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Abstract

Bisphenol A (BPA) is an endocrine disrupting compound used in the production of polycarbonate
plastics. Recent data have indicated health risks associated with exposure to BPA, particularly in
children exposed during gestation. Gestational BPA exposure has been proposed as a risk factor
for the development of neurobehavioral disorders, such as autism spectrum disorder. To address
the behavioral impact of developmental exposure to BPA, I tested offspring of mice exposed to a
daily low dose of BPA during pregnancy. I also asked if preconception exposure of the sire affected
behaviors in offspring. Juvenile offspring exposed to BPA maternally, but not paternally
demonstrated increased anxiety-like behavior. However, neither parental exposure group differed
significantly from controls in the social recognition task. I also assessed the behaviors of maternally
exposed offspring in two novel tasks: ultrasonic vocalizations (USVs) in pups and operant reversal
learning in adults. Maternal BPA exposure increased the duration and median frequency of USVs
emitted by pups during maternal separation. In the reversal learning task, females responded more
accurately and earned more rewards than males and control females received more rewards than
BPA females during the acquisition phase of the task. Previous research from our lab demonstrated
that gestational BPA exposure not only affects offspring directly exposed in utero but also offspring
three generations removed from the BPA exposure. We have previously reported that
transgenerational exposure to BPA affects estrogen receptor alpha (ERa) in two sexually dimorphic
brain areas. In a follow-up study, I determined the effects of ancestral BPA exposure in three
sexually dimorphic brain regions: the anteroventral periventricular nucleus (AVPV), sexually
dimorphic nucleus of the preoptic area (SDN-POA), and the cerebellum. In adults from F3 control
and BPA lineages, I found that females had more tyrosine hydroxylase positive dopaminergic cells
than males in the AVPV, particularly in cells that also had nuclei positive for ERa. Contrastingly,
the volume of calbindin immunoreactivity in the SDN-POA was greater in males than females. In
juvenile cerebellum, however, I found no effect of sex on the amount of calbindin protein. All three

areas lacked a significant impact of transgenerational exposure to BPA. Calbindin, a high-affinity



il
calcium binding protein, is associated with a number of neurobehavioral diseases, many of which
are sexually dimorphic in incidence. In the final study, I investigated novel aspects of calbindin
function on social behavior, anxiety-like behavior, and fear conditioning in adult mice of both sexes
by comparing wildtype (WT) to littermate calbindin knockout (KO) mice. I also examined gene
expression in the amygdala and prefrontal cortex (PFC), two areas of the brain intimately connected
with control of the behaviors tested, in response to sex and genotype. I found that fear memory and
social behavior was altered in male knockout mice and Calb-KO mice of both sexes show less
anxiety-like behavior. Moreover, gene expression studies of the amygdala and PFC revealed
several significant genotype and sex effects in genes related to brain-derived neurotrophic factor
(BDNF) signaling, hormone receptors, histone deacetylases, and GABA signaling. The results
reported in each of the three studies demonstrate the important role of both genetic and

environmental factors in shaping the development of the brain and behavior in mice.
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Chapter I

Introduction



General introduction

Hormones function in the human body at exceptionally low concentrations: on the order of
parts-per-trillion. Put in perspective, this would be roughly equivalent to one inch in 1.6 million
miles, or one second in 32,000 years. A system this sensitive is, unfortunately, also incredibly
vulnerable. The sensitivity of human brain development to hormones during critical periods
increases the potential risk of permanent dysregulation of neurodevelopment by environmental
factors.

The developmental origins of health and disease (DOHaD) hypothesis posits that events
during early development impact an organism’s risk for development of future disease. This was
first proposed by Dr. David Barker, who showed that low birth weight, a surrogate for poor fetal
growth, was significantly associated with increased risk of heart disease, obesity and insulin
resistance in adulthood (Barker, 1999). The theory stresses the importance of sensitive or critical
periods in development when an environmental stimulus can have life-long, potentially irreversible
effects on development. This is particularly true for early-life programming actions of hormones,
which have been suggested as a risk factor for neurodevelopmental disorders like autism spectrum
disorder (ASD), schizophrenia, attention-deficit-hyperactivity disorder (ADHD), and affective
disorders (Bale et al., 2010). ASD prevalence, in particular, has a strong male bias, which suggests
a significant contribution of sex-specific genetic and hormonal factors.

Autism spectrum disorder describes a collection of heterogeneous neurodevelopmental
disorders characterized by varying degrees of social deficits, communication problems, and
perseverative/stereotyped behaviors. The incidence of ASD is approximately 1 in 68 children,
however it is almost 5 times more common in boys (1 in 42 for boys, 1 in 168 for girls) (ADDM,
2014). Although there is strong evidence for a genetic link in ASD, it is thought that environmental
factors, such as endocrine disrupting compounds, could also contribute to the exponential increase
in diagnosis of this disorder and the inherent diversity of behaviors associated with ASD (T.

Schug et al., 2015). Endocrine disrupting compounds (EDCs) are chemicals that interfere with
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the synthesis, secretion, transport, binding, action, or elimination of natural hormones that are
responsible for development, behavior, fertility, and maintenance of homeostasis (Gore et al., 2015)
(see Figure 1). Appropriate brain development depends on a balance of hormones during critical
periods. It is therefore crucial to understand how endocrine disruptors like BPA can disturb this

process.

Normal hormone binding Endocrine disrupting action
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Figure 1: Receptor actions of endocrine disrupting chemicals (EDCs)

By binding to hormone receptors (purple), EDCs (green) can (A) mimic the response of endogenous
hormones (yellow), (B) antagonize their action, (C) induce a stronger response than the endogenous
hormone, or (D) dampen the response of the endogenous hormone. Adapted from (Sosa-Ferrera et al.,
2013)

BPA

Bisphenol A (BPA) is a man-made endocrine disrupting chemical used to manufacture
polycarbonate plastics and epoxy resins. It was first synthesized by a Russian chemist named
Alexander Dianin in 1891. Charles Dodds later tested BPA as a potential synthetic estrogen for
medical use in the 1930s, but concluded that its estrogenic activity was too low. Twenty years later,
scientists at Bayer and General Electric discovered a practical use for BPA in the manufacturing of
polycarbonate plastics. Since the FDA’s approval of the use of BPA in consumer products in the
1960s, BPA has become one of the world’s mostly highly manufactured chemicals. Over 3.8
million tons are produced each year, a third of which is manufactured in the United States (Flint et
al., 2012). BPA is present in many highly utilized products such as plastic water bottles, storage

containers, CDs and DVDs, eyeglass lenses, thermal receipt paper, dental sealants, and the lining
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of food and beverage containers (Michatowicz, 2014). Canada was the first country to ban the use
of BPA in baby bottles in 2010. Since then, many other countries have followed suit, including the
United States (Metz, 2016). Prolonged usage or exposure of these items to high temperatures
gradually increases the amount of BPA that can leach from the polycarbonate (Carwile et al., 2009;
Le etal., 2008). Therefore, the greatest source of exposure in humans comes from ingestion of food
and water in contact with BPA-containing materials. Humans are also exposed to BPA through
respiration (dust) and dermal contact (paper) (Liao and Kannan, 2011), although these routes of

administration need to be more thoroughly examined.

Human exposure and BPA metabolism

Human exposure to BPA is widespread: the CDC reports detectable levels of BPA in over
93% of human urine samples (CDC (Centers for Disease Control and Prevention, 2009). BPA is
also detected in serum, amniotic fluid, umbilical cord blood, and breast milk (Cao et al., 2015;
Genuis et al., 2012; Ikezuki et al., 2002). Typical levels of BPA range from 0.3 ng/mL to 18.9
ng/mL in human maternal plasma, 0.2 to 9.2 ng/mL in fetal plasma, and 1.0 to 104.9 ng/mL in
placenta tissue (Schonfelder et al., 2002). The lowest observed adverse effect level (LOAEL) for
humans as stated by the United States Environmental Protection Agency (EPA) is 50 mg/kg/day
(USEPA, 2010). To determine the maximum concentration believed to be safe, the EPA divides
this dose by a 1,000-fold-safety factor (50 pg/kg/day). Animal and human studies have
demonstrated BPA can cross the placenta and circulate in the fetal system (Balakrishnan et al.,
2010; Corbel et al., 2013; Ikezuki et al., 2002; Nishikawa et al., 2010; Schonfelder et al., 2002).
Normally, expression of alpha-fetoprotein in the liver and yolk sac during fetal development buffers
the fetus from excess maternal estrogens by binding and preventing their passage through the
placenta. However, xenoestrogens, like BPA, do not bind to alpha-fetoprotein and are therefore

free to enter the fetal environment (Milligan et al., 1998).
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The liver enzyme UDP-glucuronosyltransferase (UGTB1) metabolizes BPA in the body.

The metabolites are cleared from the blood and excreted in urine and sweat with an overall half-
life of about 6 hours in humans (Genuis et al., 2012; Volkel et al., 2002). However, UGTBI1 is not
expressed in the developing fetal liver (Coughtrie et al., 1988; Matsumoto et al., 2002).
Glucuronidated BPA (metabolized by UGTB1) can be de-conjugated by placental B-glucuronidase
in humans and rodents (Edlow et al., 2012). Since the developing organism does not express
UGTBI, unconjugated BPA gets trapped in the fetal-placental compartment causing high fetal
exposure (Corbel et al., 2013; Nishikawa et al., 2010). Additionally, a study in rats reported that
maternal activity of UGTB1 decreases by about fifty percent during pregnancy (Matsumoto et al.,
2002). Moreover, urinary BPA concentrations in premature infants undergoing intensive medical
treatment are significantly higher than the general population, potentially due to prolonged
exposure to medical devices containing BPA and their relatively smaller body size (Calafat et al.,
2009). Taken together, this suggests a significant susceptibility to developmental reprogramming

by BPA during fetal and neonatal stages.

Effects on Human Behavior

Considering the vulnerability of developing organisms to the endocrine disrupting effects
of BPA in utero, recent research has focused on the potential developmental consequences of
gestational BPA exposure. Epidemiological studies in human populations have begun to reveal
alarming associations between early-life BPA exposure and neurobehavioral development in
children (reviewed in Mustieles et al., 2015). Research in human populations typically uses urinary
concentrations of BPA as an indicator of the degree of exposure. Ideally, researchers collect urine
at several time points, as a single urine sample may not reflect an individual’s long-term exposure
to BPA (Mahalingaiah et al., 2008). In a study population of 249 mothers and their children, BPA
measured in urine samples collected the mothers at several time points during pregnancy positively

associated with anxiety and depressive symptoms in their children, specifically in girls (Braun et
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al., 2009; J. M. Braun et al., 2011). Urine samples collected early in the second trimester showed a
stronger association with externalizing behavior in girls at 2 years of age than measurements
collected after 17 weeks gestation (Braun et al., 2009). In the follow up study, each 10-fold increase
in gestational BPA concentration was associated with more anxious and depressed behavior and
poorer emotional control in girls at three years of age. These behaviors were not correlated with
the urinary BPA levels of the children themselves, indicating the importance of developmental
exposure (J. M. Braun et al., 2011). However, the effects of BPA in this study population appear
to be age-specific because urinary BPA did not predict scores on the neonatal intensive care unit
(NICU) Network Neurobehavioral Scale (NNNS), a measure of early infant behaviors (Yolton et
al., 2011). Furthermore, the same children were assessed on the Social Responsiveness Scale (SRS)
at 4-5 years of age, but there was no statistically significant association between SRS scores and
gestational BPA exposure (Braun et al., 2014).

Other studies have found sex-specific effects of prenatal BPA exposure. In boys, maternal
urinary BPA was positively correlated with symptoms of anxiety and depression, but the opposite
was true in girls (Evans et al., 2014; Harley et al., 2013; Perera et al., 2016, 2012; Roen et al.,
2015). BPA is also associated with an increased risk of hyperactivity and inattention symptoms
characteristic of attention deficit hyperactivity disorder (ADHD) in boys and a reduced risk of
inattention symptoms in girls (Casas et al., 2015). However, another group found no associations
urinary BPA concentrations in the third trimester and scores on the SRS in 137 mother-child pairs
at ages 7-9 in a multi-ethnic study population. One limitation of this study, however, was that only
one urine sample was measured at the end of the pregnancy (Miodovnik et al., 2014).

Exposure to BPA during childhood (as opposed to gestation) has been associated with
worse behavioral scores on the Child Behavior Checklist (Rocio et al., 2016), poor performance on
the Learning Disability Evaluation Scale (Hong et al., 2013), as well as increased hyperactivity in
girls and decreased social behavior in boys (Findlay and Kohen, 2015). Interestingly, two studies

found that urinary concentrations of BPA in children with ASD are higher than in typically
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developing children (Kardas et al., 2015; Stein et al., 2015). Despite some inconsistencies in the
sex of children primarily affected by BPA, taken together, these studies support a connection

between early-life BPA exposure and alterations of human behavior.

Molecular Targets of BPA
Estrogen receptors

Many of the effects of BPA seem to be mediated by its actions on estrogenic signaling. As
such, a great deal of research has focused on the effects of BPA on sex hormone-dependent
physiology, like reproductive function, fertility, puberty, and urogenital birth defects. BPA has been
linked to various anomalies in reproductive physiology: premature puberty onset (Howdeshell et
al., 2007), altered mammary gland development (Vandenberg et al., 2007b), prostate cell growth
(Prins et al., 2014), changes in female genital tract morphology (Markey et al., 2005). However,
the research exploring mechanisms by which BPA affects estrogenic activities has produced
variable results.

Estradiol binds to both nuclear estrogen receptors, ERa and ER[3, which are encoded by
different genes (Esr/ and Esr2, respectively). Upon estradiol binding to intracellular ER,
conformational changes cause the receptor to form a dimer, either a homodimer or a heterodimer
consisting of ERa and ERB (Cowley et al., 1997). This dimer binds to several kinds of response
elements in the DNA sequence, including estrogen response elements (EREs), to affect the
downstream gene transcription (Klinge et al., 2004). It is thought that BPA-bound ERs induce
different conformational changes than the endogenous ligand and therefore alter downstream
effects (Gould et al., 1998). Luciferase reporter assays in cell culture studies reveal that BPA evokes
about 50% of the activity of estradiol when bound to the receptor (Gould et al., 1998; Kurosawa et

al., 2002). BPA binds to ERa at a very low affinity, about 10-100,000 times less than estradiol, its

endogenous ligand (Barkhem et al., 1998). BPA binds ERa and ER[ at similar affinities (Kuiper



8
et al., 1998) and the actions of BPA may be contingent on the receptor subtype and cell type. One

study shows that BPA acts as an estrogen agonist at ER receptors in the presence of estradiol, but

either an agonist or antagonist at ERa receptors depending on the cell line and presence of estradiol
(Kurosawa et al., 2002).

Recent studies have highlighted
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Figure 2: Non-monotonic dose responses
Toxicological risk assessments typically assume a linear
dose-response relationship (dashed line). The lowest

females exposed to BPA at low doses
have decreased ERa expression in the
hypothalamus compared to control,

whereas a higher dose of BPA is not

observed adverse effect level (LOAEL) and the no
observed adverse effect level (NOAEL) are
experimentally determined and the “safe” reference dose
is established after accounting for “safety factors”.
However, hormones and EDCs sometimes have a non-
monotonic response (solid curved line) — meaning that
doses lower than the reference dose may also result in a
response. Adapted from (Vandenberg et al., 2012).

significantly different from control. The
pattern is opposite for males: BPA
increased ERa at low doses, but there
was no difference at high doses
(Kundakovic et al., 2013). Hormone-sensitive targets could exhibit different responses to the same
hormone or EDC based on concentration for a variety of reasons. Hormones bind with different
affinities to various receptors. Perhaps activation of one receptor triggers the upregulation of
another, which can then respond independently to a higher dose of the hormone or EDC. Several
hormones can also influence their own production or release via complex positive and negative

feedback systems (Vandenberg, 2014). In the case of BPA and ERa, perhaps at lower

concentrations BPA binds to a receptor other than ERa to induce an intracellular response that
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increases ERa expression, but at higher doses BPA binds directly to ERa, causing a negative
feedback response and decreasing ERa expression. The results of the animal studies reflect patterns
seen in epidemiological data as well (Alyea and Watson, 2009; Rubin and Soto, 2009). Non-
monotonic responses of BPA exposure may explain some of the conflicting results at different
doses in animal studies. However, weak activity at classical estrogen receptors does not fully
explain the behavioral and physiological phenotypes reported in rodent models of BPA exposure,
especially at the low doses being tested.

In addition to nuclear receptors, BPA also binds with relatively high affinity to the
membrane-bound estrogen receptor GPER. BPA binds GPER with higher affinity than nuclear ERs
and leads to rapid activation of adenylyl cyclase in vitro (Thomas and Dong, 2006). Activation of
this receptor can also cause changes in intracellular signaling cascades such as the phosphoinositide
3-kinase (PI3K)-Akt pathway (Revankar et al., 2005) and the mitogen-activated protein kinase
pathway (MAPK) (Jang et al., 2012; Xu et al., 2013a). GPER activation of the MAPK pathway
mediates phosphorylation of N-methyl-D-aspartate (NMDA) receptor subunits and morphogenesis
of hippocampal neurogenesis induced by BPA in male mice (Xu et al., 2013b). Activation of a
membrane-bound ER may explain some of the estrogen-related effects of BPA that are not
mediated by classical ERs. For example, GPER expression is increased in embryonic mouse brain
in males exposed to BPA during gestation, whereas ER[} expression is unaffected (Wolstenholme
et al., 2012). However, it is still unclear whether GPER-related signaling events could contribute

to the long-term changes caused by BPA in the brain.

