bay-firee (soy-lree diet); BPA [sov-lree diel plus
swater containing BPA) and EE (say-lree diet plus wiler contaiming
EE]. The soop-hased diet was Purima 5001 [32] and the sov-dree diec
awas Uekladd 20020 (Harlan). Floaesirogen Levels in the Parima 506401
dier [35, 5] approximate levels in o madivonal Asan dier or
consumed by mfans reared on sov formulda [26]. The phanma-
cokinetics of GEN and ather phytoesirogens delivered by this diet
hawe been well characterized in the rar [54,55]. Dams were placed
an their respective diet &t kast 4 oweek prior 1o mating and
remained on ther assigned diet for the duraiion of the experiment.
BPA (2, 2-his(=hwdraxyphendipropane; CAS No, 804057, Lot
119, USEPASNIEHS standard prosided 10 HEP: | meg/L of
waiter] and the positive contral ethiogl estradicl (EE; 50 pg/L)
swere administersd via drimking water. This dese of BPA was
chioeen hased on priar studies milizing this method of exposurs
|56,57,38] 10 produce semam bevels in the human range. The scale
al the siwdy precluded ws rom examining more than one dose of
BPA. Each water sahution (BPA amd EE) was prepared miially as &
10 siock solmion, Werking solutions were prepared by adding
A0 ml al stock saluiion i 450 ml filiered waier (30 ml per bocle
icdal). Cohert 1 EE dams drank less than conrals or cdams
consuming BPA. To encourage them ve drink, for coharts 2 and 5,
1 g of sucrose was added 1o the 10% EE stock solution 1o increase
palaiahiivy.

Water consumption for each cage was measured his-weekly by
weighing the botlkes empiy, full (500 mil} and then afier a few davs
o assess intake. For the pups, estimaied imake per pup was
estimated by dividing consumption by the number of pups i the
cage. Daily mtake was used 1o estimate daily mgestion of BPA or
EE [Tahles | and ).

Sarum Analysis of BFA and GEM

EPFA, GEN and the glocuronide mewabolie of GEN wers
isolated and ddentified inothe dams and PND 12 animals as
deserihed previcusly [39] [See Supporing Information 810 An
attempt was made o quantily levels in a subset of juveniles ae
those results could not be reponted with confidence.

Behavior

Juvenile behavior was assessed after weaning hut prior e
puberty (PRI 34205 wsing the light/dark hex LT hox) and
elevated plus maze (EPM) as previowsly descrhed [40]. Acduale
hehavior was assessed from PNDs 670 using the EFAL Because
it & well established that Emale explorstory hehaviar i cvcles
dependem [30,41], all females were tested i estrus. Cyele phase
awas ddentilied by vaginal lavage [42]. All hehavior was vides
recarded and subsequenily scored by an abserver, hlind o the
ireatment groups, wsing Stopwatch jrourtesy of the Center for
Behavioral Newroscience, Emory Unmversity, Adlania, GA, TTRA)L

Gene Expression Analysis

A subiset of animals tested for juvenile hebavior was sacrificed
an FNIF 54, and the brams remesed and ash roeen an powdered
dry ice. Using a crvastat, each bram was sectoned o reveal the
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Table 1. Mean Darm Fluid Intake (ml) and Exposure Levels ugl of BPA or EE.

Dam Exporurs Group Intake [mil]

i ccounnied via it enly and tharalone & ret idudied
ol 10 13T L oumal pone 18575001

caudal horder of the amwvgdala was visible [(ideniified withe the
awistance al a hrain atlas (Paxines and Watson plates 49-50),
removed] via micrapanch, and shipped e e, Gore at University
al Texas ar Austn For further amalvsis according e their
estahlished protocals [45, 4] [See Supporting Information 510
Relative expression was determined using the comparaiive Ot
meethod [45,46,47], with each sample normalized o Gopah, and
dara calibrated te the median At for the group with the Lovest
expression set at LA} [H8]) to determine Tald change in expression

Data Analysis

Because the EE group was inchuded o specifically st the
hypothesis that any abserved BFA effects were estrogenic, it was
not incorporated in the overall analysis, but rather compared io
the group of inerest by a tebest, when appropriate. Behavior
reported as a percent was anabyzed by logistic regression. Far the
remaining behavioral and gene expression endpoints, three-way
ANOWA with gender, BPA exposure, and diet as facvors, was used
1o identify maim effects and interacticns. Na effect of gender was
found For juvendle hehaviar soothe daia were collapsed across
gender for all subsequent analyses. Group differences benween
groaps maintained on the same diet were then identified using
post-hoe twas-sample separate variance teests A similar approach
was used io analves behavieral erhdpu'mu i the adulis, bur the
analysis was comdsoted within sex.

Baan Daily Gadtatiornsl Maan Daily Gadtational
Exposurs fo BFA or BE ug)

Masn Dally Lactaticnal Muoan Daily Lactatsanal
Irvtalcs |l Exposurs to BPA or BE ligh

BE1=17E ]

standard deviations fram the maial lne of best G Coolirmed
auliers were exchuded from fmal analysis. IF expression data did
mot meet the asumptions for ANOWVA, the data wers iransformed
() and reanalveed In a frew cases, ransformed data did not meet
the asumptions [or parametric esting. In those cases, non-
parametric tests were used o determane differences between the
groups (See Table 51). Because interactions of varables cannat be
determined  using  noeparametric tesimg, e were coded
arcording 0 each variable or combination of varahbles and
anabyzed wing a Kruskal-Wallis or Mann-Whiney U test. To
adentily group differences within sex for the posi-hoc analysis, two-
samiple i=tests were perfarmesd with separate variance.

Results
Litter Data

Awerage litter size (F=0.501), and sx ratio within the liters
(= 0.805) did nea sgmificantly dilfer acros reatment groups.

Exposure and Internal dose of BPA and GEM
Drumy water consumipdion was subdivided ino amaunts oo
sumedl chiring mid-gestation and mid-lactatien (Table 1), One-way

Table 2. Mean Pup Intake [mil and Expasure Levels (ug) of BPA or EE

Pup Expasurs Group Sax

Muan Daily Irtake (ml)

Mluan Dadly Exposisns 1 BPA or EE (ug)

Male LLE-Ear2n) n

Walke GAELT n

Ml 182238 TREEZN

Male AL ES A 24EE2)

Male hLE =R naxaa

Awerage daily water consemption was spanided from the pups duning posinetal days 21-42, from which average dally 898 o BE was calculsted . Soy esposure
wocurrid wia diet only and thanaloss 5 rel ncduded.
ol 10 13T L oumal pone DEE1850 5002
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ANOWVA indicated & signdficant eff of  exposure  group
(P00 Subsequent analvsis with a Fisher's LSID past-hec test
revealed  that  during  gestation, BPA  exposed  dams  drank
signilicantly less water than all caher groups (P=0401), and EE
exposed femals drank signilicantly less acrass gestation (o000
and lactxibon (P=0A05) comparsd o conirels Importamly
honwever, intzke in these groups was sulficienaly high enough e
ensure that delydration was not & potemial confound. Pup inake
aver PNIDs 21-HF was estimated for cach sex [Table 2] and
analyvesd inoa teoeway ANOVA with gender and expasure as
facvars. A signilicant exposure elfect was identilied (P=0A04) with
EFA-exposed pups of boal sexes (regardless of diet) drimking
significantly mare water than unexposed groups (#£20.05; Tahle 2)
An estimate of daily BPA and EE intake was then calculated for
the dams and pups ram these water intake levels [Tables | and 20
Internal dose was established by quantifying fee BPA apd
LI, as el as canjugated € Plasmia levels inoa subser of PN
17 andl all dams on the day of sweaning | 51 A-B). Samples
fremn the pups were pocked e ohain sfBcen vwolume  for

i

assessment. For all groups, fee BPA levels were less than 2 ngdml
a range that appreximaies the ourremr estmaied mean serum
kevels in lumans [4€8]. Levels in the pups were lower than in the
clams, a resuli which s consistent with prior work indicating cha it
dees ot lactaticnally iransler efficienly [49]. Dam G
were in the range of vegetarians and other populations that
vegularly comsume spyverich oods | 1. bt well heelons thiose
seen m soy-fonmula fed infanes [26]. GEN kevels were kowest in the
PRI 12 pups, reflecting poor lactational ransfer 1]. An
arempd was made o gquantify serum bevels inthe juvendles hat

those resulis could not be reporied with confidence hecawse the
walies were near the limit of detection amd other technical dasues
T levels al free BIFA were found in some ol the unexpased
comrols & result which may rellect comtamimaton (from che
collecton materials or diet), or an anifact since the levels were
clase 1o the Bt of de k] g ml).

Juvenile Exploratory and Anxiety-like Behavior

Juvenile hehavior was fivst assessed inothe Lighe S Dark hax, an
apparaius that apprases an animal’s motvation o leave the
reassuring confines of o darkened enclosure 10 explore an aversive,
birighaly lit chamber [31]. Mo signilicant effect of sex was foune for
any ol the assessments, nor any significant interactions with sex; so,
for subsequent analvses, the data were collapsed across gencder.

Amaong the animals mainained on a soyelree diet, the percent of

EPFA and EE o] animak entering the lin chamber was
signilicantly lonwer than For the condrol amimals (P= 0048, Figure 1)
indicating a higher level of anxiety and reluciance o explare the
novel environment im the ireaiment groups. No offect of BPA was
found among the soyeled animals. A signilicam effece of BPA
exposire was found oo latency o enter the lic chambeer (Figare 16,
Funt pnly among animals mainamed an the soy-lree diet (P=005)
with BPA exposed animak taking longer 10 enter the it chamber.
Adien by BPA exposure inleraoion (== was icdendified for the

X[

averall amount of tme spent inthe i chamber, with BPA expased
animals om the soy-free diet spendimg sig ntly less tme i the
bt chamber than contral animals on the same diet [Figure 103
03%). Among the amimals maimiamed on the soy-based diet,
posure elevaied the time spent in the I chamber
inclicaring a significam modifving ef@ect of diel. Collectively, these
resilts showw that developmental low dose BPA sxposure indisces
anxicgenic respanses and that conourrent consumpiion of & sov-
| diet is capahle ol couni these elfeos EE exposure
did not recapitlate the behavioral effecs of BPA exposure,
suggesting that the mechanism is not classically sarogemic.
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Peroent of Animals that Entered the Light Chamber
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Figure 1. BPA, EE and dietary effects on juvenile Wistar rat
Light'Dark Box activity. Mo significant effect of gender was
identified, therefore the data were collapsed across sexes. Animals
maintamed on the soy-based diet are depicted in gray and animals
maintamed on the soy-free diet are depicted in black (A} B#A and EE
expasure sgnificantly decreased the percent of animals entering the lit
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chamber compared to controk on the same diet [Soy-freel (B) BEA
exposure ugnificantly increxsed latency to emter the bt chamber
compared to the Soy-free controls. () Animak exposed 1o BPA and
maintamed on the soy-free diet spent significantly less time in the lit
chamber than the Soy-free contrals, and also the BPA-exposed animals
maintamed on the soy-based diet {BPA + Soyl. Graphs depict mean +
ZEM, "P=0.05.