ERRy
BPA binds with high affinity to estrogen-related receptor gamma (ERRY), an orphan
receptor that shares a sequence homology with ERa and ER but is not activated by estradiol (Liu

et al., 2010; Matsushima et al., 2007; H. Okada et al., 2008; Takayanagi et al., 2006). The IC50 of
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BPA for ERRy (13.1 nM) is 80 to 100-times lower than the IC50 values of BPA for ERa (IC50=

1040 nM) or ER (IC50 = 1320 nM) (Takayanagi et al., 2006). BPA binds to ERRy to preserve its
constitutive activity. ERRy does not bind estradiol; it is constitutively active in the nucleus where
it binds to estrogen response elements (EREs) and ERR-response elements (ERREs), among many
other regulator elements, in the absence of a ligand (Razzaque et al., 2004). ERRYy can also interact
with other ERRs to regulate transcription (Kumar and Mendelson, 2011). ERRy and ERRa can
exist as a heterodimer, but the activities of both receptors are inhibited by this interaction
(Huppunen and Aarnisalo, 2004). Peroxisome proliferator-activated receptor gamma (PGC-1a) is
an important co-activator and regulator of transactivation for ERRy (Liu et al., 2005; Zhang and
Teng, 2007), whereas small heterodimer partner (SHP) acts as a transcriptional repressor for ERRy
(Zhang and Wang, 2011). This might serve to explain why the effects of BPA sometimes do not
match the response of positive estrogen controls for estrogenic activity (diethylstilbestrol (DES) or
ethinyl-estradiol (EE)) in some studies (Greathouse et al., 2012; Kubo et al., 2003).

Interestingly, the placenta expresses extremely high levels of ERRy and its high affinity
for BPA causes an accumulation of BPA in placental tissues (Takeda et al., 2009). Within the
placenta, ERRYy activity leads to increased expression of aromatase, the enzyme that converts
testosterone to estradiol, thereby regulating placental estradiol levels (Kumar and Mendelson,
2011). High doses of BPA during pregnancy in mice can cause changes in placental morphology
and ultimately result in abortion (Tachibana et al., 2007). Exposure to BPA at a level commonly
detected in human placentas leads to cell death and is associated with adverse pregnancy outcomes
(Benachour and Aris, 2009). These results suggest that the placenta is a particularly susceptible
target of the effects of BPA, which may be partially mediated by ERRY.

ERRYy is highly expressed in the developing brain, as well as in the adult brain in specific
areas (Lorke et al., 2000). The expression pattern of ERRy is distinct from estrogen-related

receptors alpha and beta, pointing to an important functional difference during development (Hong
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et al.,, 1999). BPA administered at a range of low doses during gestation reversed sexually
dimorphic expression of ERRy in juvenile prefrontal cortex and hypothalamus of BALB/c mice.
Male ERRy mRNA was higher than female in both brain areas, but exposure to 2 or 20 pg/kg BPA
reversed this sex difference (Kundakovic et al., 2013). In embryonic C57 mouse whole brain,
gestational BPA exposure significantly increased ERRy gene expression in males (Wolstenholme
etal., 2012).

In zebrafish, the synthetic ERRy agonist GSK4716 can mimic the effects of perinatal
exposure to low doses of BPA on social behavior, circadian rhythms, hyperactivity, and learning
(Saili et al., 2012; Weber et al., 2015). These data establish the sufficiency of ERRy to induce
similar effects as BPA in a zebrafish model. Even more compelling is evidence that the enhancing
effects of BPA on spinogenesis in the adult rat hippocampus can be blocked by an ERRy antagonist,
but not antagonists of ERa or ERP (N. Tanabe et al., 2012). These studies strongly implicate ERRy

as a mediating factor in the neurodevelopmental effects of BPA.

Androgens

BPA also exerts it effects on other steroid hormones important during development.
Testosterone is secreted from the testes in males, the ovaries in females, and from the adrenal gland
in small amounts in both sexes. XY males possess the Sry gene, which signals undifferentiated
embryonic gonads to become testes, which then begin to release testosterone. Testosterone and its
metabolite dihydrotestosterone (DHT) bind to the intracellular androgen receptor (AR) to
masculinize internal and external genitalia. Testosterone is metabolized by 5a -reductase, which
catalyzes its conversion to DHT, a non-aromatizable androgen that binds to AR with high affinity
(Azzouni et al., 2012). Testosterone diffuses into the brain where the enzyme aromatase can convert

it to estradiol, which can then bind to estrogen receptors. Therefore, testosterone can exert
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endocrine regulation via androgenic and/or estrogenic signaling. Aromatization of testosterone to
estradiol in the brain during development is critical in establishing normal behaviors in males.

BPA can inhibit the actions of testosterone through multiple pathways. Several studies have
demonstrated antagonistic effects of BPA on the androgen receptor (AR) and its expression
(Bonefeld-Jorgensen et al., 2007; Kass et al., 2014; Pellegrini et al., 2014; Qiu et al., 2013; Xu et
al., 2005). BPA potently inhibits AR transcriptional activation induced by one of its ligands, DHT.
Disrupted androgen signaling caused by BPA resulted in spermatogenesis failure in rats (Qiu et al.,
2013), as well as dysregulation of steroid receptor co-regulators (Salian et al., 2009). Additionally,
human epidemiological data reveal an association between parental BPA exposure and a shortening
of anogenital distance in boys (AGD) (Miao et al., 2011). AGD is a sexually dimorphic biomarker
of prenatal androgen exposure, where increased androgen exposure is associated with a longer
anogenital distance.

In rats, BPA suppresses the testosterone surge (normally 2.5 times higher after birth) in
males on the day of birth. BPA did not, however, affect the concentrations of testosterone in male
fetuses prior to birth (Tanaka et al., 2006). At the level of the pituitary gland, BPA decreases
luteinizing hormone (LH), which triggers Leydig cells in the testes to release testosterone.
However, BPA also decreases expression of steroidogenic enzymes in Leydig cells, which further
decreases testosterone synthesis (Akingbemi et al., 2004). Additionally, BPA exposure in pregnant
and nursing dams decreased testosterone levels in interstitial fluid of the testes in adult offspring,
suggesting that androgen disruption during critical periods can produce long-term changes in
hormone levels (Tanaka et al., 2006).

BPA can also affect sex hormone signaling by disrupting aromatase (Akingbemi et al.,
2004; Bonefeld-Jargensen et al., 2007; Huang and Leung, 2009). One study showed that BPA
inhibits aromatase by upregulating the expression of peroxisome proliferator-activated receptor
gamma (PPARY) (Kwintkiewicz et al., 2010), which is known to inhibit expression and function of

aromatase (Lebovic etal., 2013). In contrast, BPA stimulates aromatase in human granulosa
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cells, potentially indicating tissue-specific actions (Kwintkiewicz et al., 2010). ERa can interact
with ERRY in the presence of BPA to increase aromatase expression in cultured human trophoblast
cells (Kumar and Mendelson, 2011). BPA, or ERRy agonist GSK4716 alone, increases brain-
specific aromatase in zebrafish (Chung et al., 2011), which is associated with accelerated

neurogenesis (Kinch et al., 2015). See figure 3 for a summary of the molecular effects of BPA.
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Figure 3: Molecular targets of BPA

BPA acts on targets on the cell membrane (orange lines), in the cytosol, and in the nucleus (red lines).
BPA binds the G-protein coupled estrogen receptor (GPER), estrogen receptors alpha (ERa) and beta
(ERP), estrogen related receptor gamma (ERRY), androgen receptor, thyroid hormone receptor (TR).
BPA affects the expression and activity of the steroidogenic enzvme. aromatase.

BPA and the brain
Neurodevelopment
BPA can affect anatomical and functional measures of brain development and sexual

differentiation. Estradiol and BPA are both known to affect proliferation and differentiation of
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neural stem/progenitors cells (NS/PCs) (Agarwal et al. 2016; Huang et al. 2016; Okada et al. 2008,

2010; Tiwari et al. 2015; Yin et al. 2015). Gestational exposure to BPA disrupts normal neocortical
development by accelerating neuronal differentiation/migration (Nakamura et al., 2007a). Prenatal
BPA exposure has also been shown to alter neuronal migration/positioning patterns during cortical
histogenesis (Ling et al., 2016; Nakamura et al., 2007b). Oral exposure to BPA from gestational
day 8.5 to 13.5 is associated with cortical hyperplasia, accelerated cell cycle exit, and decreased
numbers of neural stem/progenitor cells in mice (Komada et al., 2012). Interestingly, very low-
dose (0.0068 uM) exposure to BPA leads to precocious neurogenesis in the hypothalamus of
zebrafish, whereas a moderate dose (1 uM) did not affect hypothalamic neurogenesis (Kinch et al.,
2015). BPA reportedly upregulates expression of thyroid hormone receptor alpha in embryonic
brain at gestational day 14.5 (Nakamura et al., 2006). Therefore, some of the effects of BPA on
neuronal development could potentially reflect disrupted thyroid hormone signaling in the brain.
Thyroid hormone and its receptors are critical for nervous system development and
maintenance of adult brain function (Schroeder and Privalsky, 2014). Thyroid hormone (T3) is a
peptide hormone that acts by binding the thyroid hormone receptor (TR), which is widely expressed
in the developing brain (Thompson, 2000). BPA can bind the TR and decrease TR-mediated
transcriptional activity (Moriyama et al., 2002). BPA displaces T3 and inhibits TR by recruiting
co-repressors through a non-genomic mechanism (Sheng et al., 2012). Additionally, prenatal
exposure to 20ug/kg BPA per day has been shown to disrupt normal neocortical development by
accelerating neuronal differentiation and migration (Nakamura et al., 2006). In a mother-child pair
study in humans, maternal urinary BPA concentrations across two time points during pregnancy
were negatively associated with neonatal thyroid stimulating hormone in males (Chevrier et al.,
2013). However, some groups have reported no effects of BPA on thyroid hormone function
(Ferguson et al., 2011; Kobayashi et al., 2005). The conflicting results of these experiments indicate

a need for more research on BPA’s effect on thyroid hormone signaling.
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Sexual differentiation of the brain

Sexual differentiation of the hypothalamus is critical because of its role in coordinating the
expression of physiological responses and reproductive behaviors with external environmental
cues. The high density of steroid hormone receptors within the hypothalamus makes it a sensitive
target for the organizational effects sex steroid hormones. The neonatal surge of testosterone in
males, which is aromatized to estradiol in the brain, serves to establish sex differences in size, cell
number, and expression of steroid hormone receptors in specific nuclei (Davis et al., 1996; Dohler
et al., 1982). Within the preoptic area of the hypothalamus, two sexually dimorphic nuclei have
been studied as reflection of the hormonal environment during early life: the sexually dimorphic
nucleus of the preoptic area (SDN-POA) and the anteroventral periventricular nucleus (AVPV).
(See figure 4)

In the late 1970s, researchers identified a group of cells in the medial preoptic area that was
substantially larger in male rats, which was designated the sexually dimorphic nucleus of the
preoptic area (SDN-POA) (Gorski et al., 1978). They further showed that perinatal exposure to
testosterone or estradiol would produce an SDN in females similar in size to males (Gorski, 1985).
Neonatal treatment of both male and female rats with tamoxifen, an estrogen receptor antagonist,
decreased the volume of SDN-POA (Dohler et al., 1984). Neonatal castration also decreases SDN-
POA volume in male rats (Jacobson et al., 1981; Sickel and McCarthy, 2000). Estradiol orchestrates
the sexual dimorphism in SDN-POA volume by preventing programmed cell death of neurons in
the males during development. Due to the low level of estradiol in the female SDN-POA during
development, more neurons die and the nucleus becomes smaller (Tsukahara, 2009). These studies
established the importance of the hormonal environment during early life in programming neuronal
development.

The SDN may contribute to the regulation of male sexual behaviors and partner preference
in rats. Bilateral lesion of the SDN in sexually naive male rats resulted in decreased male sexual

behaviors (ejaculation, mounting, etc.) (De Jonge et al., 1989). Neonatal aromatase inhibitor
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treatment decreased SDN-POA volume in male rats, which correlated with demasculinized sexual
behaviors and partner preference (choosing to spend time with a female over a male partner) (Brand
et al., 1991; Houtsmuller et al., 1994). One study found that the volumes of SDN-POA and AVPV
appeared to be predictors of masculine sexual behavior in male rats, as measured by ejaculation.
Male rats that were not sexually active had a smaller SDN-POA volume and a larger AVPV volume
compared to sexually active males, suggesting incomplete masculinization of these brain areas
(Rhees et al., 1999). However, this does not point to an indispensable role of the SDN in expression
of mating and sexual behaviors in male rats, as this study is only correlational in nature.

In addition to overall volume of the nucleus, neuronal expression of calbindin is also
sexually dimorphic in the SDN of rats and some strains of mice (Edelmann et al., 2007; Orikasa
and Sakuma, 2010; Sickel and McCarthy, 2000). Calbindin has also been shown to have
neuroprotective effects (Sun et al., 2011; H.-H. Yuan et al., 2013), potentially adding to the
neuroprotective actions of estradiol in the male SDN. Similar to overall SDN volume, neonatal
castration decreased the volume of calbindin immunoreactivity in the SDN (Calb-SDN) relative to
intact males in both rats and mice (Orikasa and Sakuma, 2010; Sickel and McCarthy, 2000). In
female rats and C57 mice, neonatal treatment with testosterone or estradiol, but not DHT, can
masculinize (increase) the volume of Calb-SDN relative to vehicle treated females (Orikasa and
Sakuma, 2010; Sickel and McCarthy, 2000).

Female rats given an antisense oligodeoxynucleotide directed against estrogen receptors
prior to administering testosterone prevented masculinizing effects of neonatal testosterone on
SDN volume, female sex behavior, and estrogen-induced increases in motor activity (McCarthy et
al., 1993). However, a study in C57 mice found that the number of calbindin cells in the SDN in
females treated with DHT at birth was not significantly different from untreated females nor
untreated males, indicating a slight masculinization (Bodo and Rissman, 2008). Another study also
suggested actions of androgen signaling on Calb-SDN cells. In male mice lacking a functioning

AR (testicular feminization, Tfm) there were significantly fewer Calb-SDN cells compared to
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wildtype males (Edelmann et al., 2007). Taken together, some studies in mice suggest that AR, in

addition to estrogen receptor signaling, may be partially responsible for masculinization of Calb-
SDN. The preferential investigation of a female stimulus mouse (or female-soiled bedding) over a
male stimulus is disrupted in Tfm males and in females injected with DHT at birth, suggesting that
AR is important for the differentiation of partner preference behaviors (Bodo and Rissman, 2008,
2007). Neuronal activation in the mPOA as measured by c-fos immunoreactivity was also
significantly reduced in Tfm males and wildtype females, although it is unclear whether this
activation was specific to calbindin neurons (Bodo and Rissman, 2007).

In contrast to the SDN, the female AVPV is nearly twice as large in volume as the male
AVPV (Davis et al., 1996). In mice and rats, the female AVPV also contains nearly three times as
many neurons expressing tyrosine hydroxylase (TH), the rate-limiting enzyme involved in the
synthesis of dopamine (R.B. Simerly et al., 1985; Simerly et al., 1997). Dopamine neurons in the
AVPYV are important in regulating the release of pre-ovulatory luteinizing hormone (LH) (Le et al.,
2001; Orikasa et al., 2002; R.B. Simerly et al., 1985). Gonadotropin releasing hormone (GnRH)
neurons also receive dopaminergic input from the AVPV (Gu and Simerly, 1997; Liu and Herbison,
2013). LH stimulates the ovaries to produce estrogen and progesterone. Estrogen acts in the brain
to increase the release of LH, creating a positive feedback loop. Estrogen antagonists infused into
the AVPV of female rats blocks the release of LH, resulting in a disrupted estrous cycle, which
demonstrates the importance of the AVPV in regulating reproductive functions in females
(Wiegand et al., 1978).

The dopaminergic cell population within the AVPV is sensitive to developmental actions
of sex steroid hormones. Neonatal testosterone treatment of female rats masculinizes the number
of TH neurons in AVPV and abolishes female-typical LH release (Richard B Simerly et al., 1985).
Male ERaKO mice have feminized numbers of TH cells in AVPV, whereas males lacking a
functional androgen receptor do not differ from wildtype males in AVPV TH neurons (Simerly et

al., 1997). In aromatase knockout males (ArKO) the volume and number of neurons in AVPV is
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feminized, while ArKO and WT females do not differ from each other (Kanaya et al., 2014). Males

lacking ERP also have increased numbers of TH cells in AVPV and neonatal treatment with
receptor-specific agonists suggests that ERa and ER3 both contribute to the sexual differentiation
of the AVPV in mice (Bodo et al., 2006). In contrast to the SDN, estradiol controls the number of
TH neurons in the AVPV by promoting cell death (Tsukahara, 2009; Waters and Simerly, 2009).
These studies demonstrate the importance of estradiol signaling in masculinizing the AVPV to

produce a sexually dimorphic nucleus capable of properly regulating reproductive functions.

CROSS-SECTION OF MOUSE BRAIN
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Figure 4: Sex differences in the mouse preoptic area

A) coronal section of the mouse brain, B) The preoptic area surrounding the 3rd ventricle (3V, dark
pink) enlarged. On the left side, the male SDN is larger than the female SDN. On the right side, the
female AVPV is larger than the male AVPV. [SDN: sexually dimorphic nucleus (dark green), AVPV:
anteroventral periventricular nucleus (yellow), mPN: medial preoptic nucleus (light green)] Adapted
from (McCarthy, 2015)
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Cerebellum development

Sex hormones also influence the development of the cerebellum. The final cytoarchitecture
of the cerebellum is achieved approximately 15 days after birth in mice (Chizhikov and Millen,
2003). The expansion of external granule cell layer (EGL) primarily occurs postnatally, which
results in cerebellar foliation (Millen et al., 1994). Estrogen receptors o and [ reach their peak
expression during this time (Belcher, 1999; Ikeda and Nagai, 2006) and they likely contribute to
differentiation and maturation of neurons in the cerebellum (Jakab et al., 2001). Locally synthesized
estradiol is important for circuit formation, neural growth, and spinogenesis (Hoffman et al., 2016).
Purkinje cells, the sole output cells of the cerebellum, express aromatase and synthesize estradiol
de novo during postnatal cerebellar development (Sakamoto et al., 2003).

In aromatase knockout mice (ArKO), or in mice treated with tamoxifen, purkinje neurons
exhibit less dendritic growth and spinogenesis, which is mediated by BDNF (Haraguchi et al., 2012;
Sasahara et al., 2007). Sex differences in electrophysiological properties of purkinje neurons also
emerge during this critical period and require local synthesis of estradiol (Dean et al., 2012). ERB
is the primary ER in adult cerebellum and is responsible for the rapid effects of estradiol on synaptic
plasticity and motor learning in adults (Andreescu et al., 2007). The cerebellum also expresses AR

and its levels are regulated by testosterone in males (Perez-Pouchoulen et al., 2016).

BPA and animal behavior
Anxiety

Human epidemiological data supports a role of early-life BPA exposure in the modulation
of various behaviors. Although several human studies have shown effects of BPA effects on
anxiety-like and depressive behaviors, the results in animal models are somewhat variable.
Researchers use well-characterized behavioral tests to assess the anxiety-like behavior of rodents.

Most assays are based on a conflict between a rodent’s natural inclination to be in a dark, protected
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environment or to explore a novel area that is also open, bright, and vulnerable. The elevated plus
maze (EPM) consists of two open and two closed arms raised above the floor. The closed arms
have high walls, whereas the open arms do not have walls and are therefore unprotected and open
to the environment. Similarly, the light-dark box (LDB) has one dark side and one light side.
Spending more time in the closed arms or dark side of the box and less time in the open arms or
light side of the box classically represents “anxiety-like” behavior. The EPM has been validated as
a test of anxiety behavior in mice and rats (Espejo, 1997; Lister, 1987; Pellow et al., 1985).
Researchers may also use the open field test to assess whether a rodent in an open arena spends
time at the corners and edges or the exposed, center of the arena. Similar to EPM and LDB, rodents
that spent more time in the unprotected area of the apparatus (the center) are considered to be less
“anxious”.

Using these assessment methods, many groups have reported BPA-induced anxiety
phenotypes. Developmental exposure to BPA is associated with increased anxiety like behavior in
mice (Cox et al., 2010; Gioiosa et al., 2013, 2007; Kundakovic et al., 2013; Matsuda et al., 2012;
Ryan and Vandenbergh, 2006; Tian et al., 2010; Xu et al., 2012) and in rats (Kubo et al., 2003;
Patisaul et al., 2012; Patisaul and Bateman, 2008; Poimenova et al., 2010; Zhou et al., 2015).
Contrastingly, two studies report that BPA decreases anxiety-like behavior (Chen et al., 2015; Tian
et al., 2010). The studies vary based on BPA dose, exposure timing, sex of animals, and behavioral

assay.

Social behavior

Neurobehavioral analysis is commonly used to evaluate mouse models of ASD, as well as
other neurodevelopmental disorders. Researchers can utilize behavioral tasks in mice to
approximate core human symptoms of ASD: social deficits, communication problems, and
perseverative/stereotyped behaviors. Social behaviors are of particular interest considering BPA’s

connection to disrupted social behaviors in children. Models of social behaviors in rodents are
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effective because mice are a highly social species (e.g., investigating an unfamiliar conspecific,
making communal nests, exhibiting maternal care of pups, and showing play behaviors) (Crawley,
2007).

The social behavior circuit depends on brain area-specific expression of the neuropeptides
oxytocin (OT) and vasopressin (AVP). OT and AVP are primarily synthesized in the supraoptic
(SON) and paraventricular (PVN) nuclei of the hypothalamus. These neurohormones are either
released into the general circulation through the posterior pituitary gland, or signal to other brain
areas as a neurotransmitter. In general, oxytocin controls social motivation and social approach,
whereas vasopressin is involved in “male-typical” social behaviors like scent marking and
aggression (Lim and Young, 2006). Social stimuli are sensed by smell, which activates the olfactory
bulb, sending signals to the piriform cortex, and relaying though the medial amygdala to the
preoptic area of the hypothalamus (POA) and bed nucleus of the stria terminalis (BNST) (Wacker
and Ludwig, 2012). Although social behavior is a complex construct, several simple behavioral
tasks can encompass many different aspects of social behaviors. There are several components:
motivation to approach and interact with another individual, the ability to identify social signals
and cues in order to recognize that individual, and finally, to form a social memory (Lim and
Young, 2006). Three behavioral assays are described below: (1) social preference, (2) social
recognition, and (3) social interactions.

The social preference test consists of two phases. In the “sociability” phase, the test animal
must choose between a novel object and a social stimulus (an unfamiliar conspecific). In
“discrimination” phase, the animal has to distinguish between a now familiar stimulus mouse and
a novel stimulus mouse. The social recognition task is somewhat similar to social preference, but
is a more sensitive test of social memory. The task consists of two phases: habituation and
dishabituation. In the habituation phase, the test animal is repeatedly exposed to the same stimulus
animal for several trials and the test animal gradually decreases its investigation of the stimulus

animal. However, in the dishabituation phase, a novel stimulus animal is introduced and the test
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mouse increases its investigation, indicating that the test animal recognizes that this is a new
stimulus animal. Functioning oxytocin and vasopressin signaling is a molecular prerequisite for
this test. Oxytocin knockout mice exhibit “social amnesia” and do not show habituation or
dishabituation in a social recognition task. The effect can be rescued by infusing oxytocin into the
ventricles of the brain, showing that oxytocin is necessary for social recognition (Ferguson et al.,
2000). Similarly, vasopressin receptors in the lateral septum are essential for this behavior. V1aR
transgenic knockout mice are deficient in the test, but can be rescued by expression of V1aR by
viral vector in the lateral septum (Bielsky et al., 2005). This demonstrates the necessity and
sufficiency of the receptor in mediating this aspect of social behavior.

The social interaction task is an open-ended, dyadic behavioral assessment. Two
individuals of the same treatment group, age, and sex spend the trial together in a neutral cage. The
researcher scores each of their social interactions and non-social behaviors during the trial.
Functioning oxytocin and vasopressin signaling is a molecular prerequisite for this test. Oxytocin
receptor (OTR) and vasopressin receptor (V1aR) expression in the amygdala are regulated by ERa
and associated with increased social interactions in mice (Murakami et al., 2011). Oxytocin and
vasopressin mRNA expression in the paraventricular nucleus of the hypothalamus (PVN) are
regulated by ERf} and also positively correlated with social interactions (Murakami et al., 2011).
Additionally, extra-hypothalamic AVP projections are androgen dependent in mice (Tejada and
Rissman, 2012). Therefore, differences in early-life sex steroid hormone levels can shape the sex-
specific social behaviors.

BPA can dysregulate these normal social functions, potentially by altering sex hormone
signaling (Porrini et al., 2005). Early-life exposure to BPA has also been shown to affect social
behaviors in rats (Dessi-Fulgheri et al., 2002; Porrini et al., 2005), mice (Kundakovic et al., 2013;
Wolstenholme et al., 2013, 2012, 2011a), zebrafish (Weber et al., 2015), prairie voles (Sullivan et

al., 2014), and monkeys (Negishi et al., 2014). Prenatal exposure to 200 ug BPA/kg bodyweight in
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BALB/c mice reversed sex differences in time spent sniffing during the social interaction task in
postnatal day 70 offspring (Kundakovic et al., 2013). Low doses of BPA are also associated with
altered social interactions in rats (Dessi-Fulgheri et al., 2002). Offspring of either high or low doses
of gestational BPA were tested on post-natal day 35, 45, and 55. The researchers measured
behaviors from a comprehensive list of seven non-social and 18 social behaviors, which were then
grouped into eight different factors for analysis. Early-life BPA exposure attenuated sex differences
in non-sexual social behaviors or “social interest”. Control males engaged in more “sociosexual
exploration” than control females (ex. genital sniffing). Low-dose and high-dose BPA males
showed significantly fewer sociosexual behaviors than male controls, whereas low-dose BPA
females displayed a slight increase in this group of behaviors compared to control females. This
indicates a sex and dose-dependent effect of BPA exposure in juvenile rats: a demasculinizing
effect in males and a slight masculinizing effect in females (Dessi-Fulgheri et al., 2002).

The Rissman lab has published several studies reporting significant effects of gestational
BPA on various social behaviors in juvenile offspring. Gestational BPA exposure affected several
social interaction behaviors such as self-grooming, nose-to-nose sniffing, social approach, and side-
by-side interactions (Wolstenholme et al., 2011b). We have also reported significant decreases in
side-by-side interaction and anogenital investigations as well as increased side-by-side sitting and
frequency of play solicitations in BPA males and females compared to controls (Wolstenholme et
al., 2012). In the social preference task, when given a choice between interacting with a novel
conspecific or investigating a novel object, males spent more time investigating the stimulus
animal, whereas females spent less time. There was a clear sex difference in this task, but no diet
effects (Wolstenholme et al., 2011b). However, in a separate study, we detected significant effects
on social preference behaviors due to gestational BPA exposure at a higher dose (Cox et al., 2010).
Interestingly, in the social recognition task BPA-exposed juveniles fail to show a rapid habituation

to the familiar animal and spend significantly more time sniffing in trials 1-8 than controls.
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However, BPA males and females do dishabituate to the novel stimulus female on the ninth trial
(Wolstenholme et al., 2013; and unpublished results).

Data from our lab show significant gene expression changes in whole brains of exposed
offspring on embryonic day 18.5. Esrl expression is significantly lower in F1 BPA brains of both
sexes. There is an accompanying decrease in Avp expression and a trend for a sex by diet interaction
in Oxt expression in BPA F1 animals. We have also shown a sex-specific decrease in oxytocin
receptor (Oxtr) expression in whole brain associated with a lower dose of BPA (Wolstenholme et
al., 2011b). In a dose-response study, BPA dose-specific changes in expression of Esr/ and Esr2
in the prefrontal cortex and hypothalamus of exposed mice, which were also accompanied by
significant alterations to social behavior (Kundakovic et al., 2013). Contrastingly, gestational
exposure to 2.5, 250, and 25000 pg/kg BPA increased Esrl expression in neonatal hypothalamus
specifically in female rats. Oxt expression was also increased in 2.5 and 250 pg exposure groups in
neonatal female hypothalamus and 25 pg BPA exposure in neonatal male hypothalamus (Arambula
et al., 2016). Taken together, these data indicate that gestational BPA exposure is associated with

dose and species-specific expression changes in genes related to regulation of social behavior.

Maternal behavior

Several studies have indicated that BPA exposure during can affect maternal behavior.
Female rats exposed to 40 ug BPA/kg bodyweight during pregnancy and lactation decreased
arched-pack nursing (“active” nursing) postures as well as licking and grooming behaviors of their
pups (Della Seta et al., 2005). CD-1 female mice exposed to 10 pg BPA/kg bodyweight during
pregnancy spent less time nursing their pups and more time engaged in non-maternal behaviors out
of the nest than control dams. BPA also affected these maternal behaviors in F1 offspring who were
exposed in utero. However, maternal behavior was unaffected in females exposed to BPA
gestationally as well as during their own pregnancies (Palanza et al., 2008, 2002). In BALB/c mice

exposed to a range of doses during pregnancy, the highest dose (200 pg/kg) increased licking,
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grooming, and arched-back nursing, indicated that these behaviors may be dose- and strain-
dependent (Kundakovic et al., 2013). One study in non-human primates described altered sexually
dimorphic mother-infant interactions associated with BPA exposure, such as decreased clinging
behavior and increased “outward-looking” behaviors in male infants with their mothers (Nakagami
et al., 2009). It is hypothesized that some of the maternally transmitted molecular and behavioral
effects of BPA are due to changes in maternal behavior, which then secondarily affect the behavior
of the offspring (Cummings et al., 2010). Natural variations in licking and grooming behavior in
rat dams are associated with higher licking and grooming behavior of their own female offspring
as well as significant differences in stress reactivity in offspring (Champagne et al., 2003; Meaney,
2001). This maternal transmission of behaviors appears to be mediated by epigenetic regulation,
such as modifications in DNA methylation (Champagne and Curley, 2009). In fact, the study by
Kundakovic and colleagues reported that maternal care did mediate changes in dominance

behaviors in a social interaction task associated with BPA exposure (Kundakovic et al., 2013).

Transgenerational effects

Epigenetic regulation refers to heritable changes that alter gene expression without
changing the DNA sequence. These alterations occur through regulation of the shape and
conformation, not to the sequence of nucleotides, thereby changing the accessibility of DNA to
gene transcription machinery. Modifications can be made to the properties of the DNA strand itself
(i.e. methylation of cytosines) or to proteins that interact with DNA, such as post-translational
modifications of histones (Crews, 2011). Environmental factors can affect epigenetic modulations,
thereby creating an interface between the environment and control of gene expression (Skinner et
al., 2011).

This interaction represents an intriguing mechanism by which environmental endocrine
disrupters can affect behaviors and gene expression across generations. Researchers are now asking

whether the effects of early-life exposure to EDCs can persist across generations. In addition to the
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first-generation offspring directly exposed to BPA

in utero (F1 generation), the developing germ cells
that eventually produce the second generation are
also exposed (F2). However, the third generation
removed from the initial exposure (F3) has had no
contact with the exposure and therefore represents a
transgenerational effect. (See Figure 5)

We have previously observed significant
behavioral effects of transgenerational exposure to
BPA. F2 and F4 generation mice descended from a
BPA lineage engaged in more social behaviors and
spent less time exploring alone during the social
interaction task (Wolstenholme et al., 2012) (See
Figure 6). We also found a sex-specific effect of
ancestral BPA exposure on social recognition. In F3

mice, the altered habituation pattern of observed in

F1 generation offspring is sustained, but the F3 BPA offspring also fail to recognize the novel

female in trial 9. An odor discrimination test during adulthood revealed normal olfactory

functioning and therefore does not explain these deficits in social memory (Wolstenholme et al.,

2013).

Our data also showed that BPA can affect neuronal gene expression transgenerationally.

Similar to F1 exposure, Avp and Ox¢ remained significantly decreased in embryonic whole brain

from F4 BPA mice compared to controls (Wolstenholme et al., 2012). However, unlike the F1

generation, we found no significant changes in estrogen receptor expression in the F4 generation

embryos. Since F4 generation mice had never been exposed to BPA, neither in utero nor as germ
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cells, we hypothesized that the behavioral and molecular changes observed could be transmitted

through a transgenerational epigenetic mechanism.
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Figure 6: Transgenerational effects of BPA on social recognition in mice

Panels A and B: Mean+SEM time in seconds investigating the OVX stimulus female. A) F1 generation
juveniles directly exposed to BPA, B) F3 generation juveniles from control or BPA lineages. Panels C
and D: Mean+SEM time in seconds investigating stimulus mouse summed across trials 1-8. C) F1
generation mice, D) F3 generation mice. *Significant main effect of BPA exposure, **Significant
difference between trial 8 (familiar mouse) and 9 (novel mouse), ***Significant effect of BPA lineage,
only controls significantly increase investigation between trials 8 and 9.

Figure from (Wolstenholme et al., 2013)

BPA has been implicated in epigenetic regulation of gene expression. In the viable yellow
agouti mouse (A"Y), BPA diet given during pregnancy skewed the coat color distribution of
offspring towards yellow by decreasing CpG (cytosine-guanine dinucleotide) methylation in a
contra-oriented intracisternal A particle (IAP) retrotransposon upstream of the Agouti gene, which
is typically highly methylated (Dolinoy et al., 2007a). However, methyl donors like genistein (a

phytoestrogen) or folic acid fed during pregnancy negated the hypomethylation effect of BPA and
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shifted the coat color distribution towards pseudo-agouti (Dolinoy et al., 2007b). Others have also

reported hypomethylating effects of BPA (Kundakovic et al., 2013; Monje et al., 2007; Yaoi et al.,
2008; Yeo et al., 2013). Some studies have shown that DNA methylation mediates the effects of
endocrine disrupting compounds like BPA in the first generation (Kitraki et al., 2015; Kundakovic
et al., 2013) and across multiple generations (Jang et al., 2012). Other groups have also reported
transgenerational effects of BPA exposure on behavior and physiology, but did not test whether
DNA methylation was involved (Bhandari et al., 2015; Ziv-Gal et al., 2015). However, both

proposed that epigenetic mechanisms were likely at play.