doi:10.137 1/ paurnal pone CO43830. g0

The animals were then subjectsd 1o the elevared plus maee
(EPM) s an additional assessmient ol anxiety. This maze has teo
arms with high protective walls, and two arms with no walls. This
apparaius assesses the anmmal’s relectance o leave the relaiive
safety al the walled amms to explore the mare aversive, apen arms
[52]. Aty i the closed arms is not mood dependent and ths
regarded as a marker of general acivity rather than ansiery (See
Figure 1. The percent of BFFA exposed males entering the open
arms was significantly lower than all other groups (P=0A01;
Figure &4 with onlv 75% of mals entering the apen arms. For
the remaimimg measures, the daa were collapsed across gender
hecawse no main effect of sex was identified. Latency o enter the
apen amms  was oot signdlicantdy  different between groups
(Figure 2B). Twosway ANUVA revealed a main effect of diet
(P=000 an mumber of open arm encries, with the sopded
animals making more entries than those mainiained on soyelee
diet regardless of BPA exposure [Figure 30 Follow-up t-iesis
revealed that BPA expased animak on the soylree dict made
signilicantly fewer apen anm eniries than conral animals an e
same dict [(P=I005), while EE exposure had ne effec OF the
animals exposed to BIMA those maintained on the sov-hased diet
e signilicanily more emiries [F=0.00] indicaiing a proteciive
effect af sov diet. Twosway ANOYVA alio revealed a significant
main elfect of diet an time spent an the open ams (P=0A0L;
Figure 21} with amimals an the soy-free diet showing bss activiy
an the open arms than those mainined an the sov-bassd dist
BIF'A hadd ne effect on this measure, regardless of diet. These daia
are consistent with those chtained from the Lighi/Dark box in
that they reveal the anxiogenic effects of BPA exposure, ancd the
capacity of a sov-hased diet 1o mitigace this behavioral change.

Gene Expression Changes in the Juvenile Amygdala
Associated with Disrupted Behavior

A subset of the juveniles swas sacrificed on PRI 3 o sdencify
gene expression levels in the amvgdala assocated with BPA-
ineluced hehavioral change. OF the 4 genes selected for analysis, a
main effect af BPA exposire amdfor an meeraction with BPA was
found for 15 genes when compared by Soway ANOWA jwith
factars af sex, BPA and soy: see Tahle 521 No effecs sunvived a
falsesdiscovery raie correcion [533,54]. Two housckeeping groes
were inchuded en the array (88 and Grapd®). Both displaved a small
bt sigmificant efect of dier on relative expression [~20% when
collapsed acrass all cther variabds), Thus, m order o mainiin
consistency with  previos publicasons [44], the dam were
normalized o fapah and, as 4 conservative appraach, onlv genes
lisplaying greater than 2% change i expresion were considered
inthie suhsequent analysis 1o idemntify expression changes associated
with BFA andfor sov intake. This appreach sdentified 8 geoes
froan the list of 15 [Figure 5.

Generally, BPA exposure decreased expression by abouat 1.5+
fold. Four genes (EaxZ (ERE), Medr, Midr, Tk exhibited a BPA
by diet interacticn (P=IL03), with soy diet mitigaiing the effect of
BIFA, and all four decreasd ~1.5-2 fold with BPA exposure
alone. These candidate # genes were then analvzed swithim sex
asing a tweesample tese. Sanfand Alsd expression were affecred
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by BPA exposure in a sex specilic manner. Both gems were
sexitlly dimarphic with A heing ~9-fodd greater in males than
females and Sadaf expression being ~ 1.5-foldd lower m o males when
compared 10 femaks. These sex ddlerences were eliminaied by
BPA exposure. In hoth sexes, Eaf and Ged? exgpression were
signilicantly  downeregulated by BPA  compared 10 Soyelree
comtrals [P=0.05). Tar? amd Medr (P05) were significamly
donvneregulaied by BFA exposure coly in females. Among the soy-
fed animals, ne significant elfeot of BPA was identified for any
e, suggesting a4 protecive clfec of soy. None of these BPA-
associated gene expression changes were recapiulated by EE
demonsiraiimg that thev do not likely resuli from sericdy estrogenic
eflects.

Adult Exploratory and Anxiety-Related Behavior

Aclult exploratory behavier was assessed hetween PNDs 6470
in the EPAL EE expased animals were noe inclided because it
produced na significant hehavioral offeces in the juveniles and all
al these animals were sacrificed for incheion in the gene
expresaon analysis. Adult exploraton of bath EFM anm tvpes =
typically lonwer than that of juvendles and sexually dimorphic, with
females displaving more open arm activity than males [35]. All
femiales were tested on the dav af behavioral estnas 1o contral for
avulavory cvcle effects, because females are typically mes active on
ihe EPM when they are sexually receptive and chus namrally more
exploriory [56,57]. For both sexes, the pereent of animak
entering the apen arms was kowest in the group reared on the soy-
hased diet, bt no significant cverall efen of dier, BPA or gender
was found for this specific measure [Figure 44, As expected [37],
threeaway ANOVA ddentilied a significam efect of sex (=001
an all cithier EPM activity (Figure 46-1¥ with frmales being more
exploraicay than males. Becawse of the strong gender effect, the
elara were analvaed within sex.

Lateney to enter the open anms [Figure 4B) was highly sexually
dimarphic, with males 1aking nearly four times longer 10 enter the
e aversive open arm than females (P20, A significan BPA
by dlier interaction [P=AL02) was foumd m females with BPA and
say diet mereasing latency when administered mcependenaly, T
mnot in combination. In contrast, a significant mam effect of BPA
exposure [A=0.05) was found in males with BPA [eminiing this
hehavior regardless of dier Confirmatory eeess identified 2
signilicant sex dilference in latency o enter the apen arms for ooly
e comarals reared on sev-free diet, demenstrating the less of this
sex dhifference by BPA and soy intake. In general, aciivite oo the
apen arms was sexually dimorphic, as expected, bue this diference
wwas climinated by BPA exposure in the animals maintained on the
soyeliee dict, and preserved mothe andmals consuming the sev-rich
diet [Figures 40 and Y. Twosway ANCVA [BPA and die as
factars) revealed a sgnilicant BPA by diet meeraction on the
amount ol e Emales spent on open arms (P00, and pose-
hoco tetests sheaved that emales spent significandly more time
exploring open arms than males, except in the BPA exposed group
reared on the soylree diet (P=0.05; Figure 40¥). Sex dilferences in
clased arm aotivity were also impaoted by BPA (see Figure 520
Colleotively, these data show that aspects of the anxiogenic action
al developmental BFFA exposure persist mte adulthacsd, resuliing in
b Joss of hehavoral sex dilferences, but thai a sovrich diet =
pratectivee.

Discussion

The present study reveak that easly lile exposure 10 BPA
elevaies juvenile anxiety in rats of both sexes, bt that these effecis
can be mitigaved by concomitant meake of a sovenich ddie Our
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Figure 2. BPA, EE and dietary effects on juvenile Elevated Plus Maze [EPM) activity. (A BRA exposure sigraficantly decreased the percent
af males that entered an open arm. Mo significant effect of gender was found for any subsequent measure, theredfore the data wene collapsed across
st |l There were na sigraficant growp differences in latency o erer the open arma. (€} & main effect of det on mean number of apen arm
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fewer entries compared to the diet matched contrals (Soy-freel and also the BPA exposed animals an the soy diet [BRA + Soyd. (D} Soy-based diet
significantly increased tme spent am the apen arms, regardless of BPA& exposure. EE had no significant effect on any EPM endpoint esamined. Graphs
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Fold Change in Expression Levels of Genes with a Significant

BPA Effect or Interaction
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Figure 3. Fold change in juvenile amygdalar gene expression levels. Of the 48 genes examined, a significant man effect of, or mteraction
with, BFA was found for the B genes shawn here. The genes depicted met the threshold oriteria established for biolegical significance. For each gene,
the rw P-walues obtained for the man and inkeraction effects of BFA are indicated. Significant group défferences within each sex, identified by post-
hoc t-tests, are also shown. 512 [ER] and Gad? expression were significantly down-regulated by BPA in both sexes compared to Soy-free camrals.
Tacd and Medr were significantly down-requlated by BF& exposure in females. Ameng the soy-fed animals, no significant effect of BF& was iderified
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for any gene, ndicating a protective influence of say. Graphs depict mean fold dhange in expresson leeels = SEM. "F=005, +F=0.1 compared to soy
free contrals.
doi:10.1371pournal pone 0043830 003
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Concomdiant admingsiration o a soy-hased dier with BPA
vesulted im attenuaiion af the BPA effects. In hodh the Light Dark
oo and the EPXL, soy largely abrogaced the anxiogenic impact of
EBIF'A e the percent of rats engaging in the “risky™ behavior. S8ex
differences in adult behavior were maintame:d except in the case of
Liency io enter an open arm, where [emaks displayved a lenger
Lutency. But again, co-adminisiraton of soy and BPA rescued the
reversed sex difference indsced by BFA exposure. These data are
hie first 1o suggest that adverse hehavioral outcomes resulting om
carly lile exposure 1o BPA may he mitkgated, st beast 1o some
clegree, by dietary or ather [acvors. Presumably, this mistigaiimg
aotivity & attribuakle to GEN, or cne [or more) of ihe numeros
ather iscdlavone  phytoestrogens  aside from GEN thar  are
commenly found in soy-hased foods [16,26]. Although identilica-
tion af the specific dictary compounds capable of minimizing the
addverse neurobehavioral impaces of BPA and sther EDNGs =
potentially advantagesus 1o pregnant women, it s imporand o
recognize that GEN and ather phyvtoesirogens can also ac as
EDCs during development. Thus, the oritical swindomes i which
they produce effects, and their mechanismis) of action and
inderacticn an neural systems that mediate behasior mast be
meare clearly eluscidated.

The mechansms by which BPA alvers affecive behavior remain
poarly undersioed, bt the amvgealar gene expression daia
abtnmed here dentified B genes asseciated with BPAsinduced
anxicty mclading S :I‘.Rﬂ:._ Midr, Gl (ad? and Alael. Thiese
genes have previowsly been associated with socicsexual  and
affecrive behaviors. Interestingly, a recent paper showed iransge-
neratbonal, epigenetic elfects of vindozclin (a fungicide) on the
male F generation’s responses o siress during adolescence [G6].
The male Fi vinclozolim-lmeage  descendants differed  from
wvehicle-lmeage counterpans m how adolescent stress affecred
sulsequent performance on tests of ansiery/stress, amd thai these
samye animals differed in expressban o genes in hippocampus and
amvgdala, incduding Mefr and Medr, simiar vo results in BPA-
exposed Fl ras in the current ssdv.

Nodahly, £v2 and Medr, changes 1o which were, in the present
teel im the amygedala, play cracial roles inoihe regulation
cin i vasopressin secretion [6768,69]. These two
neurcpeptiles are well-esiablished to he essential for mediaiing
sacial mteractions  ancd  afilsieon o rodents and  primates,
including humans [70,71]. Far example, Esr2 agonism has been
shown ta e anxiobyice [69,72], and m the paraveniricular nucleus
(PN, Esr is requared o drive esirogen-depemdent axyiocim. and
wvasopiressin prdluctson [75,74). a-Medanocvie stimulating hor-
mane (TXEH], acimg through Metr, mduces dendrivic release of
axytocm from magnocellular PYN neurons [GH]. Ceniral aoions
al sxviocin amd vasopressin are implicated in a suite of sociosexal
hehaviors [71,753] and conler anxiolvtic elfects [76]. Callectively,
these chservations suggest that dismapted cntegeny of oxviocin amd
wasopiressin signaling pathawvays may underlie the aobserved changes
in juvenile affective behavier. In further supporn af this hvpothesis,
2 recent stucy wsing mice Tound that prenatal BPA exposure had
significantly lower whole brain levels of axyveocin and vasopressn
qust prior ta birh compared @ unexposed  condrals  [77).
Drsregulsiion of these neuropepicde signaling pathways has been
implicated in & range of chddhood affective disorders, inclsding
autism [T8,7%]. Although axyiecim amd vasopressin gene expres-
sion Jevels were not signilicanily aleered by expaosure or diet i the
present stucly [Table 2|, the amygdals may not be the most salient
region 10 assess expression levels of these newrapepides because
they are generated primarily in the YN and supraoptic noeles
(BON]. Thus, subsequent myvestigation of cxyiocin and vasopressin
production in the PV and SON will be necessary 1o confirm the
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hypeahesis that these newropepaicdes may be altered by early life
BPA exposure.

Nothly, BPA significamby impacted the expressbon of Alaf, a
gene ondy recently discovered 10 be expresed mothe amyvgrlala
|80]. This gene codes for the pepide kispepin, expression. of
swhich im the lvpothalamus is now recegnizzed o play a critical role
i the timing of sexual maturaiion, female ovalation, and feedback
muchanisms on the hypothalamic-pitiman-gonadal (HING] axis
[81]. Kisspeprin neurons are sparse in number amd primarily
cofined to the medial amygedala, with males having mcre than
females. Inthe presemt sy, this sex dilference in amygdalar Azed
expresann was alse ohserved, but, unexpeciedly, EE did not
musculinize expression in females. Instead, it feminized expression
in mades (Figure 5, an elfect which i anusual i the rodent brain
[83]. BPA also reduced K sxpression in males, an elfeo which
wwas enhanced in animak maimtaimed on the soy diet, sugpesimg
that this specific effect may be esirogenic. Althowgh  adulc
expression 1 readily ddentifiable m the medial amygelala [&],
angeing, concurrent studies in cur laboratory indicate chat
expresson & nod detentable i pre-weandings suggesting that a
mature HIMG axis may be required for maximal expression of
Kissd. The functional mole of these neurons remaims o be
delmeated. Prioe stuclies have shown that cencral, but not
peripheral, kisspeptin adminisiration dicits oxytocin secreiban i
frmales amd vasopressin secretion i males, suggesting & role for
amygrlalar Esspeptin neuarcns in the modulation of alfective
hehavior [B3]. Further anatomical stdies are nesded o more
comprehensively  charcterize the oniogeny of this newronal
population, their sensitivity v endorine disruption, and their
fumcricnal role in socicsexual bebaviars.

The hvpothesis that early Ll exposure 1o EDCs such as BPA
anel soy phyvitoesiragens can alier behavier is further supperted by
parallel wark o rodenis and humans showing thar eard life
epigenetic  changes  within the  bvpathalamic-pituitar-acdrenal
(HPA} axis, arising from enmvironmental mfluences, can penma-
mently alter stress sensitivity and coping strategies [B485). It also
impdicates an epigenetic mechanism of acticn. Here, EE exposure
dil not completely recapiiulate dhe hehavioral o eranscrgitional
eflects of BPA, sav, or the combination of the two, demonsirating
that BPA and soy are ned stmply acting as estrogens. Prior work
has established thar BPA can imcdisce DNA methylation changs
that are hlocked by concurvent administraticn af the sy isedlavane
GEN [1606], raising the passibility that a similar interaction may
hawe ocourredd here, resuliing in the dictany-dependent hehaviaral
otcoames. Une passibility & that ddferencial methwlation ol the
ERJ promater resubied in decreased expression, and subsequenily
the decreased expression of Medy, Mefr, Gl and sther genes
regulated by Eaf activity, bar more extensive wark is needed 1o
iest this hypothesis. Understanding the  spedlic cellular and
mlecular mechanisms by which early lile BPA exposure aliers
hehavior is oritical for determining o effects observed in animal
madels have implications for human healch.

Fmally, it & important 1o highlight thar the desing method used
here praduced serum BPA levels ai all phases of ihe project that
swere eguivalent o, or helow, those reported in humans [36,40).
Becavse BPA was adminkzered im drinking water, expasure was
likely Jow bur contimucus throwghow the dav, & patern that more
clasely maodels that of humans than gavage or ctber mcthesds of
halus sdminisiration. Alhough trace levels of fFee BPA were
abtserved in some unexposed conirols, suggesting an aliernaiive
anl uncaniralled scarce of expesure, it may be an amiBao of the
amalysis heranse the levels were sa close 1o the limi of detecrion.
The most likely source is diet, as we routimely monitor car cagmg
kachate and water e ensure that they are BPA-free. Sov
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plvtoesirogen expasure was monitored by assessing serum GEN
and its metabelites. Serum levels were well below those seen in
infants exclusively fed sev-hased mam formula [87]. It has leag
heen hvpothesized thar GEN, BPA and ather EDCs are nat
rezdily metabolized  in neonates, and the absence of the
glcoreniclared form in PFNIF 12 serum is consistent with this
wiew. Serum levels repored here are high enough too indusce
plvsiological effecis in rat models [26]. Exposure 1o BPA and
GEN was likely lowest during  lsoatien  becasse,  althowugh
placenial transfer of both compounds have heen escabdished,
neither is kneawn to otationally transfer readily [26, 4981

Conclusions

Adfective disorders in sdules and children have well recognized
sex dflerences in etology. Bovs are at higher sk of autism
specirum disorders, ADHD, and early enser schizophrenda [85,90)
while women dispropontionately  sulfer [rom  anxiety, major
depression, panic and eating diserders [91]. Nowzhly, male-hiased
disorders appear 10 have their origins in development swhile
female-binsed  disorders are generally past-pubernal in onset
impdving that the windosws ol sens#ivity io envircamental exposure
may be sexually dimerphic with males being more sensitive during,
development and females Later in ble [92.93). The dama shown
here reveal the potemial for BPA and other EDCs 10 alier
hehaviors associated with ansdiery, but alsa the poential for thoss
alierations o be maodilied mitgated by a soverich dier. These
alservations are a critical reminder than non all EDCs are symabienic
amel that plant compounds alo have the potental o interso with
hormone-sensitive mammalian systems, incleding the bram. Gene
expression data from the amygdala imply a rele e Esal,
melanocorins, and oxvioonSvasopressin signaling pathways in
the manifesiztion of these behavioral changes, b fuure work will
he needed o conlirm this assertion. Callectively, these daim
highlighi the plasticity of complex behaviers, their sex dilferences,
amel their potential for alieration by chemicals in the environment.

Fimally, while humans and rodents perceive and express sines
and anxiety didfferently, imponant core elements ol the genetc and
neurchiological hasis of anxéety phenanypes are evolitionarily
conserved  across species,  partoularly o dhe amegdala and
hypeahalamus 31,9495 96,97 50]. This the rat is an approgeiane
animal made] for understanding how the meeraction of BPA and
diet influence seciosexual hehaviors, and sdentifving the newral
mechanisms by which these changes are meduced.

Supporting Information

Figure 51 Juvenile elevated plus maze [EPM) closed
arm activity is indicative of sverall locamatar behavior.
Becase no overall effect of gender was elentilied he data were
collapsed across sex for analvss, (A) Twosway ANOVA revealed a
main effect of BPA exposure en the number of dosed arm endries
(P=0AKE] indicating thar these animals were less active conpared
i unexposed contrals. Post-hoc anabysis did mot idendify significant
differences between BPA-expased animals and conirals main-
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tamed en the same deit. EE had ne impact on this behasior, (B
Boy fed animals spent shightly less tme in the closed anms than
animals maintaimed on the sov-free diet. EE had no elfect on this

hehavior, (Graphs depion mean = SEX]).
QAR S5 u)

Figure 82 Adult EPM clesed arm activity. (A Threcway
ANCVA revealed a significant sex by diet by BPA ineraotion
(P=0AE) on the mumber ol clased arm eniries. Post boc tdests
withim sex ideniified oo sex dilference in the number of closed anm
entries made by the contral animals on the sov-free diet In all
ather groups, however, emaks made significantly maore clased
arm eniries than males [(PA=0.05) This difference was anribaable
in the combination of elevated aciwiy m the females, and
decreased activity i the males. [B) Time spent im the closed anms
wwas sexually dimorphic in all groups except the BPA sovelree diet
group. [Graphs depict mean £ SEAL *=0.05, *P=0.001).
(X

Table 51 Free levels of BPA and GEN as owell as the
ghruronidated form of GEN (GEN-gler) were assessed. BPA
kevelds were within the human range and pear the limia of detection.
GEN levels were higher in the dams than the pups, rellecting poor
Lecational ransfer. NI = Not detecrable.