In conclusion, the endocrine disrupting compound BPA has widespread effects on
behavior, physiology, and the brain. Epidemiological studies have established that statistically
significant associations exist between early-life exposure to BPA and human behaviors related to
neurodevelopmental disorders. Transgenerational studies in animal models have also
demonstrated some of these effects can be transmitted across generations, impacting individuals
that were never directly exposed to BPA. It remains uncertain which molecular targets of BPA
are the most important and relevant in the changes observed. However, genetic and epigenetic
factors clearly affect the outcomes of brain development and result in permanent alterations of
behavior and physiology in late life. The studies that follow attempt to address the gaps in our
current understanding of the relationship between BPA, behavior, and the brain as well as the

function of calbindin, a gene important for regulating neuronal functioning.
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Introduction

Endocrine disrupting chemicals (EDCs) interfere with the synthesis, secretion, transport,
binding, and/or action of endogenous hormones (Gore et al., 2015). Bisphenol A (BPA) is a an
EDC commonly used in the production of polycarbonate plastics and epoxy resins (Michalowicz,
2014). Human exposure to BPA is widespread: the CDC reports detectable levels of BPA in over
93% of human urine samples (CDC (Centers for Disease Control and Prevention, 2009). BPA is
also detected in serum, amniotic fluid, umbilical cord blood, and breast milk (Cao et al., 2015;
Ikezuki et al., 2002). BPA is primarily considered a xenoestrogen, capable of binding to the
receptors of endogenous estrogens (Kurosawa et al., 2002; Matthews et al., 2001). However, BPA
can also bind to various other receptors and proteins to disrupt the functions of thyroid hormone
(Chevrier et al., 2013; Moriyama et al., 2002), testosterone (Tanaka et al., 2006; Xu et al., 2005),
and glucocorticoids (Poimenova et al., 2010). Hormones play an important role in shaping the
developing brain, so it is crucial to understand how gestational exposure to EDCs, like BPA, can
affect neurodevelopment and behavior in later life.

Studies in humans and animal models have demonstrated associations between gestational
exposure to BPA and adverse neurobehavioral outcomes (Mustieles et al., 2015; Palanza et al.,
2016). Higher concentrations of BPA measured in urine during pregnancy have been correlated
with sex-specific alterations in anxiety, aggression, hyperactivity, and externalizing behaviors in
humans (Braun et al., 2009; J. M. Braun et al., 2011; Harley et al., 2013; Perera et al., 2012).
Environmental factors, such as EDC exposure, have been implicated in the pathogenesis of
neurodevelopmental disorders, like autism spectrum disorder (ASD) (Thaddeus T Schug et al.,
2015). Two studies found that urinary concentrations of BPA metabolites in children with ASD are
higher than in typically developing children (Kardas et al., 2015; Stein et al., 2015).

Similar outcomes have been reported in models of developmental BPA exposure in
animals. Several groups have described differences in anxiety-like behavior (Chen et al., 2015;

Gioiosa et al., 2013; Xu et al., 2015; Zhou et al., 2015), and motor activity (Anderson et al., 2013;
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Komada et al., 2014; Zhou et al., 2011), in response to developmental BPA exposure. Some studies
report impairments in learning and memory (Kumar and Thakur, 2014; Tian et al., 2010; Xu et al.,
2013a), while others do not find any effect of BPA on spatial learning (Sadowski et al., 2014).
Other types of learning, such as acquisition and reversal in an operant learning task have not been
explored. Early-life exposure to BPA has also been shown to affect social behaviors in rats (Dessi-
Fulgheri et al., 2002; Porrini et al., 2005), mice (Kundakovic et al., 2013; Wolstenholme et al.,
2013,2012, 2011a), prairie voles (Sullivan et al., 2014), and monkeys (Negishi et al., 2014). In our
previous studies, we found significant effects of gestational exposure to BPA on social interactions,
social preference, and social recognition behaviors in juvenile mice compared to controls
(Wolstenholme et al., 2013, 2012, 2011Db).

These studies focused on the effects of BPA during gestation or during early postnatal life.
Growing evidence supports the notion that sires can transmit the effects of environmental exposures
to their offspring, likely via sperm (Kundakovic and Champagne, 2015). For example, paternal
exposure to chronic stress affects stress physiology and behavior in offspring (Rodgers et al., 2013),
and these effects appear to be mediated by epigenetic mechanisms (Rodgers et al., 2015).
Additionally, paternal exposure to BPA in zebrafish disrupts cardiac development in offspring
(Lombo et al., 2015). While the negative reproductive consequences of adult exposure to BPA in
males have been fairly well-studied (decreased spermatogenesis, lower sperm counts, and reduction
in pregnancy rates) (Dobrzynska et al., 2015; Jin et al., 2013; Liu et al., 2013; Qiu et al., 2013), it
remains unclear how preconception exposure to BPA via the sire affects offspring behavior. Only
one study has reported behavioral effects of preconception paternal BPA exposure: offspring had
impaired spatial memory in the Morris water maze test (Fan et al., 2013).

In the current study, we expanded on previous studies by including a paternal exposure
group. We administered BPA to the parents via daily treats, which avoids the stress related to oral
gavage. Paternally exposed and maternally exposed offspring were tested for social recognition and

anxiety-like behavior on the elevated plus maze as juveniles. In maternally exposed mice only, we
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examined two previously unreported behavioral endpoints in offspring: ultrasonic vocalizations
(USVs) in pups and associative learning/perseverative behaviors in an operant reversal learning
task (Heyser et al., 2000). The behavioral tests in this study were chosen to address the three core
symptoms in ASD: communication difficulties, impaired social interactions, and perseverative

behaviors (Crawley, 2007).

Materials and Methods

Animals

The mice were generated in our C57BL/6J breeding colony at the Biological Resources Facility at
NC State University (Raleigh, NC, USA). The progenitor mice were purchased from Jackson Labs
(Bar Harbor, ME). All animals were maintained on a 12:12 light/dark cycle (lights off at 1200) and
provided food (soy-free Teklad 2020X; Madison, WI) and water ad libitum. The Institutional

Animal Care and Use Committee at NC State University approved all procedures.

Exposure of Breeders to BPA

Mice received BPA daily on a small chocolate-flavored treat that weighed approximately 0.5 g
(Bio-serv chocolate treats F05472; Flemington, NJ). BPA (>99% purity, Sigma-Aldrich; St. Louis,
MO) was initially dissolved in 100% ethanol, and then diluted in ethanol to a concentration of 2
mg/mL. Ten pL of this solution was pipetted onto the treat for a final dose of 20 pg BPA per day.
For control treats, the ethanol solution contained no BPA. The ethanol was allowed to evaporate
from the treats overnight. This dose was chosen based on the amount of BPA consumed per day
using a custom diet with BPA incorporated into the chow (5 mg/kg diet BPA, Teklad 09386). Free
BPA levels in the plasma of pregnant dams consuming the BPA diet averaged 3.9 ng/ml
(Wolstenholme et al., 2012), which is within the range (0.3—4.0 ng/ml) reported in pregnant women

(Schonfelder et al., 2002). Males and females were approximately 3 months of age when dosing
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began and had no prior breeding experience. For 5 days prior to dosing, all mice received a plain
treat to acclimate them to the novel food. By the end of this period, all mice immediately
approached and consumed the entire treat.
Maternal exposure

For maternal BPA exposure, singly housed females were randomly assigned to the control
group (n=15) or BPA group (n=18). Dosing began one week prior to mating; treats were given one
hour after lights out each day. Each female was paired with a naive male (no exposure to treats) for
six days. Males were briefly removed from the cage each day when the treat was presented to ensure
the female consumed the entire treat (about 10 minutes). Daily dosing of the dam continued through
gestation. Cages were checked for litters, and dosing ended on the day of birth.
Paternal exposure

To expose sires to BPA, males were randomly assigned to the control group (n=8) or the
BPA group (n=12) and received a daily treat for 50 days. We chose this length of exposure in order
to cover one cycle of spermatogenesis. Beginning on day 51, each male was paired with a naive
female (no exposure to treats). Females were checked daily for the presence of a mating plug. Males
remained with females for up to seven days, or until a plug was observed, at which time the male
was weighed, euthanized using CO,, and the testes, seminal vesicles, and epididymis were weighed.
The caudal epididymis was reserved for sperm collection (procedure below).

For both maternal and paternal exposure studies, all litters were culled to 6 pups with a
balanced sex ratio on the day after birth (postnatal day 1, P1). Litters were weaned on P21 and
housed in same-sex, same-treatment groups. No more than one mouse of each sex per litter was

used in each behavior test.

FO0 male sperm collection and counting
Sperm was collected from males used in the paternal exposure study, on the day the mating plug

was detected. No mating plug was detected for one control male and two BPA males and their
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sperm counts were removed from the analysis. Briefly, the caudal epididymis was removed, placed
in a petri dish containing 500 uL. of warmed PBS and minced. The dish containing the minced
sample was incubated at 37°C for 15 minutes to allow sperm to swim out of the epididymis. After
incubation, the remaining sperm was gently extruded from the caudal epididymis. The solution was
aspirated from the dish with a wide bore 200 pL pipette tip and placed in a 1.5 mL centrifuge tube.
The dish was rinsed with an additional 500 uL. of warm PBS, which was then recovered and added
to the same tube. 10 pL of the sperm solution was loaded into a hemocytometer and counted. All

cell counts were performed in triplicate and the average was used for statistics (Wang, 2003).

Social recognition

Each juvenile (postnatal day 28) was acclimated to a test cage (37 x 19 x 13 cm) for 20 minutes
under red lights one hour after lights off. An empty cylindrical metal holding cell (10 cm diameter
X 14 cm tall) was placed in the test cage for the last 10 minutes of the acclimation period. The
social recognition test consisted of two phases: habituation and dishabituation, as previously
described (Wolstenholme et al., 2013). During each one-minute trial, the time the juvenile spent
investigating the stimulus mouse was measured. Investigation was defined as the nose of the test
mouse within 1 cm of the head or body of the stimulus animal or directly touching the bars of the
cylinder. Investigation was scored live during the test by an investigator blind to the treatment and
sex of the mice. We tested 24 control mice (6 males and 6 females from the maternal exposure
study and 7 males and 5 females from the paternal exposure study). We tested 12 maternally
exposed BPA mice (6 males and 6 females) and 18 paternally exposed mice (9 males and 9

females).

Elevated plus maze
Juvenile (P28-32) mice were habituated to the dark testing room for one hour under red lights. Each

mouse was gently placed in the center of the elevated plus maze (Columbus Instruments,
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Columbus, OH; wall height: 15.25 cm, arm length: 30 cm, arm width: 5 cm, height above ground:

32 cm) facing an open arm and recorded for 5 minutes. A trained observer blind to treatment groups
scored the time spent in each area of the maze (closed arms, open arms, center area) and the number
of crosses between each area (defined as all four paws within the area) the video using Noldus
Observer (Leesburg, VA). We tested 28 control mice (7 males and 7 females from maternal
exposure study and 7 males and 7 females from paternal exposure study). We tested 18 maternally
exposed BPA mice (7 males and 11 females) and 16 paternally exposed BPA mice (8 males and 8

females).

Ultrasonic vocalizations

On P8, dams and their litters were moved to the testing room 30 minutes after lights-off and
habituated there for one hour. After habituation, we tested two randomly selected pups (one of each
sex) from each litter. Individual pups were placed in a small cup below an ultrasonic microphone
(Avisoft-Bioacoustics CM16/CMPA; Glienicke, Germany) in a sound-attenuating chamber (Med
Associates ENV-022S; Fairfax, VT). Ultrasonic vocalizations were recorded for 5 minutes. The
tail of each pup was marked with a sharpie, to differentiate which pup had been recorded, and
returned to the rest of the litter. Five minutes after the first recording, the pup was removed again
recorded for an additional five minutes. This paradigm is referred to as maternal potentiation
(Scattoni et al., 2009). After the second recording, the pup was anesthetized with isoflurane then
euthanized by decapitation. We recorded vocalizations from 8 control pups (5 males and 3 females)
and 10 maternally exposed pups (5 males and 5 females).

To analyze ultrasonic vocalizations we recorded USVs up to 200 KHz and analyzed using
published methods (Young et al., 2010). The raw signal was cleaned by first filtering with a finite
impulse response filter then performing spectral subtraction. In spectral subtraction the average of
the noise in each frequency band is subtracted from the sound (R. C. Liu et al., 2003). A sound

envelope calculated using this “cleaned” sound was then passed through a thresholder to detect
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putative mouse calls. The sound files were thus segmented into two categories: putative calls and
regions where no call was detected. A trained experimenter used a custom-made interface to ensure
that all the putative calls were correctly identified and none were missed by the thresholding
algorithm. We assessed for the number of calls, call duration, and call median frequency. Call
median frequency was calculated by examining the distribution of frequencies contained in a call.
For each call, all frequencies in each time segment were counted in the frequency distribution if
the power in that frequency and time bin exceeded 3 standard deviations above the mean noise
level. The median of this distribution was then defined as the median frequency of the call. A total
of 6,582 calls were analyzed. We also analyzed the number of bursts, which refers to a group of
calls that are separated from another group of calls by an interval in time that is statistically longer
the mean time between individual calls. Bursts were detected by defining a threshold on the inter-

call intervals.

Operant reversal learning
At 15 weeks of age, one male and one female from each litter of maternally exposed offspring were
weighed and paired with a same-sex, same-exposure partner from a different litter based on body
weight. These matched pairs were housed together. To motivate responding in the operant task,
animals were food-restricted to 85% of their initial body weight. Animals were weighed daily and
each pair was given a measured amount of food to maintain the desired weights. To habituate to
the reward pellets, mice were given reward pellets (Dustless precision pellets, 14 mg each
[F05684]; Bioserv) in their cages for several days before the beginning of the training.

The 5-nose poke hole operant conditioning apparatus (Med Associates MED-NP5M-B1)
was housed inside a ventilated, sound-attenuating chamber. Each session in the testing chamber
lasted fifteen minutes and took place during the dark cycle. The testing schedule consisted of five

consecutive days of training sessions followed by one day off.



37

During the habituation phase, none of the nose-poke holes were illuminated and no rewards
could be earned. Habituation trials continued for three days, or until the mouse poked fewer than
10 times in any one hole, in order to ensure low baseline levels of nose poke activity. During the
training phase, two of the five holes were illuminated. One illuminated hole was designated the
“active” hole and the other illuminated hole was the “inactive” hole. Only a nose poke in the active
hole triggered the release of a pellet into the hopper. The location of the active hole remained the
same for each mouse across training sessions. A fixed-ratio schedule determined the number of
active hole responses required for a reward pellet. For fixed-ratio 1 (FR1), one active hole response
elicited one reward. For fixed-ratio 3 (FR3), three active hole responses were required for one
reward, etc.

All animals were trained on an FR1 schedule for 7 days. FR3, FRS, and FR10 sessions
each lasted for five days and FR15 was 10 days. Finally, during the reversal phase, the positions of
the active and inactive holes for each mouse were reversed at an FR10 schedule for 8 sessions.
During reversal, responding in the previously active hole resulted in no rewards, whereas 10
responses in the previously inactive hole was rewarded. Nose-pokes in the hopper and all holes
(active, inactive, and unlit) were recorded during each session. The percent accuracy was calculated
for each session: active responses / total (active responses + inactive responses) x 100% (Heyser et
al., 2000). We tested 12 control mice (6 males and 6 females) and 12 maternal BPA mice (6 males

and 6 females).

Statistics

All data were analyzed using NCSS software. Pairwise interactions were evaluated by
Bonferroni-corrected multiple comparisons tests. The control groups from the maternal and
paternal exposure studies were combined for social recognition and elevated plus maze behavior,
as there were no statistically significant differences between the two control groups. For social

recognition, we analyzed the habituation (trials 1-8) and dishabituation (trials 8 and 9) phases
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separately by three-way repeated measures ANOVA. Elevated plus maze data were analyzed by

two-way ANOVA with sex and BPA exposure as the two factors.

For ultrasonic vocalizations, data were collapsed across trial and sex as there were no
significant differences between trials or sexes. Operant reversal learning data were analyzed by
three-way repeated measures ANOVA and separated according to training schedule (FR1 versus
reversal). Body weight was used as covariate in the analysis of reproductive organ weights in FO

males. Sperm counts and body weights were analyzed by general linear model.