(X

Table 82  The arginal p-valse is sted for each gene ohtained by
parameiric [S-away ANOVA) or non-parametnic staistics. For
parameiric tests, mam clfeos and miencticons were analyzed, For
moneparametric tests data were collapsed  across independent
wariahles and anakemed by a Manne-Whine U or Brskal-Wallis desi
i determime pevalues or combimations of independent varishles.
Bokl texi imdicaies elfects of BPA, both main efecis  and
interactions’combimations  [p=<0.05). Cne gene, DNA methyls
dransferase 3 (Dnmad]] did ned amplify well or was net expressed
an e amygdala and s not meladed noche resulis,

QAR S5 u)

Supporting Informatien 51 Supporting methods.
(M)
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Abstract

Impacts on brain and behavior have been reported in laboratory rodents following
developmental exposure to bisphenol A (BPA) raising concerns about possible human
effects. Epidemiological data suggest links between prenatal BPA exposure and altered
affective behaviors in children but potential mechanisms are unclear. Disruption of
mesolimbic oxytocin (OT)/vasopression (AVP) pathways have been proposed but supporting
evidence is minimal. To address these data gaps, we employed a novel animal model for
neuroendocrine toxicology: the prairie vole (Microtus ochrogaster) which are prosocial than
than lab rats or mice. Male and female prairie vole pups were orally exposed to 5 ug/kg
bw/day, 50 ug/kg bw/day, or 50 mg/kg bw/day BPA or vehicle over postnatal days (PNDs)
8-14. Subjects were tested as juveniles in open field and novel social tests and for partner
preference as adults. Brains were then collected and assessed for immunoreactive (-ir)
tyrosine hydroxylase (TH; a dopamine marker) neurons in the principal nucleus of the bed
nucleus of the stria terminalis (pBNST) and TH-ir, OT-ir and AVP-ir neurons in the
paraventricular nucleus of the hypothalamus (PVN). Female open field activity indicated
hyperactivity at the lowest dose and anxiety at the highest dose. Effects on social
interactions were also observed and partner preference formation was inhibited at all dose
levels. BPA masculinized pBNST TH-ir neuron numbers in females. Additionally, 50 mg/kg
bw BPA exposed females had more AVP-ir neurons in the anterior PVN and fewer OT-ir
neurons in the posterior PVN. At the two lowest doses, BPA eliminated sex differences in
PVN TH-ir neuron numbers, and sex reversed it at the highest dose. Minimal behavioral
effects were observed in BPA-exposed males. These data support the hypothesis that BPA
alters affective behaviors, potentially via disruption of OT/AVP pathways.
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Introduction

Bisphenol A (BPA) is an endocrine disrupting compound (EDC) first synthesized in
1891, identified as a synthetic estrogen in the 1930’s, and subsequently commercialized in
the 1950’s as a component of epoxy resins and hard polycarbonate plastics (Vogel, 2009).
BPA is a high volume production chemical ubiquitous in the environment and thus
detectable in human urine, saliva, and blood (reviewed in (Vandenberg et al., 2012)).
Concerns have been raised regarding the potential long-term human health effects of
environmentally relevant BPA exposure in early life (Richter et al., 2007; Vandenberg et al.,
2012), particularly on neural development and behavior (FAO/WHO, 2011). Here we
introduce and demonstrate the utility of the prairie vole (Microtus ochrogaster), a more
prosocial animal model than laboratory rats or mice, for assessing BPA-related impacts on
neuroendocrine development and behaviors related to sociality and social investigation.

Elevated gestational urinary concentrations of BPA have been correlated with adverse
behavioral outcomes in children, including hyperactivity, anxiety, and executive function
deficits (Braun et al., 2011; Braun et al., 2014; Braun et al., 2009; Harley et al., 2013)
suggesting the possibility that early life exposure to BPA could impact behavioral
development and the respective neural correlates. Although numerous animal studies have
reported effects consistent with the available human data and repeatedly shown that early life
exposure to low levels of BPA results in heightened anxiety or activity and decreased social
and cognitive abilities (Kundakovic et al., 2013a; Williams et al., 2013; Wolstenholme et al.,
2013a), the data are inconsistent, and the mechanisms by which these BPA-related behavioral
changes manifest remain poorly understood (Wolstenholme et al., 2011). Novel to
toxicology, but a well-established animal model in the behavioral neuroendocrinology and
biomedical studies of social deficit disorders, prairie voles are advantageous because they
display affiliative behaviors more typical of humans, such as social monogamy and
alloparental care, they form family units, and display relatively low levels of aggression
(Young et al., 2011). Additionally, transformative work, spanning decades and involving
several vole species with varying degrees of sociality, has linked prosocial traits to the

oxytocin/vasopressin (OT/AVP) system and its interactions with the mesolimbic dopamine
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pathways, governed by estrogen (Young et al., 2011). Furthermore the translational
importance of the vole model for elucidating the role of these neuropeptides in sociality has
now been demonstrated in humans (reviewed in (Modi and Young, 2012)). For example,
intranasal OT administration is presently being explored as a potential therapy for autism,
and manipulation of OT and AVP is being considered therapeutically for depression. Only
one study to date has used voles to explore the impact of environmental EDC exposure on
brain and behavior. Female pine voles (M. pinetorum), which are socially monogamous like
prairie voles, born to dams orally exposed to 2 mg/kg/day of the estrogenic pesticide
methoxychlor (Gray and Ostby, 1998; Gray et al., 1999) during gestation and lactation
displayed reduced physical contact during the partner preference test, indicating impaired
sociality (Engell et al., 2006). Exposure to methoxychlor also resulted in a reduction in
oxytocin receptor binding in the cingulate cortex. These data support our rational that the
vole is a potentially valuable, yet underutilized, animal model for testing the hypothesis that
early life exposure to BPA (and other EDCs) alters social behavior and related, coordinating,
pathways.

Information regarding BPA-related impacts on neuropeptide pathways is limited, but
available data support the hypothesis that developmental exposure to BPA alters the
organization and function of OT and AVP pathways (Adewale et al., 2011; Patisaul et al.,
2012), an outcome which may not be surprising as both OT and AVP expression and effects
are steroid dependent (Cushing and Kramer, 2005b). Effects may persist across generations
(Wolstenholme et al., 2012; Wolstenholme et al., 2013a). Early life exposure to BPA has
also been shown to affect the dopamine system in varying manners (reviewed in (Masuo and
Ishido, 2011)). For example, it has recently been shown in non-human primates that
gestational exposure to human-relevant exposure levels of BPA decreases midbrain
dopamine neuron numbers (Elsworth et al., 2013). To date, three rodent studies have linked
BPA-related disruption in the dopamine system with hyperactivity (Ishido et al., 2004;
Kundakovic et al., 2013a; Masuo et al., 2004) further supporting the overarching hypothesis
that BPA exposure may have an organizational effect on the mesolimbic dopaminergic

system and elevate the risk of hyper-investigative and anxiety related behaviors.
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BPA is primarily thought to induce behavioral effects by perturbing estrogen action,
although other modes of action, including epigenetic changes and organizational effects on
other mechanisms, are plausible (Kundakovic et al., 2013a; Wolstenholme et al., 2011).
Because OT/AVP and dopaminergic pathways are heavily influenced by sex steroids across
the lifespan (Cavanaugh and Lonstein, 2010; Cushing and Kramer, 2005a; Kabelik et al.,
2011; Lonstein et al., 2005; Simerly et al., 1985), the ontogeny of OT/AVP and
dopaminergic pathways may be particularly vulnerable to EDCs like BPA. In prairie voles,
neonatal manipulation of estradiol or testosterone alters affiliative behaviors later in life, and
estradiol administration during adulthood affects estrus and locomotor activity (Kramer et al.,
2009; Lonstein et al., 2005; Roberts et al., 1997). For example, males castrated on the day of
birth fail to form a pair bond after AVP administration (Cushing et al., 2003) and neonatal
castration is one of the few ways to disrupt the expression of male alloparental behavior
(Northcutt and Lonstein, 2009). Manipulation of OT/AVP levels as a result of direct
exposures to exogenous hormones, agonists, or by altering the social environment can
modify the number of OT, AVP, and TH neurons in the paraventricular nucleus of the
hypothalamus (PVN), thereby resulting in behavioral outcomes such as anxiety-like behavior
and alterations of prototypical male and female sociosexual behavior (Ahern and Young,
2009; Curtis et al., 2003; Lieberwirth et al., 2012; Martin et al., 2012; Yamamoto et al.,
2004).

A related brain region of interest is the principal bed nucleus of the stria terminalis
(pBNST), a posterior division of the bed nucleus of the stria terminals (BNST) that is an
interconnection site for brain areas integral for social behaviors related to reproduction and
defense including locomotor activity and motivation (Dong and Swanson, 2004; Northcutt
and Lonstein, 2011; Northcutt et al., 2007). The pBNST also plays a role in the mediation of
the stress response by relaying limbic information to the amygdala and corticotropin
releasing hormone (CRH) expressing neurons in the PVN (Been and Petrulis, 2011; Herman
et al., 1994). Dopaminergic pathways in this area are thought to regulate CRH-dependent
affective states (Meloni et al., 2006). Male prairie voles have significantly more

dopaminergic neurons (identified by tyrosine hydroxylase (TH) immunoreactivity (-ir)) in the
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pBNST than female prairie voles and other rodent species that do not exhibit the prosocial
monogamous behaviors (Young et al., 2011). This sex- and species-specific difference in
TH-ir neuron number in the pBNST is important for sex specific prosocial behavior.
Moreover, TH-ir neuron number in the pBNST is sensitive to sex steroid hormones
(Northcutt and Lonstein, 2008, 2009, 2011; Northcutt et al., 2007), thus making the system
potentially vulnerable to endocrine disruption. For the present studies, we tested the
hypothesis that alteration in OT-, AVP-, and TH-ir neuron numbers in the PVN and sex
specific TH-ir in the pBNST may contribute to the expression of social behavior, defensive
behavior, and locomotor activity effects associated with BPA exposure.
Materials and Methods
Subjects
Husbandry

The animals used in this study were laboratory-reared prairie voles that originated from
wild stock from Urbana, IL. The prairie vole is a well-established rodent model for
examining prosocial behaviors in the field and laboratory (reviewed in (Young et al., 2011))
but has housing, diet and husbandry requirements that differ from conventional laboratory
rodents. (For details on basic ethology and laboratory housing needs refer to (Carter et al.,
1980; Carter et al., 1988; Cushing et al., 2001; Solomon and Crist, 2008; Solomon et al.,
2009)). Animals were maintained on a 14:10 light-dark cycle in thoroughly washed
polysulfone cages and provided with Purina high fiber rabbit chow (Purina, St. Louis,
Missouri) and water ad libitum at the NEOMED in an AAALAC approved facility affiliated
with the Cushing lab at U Akron. Rabbit chow is the established diet for laboratory prairie
voles because it is more similar to their natural diet than rat chow and has a high fiber
content, which is required to keep their rootless teeth trimmed. This diet contains
phytoestrogens from alfalfa and other ingredients vital for vole health and reproductive
success in captive environments (Cushing et al., 2001). Thus, although use of a
phytoestrogen-free diet is typically preferable for studies evaluating the impacts of EDCs like
BPA in animals (Thigpen et al., 1999a; Thigpen et al., 2013), this is not feasible for voles.

On the day of birth, animals were sexed and marked for identification via toe clip. Litters
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were weaned at 21 days of age and housed in same-sex sibling pairs in 12 x 18 x 28 cm

cages.

Exposure

Male and female prairie vole pups were orally exposed across postnatal days 8-14, which
has been identified as the crucial sociosexual developmental window in this species and akin
to the neonatal period in rats/mice (Kramer et al., 2009). On postnatal day (PND) 8 litters
were removed from their home cage and placed in a clean cage on cotton bedding. All
individuals were randomly assigned to exposure groups and weighed. Animals received an
oral dose of one of three doses of BPA 5 ug/kg bw, 50 ug/kg bw (established reference dose)
and 50 mg/kg bw (lowest observed adverse effect level) (Geens et al., 2012). Doses were
based upon average weight of pups on PND 8 and dissolved in 2.7g of Hydroxypropyl Beta
CD — Pharm Grade in 10ml 0.9% NaCl. A fourth group received vehicle only. For all
groups, delivery was 25 pl orally to the pups by micropipette (as described previously for
mice (Palanza et al., 2002b)). This oral route was chosen because it is less stressful than
orogastric gavage, a procedure that has recently been found to affect hypothalamic gene
expression (Cao et al., 2013b). All litters contained at least one control and no more than one
exposed animal per exposure per sex per litter. Pups were returned to the parents as a group
following exposure. Dosing was repeated daily on PNDs 9-14. Specific pharmacokinetics
regarding BPA uptake and metabolism are not available for the vole but presumed to be
similar to rats, mice and rhesus monkeys (Yang et al., 2013). A detailed pharmacological
assessment was beyond the scope of the present study. An estrogen-exposed group was not
included because prior work in our lab has shown that BPA effects on non-reproductive
behavior are not consistent with those induced by estrogen (Patisaul et al., 2012), Thus,
estrogen was not assumed to be an appropriate positive control for effect. Additionally, it is
unclear what the appropriate dose would be in a prairie vole because information about how
early-life estrogen exposure influences neuroendocrine development and behavior in this
species remains limited. Housing and all procedures were conducted in accordance with the

National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
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preapproved by the NEOMED Institutional Animal Care and Use Committee. Although
testing materials were polycarbonate, they were not considered a significant source of BPA

contamination in the laboratory (Thigpen et al., 2013).

Behavior
Open Field Test

One week after weaning (PND 28) subjects participated in an open field test, developed
to ascertain anxiety-related and locomotor activities (Palanza et al., 2002a). Animals were
placed in the center of a 40 cm? Plexiglas test area with blackened walls. The subjects were
allowed to move freely about the arena for 10 min. The tests were video recorded from
above on a DVR and then TopScan (Clever Sys Inc) software was used to analyze time spent
in the center, perimeter, and corners; frequency of transition between sections; distance
traveled by section; and total distance traveled. Time spent in a freezing position was hand
scored by an observer blind to exposure groups. Final animal numbers were as follows:
Females: control n = 23; 5 pug n=25; 50 pg n = 15; 50 mg n = 16. Males: control n = 12; 5 pug
n=16; 50 ugn=12; 50 mg n = 16.
Novel Social Test

On PND 30, 2 days after open field testing, subjects were tested in the novel social arena.
The test arena consisted of two 12 x 18 x 28 cm Plexiglas cages connected by a Plexiglas
tube to test for exposure group effects on social interactions. Food and water were provided
in both cages of the arena. A novel unrelated stimulus animal (same sex, size and age
matched, and from an untreated litter) was gently tethered via a lose-fitting collar connected
via a leader to a steel rod that runs the length of the cage, permitting it to freely move about
within its cage but not to enter the other. This is a standard test (with variations in duration
and other factors) that has been used in vole preference tests for over a decade (Insel et al.,
1995), and the specific procedure used for the present studies is routinely used in the Cushing
lab (Cushing and Carter, 2000). The test animal was then placed in the other cage and
permitted to move about freely for 1 hr. Latency to enter the stimulus animal cage,

frequency to movement between cages, number of contact bouts, duration in the stimulus
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animal cage, duration of exploratory behavior, and time spent in side-by-side physical
contact were analyzed using TopScan software (Clever Sys Inc.). Exploratory behavior was
scored by an algorithm based upon orientation of the test animal to the stimulus animal,
distance (< 20 pixels) and time between movements (< 4 seconds). A random visual
sampling of 50 records indicated that this primarily (> 90%) represented sniffing by the test
animal toward the stimulus animal. Side-by-side contact was based on an algorithm using
distance < 20 pixels between the test and stimulus animal and period of immobility.
Endpoints were also scored by a exposure-blinded observer to better determine the type of
contact. All investigatory data was collected by hand. Prairie voles display very low levels of
aggression; thus, injury to the stimulus animal is low or absent. As a precautionary measure,
however, an observer remained in the room throughout the test period to monitor signs of
aggression (not observed in any tests.). Final animal numbers were as follows: Females:
control n = 24; 5 ug n=24; 50 ug n = 15; 50 mg n = 17; Males: control n = 16; 5 ug n = 13;
50 ugn=11; 50 mg n = 14.

Partner Preference Test

Adult (PND 60-75) animals were tested with an opposite sex conspecific for the effects
of exposure on social interaction and formation of partner preference, using a standard, well-
established paradigm detailed previously (Cushing and Carter, 2000). Briefly, test subjects
were cohabitated for 3 hours with an unrelated, sexually naive “partner” a length of time
sufficient to induce a pair bond even though mating typically does not occur (Carter et al.,
1987). No mating was observed and females were in anestrus because, unlike rats and mice,
female prairie voles do not undergo spontaneous estrus, and estrogen levels remain low
unless a female is exposed to a male for an extended period of time (up to 24 hr). All tests
were videotaped.

Immediately following cohabitation, test animals participated in the preference test as
described previously (Young et al., 2011). The stimulus animals, a “partner” and a
“stranger,” were loosely tethered for the duration of the test (see Novel Social test above) in
their respective chambers. These stimulus animals were opposite in sex to the test animal,

sexually naive, similar in age and weight to the test animal, not exposed to BPA, and
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unfamiliar and unrelated to each other. The experimental animal was placed in the neutral
chamber and its movements and interactions with the stimulus animals recorded for three
hours on a DVR. TopScan software (Clever Sys Inc) was used to score the test. Time spent
in side-by-side contact (huddling) with each animal was scored and analyzed. By definition
a partner preference is formed if a test animal spends significantly more time in physical
contact with the partner than the stranger (Young et al., 2011). Final animal numbers were as
follows: Females: control n =21; 5 ug n=17; 50 ug n = 13; 50 mg n = 17; Males: control n =
15; 5 ug n =16; 50 ug n =10; 50 mg n = 16.
Immunohistochemistry

Animals were sacrificed over PNDs 60-90. Subjects were given 0.05 ml buprenorphine
IP and then deeply anesthetized 15 min later with 0.05 ml of a ketamine-xylazine (at a
concentration of 67.7 mg/kg and 13.33 mg/kg) mixture administered subcutaneously. Brains
were removed and immersion fixed in 4% paraformaldehyde for 24 hrs at 4°C and
transferred to fresh solution at 2 and 4 hrs. The brains were then cryoprotected in 30%
buffered sucrose with 0.1% sodium azide and shipped to the Patisaul lab, where they were
stored in fresh cryoprotectant overnight at 4°C then flash frozen, and stored at -80°C. Brains
were coronally sectioned at 35 pum on a frozen sliding microtome. Then sections for each
individual corresponding to the regions of interest (ROIs) were collected and processed for
immunohistochemistry.
PVN OT and AVP

For each individual, eight sequential sections of the P\VN were collected and processed
for immunohistochemical staining of OT and AVP using routine procedures described
previously (Adewale et al., 2011). Sections were washed in cold KPBS and preincubated for
24 hours in 0.02M KPBS, 0.3% Triton-X, and 2% normal goat serum at 4°C. Sections were
then incubated in a primary antibody cocktail consisting of, 1:12,000 monoclonal mouse anti-
OT (Cat # MAB5296, Millipore, Temecula, CA) and polyclonal rabbit anti-AVP (Cat #
20069, Immunostar, Hudson, WI) for 72 hrs on a shaker at 4°C. Sections were then washed
and incubated in a cocktail of Alexa Fluor 568 goat anti-mouse and Alexa Fluor 488 goat

anti-rabbit secondary antibodies (both at 1:200) for 120 min. After a final wash in cold
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KPBS, sections were mounted on Fisher super frost plus glass slides, coverslipped with a
glycerol mountant and stored at -20°C.
PVN and pBNST TH

For each individual, three consecutive caudal PVN and pBNST sections were collected
and processed for the immunohistochemical staining of TH using routine lab procedures
(Adewale et al., 2011) , and counterstained with Hoescht. Following a 24 hour preincubation,
in cold 0.02 MKPBS with 0.3% Triton-X, and 2% normal donkey serum, the sections were
then incubated with the polyclonal rabbit anti-TH (Cat # AB152, Millipore, Temecula, CA)
primary antibody at 1:4000 for 72 hrs on a shaker at 4°C. Sections were then washed in cold
KPBS and incubated with the Alexa Fluor 488 donkey anti-rabbit secondary antibody at
1:200 for 120 min, wash and counterstained with Hoechst (Cat # H3569, Invitrogen Life
Technologies, Grand Island, NY) via a 45 sec incubation. After a final wash in cold KPBS,
sections were mounted on Fisher super frost plus glass slides, coverslipped with a glycerol
mountant and stored at -20°C.
Quantification and analysis

A prairie vole brain atlas is not available; thus the Paxinos and Watson rat brain atlas
(Paxinos and Watson, 2007) was used to identify the PVN and its surrounding landmarks (as
described in (Gobrogge et al., 2007)) along with available studies identifying anatomical
subregions of the vole PVN (Ross et al., 2009; Wang et al., 1996). Although relatively little
is known about the functional distribution of specific neuronal phenotypes in the vole PVN,
most significantly for the present study, the majority of anterior and medial OT/AVP neurons
in the prairie vole PVN have been putatively characterized as magnocellular
neurohypophysial neurons while the posterior PVN is known to contain a population
projecting to the hindbrain and spinal cord; features indicative of parvocellular neurons (Ross
et al., 2009).

With these subdivisions in mind we subdivided the PVN into anterior, medial, and
posterior regions based on results and figures published by Ross and colleagues (Ross et al.,
2009). Anterior sections correspond with Paxinos and Watson plates 38-41, medial sections

correspond with plates 42-47, and posterior sections correspond with plates 48-51. From
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these 14 consecutive sections, 2 anterior, 4 medial, and 2 posterior sections from the middle
of each subregion (anterior, medial and posterior) were selected. All OT- and AVP-ir
neurons were then bilaterally counted and averaged for each individual using a fluorescent
Leica DM5000 scope. Two consecutive sections from the most caudal (posterior) PVN
region were assessed for TH-ir, where we found bilateral populations, round in shape, located
lateral and dorsal to the third ventricle (3V), corresponding to the paraventricular
hypothalamic nucleus, posterior part (PaPo) and A13 dopamine cells (A13) in the depicted in
plates 51-52 in Paxinos and Watson. The TH-ir cells confined to this region were manually
counted and averaged for each animal. The pBNST of each animal was imaged at 200x using
a Leica DM5500 confocal microscope. We then used Image J to quantify the TH-ir cells
found in a dense cluster within three consecutive sections corresponding to plates 21-23 in
the Swanson Atlas (Swanson, 1998) as described in (Northcutt et al., 2007) but, most
specifically plate 21 where the most densely populated area was found.

Statistical Analysis

Behavior

All open field and novel social behavior results were analyzed by a two-way ANOVA
with exposure and sex as factors. A one-way ANOVA was then performed within sex
because the behaviors analyzed are known to be sexually dimorphic (Young et al., 2011). If
overall exposure effects were significant (P < 0.05) then a protected Fisher’s least significant
differences (PLSD) post-hoc test was performed to evaluate pair-wise differences (P < 0.05).
All analyses were performed using Prism 6 and outliers were identified using the ROUT
method. All results were considered significant if P < 0.05.