Results

Social recognition

BPA exposure primarily affected investigation time during the habituation phase of the
social recognition task. Investigation of the stimulus mouse decreased significantly across the
habituation trials (1-8) (F(7,432)=56.8, p<0.0001; Figure 1). Exposure group also affected the time
spent investigating the stimulus mouse (F(7,432)=3.3, p<0.05; Figure 1A). Maternally exposed
offspring spent more time investigating the stimulus mouse than paternally exposed offspring
during the habituation phase. However, neither BPA exposure group was significantly different
from the controls. An interaction between sex and trial (F(7,432)=4.1, p<0.001) revealed that
females spent less time investigating a stranger than the males did on trial 1 (p<0.05; Figure 1B).
A three-way interaction between exposure group, sex, and trial demonstrated that the difference
between maternal and paternal BPA exposure was primarily caused by behavior of females,
specifically on trial 1 (F(14,432)=1.81, p<0.05). In the dishabituation trials, social investigation
increased in response to the novel stimulus female (trial 9 compared to trial 8) (F(1,108)=87.8,

p<0.0001). However, we noted no other significant effects.
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Figure 1: Social recognition
Mean + SEM time (sec) spent investigating the stimulus mouse A) grouped by exposure. Black squares
represent control males and females, gray circles denote maternal BPA males and females, unfilled gray
triangles represent paternal BPA males and females. B) grouped by sex. Black filled diamonds denote
females, black unfilled diamonds represent males.
** Maternal BPA group is significantly different from paternal BPA group on trial 1, p<0.05.
* Significant sex difference on trial 1, p<0.05.
Control Males n=13, Control Females n=11, Maternal BPA Males n=6, Maternal BPA Females n=6,
Paternal BPA Males n=9, Paternal BPA Females n=9
Elevated Plus Maze

Maternal, but not paternal BPA exposure, increased anxiety-like behavior on the elevated
plus maze (EPM). We noted an overall effect of BPA exposure on time spent in the open arms of
the EPM (F(2,61)=6.1, p<0.01; Figure 2A). Juveniles from BPA-exposed dams spent less time in
the open arms than control juveniles (p<0.05). BPA exposure also affected time spent in the closed
arms of the EPM (F(2,61)=4.1, p<0.05; Figure 2B), and this effect was caused by the difference
between maternal and paternal exposure. BPA exposure did not affect time spent in the center of
the maze, nor the number of crosses between regions of the EPM (F(2,61)=3.0, 1.24; p>0.05; Figure

2C and 2D). Sex did not affect any the time spent in any region (open, closed, or center) nor the

total number of crosses (F(1,61)=1.5,2.7, 2.1, 0.8; p>0.05).
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Figure 2: Elevated plus maze
Mean = SEM of time (sec) spent in A) the open arms B) closed arms C) center portion of the maze and D)
total number of crosses through the middle of the EPM.
Bars from left to right: Control (Black), Maternal BPA (White, Diagonal stripes), Paternal BPA (White)
** Maternal BPA exposure group spend less time in the open arms than control mice, p<0.01.
* Maternal BPA exposure group spend more time in closed arms than paternal BPA exposure group, p<0.05.
Control Males n=14, Control Female n=14, Maternal BPA Male n=7, Maternal BPA Females n=11, Paternal
BPA Males n=8, Paternal BPA Females n=8
Ultrasonic vocalizations

We noted no significant increase in the number of calls between the first and second
recordings, thus the two recordings for each pup were combined. Gestational BPA exposure
significantly increased the median frequency and average duration of ultrasonic calls on postnatal
day 8. The distribution of the median frequency (kHz) of calls emitted by BPA-exposed pups
differed significantly from the median frequency distribution of control pups (interaction between
frequency and exposure: F(22,414)=1.85, p<0.01; Figure 3A). This was not due to an increase in
overall number of calls, as BPA exposure alone did not significantly affect the number of calls (F(1,
414)=2.68, p>0.05). BPA exposure also shifted the distribution of call durations towards longer
durations (F(10,198)=2.17, p<0.05; Figure 3B). The percentage of call durations at 0.01 seconds (a
short call duration) was significantly higher for control pups as compared to BPA pups (p<0.05).

Pups exposed to BPA in utero also tended to have more call “bursts” than control pups [Control:

44.0 = 11.1, n=8; BPA: 87.2 + 19.1, n=10] (F(1,18)=3.5, p=0.08).
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Figure 3: Median frequency distribution and call durations of ultrasonic vocalizations
A) Distribution of individual call median frequencies: Mean + SEM number of calls per frequency bin (kHz)
B) Relative distribution of call durations, mean + SEM percent of calls per duration bin.
Black squares represent control group, gray circles represent BPA group.
* Significant interaction between median frequency and BPA exposure, p<0.01.
** Control pups display a significantly higher percentage of calls in the 0.01 duration bin than BPA-exposed
pups, p<0.05.
Control: n=8 (5 males, 3 females), BPA: n=10 (5 males, 5 females)
Reversal learning

There were two primary measures of performance in the reversal learning task: accuracy,
measured by the percent of correct responses, and number of rewards received. We noted
substantial sex differences in the accuracy of responding (percent correct) and number of rewards
throughout the operant reversal learning task. Females were significantly more accurate (Figure
4A) and received more rewards (Figure 4B) than males (F(1,928)=10.7, 31.8; p<0.01, 0.0001;
respectively). Over the first twelve days of training (FR1 and FR3), the percent of correct responses
and the number of rewards earned significantly increased (F(11,288)=16.7, 34.0; p<0.0001,
respectively; Figure 5A and 5B). Females responded more accurately (F(1,288)=7.0, p<0.05) than
males. An interaction between sex and trial (F(11,288)=3.07, p<0.001; Figure 5A) was noted.
Females received more rewards than males in FR1 and FR3 (F(1,288)=68.5, p<0.0001) and again
we found an interaction: (F(11,288)=13.1, p<0.0001; Figure 5B). Interestingly, the number of

rewards per session was also affected by BPA exposure (F(1,288)=4.95, p<0.05) and an interaction

(F(6,288)=1.82, p=0.052). BPA mice earned fewer rewards than controls in FR1 and FR3, and
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post-tests revealed that this effect was limited to females (p<0.05). Despite earning fewer rewards,

there was no effect of BPA exposure on the accuracy of responses in FR1 and FR3 (F(6,288)=1.22,
p>0.05).

During the reversal phase, accuracy and number of rewards received increased over the 8
days of sessions (F(7,192)=174.4, 66.81 respectively; p<0.0001). Females continued to be more
accurate (main effect of sex: F(1,192)=4.76, p<0.05; Figure 5C) and receive more rewards than
males during reversal (main effect of sex: F(1,192)=11.29, p<0.01; interaction of sex by trial:
F(7,192)=2.27, p<0.05; Figure 5D). However, there were no effects of BPA on accuracy or rewards

during reversal (exposure by trial interaction: F(7,192)=0.35, 0.97 respectively; p>0.05).
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Figure 4: Sex differences in reversal learning

Mean + SEM of A) Percent correct responses in the active hole B) Number of rewards earned per session.
Filled circles represent the females and open circles represent the males. FR1 = fixed ratio 1, etc.
*Significant sex difference across all training sessions, p<0.001.

Male n=12 (6 control, 6 BPA); Female n=12 (6 control, 6 BPA)
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Figure 5: Percent correct and rewards earned during Fixed Ratio (FR) 1 and 3 and reversal sessions
Mean + SEM of A) percent correct responses in active hole during FR1 and FR3 B) number of rewards
earned per session in FR1 and FR3 C) percent correct responses in active hole during reversal D) number
of rewards earned per session during reversal

Black squares represent control groups, gray circles represent BPA groups. Filled symbols with solid lines
are females; unfilled symbols with dashed lines are males.

Dotted line at 50% in A and C represents chance responding.

* Significant sex difference, p<0.01.

** Significant effect of BPA exposure on rewards earned during FR1 and FR3 training, p<0.05.

Control Males n=6, Control Females n=6, Maternal BPA Males n=6, Maternal BPA Females n=6

F0 Males

BPA exposure in adult males did not affect reproductive outcomes, but significantly impact
body weight. We detected mating plugs in 7 of 8 females paired with control males, but all 8
females paired with control males delivered litters. We found mating plugs in 10 of the 12 females
paired with BPA exposed males, and 11 females paired with BPA exposed males delivered litters.
Adult males consuming BPA for 50 days weighed significantly less than control males at the time

of sacrifice (F(1,20)=14.9, p<0.001; Table 1). Sperm counts were not significantly affected by BPA
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exposure (F(1,17)=0.03, p>0.05; Table 1). After adjusting for body weight as a covariate in the

analysis, we found no effect of BPA exposure on the weights of seminal vesicles, testes, or

epididymis (F(1,20)=0.68, 0.24, 0.23 respectively; p>0.05, Table 1).

Control Males BPA Males
Mean +SEM n Mean +SEM n
Body Weight (g) * 32.16 0.9 8 27.35 0.82 12
Sperm Counts 2.98E+06 1.84E+05 7 2.94E+06 1.31E+05 10
Seminal Vesicles (mg) 297.7 19.8 8 294.42 13.15 12
Testes (mg) 220.3 5.7 8 214.43 5.44 12
Epididymis (mg) 100.56 15.34 8 88.89 6.88 12

Table 1: FO male body weights and reproductive organ weights
* significant effect of BPA exposure on body weight at the time of sacrifice, p<0.001

Discussion

Mouse pups exposed to BPA throughout gestation differed from controls in several
behavioral measures reported here. Preconception exposure of the sires to BPA did not change
behavior in social recognition or EPM. In comparing the effects of paternal and maternal exposure
to BPA, we reported that neither exposure had strong effects on juvenile social recognition.
Juvenile mice maternally exposed to BPA spent less time in open arms of the EPM compared to
controls, indicating increased anxiety-like behavior. Pups exposed to BPA in utero emitted USVs
with a higher median frequency distribution and longer duration. We reported a significant sex
difference in an operant learning paradigm, and a decrease in the number of rewards earned per

session by BPA females compared to control females during training.

Ultrasonic vocalizations
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To our knowledge, this is the first report of in utero BPA exposure affecting USVs in pups.

USVs in rodent pups have been proposed as sensitive behavioral measure in animal models of
neurodevelopmental disorders (Scattoni et al., 2009). Mouse pups emit high frequency calls when
isolated from the dam and nest as distress signals intended to elicit maternal approach and retrieval
(Dirks et al., 2002). Multiple studies in genetic mouse models of neurodevelopmental disorders
(Fmrl, Mecp2, Foxp2, etc.) show differences in the number, duration, and types of ultrasonic calls
emitted during maternal separation (Lai et al., 2014; Scattoni et al., 2008; Williams et al., 1998,
1995; Young et al., 2010). Pup vocalizations can also be modified by prenatal manipulations like
chronic stress, drug administration, and environmental contaminants (Dirks et al., 2002; Mychasiuk
et al., 2011; Trezza et al., 2008; Venerosi et al., 2009). In rat pups, the frequency distribution of
calls emitted during isolation is indicative of the pup’s affective state; stressful stimuli increased
the number of higher frequency calls (Ise and Ohta, 2009). The rightward shift in median frequency
distribution of BPA exposed pups suggests a heightened sensitivity to stress. This hypothesis is
supported by increased anxiety-like behavior in juveniles exposed to BPA. Rats selectively bred
across many generations for high levels of USVs during maternal separation demonstrate
significantly more anxiety and depressive-like behaviors in later life (Brunelli and Hofer, 2007;
Dichter et al., 1996). Several other studies have also shown positive associations between pup USV
calling and anxiety/depressive-like behaviors in adulthood (Barua et al., 2014; Trezza et al., 2008;
Veronesi et al., 2017). A recent study reported that prenatal exposure to polychlorinated biphenyls
(PCBs) significantly affected USVs produced by rats during affiliative interactions in adolescence
and sociosexual interactions in adulthood (Bell et al., 2016). Future studies should address whether

gestational BPA exposure alters USVs emitted during juvenile and adult social interactions.

Reversal learning
Several studies have noted significant spatial learning and memory deficits in rodents

developmentally exposed to BPA (Kumar and Thakur, 2014; Sadowski et al., 2014; Tian et al.,
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2010; Xu et al., 2013a) as well as non-human primates (Elsworth et al., 2015). However, no studies
have indicated whether BPA may affect non-spatial, operant conditioning. In the current study, we
examined how gestational BPA exposure impacted operant reversal learning in both sexes in a non-
spatial task. We hypothesized that BPA-exposed mice would be more perseverative in the reversal
portion of the test than control mice: BPA mice would continue to poke in the previously active
hole despite receiving no rewards. However, the main finding was a significant sex difference in
the accuracy and number of rewards earned across all training and reversal sessions. Females were
significantly more accurate and received more rewards pellets per session than males, regardless of
gestational BPA exposure. The significant difference between BPA and control females for rewards
earned in FR1 did not coincide with decreased accuracy of responding, which likely indicates that
BPA is affecting general activity rather than the acquisition of the task. However, we did not
directly measure motor activity in adult offspring, so this result is difficult to interpret.

Studies in rats have shown that females outperform males in operant learning tasks
unrelated to food such as shuttle box avoidance and passive avoidance (Dalla and Shors, 2009;
Kokras and Dalla, 2014). Female mice also perform better than males in a more complex operant
task, 5-choice serial reaction time (Groves and Burne, 2016). Appetitive operant learning is
somewhat confounded by the necessity of food restriction in order to motivate responding.
However, sexually dimorphic body weight and food consumption do not explain this behavioral
sex difference. In a progressive ratio operant learning task, male and female rats do not differ in
their motivation to respond for a food reward, even after food restriction (van Hest et al., 1988).
The enhanced performance of females could be partially attributed to higher motor activity of

females compared to males (van Haaren et al., 1990).

Anxiety and social behavior
Juvenile mice exposed to BPA during gestation demonstrated increased anxiety-like

behavior on the EPM. This finding is in line with multiple studies that also report increased anxiety-
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like behaviors in offspring as a result of early life exposure to BPA at various doses. BPA exposure
to the sire, however, did not significantly impact behavior on the EPM of juvenile offspring. In our
previous studies, females received a phytoestrogen free diet supplemented with 5 mg BPA per kg
diet, this produces a daily dose of about 20 pg per day (approximately 500-800 pg/kg bodyweight
per day, depending on the weight of the female). The mice in the current study received a daily
treat with 20 ug of BPA. We chose this exposure method to more precisely control the timing and
dose of BPA without causing stress to the animal. Other researchers have used a similar daily oral
dosing method and observed behavioral changes in offspring (Ogi et al., 2013; Palanza et al., 2002;
Poimenova et al., 2010). Also, in contrast to our previous studies, pups remained with their
biological dam instead of being fostered to a control dam at birth.

Exposure to BPA has been shown to affect maternal behavior in a dose-, timing-, and
species/strain-dependent manner (Rosenfeld, 2015). However, results differ as to whether maternal
behavior produces behavioral changes associated with BPA exposure (Kundakovic et al., 2013).
We have previously shown that BPA exposure and cross-fostering interact to produce differing
behavioral outcomes on the elevated plus maze (Cox et al., 2010). In that study, juvenile and adult
offspring exposed in utero to a higher dose of BPA than we used here (50 mg BPA per kg diet) and
raised by their biological dams spent less time in the open arms of the EPM, indicating increased
anxiety-like behavior. However, when all mice were fostered to a control dam at birth, gestational
BPA exposure did not affect anxiety-like behavior on the EPM in juveniles exposed to two lower
BPA doses during gestation (5 mg and 1.25 mg BPA per kg diet) (Wolstenholme et al., 2012,
2011b). Likewise, no effect of BPA on anxiety-like behavior in the open field was found
(Wolstenholme et al., 2013). In the current study, we reported a significant decrease in time spent
in the open arms of the EPM in maternally, but not paternally, exposed juveniles in this study. This
is in agreement with our previous work showing that pups exposed to BPA in utero and raised by

their biological dams spend less time in the open arms of the EPM than controls. Likewise, studies
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that report increased anxiety-like behavior associated with early life BPA exposure (cited
previously) did not foster pups to unexposed dams at birth.

In previous studies, we also examined the effect of BPA exposure on social behaviors.
Juvenile offspring exposed during gestation to BPA showed significantly different behaviors from
controls in a 30-minute social interaction task (Wolstenholme et al., 2012, 2011b). Notably, BPA
mice spent less time engaged in side-by-side interactions and anogenital investigations of their test
partner. We also found that gestational BPA exposure reversed sex differences in the social
preference task. In the social recognition task, a test of social memory, juvenile BPA offspring
spent more time investigating a familiar stimulus female than controls during the habituation phase,
but the dishabituation response was unaffected (Wolstenholme et al., 2013). In the current study,
neither maternal nor paternal exposure to BPA affected the habituation or dishabituation responses
in social recognition. While maternal and paternal exposure groups were significantly different
from each other, neither group differed from controls. We tested juveniles at an older age in this
study because P21 juvenile control mice were less exploratory and did not exhibit the expected
dishabituation response. Testing juveniles one week later may have had an impact on social
investigation behavior in this test. However, it is more likely that fostering all pups to control dams
at birth interacted with gestational BPA exposure to produce the previously reported differences in

investigation during the habituation phase of social recognition (Wolstenholme et al., 2013).

Paternal preconception exposure

This is one of the first reports to examine behavioral effect of preconception exposure to
BPA. First, we established that BPA exposure in males at this dose did not affect plugging,
pregnancy rate, sperm counts, or reproductive organ weights. Effects of BPA on male reproductive
outcomes vary based on timing and length of exposure, and strain of mouse or rat. We did not
expect to find significant alterations in sperm quality or reproductive capacity at this dose, however,

we were surprised to find that males exposed to BPA for 50 days weighed significantly less than
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controls. This is contrary to a recent study reporting an increase in body weight and fat mass of
C57 male mice after 5 weeks of oral exposure to BPA at doses ranging from 5-5000 pg/kg body
weight per day (Yang et al., 2016). However, other studies in C57 mice have found no differences
in body weight after long-term exposure to BPA (Moon et al., 2015; Takao et al., 2003).
Biomonitoring data from the National Health and Nutrition Examination Survey (NHANES)
suggest that BPA exposure in adult humans is associated with metabolic syndromes (Teppala et al.,
2012). However, responses to EDCs like BPA are often non-monotonic, so varying doses of BPA
may affect metabolic processes differently (Vandenberg et al., 2012). We found no effect of
preconception paternal BPA exposure on anxiety-like behavior or social recognition in juveniles in
this study. It is possible that BPA exposure at this dose does not lead to molecular changes in sperm
robust enough to be maintained throughout the extensive epigenetic reprogramming of germ cells
that takes place post-fertilization. Therefore, the question of preconception parental exposure to

BPA is still an important one that will require further study.

Conclusions

The results of this study add to the growing literature on BPA-induced increases in anxiety-
like behavior in maternally exposed offspring and expand the sparse knowledge concerning
behavioral effects of paternal BPA exposure. Most notably, ours is the first study to report effects
of BPA exposure during gestation on ultrasonic vocalizations of pups and associative learning in

adult offspring.
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Chapter 111

Transgenerational bisphenol A exposure and brain sexual

dimorphism
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Introduction

During early development, gonadal steroid hormones organize the brain areas necessary
for sex-specific functions in later life, such as those involved in mating and reproduction.
Alterations to the hormonal environment during critical periods can impact the sexual
dimorphism of important nuclei in the brain and the physiology and behaviors they control
(Simerly, 2002). Two such regions are located within the preoptic area of the hypothalamus: the
anteroventral periventricular nucleus (AVPV) and sexually dimorphic nucleus of the medial
preoptic area (SDN-POA).