Time spent with the partner versus the stranger was analyzed using a paired t-test for
each exposure and sex. A partner preference was considered to have occurred if time in
side-by-side contact with the partner was greater than the stranger with P < 0.05.
Neuroanatomy

To detect sex and exposure group differences in numbers of OT-ir , AVP-ir, and TH-ir
cells, average cell numbers per region (anterior, medial, and posterior PVN, pBNST) were
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analyzed by a two-way ANOVA and followed up with a one-way and PLSD as described for
behavior analysis.

Results

Behavior

Open Field

A significant exposure by sex interaction was detected by a two-way ANOVA for total
overall bouts (all entries made into any area of the arena) made in the OF arena (F
3,114=2.866, P < 0.05; Figure 1A) as well as total distance traveled (F(3 115=3.883, P < 0.01;
Figure 1B). Within females, main effects of BPA exposure were identified for total overall
bouts (F(69=6.496, P < 0.001; Figure 1A), center bouts (F(370=3.120, P < 0.03; Figure 1C),
corner bouts (F70=4.441, P <0.01; Figure 1E), and perimeter bouts (F(370=5.564, P <
0.002; Figure 1G). The 5 pg BPA group made significantly more bouts than controls overall
(P £0.005) and into the center (P < 0.05) and perimeter (P < 0.01), while the 50 mg BPA
female group made significantly fewer bouts into the corners than the controls (P < 0.05). No
significant differences in duration of time spent in any portion of the OF arena were found
(Figure 1 D, F, H). No significant effects of BPA were identified in the males.

One-way ANOVA revealed that freezing behavior was significantly elevated in the
female 50mg BPA group compared to controls ((Fz49=2.854, P < 0.05); Figure 11). This
group had high variation so ROUT was employed to identify outliers and six were identified.
If these six outliers were removed from the dataset, the significant difference was lost. No

significant exposure effects on freezing behavior were found for males.
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Figure 1. Postnatal BPA exposure caused a dose-specific effect on activity levels in female
prairie voles. (A) 5 ug BPA group made significantly more entries into the subregions and
(B) traveled significantly more, while females exposed to 50 mg BPA traveled less, than
control females. (C) 5 ug BPA group made significantly more entries into the center than
control females but (D) duration of time spent in the center was unchanged. (E) Females
exposed to 50 mg BPA made fewer entries into the corners compared to control conspecifics
but (F) Duration of time spent in the corners was unchanged. (G) 5 ug BPA group made
significantly more entries into the perimeter compared to controls but (H) duration of time
spent in the perimeter was unchanged. (I) Females exposed to 50 mg BPA froze significantly
more than controls. Data are shown as the mean + SE. Differences from same sex controls
indicated by *, P < 0.05; **, P <0.01; ***, P <0.001; ¥,P <0.1.
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Novel Social

No significant effects or interactions were found for latency to enter the stimulus animal
chamber (Figure 2A), latency to contact the stimulus animal (Figure 2B), or number of
investigations (sniffing) of the stimulus animal (Figure 2C). Two-way ANOVA revealed a
significant interaction between sex and exposure for time spent investigating the stimulus
animal ((F95=3.894, P < 0.01); Figure 2D). Control males spent significantly more time
investigating the stimulus animal than did the control females (P < 0.02), 50 ug exposed
males (P < 0.03) males, 50 mg BPA exposed males (P <0.01). Females exposed to 50 mg
BPA spent significantly more time investigating than did the control females (P < 0.05) and
males exposed to 50 mg BPA (P <0.02). Thus, the sex difference observed in the control

animals was reversed in the 50 mg BPA exposure group (Figure 2D).
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Figure 2. Postnatal BPA caused a sex and dose-specific response in duration of time spent
sniffing a novel stimulus animal. (A) No significant differences were found in the latency to
enter the stimulus animal’s chamber, (B) latency to contact the stimulus animal, or (C)
number of investigations of a stimulus animal. (D) Control males spent significantly more
time investigating the stimulus animal than control females. Exposure to 50 ug and 50 mg
BPA significantly decreased the time males spent investigating, and exposure to 50 mg BPA
increased the amount of time females spent investigating the stimulus animal. Data are
shown as the mean + SE. A significant difference from control indicated by *, P <0.05.

57



Partner Preference
The control females formed a partner preference, spending significantly more time in

side-by-side contact with the partner versus the stranger (t,0=2.165, P <0.05, Fig. 3A). In
contrast females treated with any dose of BPA failed to form a “partner"” preference as there
was no significant difference in the duration of side-by-side contact between the partner and
the stranger (5ug (t16=1.642, ns), 50ug (t12=1.971, ns), and 50mg (t16=1.427, ns)). None of
the male exposure groups, including controls, spent significantly more time in side by side
contact with either the partner or the stranger (Fig. 3B).
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Figure 3. Postnatal BPA exposure resulted in a loss of statistical significance in the partner
preference test. (A) Control females spent significantly more time huddling with the
stranger versus the partner. In the BPA exposed groups, females still spent more time beside
their partner, but the statistical significance in time spent with the partner versus a stranger
was lost. (B) None of the male groups showed a significant partner preference. Data are
shown as the mean + SE. A significant difference from control indicated by *, P <0.05.
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Number of OT, AVP, and TH immunoreactive neurons in the PVN
oT

No significant interaction between sex and exposure was found by two-way ANOVA but
a one-way ANOVA within sex indicated a significant main effect of exposure on female OT-
ir (F 343 =3.010, P <0.04) neuron numbers in the anterior PVN. Females exposed to 50 mg
BPA had significantly more OT-ir neurons than the 5 ug (P <0.01) and 50 pg (P < 0.05)
groups (Fig. 4A) but did not statistically differ from controls. Differences in medial PVN
OT-ir neuron numbers did not reach statistical significance (Fig. 4B). There was a significant
main effect of exposure on OT-ir (Fs, 42 = 2.754, P < 0.054; Figure 4C) neuron numbers in
the posterior PVN. The 50 mg BPA group had significantly fewer OT-ir neurons compared
to controls (P <0.02; Figure 4C and Figure SE-F) and 5 pg exposed females (P < 0.05).

A significant main effect of exposure was found for male OT-ir (Fz 42 =3.341, P < 0.03;
Figure 4A) neuron numbers in the anterior PVN. Males exposed to 50 mg BPA had
significantly more OT-ir cells than 5 ug BPA (P <0.01) and 50 ug BPA (P <0.05). No
significant effect of exposure was found for OT-ir neuron number in the medial or posterior
PVN (Figure 4C-B).

AVP

No significant interaction was found by a two-way ANOVA, but one-way ANOVA
within sex indicated a significant main effect of exposure on female AVP-ir (F( 42 = 3.406, P
< 0.03) neuron numbers in the anterior PVN. Females exposed to 50 mg BPA had
significantly more AVP-ir neurons than all other groups (controls (P < 0.01; Figure 4D,
Figure 5A-B); 5 ug (P <0.01) and 50 pg (P <0.05)). No significant effects were found for
female medial (Figure 4B) or posterior PVN AVP-ir neuron numbers (Figure 4C).

In males, no effects of exposure were found for male AVP-ir neuron number in the
anterior PVN (Figure 4D), the medial PVN (Figure 4E), or posterior PVN (Figure 4F).
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Figure 4. Postnatal exposure to 50 mg/kg BPA resulted in a significant decrease in OT-ir
cells and a significant increase in the AVP-ir cell in the female prairie vole PVN. (A-B), BPA
exposure did not significantly alter OT-ir cell numbers in the anterior or medial PVN of
either sex but females exposed to 50 mg BPA had significantly fewer OT-ir cells in the
posterior PVN (C) and significantly more AVP-ir cells in the anterior PVN (D). (E-F)
Exposure to BPA had no significant effect on AVP-ir cell numbers in the medial and
posterior PVN of either sex. (G-I) Representative images of a mid-level immuolabeled
section for each of the regions of interest in the PVN and (J-L) corresponding illustrations
adapted from the Paxinos and Watson Rat Brain Atlas used to identify the rostral border of
each subregion: Anterior (Plates 38-41), Medial (Plates 42-47), or Posterior (Plates 48-51).
Scale bar in (1) is 100, um and applies to all panels. PaAP paraventricular hypothalamus
anterior parvicellular, PaDC paraventricular hypothalamic nucleus dorsal cap, PalM
paraventricular hypothamus lateral magnocellular, PaMP paraventricular hypothalamus
medial parvicellular, PaPo paraventricular hypothalamic nucleus, posterior, PaV
paraventricular hypothalamic nucleus ventral, Pe periventricular hypothalamic nucleus, ZI
zona incerta, Data are shown as the mean + SE. A significant difference from control
indicated by *, P <0.05.
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Figure 5. Representative images depicting increased AVP-ir cell numbers in the female
anterior PVN (A-B) and decreased OT-ir cell numbers in the posterior PVN of 50 mg/kg
BPA exposed females compared to control conspecifics (C-D). Scale bar in (B) is 100, um
and applies to all panels.



TH
Number of TH immunoreactive neurons in the PVN
A two-way ANOVA revealed a significant exposure by sex interaction (Fs, 39) = 19.61, P <
0.0001). Male controls had significantly more TH-ir cells than the female controls (P <
0.0001; Figure 6A, D-E). Exposure to 5 ug, 50 ug, or 50 mg BPA caused a significant
decrease in TH-ir cell number in males (P <0.01, P <0.001, P <0.0001 respectively) and a
significant increase in cell number in females (P < 0.0001, P <0.001, P <0.0001 respectively
Figure 6A, D-G). The sex difference in TH-ir cells was lost in the 5 pug BPA group and
reversed in the 50 pug and 50 mg BPA exposure groups compared to unexposed controls.
Number of TH immunoreactive neurons in the pBNST
A two-way ANOVA indicated main effects of exposure (Fs1y=2.708, P < 0.05), and sex
(F1,51=30.67, P < 0.0001) but no significant interaction. Males had significantly more TH-ir
cells than females in the control (P < 0.005), 50pug BPA (P <0.005) and 50 mg BPA (P <
0.01) exposure groups (Figure 7A, D-F). Postnatal exposure to 5 ug BPA caused a
significant increase (P < 0.05) in TH-ir cell number in the female pBNST, thus attenuating
the sex difference.
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Figure 6. In the posterior PVN, postnatal BPA exposure significantly increased the number
of TH-ir cells in females and significantly decreased their numbers in males. (A) Control
males had significantly more TH-ir cells than control females in the posterior PVN area (B)
The shaded portion of the diagram adapted from Paxinos and Watson plate 51 depicting the
region of interest and (C) a representative image depicting the rounded, dense cluster of TH-
ir cells found in the A13 region quantified. (D-E) Representative images depicting that TH-ir
density is sexually dimorphic with females (D) having significantly fewer than males (E).
(F-G) Representative images revealing that 50 mg/kg BPA reverses the sexual dimorphism in
posterior PVN TH-ir density. Scale bar in each panel corresponds to 100 um. Data are shown
as the mean + SE. A significant difference from control indicated by *, P < 0.01; ** P <
0.001; *** P <0.0001 within sex. A significant difference between sexes within exposure
indicated by &, P <0.01; &&, P <0.0001. A13 A13 dopamine cells, AHP anterior
hypothalamic area, posterior, DA dorsal hypothalamic area, PaPo paraventricular
hypothalamic nucleus, posterior, Pe periventricular hypothalamic nucleus, ZI zona incerta.

63



A C Control Female 10X
(<
-

Il Female

6 - 3 Male
&, | - T

Mean Number of Th-ir
Cells in pBNST

D Control Female 20X E Control Male 20X F 5pg BPAFemale 20X

Figure 7. Postnatal exposure to 5 ng/kg BPA caused a significant increase in female TH-ir
cell number in the pBNST. (A) BNST TH-ir was significantly elevated in the 5 pg/kg BPA
females compared to unexposed conspecifics but unaltered in the other exposure groups. (B)
An illustration adapted from the Swanson Rat Brain Atlas plate 21 depicting the region of
interest (boxed) and (C) a low magnification image of the population of TH-ir cells
quantified in this region. (D-F) Representative images showing the pronounced sex
difference in BNST TH-ir and the significant increase in TH-ir cell numbers in the female 5
ug/kg bw BPA exposure group. Scale bar in each panel corresponds to 100 um. Data are
shown as the mean + SE. A significant difference from control indicated by *, P <0.05. A
significant difference between sexes within the same exposure group indicated by &, P <
0.01. pr principal bed nucleus stria terminalis.
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Discussion

Consistent with what has been reported in other species, BPA altered the expression of
behaviors associated with anxiety, activity, and sociality in prarie voles, with the majority of
effects occurring in females. In females, BPA exposure affected exploratory activity and
behavior and inhibited the formation of partner preferences. Behavioral outcomes were
accompanied by dose- and sex-dependent changes in TH-ir, in the pBNST and TH-ir, OT-ir,
and AVP-ir neuron numbers in the PVN resulting in the loss of region-specific sex
differences at some doses. Collectively these studies provide further evidence that
developmental exposure to BPA can significantly impact the brain and behavior, and
highlight the utility of the prairie vole model when seeking to explore the effects of exposure
to BPA or other EDCs on prosocial behaviors and the neuroendocrine systems that
coordinate them.

Female prairie voles exposed to the lowest dose (5 ng/kg bw) of BPA demonstrated
heightened exploratory activity in the open field test, suggestive of hyperactivity. This
observation is consistent with what has been reported in mice (Anderson et al., 2013;
Kundakovic et al., 2013a; Williams et al., 2013; Wolstenholme et al., 2013a), rats (Ishido et
al., 2004; Ishido et al., 2011; Ishido et al., 2007; Masuo et al., 2004) zebrafish (Saili et al.,
2012), and young children (Braun et al., 2011; Braun et al., 2009; Harley et al., 2013).
Similarly, the results from the novel social test and the partner preference test indicate that
BPA alters the time course/development of prosocial behavior in a sex-specific manner. In
females there was a significant effect of BPA on the exploratory investigation of novel
individuals. Control males investigated novel individuals significantly more than females
and treatment with BPA either eliminated or reversed this effect, with females exposed to the
highest dose of BPA investigating novel individuals more than exposed males. In the two
lower dose groups, there was no difference between males and females in investigation of
novel conspecifics. These findings suggest that BPA, while not altering total time spent with
novel conspecifics alters how individuals interact socially.

The formation of a partner preference by both males and females is the initial and critical

process in the establishment of long-term pair bonds, an essential aspect of social monogamy
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(Young et al., 2011). While the effects on partner preference formation may have been
subtle, they were statistically significant. BPA-exposed females failed to form a partner
preference, while control females formed the predicted partner preference. The fact that
there still appears to be a strong tendency (Fig 3a) to spend more time in contact with the
partner suggests that BPA, instead of disrupting the formation of a possible preference,
increased behavioral variability. One possible explanation is that BPA exposure increases the
total amount of time it takes female prairie voles to form a preference. If this is correct, then
increasing the period of cohabitation would be predicted to lead to the formation of partner
preferences and, conversely, a shorter period of cohabitation would be predicted to increase
variability. Partner preference findings are thus consistent with the response in the novel
social test where BPA exposure altered how females investigate a novel individual; an effect
which likely impacts the required time for specific individuals to form specific preferences.
In contrast to females, there was no effect of BPA on partner preference in males, which is
not surprising given that control males did not form a partner preference. The lack of
formation of a male partner preference is consistent with previous studies in voles which
have concluded that, unlike females, mating is required for males to form a partner
preference without central administration of oxytocin or vasopressin (Young et al., 2011). A
logical follow up to the current study would be to determine if early exposure to BPA alters
the response to centrally administered neuropeptides, as occurs in neonatally castrated males
(Cushing et al., 2003).

Sex specific behavioral effects and the loss of behavioral sex differences have been
reported in other species following oral developmental BPA exposure in the low dose range.
For example, gestational and lactational exposure to dietary BPA (50 mg of BPA/Kkg feed
weight; resulting in approx. 150ug BPA daily exposure) caused a loss in sexually dimorphic
exploratory behaviors in Peromyscus californicus (another socially monogamous rodent),
and reduced territorial marking in exposed males (Williams et al., 2013). Loss of sex
differences in emotional responses and exploration have also been observed in adult mice
perinatally exposed to 10 pug/kg BPA (Gioiosa et al., 2007) and juvenile mice reared on a diet
containing 50 mg of BPA/Kkg feed weight (Cox et al., 2010). The neural mechanisms
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underlying the behavioral changes in this collective set of studies were not investigated but
sex specific neurochemical effects reported here are consistent with the hypothesis that BPA-
related effects on brain and behavior may be sex dependent.

Numerous prior studies have reported BPA-related effects on anxiety in rodents
(Wolstenholme et al., 2013a; Wolstenholme et al., 2011) and, in the present study, enhanced
freezing behavior in the open field test provides further evidence that BPA may induce a high
anxiety phenotype. For most rodents, freezing behavior is typically considered to be a
predator avoidance tactic that is associated with heightened anxiety. The proportion of
females engaging in this behavior was highest in the 50 mg BPA group. Variability in the
expression of this behavior increased with dose, a phenomenon which suggests that some
individuals are more predisposed to respond to an environmental stressor with this type of
activity than others. Essentially, within the 50 mg BPA group, there were “responders” and
“non-responders” and the significant difference in freezing behavior was lost if the six most
robust data points were removed as “outliers.” Our interpretation of this behavioral
variability is that the “responders” may represent individuals within a population that are
more sensitive to a change in the environment. Limited information is available regarding
genetic and other differences within a population contributing to variation in coping styles
(Koolhaas et al., 2011; Koolhaas et al., 2010) but work in this area is critically needed as the
concept of “adaptation” (or “resilience”) is emerging as a pivotal but controversial concept in
endocrine disruption toxicology (Andersen et al., 2005).

Use of elevated plus maze and other “traditional” tests of rodent anxiety to further assess
the potential impacts of BPA on anxiety-like behaviors may not be appropriate because voles
have a very different life history than rats and mice. This may also account for why no
impacts of BPA were observed on other aspects of open field behavior in either sex. For
example, in other laboratory rodent species, avoidance of the center of the open field is
considered a hallmark measure of anxiety, but this may not be an appropriate measure of vole
“anxiety” because they typically move about in grass runways where they are openly
exposed to predators. And thus, prairie voles may display a differential response to “open”

environments than traditional rodent behavioral models. Use of voles in toxicity testing will
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require design of more ethologically relevant tests, specific to the prairie vole pro-social life
history.

Prior work investigating the behavioral consequences of early-life low dose BPA
exposure has also generated data implicating disruption of the OT/AVP system as an
underlying mechanism. Perinatal (gestational through adolescent) exposure to BPA via
drinking water (1 mg/L), resulting in serum levels approximately equivalent to humans
(FAO/WHO, 2011), elevated anxiety-related behaviors in juvenile rats and decreased Esr2
(ERP) and Mc4r expression levels in the amygdala (Patisaul et al., 2012). These genes play
crucial roles in regulating the production and release of OT and AVP in the PVN.
Specifically, agonism of Mc4R in magnocellular neurons induces dendritic secretion of OT
(Sabatier et al., 2007), an effect which is anxiolytic (Insel, 2010; McCarthy and Altemus,
1997). In female rats, neonatal BPA exposure (50 mg/kg bw or 50 pg/kg bw by
subcutaneous injection) significantly increased OT-ir neuron numbers in the anterior PVN of
female rats (Adewale et al., 2011), a result which was interpreted to potentially indicate
sequestration of OT and reduced release from nerve terminals. Mice reared on a diet
delivering approximately 170 pg/kg bw BPA (to the dams) during gestation displayed
transgenerational changes in sociality that coincided with a decrease in AVP and OT mRNA
expression levels in whole embryonic brains. A subsequent study revealed hyperactivity in
the F3 generation accompanied by increased investigative sniffing of a novel conspecific
(Wolstenholme et al., 2012; Wolstenholme et al., 2013a). Collectively, these findings support
the hypothesis that BPA exposure may disrupt the organization of OT/AVP pathways arising
in the PVN, thereby impacting related behaviors.

The present data enhance available information about how BPA might be altering PVN
organization by revealing that only specific subpopulations of PVN OT, AVP and TH
neurons may be vulnerable to endocrine disruption. The high dose of BPA (50 mg/kg bw)
significantly increased anterior PVN AVP-ir and decreased posterior PVN OT-ir. BPA
exposure also resulted in elevated female TH-ir and decreased male TH-ir neuron numbers in
the posterior PVN. Interpreting the functional significance of these changes is hampered by

the limited information regarding the subarchitecture of the vole PVN, although some
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inferences can be drawn given available data from other rodent species. The rat PVN is
subdivided into anatomical and functional regions, with OT/AVP neurons being either
magnocellular or parvocellular. In the rat, magnocellular neurons produce only OT and AVP
and descend to the posterior pituitary where these neuropeptides are released into general
circulation to regulate physiology coordinating osmotic balance and related homeostatic
functions (ex. blood pressure, lactation) (Herman et al., 2002; Sawchenko and Swanson,
1983). Parvocellular OT and AVP neurons produce other neuropeptides, and project to
hypothalamic and other brain regions as well as the anterior pituitary and play a coordinating
role in motivational, reproductive, and affective behaviors (Simmons and Swanson, 2008).
Although we hypothesize that the population of OT-ir and AVP-ir neurons impacted by BPA
is parvocellular, the possibility that BPA alters the density of magnocellular neurons cannot
be ruled out. This would suggest a potential mechanism for homeostatic disruptions
associated with BPA exposure including cardiovascular effects and hypertension (Melzer et
al., 2010; Shankar and Teppala, 2012). Similarly, in the rat, parvocellular OT and AVP
neurons in the affected areas of the PVVN, along with coordinating input from the BNST, are
involved in the stress response (Herman et al., 1994) supporting the possibility that BPA may
influence the hypothalamic-pituitary-adrenal (HPA) axis. The only study to date attempting
to identify specific OT/AVPV neuronal populations, and their projections, in the vole PVN
found that magnocellular and parvocellular cells are intermixed, and that their projections
may not match those of the rat (Ross et al., 2009). Thus, we cannot readily deduce which
PVN subpopulations of dopaminergic or OT/AVP neurons were significantly impacted by
BPA, nor conclude with certainty that the observed behavioral changes are a consequence of
the anatomical differences, but ongoing studies should provide greater resolution.