The abundance of steroid hormone receptors in these areas account for their sensitivity to
hormonal signals during development. The neonatal surge of testosterone in males, which is
aromatized to estradiol in the brain, serves to establish sex differences in size, cell number, and
expression of steroid hormone receptors within specific nuclei (Davis et al., 1996; Dohler et al.,
1982). Failure to properly organize these structures can result in abnormal behaviors. For example,
knockout of estrogen receptor alpha (ERa) in male mice demasculinizes the AVPV and also results
in significantly fewer male-typical sex and aggressive behaviors (Rissman et al., 1999).

The SDN-POA and is significantly larger in males than females. Based on several studies
in rats, the SDN likely serves to regulate male sexual behaviors. For example, bilateral lesion of
the SDN in sexually naive male rats resulted in significantly decreased male sexual behaviors
(ejaculation, mounting, intromission, etc.) (De Jonge et al., 1989). The postnatal sexual
differentiation of the SDN depends on estrogen as well as androgen receptor signaling (Edelmann
et al., 2007; Orikasa and Sakuma, 2010). Expression of calbindin-d28k, a calcium-buffer/sensor
protein, has classically been used as a marker to identify the nucleus (Sickel and McCarthy,
2000). Calbindin is expressed across the brain, but most notably in Purkinje cells of the
cerebellum. Neonatally castrated males have fewer calbindin-immunoreactive (calb-ir) cells in

the SDN than intact males, whereas females given testosterone (Orikasa and Sakuma, 2010) or
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DHT at birth have more male-like numbers of calb-ir cells than untreated females (Bodo and
Rissman, 2008). DHT-injected females also exhibited a preference for female soiled bedding,
unlike untreated females (Bodo and Rissman, 2008).

Contrastingly, the female AVPV is twice as large in volume as the male AVPV (Davis et
al., 1996) and contains nearly three times as many neurons expressing tyrosine hydroxylase (TH),
the rate-limiting enzyme involved in the synthesis of dopamine (R.B. Simerly et al., 1985).
Dopaminergic neurons in the AVPV are important in regulating the pre-ovulatory release of
luteinizing hormone (LH) (Orikasa et al., 2002; R.B. Simerly et al., 1985). Within the AVPV, a
select population of TH cells also express ERa (Patisaul et al., 2006). The organization of this
region is controlled by estradiol signaling via ERa and ER3 (Bodo et al., 2006; Simerly et al.,
1997). Similarly, neonatal sex hormone manipulations result in significant alterations of AVPV
size and cell numbers (Bodo et al., 2006; Davis et al., 1996; Kanaya et al., 2014).

The development of sexually dimorphic nuclei can also be altered by endocrine disrupting
chemicals (EDCs) like bisphenol A (BPA), a high-volume production chemical commonly used in
polycarbonate plastics. The ubiquitous use of BPA in many products results in high levels of human
exposure, predominantly via oral ingestion (Vandenberg et al., 2007a). BPA acts as an estrogenic
chemical by binding to estrogen receptors in the body (Kurosawa et al., 2002; Matthews et al.,
2001). Multiple studies in rodents have examined the effect of developmental BPA exposure on
sexual differentiation of the brain (He et al., 2012; Naulé et al., 2014; Patisaul et al., 2007, 2006;
Rebuli et al., 2014; Tando et al., 2007). Gestational exposure to BPA at a wide range of doses
diminished sex differences in the SDN-POA by decreasing calbindin-immunoreactive volume and
cell number in male rats. BPA exposure also decreased the number of TH-ir cells in the AVPV in
a dose- and sex-specific manner (McCaffrey et al., 2013). A similar study in mice found that
perinatal BPA exposure likewise diminished sex differences in the number of TH neurons in AVPV

(Rubin et al., 2006). Interestingly, approximately 31% of ERa-ir cells in the AVPV and 40% in
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mPOA colocalize with ERRY, a nuclear orphan receptor highly responsive to BPA (Takayanagi et

al., 2006; Tanida et al., 2017). ERRy stimulates the expression of MAO-B, the enzyme that
metabolizes dopamine, but this effect dampened by ERa and ERp activation in vitro (Zhang et al.,
2006). These data represent an intriguing mechanism by which BPA may affect dopamine in the
AVPV.

The development of the cerebellum is also sensitive to the effects of sex hormones,
particularly estradiol (Hoffman et al., 2016). Interestingly, BPA has been shown to affect the
cerebellum in various ways. BPA exposure during development in rats disrupted intracellular
signaling cascades in developing cerebellar cells in vitro (Le et al., 2008; Zsarnovszky et al., 2005)
and repressed calcium uptake into cerebellar granule cells in primary culture (Imamura et al., 2005).
BPA decreased thyroid hormone receptor expression in cerebellar cell cultures, but increased
receptor expression in the presence of thyroid hormone or estradiol (E2) (Somogyi et al., 2016),
suggesting that BPA interferes with the complex relationship between thyroid hormone and E2
during cerebellar development. Postnatal BPA exposure has also been associated with significant
pathological changes of cerebellum cytoarchitecture in rats, including reduced size, abnormal
morphology, and disorganized location of purkinje neurons (Atif et al., 2015). However, neonatal
administration of a large dose of BPA (500 pg per neonate for 3 days) facilitated dendritic
outgrowth of calbindin-immunopositive purkinje cells compared to vehicle control, but did not
affect cell number, or soma size (Shikimi et al., 2004). These data demonstrate perinatal BPA
exposure may act in a dose-dependent manner via several mechanisms to disrupt the development
of the cerebellum, which occurs late in gestation and continues into postnatal life.

While several research groups have examined the direct effects of BPA exposure on cells
in the AVPV, SDN-POA, and cerebellum it remains unknown whether these effects can be
transmitted across multiple generations. We have previously shown that BPA exposure
significantly affected social behaviors in gestationally exposed offspring (F1 generation), as well

as mice three generations removed from the initial exposure (F3 generation) (Wolstenholme et al.,
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2013, 2012). In one study, transgenerational behavioral changes were also accompanied by gene
expression differences in embryonic whole brain (Wolstenholme et al., 2012). More recently, our
lab showed that BPA affects ERa-ir cells populations sexually dimorphic brain areas in females of
both the F1 and F3 generations (Goldsby et al., 2017). Based on these results, we hypothesized that
ancestral exposure to BPA in the F3 lineage mice would affect sexual dimorphism the AVPV and
SDN-POA. In F3 generation males and females, we measured the colocalization of TH and ERa
in the AVPV and the volume of calbindin-ir in the SDN. In addition, we quantified levels of
calbindin in the juvenile cerebellum, which we have previously shown to be significantly higher in

females than males (Abel et al., 2011).

Materials and Methods

Animals and breeding:

C57BL/6J mice used in these experiments were generated at the Biological Resources
Facility at NC State University. The progenitor mice were purchased from Jackson Labs (Bar
Harbor, ME). All animals were maintained on a 12:12 light/dark cycle (lights off at 1200) and
provided food and water ad libitum. The Institutional Animal Care and Use Committee at NC State
University approved all procedures.

Transgenerational F3 BPA and control lineages were generated using methods published
previously (Goldsby et al., 2017; Wolstenholme et al., 2013, 2012). Females were randomly
assigned to consume one of two custom diets: phytoestrogen free chow (Teklad 95092, “Control”),
or the same chow containing 5 mg/kg BPA (Teklad 09386, “BPA”). Plasma levels of BPA levels
in pregnant dams consuming this BPA diet averaged 3.9 ng/ml (Wolstenholme et al., 2012), which
is within the range (0.3—4.0 ng/ml) reported in pregnant women (Schonfelder et al., 2002). The

females consumed their assigned diet for 7-10 days prior to mating with a male and throughout
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pregnancy. To eliminate potential effects of BPA on maternal behavior, all pups were fostered to a
dam who had been on control food throughout pregnancy.

At weaning on postnatal day 21, F1 generation offspring were transferred to standard
rodent chow (Teklad 7012). Offspring were housed in same-sex same-exposure groups until
reaching sexual maturity. In adulthood, F1 offspring were mating to non-siblings of the same
gestational diet exposure (i.e. control females paired with control males and BPA paired with BPA
males) to produce the F2 generation. Adult F2 generation mice were paired with non-siblings in a
similar manner to produce the F3 generation. For all breeding pairs, the sire was removed from the
breeding cage prior to the birth of a litter. All F2 and F3 mice consumed standard rodent chow.

F3 generation juveniles (27-29 days old) were euthanized via carbon dioxide. Brains were
carefully removed from the skull and quickly dissected on ice. The cerebellum was gently separated
from the midbrain and brainstem, then rapidly frozen on dry ice and stored at -80°C until
processing. No more than 2 mice per sex per litter were used for Westerns.

F3 generation adults (15 weeks old) were deeply anesthetized with a lethal dose of sodium
pentobarbital and transcardially perfused with cold 0.9% NacCl followed by 4% paraformaldehyde.
Brains were removed from the skull and post-fixed in 4% paraformaldehyde for 2 hours, then
cryoprotected in 0.1 M sodium phosphate buffer containing a 30% sucrose overnight at 4°C. The
brains were rapidly frozen on dry ice and stored at -80°C until sectioning. Fixed brains were cut
into 3 series of 40 pm sections on a cryostat and stored in antifreeze (sucrose, polyvinylpyrrolidone-
40, and ethylene glycol in tris-buffered saline (TBS)) at -20°C until processing. One series of
sections was processed for TH/ERa and a second was used for calbindin staining. No more than 2

mice per sex per litter were used for immunohistochemistry.

Immunohistochemistry:
We analyzed 10 Control males, 9 BPA males, 11 Control females, and 10 BPA females for

TH/ERo immunofluorescence. Sections were washed 0.02 M TBS 6 times over 1 hour, followed
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by pre-incubation in TBS containing 2% normal donkey serum and 0.3% Triton-X (D-TBS). The

sections were then incubated in a cocktail of primary antibodies in D-TBS overnight at 4°C
(monoclonal mouse anti-TH (Chemicon, 1:5000) and polyclonal rabbit anti-ERa (Upstate, C1355,
1:1000). After washing, sections were incubated with fluorescent-labeled secondary antibodies for
1 hour (Donkey anti-mouse IgG, Alexa Fluor 555, A31570; Donkey Anti-rabbit IgG, Alexa Fluor
488, A21206; Invitrogen, 1:200 in D-TBS). Sections were mounted onto gel-coated slides, cover-
slipped, and stored at -20°C until visualization.

10 control males, 10 BPA males, 12 Control females, and 10 BPA females were analyzed
for Calb-ir SDN-POA volume. Sections for calbindin immunohistochemistry were processed as
previously published (Bodo and Rissman, 2008). Briefly, sections were washed in 0.02 M TBS,
incubated in 0.3% hydrogen peroxide for 15 minutes to block endogenous peroxidase activity, pre-
incubated in the primary carrier solution (L-TBS: 0.25% A-carrageenan, 0.5% bovine serum
albumin (BSA), and 0.3% Triton-X in TBS) for 1 hour, then incubated in primary antibody
(monoclonal mouse anti-calbindin, Sigma C9848, 1:5000 in L-TBS) overnight at 4°C. Sections
were then incubated in biotinylated goat anti-mouse secondary antibody (Vector Labs, 1:500 in L-
TBS) for 75 minutes. The biotin signal was amplified using an avidin-biotin complex (ABC,
1:1000, Vector Elite Kit, Vector Labs) for 1 hour and developed in nickel-3,3’ diaminobenzidine
(DAB, Sigma) chromagen activated by 0.1% hydrogen peroxide. The developed sections were

mounted on gel-coated slides, dehydrated, and coverslipped with Permount (Fisher).

Confocal Microscopy:

Immunofluorescent staining was visualized at 10X magnification on a Nikon TE2000-U
confocal microscope. For each animal, one side of an anatomically matched section containing the
AVPV, as identified using the Allen Mouse Brain Atlas (Lein et al., 2007), was analyzed. A set of

serial image planes (z-step distance = 3 pm) was collected through the entire thickness of the
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section. Using NIS Elements software (Nikon Instruments), an experimenter blind to the sex and
treatment of the animal hand-counted the number of TH-ir cells and TH-it/ERo-ir cells within a
region of interest (dimensions: 200 x 600 pm) encompassing a rostral portion of the AVPV. The
percentage of TH-ir/ERa-ir cells was calculated as the number of TH-ir/ERa-ir cells + total number

of TH-ir cells x 100%.

Stereology:

Unbiased stereology measurements of SDN-POA volume were performed on a Leica
DM2500P microscope (Leica Microsystems) using Stereologer' " (Stereology Resource Center)
(McCaffrey et al., 2013; Schmitz and Hof, 2005; Skledar et al., 2016). Calbindin immunolabeling
clearly defined the boundaries of the SDN-POA and the location was confirmed using the Allen
Mouse Brain Atlas (Lein et al., 2007). The entire nucleus was contained within 2-3 sections. A
unilateral border of the SDN-POA was traced on each section at 5X magnification and the volumes
were estimated using the Cavalieri estimator probe. The mean coefficient of error for Calb-ir SDN-

POA volume was 0.07.

Western blotting:

7 control males, 8 BPA males, 8 control females, and 7 BPA females were analyzed for juvenile
cerebellum calbindin levels. Cerebellum tissue was thawed and homogenized in RIPA buffer
containing proteinase inhibitors. Following centrifugation, the total protein concentrations in the
tissue lysates was measured by bicinchoninic acid protein assay. 25 ug of protein per sample was
separated on 12% polyacrylamide-SDS gels and transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were washed prior to each immunoblotting step with TBS containing
0.1% Tween-20 (TBST). Non-specific binding was blocked in 5% milk in TBST for 1 hour, then

incubated with primary antibodies directed against calbindin (Polyclonal rabbit anti-calbindin,
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Millipore, AB1778, 1:2000) and B-actin (Mouse monoclonal, Sigma, 1:5000) in 5% milk overnight

at 4°C. The membranes were incubated with HRP-conjugated secondary antibodies (goat anti-
rabbit and goat anti-mouse, 1:20,000, Vector Labs) in 5% milk for 1 hour followed by detection
with SuperSignal West Pico Chemiluminescent Substrate (Pierce Chemicals). Signal intensities for
each band were quantified using LICOR Odyssey Imaging software. Values for each sample are

represented as the signal for the calbindin band / B-actin band.

Statistics:
Data were analyzed by two-way ANOVA in NCSS 2007 with sex and BPA exposure lineage as

the independent variables.

Results

Calbindin protein in juvenile cerebellum

Contrary to our previous study, we found no significant sex difference in the amount of calbindin
protein in the cerebellum of juvenile mice as quantified by chemilumiscent western blots
(F(1,26)=0.04, p>0.05; Figure 1). Likewise, there was no effect of ancestral BPA exposure on

calbindin protein in the cerebellum (F(1,26)=2.54, p>0.05; Figure 1).
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Figure 1: Calbindin protein levels in juvenile cerebellum

A) Mean + SEM ratio of calbindin/B-actin band intensities B) representative Western blot, each of the 12
pairs of bands represents one individual cerebellum sample.

7 control males, 8 BPA males, 8 control females, and 7 BPA females

TH and ERa immunoreactivity in the AVPV

Consistent with the literature in rodents, we found that a population of TH-ir cells within AVPV
was sexually dimorphic. We also found that the sub-population of TH-ir neurons co-expressing
ERa also differed according to sex (Figure 2). Females had significantly more TH-ir cells in the
AVPYV than males (F(1,36)=80.9, p<0.0001; Figure 3A) However, the number of TH-ir cells was
unaffected by ancestral BPA exposure (F(1,36)=0.78, p=0.38). The number of cells co-expressing
TH and ERa within the AVPV was greater in females than males (F(1,36)=58.6, p<0.0001; Figure
3B). The percentage of TH-ir cells expressing ERa was also significantly greater in females than
males (F(1,36)=81.8, p<0.0001, Figure 3C). Neither the number nor the percentage of ERa-ir TH
cells was significantly affected by ancestral BPA exposure (F(1,36)=.70, 0.98 respectively;

p>0.05).



60

Figure 2: TH-ir and ERa-ir cells in AVPV

Representative maximum intensity projections of TH (red) and ERa. (green) immunofluorescence in the
AVPV generated from confocal image stacks; A) control male B) BPA male C) control female D) BPA
female. Double-labeled cells appear as green/yellow nuclei within red cells. (Scale bars = 50 pm, 3V =
third ventricle)
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Figure 3: Quantification of TH-ir and ERa-ir cells in AVPV

Mean + SEM A) number of TH-ir cells in the AVPV, B) number of TH/ERa double labeled cells, C)
percentage of TH cells labeled with ERa

White bars represent F3 Control lineages and gray bars represent F3 BPA lineages.

* significant sex difference females > males; 10 control males, 9 BPA males, 11 control females, and 10 BPA
females



61

Volume of calbindin-ir in SDN-POA

The boundaries of the SDN-POA were clearly defined by calbindin immunoreactivity (Figure 4).
As expected, the volume of calbindin-ir in the SDN-POA was significantly larger in males
compared to females (F(1,38)=17.3, p<0.001; Table 1 and Figure 4). BPA lineage did not affect

calbindin-ir SDN-POA volume (F(1,38)=0.01, p>0.05).

Male Female
Mean volume (um”) SEM n Mean volume (um”) SEM n
Control 8113584 1918516 10 2082115* 812768 12
BPA 7851855 1543963 10 2544583* 1084379 10

Table 1: Calbindin-ir SDN-POA Volume: Mean + SEM volume of calbindin-ir SDN-POA.
* significant sex difference males>females, p<0.001

s ik

Figure 4: Calbindin-ir SDN-POA
Representative photomicrographs of calbindin-ir in the SDN-POA, A) control male, B) BPA male, C)
control female, D) BPA female. (Scale bars = 100 um, 3V = third ventricle)

Discussion
We hypothesized that ancestral exposure to BPA would impact the sexual differentiation

of the AVPV and SDN in F3 generation mice. We found that females possess twice as many TH-
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ir neurons in the AVPV as males. Additionally, the percentage of TH-ir cells in AVPV with ERa-

ir nuclei also was approximately 5 times higher in females than males. Conversely, the volume of
the SDN-POA as outlined by calbindin immunoreactivity was three times larger in males compared
to females. We found no effect of transgenerational BPA exposure in either brain area.
Additionally, we found no effect of BPA or sex on calbindin protein in juvenile cerebellum tissue.

In studies that assess the effect of direct, perinatal exposure to BPA on the volume and
number of calb-ir neurons in the SDN, results vary across doses and species. Some studies show a
hypermasculinizing effect of BPA on the male SDN in rats (He et al., 2012; Patisaul et al., 2007)
and one found a demasculinizing effect on calb-ir cell number in F1 male rat offspring (McCaffrey
et al., 2013). However, three rat studies and one study in C57BL6 mice report no significant effect
of BPA exposure on SDN-POA volume or calb-SDN cells (Kwon et al., 2000; Nagao et al., 1999;
Naulé et al., 2014; Takagi et al., 2004). BPA effects on SDN-POA volume or calb-ir SDN
cells/volume seem to vary based on dose, timing of exposure, and species (the only effects on SDN
are from rat studies). The direct effects of BPA on the AVPV appear to be more consistent across
reports. Developmental BPA exposure attenuates the sex difference in TH cell numbers in the
AVPV either by masculinizing female cell numbers (McCaffrey et al., 2013; Rubin et al., 2006) or
demasculinizing male cell numbers (Patisaul et al., 2006). In one rat study, BPA exposure did not
affect the number of TH cells in females, but did decrease the localization of ERa in the nuclei of
TH-ir neurons in the AVPV (Patisaul et al., 2006). Pre- and postnatal BPA exposure did not affect
the volume or number of TH-ir cells in AVPYV in rats at postnatal day 21, but this could be attributed
to the pre-pubertal age (Ferguson et al., 2015).

Our lab recently reported a significant increase in the number of ERa-ir cells in AVPV of
F3 BPA females compared to F3 control females (Goldsby et al., 2017). Therefore, we
hypothesized that transgenerational BPA exposure could also affect the number of TH cells or

TH/ERa double labeled cells in this area. We were able to replicate the finding that the number
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and percentage of TH/ERa double-labeled neurons in the AVPV was substantially greater in

females than in males (Patisaul et al., 2006). However, we reported no significant effects of
transgenerational BPA exposure on the number of TH/ERa colocalized cells or the total number
of TH-ir cells in the AVPV.

In our previous study, gestational BPA exposure attenuated the sex difference in ERa-ir
cells in the ventromedial hypothalamus (VMH), but did not affect ERa in the AVPV or MPOA of
F1 offspring (Goldsby et al., 2017). It is therefore important to note that it remains undetermined
whether direct exposure to the dose of BPA used to produce the F3 generation mice affects TH-
ir/ERa-ir neurons in the AVPV or calbindin-ir SDN volume in F'/ generation offspring. In the most
similar developmental BPA exposure study in C57 mice, BPA did not significantly impact calb-ir
SDN cell numbers nor ERa cells in mPOA of females. However, the male offspring were not
studied (Naulé et al., 2014). It is unclear whether BPA affects brain sexual differentiation in F1
offspring and these changes do not persist to the F3 generation or if BPA affects neither generation
significantly.

Prenatal and peripubertal exposure to ethinylestradiol (EE2), a synthetic derivative of
estradiol used in oral contraceptives, induced hypermasculinization of the male SDN and
concomitant increases in male sexual behaviors. Intriguingly, this neurobehavioral phenotype
persisted in male progeny through the F4 generation (Derouiche et al., 2015). These data elegantly
demonstrate the plausibility of multigenerational transmission of an environmentally induced
phenotype. There is some evidence for a transgenerational effect of BPA on reproductive outcomes,
such as reproductive capacity in female mice (Berger et al., 2016; Ziv-Gal et al., 2015) and delayed
puberty onset in rats at high doses (Tyl et al., 2002). However, none of these studies examined the
transgenerational effect of BPA on sexual dimorphism in the brain, so it is impossible to state
whether the effects can be traced to a neuronal origin.

Our lab has previously shown that calbindin mRNA in juvenile cerebellum is higher in
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females than males, and ERa knockouts significantly decreased calbindin expression (Abel et al.,
2011). However, we were unable to detect a sex difference in calbindin levels in juvenile
cerebellum samples from F3 generation mice as quantified by western blot. One potential cause for
this discrepancy is that the juveniles in the current study were 3-7 days older than the weanling
offspring used in the previous study. Peripubertal changes in hormone signaling cause substantial
reorganization of the brain, potentially leading to increased variability among groups. We
hypothesized that calbindin protein levels in cerebellum might be impacted in F3 BPA juvenile
because of BPA’s estrogenic activity. However, we did not find any significant effect of ancestral
BPA exposure on calbindin protein. It is unknown whether direct, F1 generation exposure to BPA

would affect calbindin or ERa expression in the juvenile cerebellum at this dose.

Conclusion

We found the expected sex differences in TH-ir neurons in the AVPV and calbindin-ir
volume of the SDN. We also confirmed the presence of sexually dimorphic ERa-ir colocalization
within a distinct subset of TH-ir neurons in AVPV. However, we did not detect a significant sex
difference in calbindin protein levels in juvenile cerebellum tissue. Although it has not been tested
whether these outcomes are affected by gestation exposure to this dose of BPA in F1 offspring, we
showed that there are no significant transgenerational effects in F3 BPA offspring. Nevertheless, it
is important to note that despite finding no effect of ancestral BPA on the outcomes measured here,
we have previously reported significant effects of both direct and transgenerational BPA exposure
on social behaviors and the mechanisms underlying these behavioral changes have yet to be

identified.
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Chapter IV

Calbindin knockout alters sex-specific regulation of behavior

and gene expression in amygdala and prefrontal cortex
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Introduction

Calbindin-D(28K) (Calbl) is abundantly expressed in the brain where it functions as a
high-affinity calcium buffer/sensor in neurons (Baimbridge et al., 1982; Bastianelli, 2003; Kojetin
et al., 2006; Schwaller, 2009). Calb1 is expressed in both pyramidal and non-pyramidal neurons in
the brain, and in GABAergic inhibitory neurons including the Purkinje cells of the cerebellum and
interneurons residing in the prefrontal cortex, amygdala, and hippocampus (Celio, 1990; DeFelipe,
1997; Druga, 2009; Hof et al., 1999). Moreover, Calbl mRNA and protein are sexually dimorphic
(females have more than males) in the cerebellum and prefrontal cortex of juvenile mice, two brain
regions associated with cognitive and affective behaviors impacted by sex-specific neurobehavioral
disorders (Abel et al., 2011). Calbindin protein is also a marker for the sexually dimorphic nucleus
of the preoptic area (SDN): males have significantly greater numbers of calbindin-positive cells
than females (Edelmann et al., 2007; Gilmore et al., 2012). This population of Calbl cells is
regulated by both estrogen receptor alpha and androgen receptors during development (Bodo and
Rissman, 2008; Orikasa and Sakuma, 2010). However, the effect is strictly organizational in nature,
as calbindin immunoreactivity in the SDN in not affected by adult exposure to gonadal hormones
(Orikasa and Sakuma, 2010).

Reduced calbindin has been associated with a number of neurobehavioral diseases, many
of which are sexually dimorphic in incidence. In the cortex, there are significantly fewer calbindin-
immunopositive neurons in the cortex of brains of schizophrenic, but not bipolar patients, in
comparison to control subjects (Sakai et al., 2008; Torrey et al., 2005). During aging, calbindin-
containing neurons in the basal forebrain gradually die, and this process is accelerated in
Alzheimer’s patients (Riascos et al., 2011). Decreased calbindin immunoreactivity in the
hippocampus is also associated with temporal lobe epilepsy (Abraham et al., 2011, 2009).
Additionally, post mortem studies report fewer and smaller Purkinje cells in the cerebellum of
autistic patients (Fatemi et al., 2002; Palmen et al., 2004). Transgenic mouse models of fragile X

syndrome, an X chromosome-linked neurodevelopmental disorder, have lower than normal
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numbers of calbindin-immunoreactive neurons (Giraldez-Perez et al., 2013; Real et al., 2011) and
significantly decreased Calb] expression (Tessier and Broadie, 2011). In other transgenic mouse
models of neurological disease, altering Calbl levels affects the phenotype. For example,
suppressing Calbl expression worsens the disease phenotype in an Alzheimer’s disease model
(Kook et al., 2014), whereas Calbl over-expression has a neuroprotective effect in a Parkinson’s
model (H. H. Yuan et al., 2013).

Behavioral and physiological endpoints are also affected by experimental manipulations of
calbindin levels. In rats, overexpression of calbindin in the dentate gyrus produces deficits in water
maze learning and T-maze reversal learning (Dumas et al., 2004). Male transgenic Calbl knock
down (KD) mice show deficits in spatial learning in the Morris water maze and the 8-arm radial
maze compared to control males (Molinari et al., 1996). Additionally, complete calbindin knockout
(Calb-KO) mice have disrupted circadian rhythms and impaired hippocampal long-term
potentiation maintenance as compared to wildtypes (Kriegsfeld et al., 2008; Westerink et al., 2012).

In this study, we investigated novel aspects of calbindin function on social behavior,
anxiety-like behavior, and fear conditioning in adult mice of both sexes by comparing wild type
(WT) to littermate Calb-KO mice. We hypothesized that lack of calbindin would alter inhibitory
neurotransmission by disrupting downstream genes related to synaptic plasticity. Since neocortical
GABAergic interneurons temper excessive stimulation from excitatory neurons, and molecular and
cellular dysfunction of these neurons leads to cognitive, affective, and behavioral impairments
(Druga, 2009; Rossignol, 2011), we hypothesized that Calb-KOs would differ in the behaviors
tested compared to WT littermates. Moreover, we predicted sex differences in the behavioral
responses of wildtype mice would be eliminated in Calb-KO mice. Next, we examined gene
expression in the amygdala and prefrontal cortex (PFC), two areas of the brain intimately connected

with limbic system control of the behaviors tested, in response to sex and genotype.
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Materials and Methods

Animals

All procedures were approved by, and conducted in accordance with, the University of
Virginia Animal Care and Use Committee guidelines. Breeding dams and sires, both of which were
heterozygous for the null Calbl allele, produced the mice used for all experiments (Airaksinen et
al., 1997). To set up the breeding colony mice were ordered from Jackson Labs (Stock # 003079;
Bar Harbor ME), the background strain was C57BL/6J. Offspring were genotyped before weaning
(postnatal day 21) and all homozygotes (wild type and complete knockouts) were group housed by
sex and age and maintained on a 12:12 light cycle (lights on at 1300). At all times animals had
access to water and food (#7912 Harlan Teklad, Madison, WI) ad libitum.

Between 50-70 days of age, all mice were gonadectomized and each received an estradiol-
filled Silastic implant (Dow Corning, Corp., Midland, MI tubing: 1.98 mm ID X 3.17 mm OD).
Estradiol was prepared in sesame oil (estradiol-17f3 50pg/ml) and placed subcutaneously in the
back of the neck. This procedure was used to provide equivalent hormone level regardless of the
genotype or the sex of the mouse. Thus, sex differences cannot be attributed to differences in the
levels of gonadal hormones at the time of the test. After surgery, mice were housed individually.
Ten to fourteen days after surgery mice were tested for one of the three behaviors. The observers
who scored the behaviors were blind to the sex and genotype of the mice. All behavioral tests were
conducted in the light.

At the end of the experiment, all mice were anesthetized using sodium pentobarbital and
euthanized. Brains were rapidly removed and frozen on dry ice. Using a cryostat, brains were cut
in coronal sections (120um) onto slides. A tissue punch (1 mm) was used to dissect the complete
amygdala and the prefrontal cortex using anatomical guidelines established by visually comparing
slices to figures in the Mouse Brain Atlas(Lein et al., 2007). The amygdala was collected in 2

bilateral punches from 8 sections corresponding to Atlas figures 31 through 40. The prefrontal
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cortex was collected in two medial punches from prelimbic and infralimbic areas in atlas figures

14-20.

Fear Conditioning

We used a modified fear conditioning protocol(Paylor et al., 1994). Testing was conducted
between 0800-1200h. Before testing, mice were moved one at a time into the testing room. On the
first test day, the subject was placed in one half of a mouse shuttle box (Med Associates: # ENV-
010MC; each interior compartment: 20.3 cm x 15.9 cm x 21.3 cm) for 10 min to explore the novel
environment and then returned to their home cage. Twenty-four hours later the animals were
returned to the same test chamber. Freezing behavior was observed at 10-second intervals for two
minutes (baseline, trial I). Freezing was defined as no movement other than natural respiratory
motions. Next, an 80 dB, white noise was presented for 30 seconds immediately followed by a 2-
second 0.35 mA foot shock. This pairing was repeated after a 2-minute inter-trial interval (¢raining).
Each animal was returned to the home cage 30 seconds after the second shock. The next day,
freezing behavior was recorded in the same environment for 5 minutes (context, trial 2) and then
mice were returned to their cages. Between 1-2 hours later, mice were introduced to a novel side
of the shuttle box chamber, which had been altered in the following way: A divider was placed on
the diagonal to divide the chamber into a triangularly shaped area. Pieces of dark tape were affixed
to the walls and the floor was covered with a solid piece of plastic to yield a smooth surface. Finally,
a drop of orange extract was placed on a cotton swab suspended from the ceiling out of reach of
the mouse. In this altered context, the animals were observed for a total of 6 min. During the first
3 min (pre-conditioned stimulus (CS), trial 3), no auditory stimulus was presented. During the last
3 min, the auditory stimulus was presented (CS, trial 4). Freezing behavior was recorded at 10-
second intervals for the entire 6 min. testing period. The amount of time in context-dependent
freezing is expressed as a percentage of baseline freezing: [(Trial 2 freezing time - Trial 1 freezing

time) / Total time] x 100%. Percent time in cue-dependent freezing was calculated in the same way:
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[(Trial 4 freezing time - Trial 3 freezing time) / Total time] x 100%. In total, data from 36 mice

were used in the analysis. (KO n=10 of each sex, WT males n=7 and WT females n=9)

Elevated Plus Maze

Mice were habituated to the testing room for at least 30 minutes before the test began. At
the start of the test, each subject was placed in the center of the clean elevated plus maze (EPM)
facing an open arm. Mice were allowed to explore the maze for 10 minutes and videotaped from
above. Between subjects, the EPM was thoroughly cleaned with ethyl alcohol. The floors and walls
of the EPM (ENV-560A; Med Associates, Inc., St. Albans, VT) were black polypropylene. Each
runway measured 6 cm wide x 35 cm long x 71.25 cm tall. The walls on the closed arms were 20.3
cm high. Observers, blind to the sex and genotypes of the mice, scored the time spent in each arm
(open or closed) and the center of the maze, as well as the number of entries into each arm. In
addition, because others have reported motor coordination differences between KO and WT mice
(Barski et al., 2003), we scored the number of times each animal turned around in the open arms of
the maze and the total amount of time spent turning. Time spent turning was subtracted from total

time in the open arms. (WT males, females, and KO males n=7; KO females n=9)

Social Preference

Mice were tested in a large, Plexiglas cage divided into three chambers: two equal-size end
areas (31.5 x 25.5 cm each) and a smaller neutral section between them (10.5 x 25.5 cm). Both end
areas contained an empty “holding cell” (10.16 cm in diameter and 13.97 cm tall). During the
habituation phase, the mouse was placed in the center of the box and allowed to explore the entire
box for 10 minutes. The subject was then restricted in the center by closing the openings to the
outer chambers. A gonad-intact adult male was placed under the holding cell on one side and an
ovariectomized, estrogen-implanted adult female (both were C57BL/6 wildtype mice) on the

opposite side (sides were randomly selected). These stimulus mice were habituated to the holding
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cell in their home cages for at least 10 minutes before the test. During the test phase, the doors were
opened again and the subjects were allowed to investigate the box for 10 minutes. Observers blind
to sex and genotype scored the number of entrances into each side and the time spent investigating
the stimulus mouse. Investigation was defined as the test mouse’s nose touching the stimulus mouse
through the bars or sniffing within 1cm of the mouse. The test arena was carefully cleaned between

subjects to eliminate olfactory stimuli from previous trials. (WT males n=9, all other groups n=10).

Quantitative Real-Time PCR (qRT-PCR)

We selected genes that are either related to the behaviors we chose or associated with
calbindin neurons/signaling. We chose several BDNF signaling targets because BDNF has been
shown to regulate calbindin (Fiumelli et al., 2000). Since Calb! is primarily expressed in inhibitory
neurons, we also selected two GABA-related genes. We examined both nuclear estrogen receptors
because estradiol regulates Calbl expression. We also investigated potential effects on epigenetic
regulators, like Hdac3, Hdac4, and Mecp?2. Other targets, like Nr3cl, Crhrl, and Avp, are involved
in the behaviors we tested. Additionally, many of these genes have been shown to have sexually
dimorphic expression in the brain.