Actions on estrogen receptors (ERs) may be a primary mechanism by which BPA may
induce effects on dopaminergic and OT/AVP pathways. We have shown that developmental
BPA exposure can perturb ERa and ERP expression throughout the rat mesolimbic dopamine
system, including the PVN and BNST (Cao et al., 2014; Cao et al., 2012; Cao et al., 20133;
Rebuli et al., 2014) across the lifespan. These data suggest that early life exposure to BPA

can fundamentally and permanently alter the density of ERa and ERp in limbic nuclei,
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including those critical to sociality. This altered distribution of ERs may underpin the
observed behavioral and structural changes reported herein. OT pathways coordinating
social recognition are well known to be regulated by estrogen, with both ERa and ER
knockout mice showing social deficits (Choleris et al., 2008; Choleris et al., 2003), and ER3
knockout females failing to generate OT or AVP mRNA expression in response to
exogenous estrogen administration (Nomura et al., 2002; Patisaul et al., 2003). Critically, the
distribution of ERa differs across social and nonsocial species and plays a significant role in
regulating species-specific sociality (Cushing and Wynne-Edwards, 2006). Increased ERa in
the pBNST reduces male pro-social behaviors, including affiliation (Lei et al., 2010; Young
etal., 2011). Although the specific functional role of limbic ERp remains poorly
understood, ERp in the PVN and associated structures, including the BNST, plays a
fundamental role in mediating motivational and anxiety-related behaviors (Kudwa et al.,
2014; Lund et al., 2005; Sullivan et al., 2011). Moreover, estradiol administration to female
prairie voles has been shown to induce estrous, but also modulates locomotor activities
(Cushing and Hite, 1996; Cushing et al., 1995) suggesting a role for ERs in heightened
exploration. The pBNST is richly populated with TH-ir cells, some of which are co-localized
with ERa. Interestingly, this morphology is a unique feature of male prairie voles as few of
these co-localized cells have been detected in the female vole pBNST or the BNST of
promiscuous rodent species (in either sex). Sexually dimorphic populations in the pBNST co-
expressing TH and ERa were more responsive to estrogen administration in maintaining TH
(Young et al., 2011), suggesting that ERa. mediates dopamine production. These data suggest
that future work should focus on EDC-related impacts on ER levels within vole limbic
nuclei, and male social interactions, including aggression.

Although not specifically explored in the present study, an additional possibility is that
social and anxiety-related behavioral changes following BPA exposure result from altered
distributions of OT and AVP receptors. Notably, higher OT receptor (OTR) binding in the
female prairie vole NAcc has been associated with decreased levels of anxiety-like behaviors
(Bales and Perkeybile, 2012). Moreover, it is well recognized that species (and, to some

extent, individual) differences in pro-social behavior largely depend on differences in OTR
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and AVP1aR distribution (reviewed in (Insel, 2010)). For example, monogamous females
have a greater density of OTRs in the NAcc, a region that coordinates reward and

reinforcement via dopaminergic pathways.

Conclusions

While there are consistencies with the results from rats and mice there are also
differences indicating that using a more socially relevant species may be critical for
understanding the effects of BPA, as well as, other endocrine disruptors in humans. The
increase in activity in females treated with the lowest level of BPA, indicative of
hyperactivity, is consistent with available human and mouse data. In contrast the subtle, but
significant changes in social interaction seen in the novel social test and formation of partner
preferences represent new findings that may not be observable in less social laboratory
rodents. Additionally these effects could be magnified in the natural world where time of
interaction is critical, such that minor changes could have major consequences, as extending
the time or inhibiting initial interactions might disrupt the entire process of partner
preference. Behavioral changes were accompanied by altered OT- and AVP-ir cell numbers
in subregions of the PVN, and TH-ir cell numbers in the pPBNST. While the specific
functional significance of these changes needs to be further elaborated, impacts are wide
ranging as these brain regions and mechanisms are known to be involved in the regulation of

prosocial behaviors as well as responses to stress.
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CHAPTER 5: Conclusions

Overall, the behavioral outcomes reported in my dissertation are indicative of a endocrine
disruption in the mesolimbic dopamine system. The medial preoptic area (MPOA) activates
the mesolimbic system to regulate the appetitive components of male sexual behavior, which
is driven largely in part by estradiol (Stolzenberg and Numan, 2011). Thus it is reasonable to
hypothesize that EDC interference with ER( in turn disrupts the mesolimbic reward pathway
because ERp neurons in the AMYG and PVN can influence dopamine production (Creutz
and Kritzer, 2004; Patisaul et al., 2003). For example, ER[ can increase OT production in
the PVN while ERa increases the expression of OTR in the hypothalamus (Rissman, 2008)
and binding of OTR results in an increase of dopamine release from the amygdala and
elsewhere. Consistent with my hypothesis that BPA and other EDCs impact mesolimbic
pathways, | observed that ESR2 was downregulated in the AMYG of rats exposed to BPA
and that sexually dimorphic TH-ir neuron number in the pBNST wasreversed in BPA
exposed prairie voles.

Additional work is needed to more comprehensively establish if these observations are
indicative of BPA-related hyperactivity and elucidate the underlying mechanisms by which
exploratory and sociosexual behavior occurs. Hyperactivity in rodents has been tied to
various alterations in the dopaminergic system. For example rats displaying hyperactivity in
a novel environment had increased D1 receptor binding in the NAcc core and the caudate
putamen (CP), increased D3 receptor mRNA expression in the NAcc shell, and increased D2
receptor levels in the NAcc core (Brake et al., 2004). Disruption of monoamine activity by
BPA resulting in behavioral effects is further supported by recent studies showing that
perinatal BPA exposure causes spontaneous and hyperactive outcomes in mice (Anderson et
al., 2013; Viberg and Lee, 2012), rats (Ishido et al., 2007; Zhou et al., 2011) and zebrafish
(Saili et al., 2012), a subset of which reported associated disruption within the dopaminergic
system (Ishido et al., 2007; Zhou et al., 2011) and altered monoamine levels (Matsuda et al.,
2012; Matsuda et al., 2010; Nakamura et al., 2010; Zhou et al., 2011). Alterations in D2

receptors and autoreceptors can cause a range of disorders but most relevant here is that these
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receptors can cause either a loss in activity/locomotion and reward reinforcement (Ford,
2014) or hyperactivity and increased sensitivity to acute rewards (Anzalone et al., 2012).
Recently, a mutation in the human dopamine transporter gene (hDAT) has been associated
with autism spectrum disorder (ASD) diagnosis. Expression of the hDAT in DA neurons-
lacking Drosophila melanogaster DAT conferred hyperlocomotion (Hamilton et al., 2013).
Collectively my data suggests that sex steroid receptors and the mesolimbic dopamine system
are linked and exposure to BPA and phytoestrogens alter the mesolimbic dopamine system in
a sex and age dependent manner.

Now that | have established the prairie vole as a valuable animal model for EDC
research, future studies can address more specific questions about impacts on sociosexual
behavior. For example, allowing males and females to mate prior to the partner preference
test would facilitate analysis of prosocial behavior specific to their mating strategy, time to
mate, and strength of the post-copulatory bond. Additionally, other important, associated,
prosocial behaviors could be assessed, including alloparental care and aggression. The
underlying mechanisms could be characterized by quantifying sex-specific receptor
distribution in various regions of interest known to relegate the expression of that particular
behavior, including mesolimbic pathways. For example, if BPA-exposed males or females
displayed a significant loss in partner preference, we could then flash freeze the brain to
perform autoradiography specific for OTR and V1aR and quantify differences, with the
expectation of finding a loss of VV1aR in male ventral pallidum and OTR in female NAcc.

Because hyperactivity and anxiety have been reported in BPA-exposed animals including
humans, it is important to fully characterize these behaviors to better distinguish between
behaviors indicative of anxiety versus activity. | believe tracking animal movement in the
home cage for a 24hr period would help us determine true baseline activity levels that could
then be compared with exploratory activity, sociality (play behavior in subadults and novel-
social in adults), and anxiety. It is important to stress to the public that while soy cannot be
considered a “rescue” from endocrine disruption effects or from affective disorders, it can be

used to better understand the mechanisms behind varying health outcomes and address to the
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public that aspects of the diet and environment (including social) are important and should be
considered by future scientific studies.

Collectively my data support currently controversial low dose responses for BPA and
other EDCs that have been reported previously and attributed to several possible factors
including interacting mechanisms of action and divergent cellular responses across the dose
range (Kendig et al., 2010; Kundakovic et al., 2013b; Vandenberg et al., 2009).
Differential/opposite effects on behavior (Holmes et al., 2002) and physiology (vom Saal et
al., 1997) are known to be associated with low versus high doses of estrogen. Intrauterine
position (IUP) has been an excellent naturally occurring model for illustrating how prenatal
exposure to low levels of endogenous hormones can differentially affect physiology and
behavior (Ryan and VVandenbergh, 2002). Regulatory policies on risk assessment must adapt
to the growing field of endocrine disruptors, a task difficult to tackle in a high throughput
manner.

My dissertation contributes to science in several ways. By using the prosocial prairie
vole, | have identified a unique, yet key, rodent species to strengthen toxicological screening.
This model is especially important because the underlying neural circuitry of sociality,
including mating strategy, is highly plastic, well-characterized, similar to that of humans, and
its disruption results in behavioral outcomes similar to those seen in the diagnosis of ASD
and other affective disorders. Importantly I showed that diet does matter; rearing on a soy-
rich diet resulted in behavioral and gene expression effects. Studies should be controlled and
designed to recapitulate natural conditions as closely as possible, including route of exposure,
levels of exposure (with the understanding of variance in metabolomics) mixtures, cycles, as
well as housing/environmental conditions. Furthermore, my dissertation adds to the body of
scientific evidence that endocrine disruption occurs in a non-monotonic manner. While this
phenomenon is not novel, toxicology studies appear slow to adopt methods to address it and
this dissertation provides findings and better-suited models to expedite those critical assays.
Finally, my data indicated a diet by exposure by gene interaction, further supporting the idea
that all three factors, as well as individual variation, should be strongly considered. Although

| did not execute a study to specifically address individual variation, | addressed this idea in
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the discussion of AIM3, Chapter 4, where a subset of female voles froze in the center of the

open field arena.
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