An RNeasy®Lipid Tissue Mini Kit (Qiagen, Valencia, CA) was used to isolate total RNA
according to the manufacturer’s protocol. The quantity and quality of the RNA were determined
using a NanoVue™ Spectrophotometer. cDNA templates were prepared using an AffinityScript
gPCR cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA) according to the
manufacturer’s protocol. The ABI StepOnePlus real-time PCR system was used to perform qRT-
PCR. Either TagMan®Probe or SYBR®Green-Based Detection (Applied Biosystems, Carlsbad,
CA) were used to detect PCR products of interest. The following TagMan®Gene Expression
Assays were used: estrogen receptor o (Esrl, Mm00433149m1l), estrogen receptor B (Esr2,
MmO00599821 m1), histone deacetylase 4 (Hdac4, Mm01299557 m1), methyl CpG binding protein

2 (Mecp2, MmO01193537 gl) and neurotrophic tyrosine kinase, receptor, type 2 (Ntrk2,
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MmO00435422 m1l). In these assays, all samples were normalized to mouse beta-actin (Actb,
#4352933E). Oligonucleotide primers (Table 1) were either designed for SYBR-Green based
analysis using consensus sequences and Blast from the NCBI genomic alignment database or
derived from prior publications and were synthesized by Invitrogen (Carlsbad, CA). The following
primers were based on previously published constructs: Bdnf~exon IV (Zheng et al., 2012); Calbl
(Abeletal., 2011); Gabrbl and Gad67 (Gilabert-Juan et al., 2011). All other primers were designed
to span an exon-exon junction to prevent binding to genomic DNA. For all SYBR assays, samples
were normalized to the endogenous control, beta-2 microglobulin (B2m). Validation experiments
were conducted to test for equally efficient target and endogenous control gene amplification and
primers were between 90 and 110% efficient for all amplifications. In each qRT-PCR reaction
using SYBRGreen, primers were verified for a single PCR product of expected size with the
disassociation melting curve stage. For TagMan and SYBR Green based detection, target and
endogenous control genes were measured in triplicate for each cDNA sample during each real-time
run to avoid inter-sample variance. All genes of interest were analyzed with Step One™™ software

using the comparative cycle thresholds method (CT) method.

Gene Sequence (5'-3’)
Avp F, TGCTCGCCAGGATGCTCAACAC
R, TTGCCGCCTCTGGGCAGTT
B2M F, GGCTCACACTGAATTCACCCCC
R, ACATGTCTCGATCCCAGTAGAC
Bdnf, all exons F, TTAAGCGGCTTCACAGGAG
R, CCTGCTGCCATGCATAAAAC
Bdnf, exon V@ F, CTCCGCCATGCAATTTCCAC
R, GCCTTCATGCAACCGAAGTA
Calb® F, ACTCTCAAACTAGCCGCTGCA
R, TCAGCGTCGAAATGAAGCC
Crhr1 F, CTGAACAGTGAGGTCCGCTC
R, GGCTCTGATGGAGTGCTT
Gabrb1¢ F, GCCATGGACTGGTTTATTGC
R, CCACGCATACCCTCTCTTGGTG
Gad67¢ F, GGGTTCCAGATAGCCCTGAGCGA
R, TGGCCTTGTCCCCTTGAGGCT
Hdac3 F, ATGACAGGACTGACGAGGCCGA
R, TGGGTGCTTCTGGCCTGCTGTA
Nr3ci F, GGATGCCATTATGGGGTGC
R, TCGTTTTTCGAGCTTCCAGG

Table 1: Quantitative RT-PCR primer sequences
F: forward; R: reverse; *Primer from (Zheng et al., 2012); **Primer from (Abel et al., 2011);
***Primers from (Gilabert-Juan et al., 2011).
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Serum corticosterone

Blood was collected from awake, adult male mice of both genotypes (n=6 WT and n= 7
KO). These mice had been tested in the EPM, at least two weeks prior to blood collection. Each
mouse was sampled twice: once for a baseline measurement and again following 15 minutes of
restraint stress. Samples were collected at least one week apart and the order of the conditions was
counter-balanced by genotype. Samples were obtained by submandibular punctures using a 4mm
Goldenrod Lancet (Mineola, NY) during the first hour of the light period. This blood collection
method is rapid (under three minutes) and requires no anesthesia(Golde et al., 2005). Samples were
centrifuged at 12000 rpm for 10 minutes, and serum was collected and frozen until assay. We
assessed the serum concentrations of corticosterone using an enzyme immunoassay kit (DetectX®
Corticosterone Immunoassay kit, Arbor Assays, Ann Arbor, MI). Control serum pools were
assayed in duplicate and interpolated from the standard curve, which was fitted with a 4PLC
nonlinear regression in GraphPad Prism 6 for Mac (La Jolla, CA). The sensitivity of the kit was

18.6 pg/mL; the limit of detection was 16.9 pg/ml. The average coefficient of variance was 3.89%.

Statistics

All data were analyzed using NCSS Software (2000). Data points greater than two standard
deviations from the mean were tested using Grubb’s Outlier test. For data analyses, two-way or
repeated measures ANOV As were used, as appropriate, to assess the contributions of genotype and

sex. Paired comparisons were conducted using Fisher’s LSD multiple comparison tests.

Results

Male KO mice display reduced conditioned fear in response to an auditory cue

A repeated measures ANOVA revealed an interaction between sex and genotype
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(F(1,95)=5.73, p<0.025) for freezing time across trials 1-4. This effect was produced by male KO
mice, which displayed less freezing behavior than male WT or female KO mice over all trials
(p<0.05). Interestingly, there was an interaction between trial and genotype (F(1,95)=3.21, p<0.03).
The genotype difference was only noted on the cued conditioned stimulus trial (trial 4). In response
to the conditioned cue, WT animals displayed more freezing than did KO mice (p<0.05) (Figure
1). To further investigate this interaction, we ran repeated measures analysis on the final two trials.
Again, a significant interaction between sex and genotype was indicated along with interactions
between sex and trial as well as genotype and trial (F(1,95)=4.13, 5.73, 8.67, respectively, p<0.05
or less). A large main effect of trial was also noted (F(1,95)=343.19, p<0.0001). The sex by
genotype interaction was caused by a difference between KO and WT males, whereby freezing
behavior was significantly lower in KO males (p<0.05). The interaction between sex and trial was
caused by a sex difference on the conditioned stimulus (tone) trial; males froze more than females
(p<0.05). On the other hand, the genotype by trial effects were noted on the final trial when KO

mice were less reactive to the tone than WT mice (p<0.05).

Fear Conditioning
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Figure 1: Impaired retention of cued fear memory in Calb-KOs

Mean + SEM percent of time spent freezing for context-specific and cue-specific fear conditioning expressed
as a percentage of baseline freezing: (Context trial freezing - Baseline trial freezing / Total time) X 100%
and (Cue trial freezing — Baseline trial freezing / Total time) X 100%. * = Male WT significantly different
from all other groups, p<0.05.
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Calb-KO mice show less anxiety-like behavior on the elevated plus maze

Calbindin knockout mice spent more time than wild type mice exploring the open arms of
the EPM (F(1,29)=9.78; p<0.004) (Figure 2a). KO mice spent more time turning around in the open
arms (F(1,29)=14.40, p<0.001) (Figure 2c) and made more turns than WT mice (F(1,29)=9.67,
p<0.005). The genotype effect on time spent exploring the open arms mice remained significant
even after we subtracted the amount of time spent turning around from total time in the open arms
F(1,29)=10.81; p<0.004). There were no effects of sex nor were there any sex by genotype
interactions. Additionally, WT mice spent more time in the closed arms than KO animals
(F(1,29)=10.67; p<0.003) (Figure 2b) but no other effects or interactions were noted. No significant
effect of sex was found in the total number of crosses (open, closed, and center areas) made during
the test. However, there was a trend towards a genotype effect (F(1,29)=3.9 p=0.06): KO mice

made more crosses in the maze than WT mice (Figure 2d).
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Figure 2: Decreased anxiety-like behavior in Calb-KO mice on the elevated plus maze

Mean + SEM time (seconds) spent (a) in the open arms, (b) in the closed arms, and (c) turning around in the
open arms during the 10-minute (600-second) test. Total crosses between open, closed, and center portions
of the maze represented in (d). * = Significant main effect of genotype, p<0.05. & = Genotype trend, p=0.06
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Male Calb-KO mice have enhanced social interactions

The duration of social interactions during the social preference test proved to differ by
genotype and/or sex. Analyses revealed main effect of genotype, with KO mice spending more
time than WT mice investigating the female stimulus mouse (F(1,35)=4.58, p<0.04) (Figure 3a).
There was also an overall effect of sex, in which females of both genotypes investigated the male
stimulus mouse less than males of both genotypes (F(1,35)=11.23, p=0.002) (Figure 3b), however
no interaction was noted. No group showed a significant sexual preference, calculated by
subtracting time spent with male from time spent with the female, nor were there differences
between the groups for this measure. Interestingly, the time spent investigating both stimulus mice
of either sex (male and female) was significantly affected by sex, genotype, and we noted an

interaction between these factors (F(1,35)=16.04, 5.13, 4.46; p<0.0003, 0.03, 0.05 respectively).
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Figure 3: Increased investigation during the social preference task by male KOs

Mean + SEM time (seconds) spent investigating (a) female stimulus mouse, (b) male stimulus mouse, (c)
total time with either stimulus. Total number of transitions between different compartments of the three-
chambered box represented in (d). # = Significant main effect of sex, p<0.05. * = Significantly different
from all other groups, p<0.05.
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The effects were caused by the male KO mice, which spent more time with the stimulus animals
than females or WT males (p<0.05) (Figure 3c). Lastly, the total number of entries into each
chamber was not significantly different by genotype nor was there a sex by genotype interaction
(Figure 3d). There was a trend for a sex difference in which females were more active than males

(F(1,35)=3.74, p=0.06).

Sexually dimorphic genes in the prefrontal cortex and amygdala

Consistent with our previous research (Abel et al., 2011), wild-type females expressed
more Calbl mRNA than males in the prefrontal cortex (T=2.85, p<.007), but not in the amygdala
(data not shown). We also noted region-specific, sexually dimorphic expression of estrogen
receptor alpha (Esrl), GABA-A receptor subunit beta (Gabrbl), and methyl CpG binding protein
2 (Mecp2). In the amygdala, all three genes were more highly expressed in females than males
regardless of genotype (Esri: F(1,29)=12.7, p<.001; Gabrbl: F(1,31)=4.92, p<.034; Mecp2:
F(1,28)=4.93, p<.035) (Figure 4a). In contrast, the opposite pattern was true in the prefrontal cortex:
males had higher expression than females (Esri: F(1,27)=8.59, p<.007; Gabrbi: F(1,30)=17.03,

p<.00001; Mecp2: no sex difference) (Figure 4b). Additionally, there was significantly higher

A Esr1 B Gabrb1
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Figure 4: Sexually dimorphic expression of Esrl and Gabrbl in amygdala and PFC independent of
genotype

Relative quantity (RQ) (a) estrogen receptor alpha (Esr1) and (b) GABA receptor subunit beta (Gabrbl)
mRNA in two brain areas: amygdala and prefrontal cortex (PFC). Wildtype and knockout RQ values are
combined by sex. Grey bars = Mean + SEM wildtype male + knockout male, white bars = Mean + SEM
wildtype female + knockout female. # = Significant main effect of sex within brain region, p<0.05.
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expression of brain-derived neurotrophic factor (Bdnf) in the amygdala of WT males than in WT
females (F(1,29)=8.17, p<.009) (Figure 5a). There were no significant effects noted in the

expression of Bdnf exon IV in the amygdala (Figure 5b).
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Figure 5: Elevated Bdnf expression in male Calb-KO PFC, but not amygdala

Mean + SEM Relative quantity (RQ) Bdnf (all exons) mRNA expressed in the (a) amygdala and (c)
prefrontal cortex. RQ values of Bdnf exon IV mRNA in the (b) amygdala and (d) prefrontal cortex. # =
Significant main effect of sex, p<0.05 * = Significantly different from all other groups, p<0.05.

Genes affected by Calb-KO in the amygdala and PFC

In the amygdala, there was a significant main effect of genotype (KO<WT) on
corticotropin releasing hormone receptor 1 (Crhri: F(1,30)=4.69, p<.04) (Figure 7a), histone
deacetylase 4 (Hdac4: F(1,30)=4.48, p<.04) (Figure 6b), and BDNF receptor TrkB (Ntrk2:
F(1,31)=12.08, p<.002) (Figure 6¢). However, genotype effects on Hdac4 and Ntrk2 predominated
in the males as indicated by significant sex by genotype interactions for both genes [Hdac4:

(F(1,30)=8.76, p<.006) and Ntrk2: (F(1,31)=16.54, p<.00001)]. Moreover, post-hoc tests revealed
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an effect on Crirl limited to males in which WT males had higher levels than KO males (p<.05).

Similar to the amygdala, the male knockout group also drove several genotype effects in
the prefrontal cortex. Male KO mice expressed significantly more Bdnf in the PFC compared to
WT males as indicated by a significant sex by genotype interaction (F(1,29)=6.52, p<.017) (Figure
5¢). More specifically, exon IV of Bdnf was increased in KO compared to WT mice (F(1,29)=5.97,
p<.02) and a significant interaction between sex and genotype (F(1,29)=14.29, p<.0008) limited
the knockout effect to males (Figure 5d). Expression of the GABA synthesis enzyme glutamate
decarboxylase (Gad67) in the PFC was also significantly reduced in KO males as compared to WT
males, but female knockouts were unaffected (p<.05) (Figure 6d). Unlike the amygdala, however,
expression of Hdac4 was unaffected by genotype or sex (Figure 6¢). In contrast, gene expression
was reduced in KO mice of both sexes for the BDNF receptor gene, Ntrk2 (F(1,30)=5.97, p<.021)
(Figure 6f).

Only two of the genes investigated showed significant main effects driven by female
knockouts. In the prefrontal cortex, we noted a significant sex effect in glucocorticoid receptor
(Nr3cl) expression where females were greater than males (F(1,28)=6.13, p<.02). However, a
significant interaction between sex and genotype (F(1,28)=6.52, p<.02) showed that the sex effect
was specific for KO mice: female KOs had higher expression than male KOs only (p<.05) (Figure
7b). Histone deacetylase 3 (Hdac3) expression was also significantly higher in the amygdala of KO
as compared to WT mice (F(1,31)=4.18, p<.05) (Figure 6a). Hdac3 expression also tended to be
higher in females compared to males, however, the interaction between sex and genotype was not
statistically significant (F(1,31)=3.93, p=.06). Finally, there were no significant genotype or sex
effects on the expression of vasopressin (4vp) and estrogen receptor beta (Esr?2) in either brain area

(p>.05) (Table 2).
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Figure 6: Genotype-dependent expression changes in amygdala and PFC

Mean + SEM RQ values for expression of (a) Histone deacetylase 3 (Hdac3) in the amygdala; histone
deacetylase 4 (Hdac4) in the (b) amygdala and (e) in PFC; Neurotrophic tyrosine kinase receptor 2 (Ntrk2)
in the (c) amygdala and (f) in PFC. & - Trend for a sex by genotype interaction: FKO>FWT, p=0.06. § =
Significantly different from same-sex control group, p<0.05. * = Significantly different from all other
groups, p<0.05.

Stress response is not affected by genotype

As expected, serum corticosterone concentrations significantly increased immediately
following restraint stress (Repeated measures ANOVA: F(1,25)=46.68, p=0.00003).
Corticosterone concentrations were unaffected by genotype, nor was there a stress by genotype

interaction (F(1,25)=0.82, 0.18; p>0.05 respectively) (Figure 7¢). Additionally, there was no effect
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of trial (i.e. stressed on first or second trial) on serum corticosterone concentrations (F(1,25)=0.97,

p>0.05).
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Figure 7: Calb-KO affects stress-related genes in the brain, but not serum corticosterone levels in males
Mean + SEM RQ values of (a) corticotropin releasing hormone receptor 1 (Crhrl) in the amygdala, (b)
glucocorticoid receptor (Nr3cl) in the prefrontal cortex, (c¢) Serum corticosterone levels in wildtype and
knockout males at baseline (grey bars) and 15 minutes after a 15-minute restrain stressor (dark grey bars). §
= Significantly different from WT male group, p<0.05. # = Significantly different from KO male group,
p<0.05. ** = Significant main effect of stress, p<0.05.
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Amygdala Prefrontal Cortex
Sex-Genotype Sex-Genotype

Gene Sex Effect Genotype Effect Interaction Sex Effect Genotype Effect Interaction
Avp Vasopressin NS NS NS NS NS NS
Bdnf (all exons)  Brain-derived M >F, P<.008 NS NS M >F,P<.00001 NS MKO > MWT,

neurotrophic factor FWT, FKO
Bdnf exon IV Brain-derived NS NS NS M>F P<.00001 KO>WT,P<.02 MKO>MWT,

neurotrophic factor FWT, FKO
Calb1 (WT only) Calbindin NS NA NA F>M,P<.007 NA NA
Crhr1 CRH receptor 1 NS WT > KO, P<0.04 NS NS NS NS
Esr1 Estrogen receptor-a F>M,P<.001 NS NS M > F, P < .007 NS NS
Esr2 Estrogen receptor-3 NS NS NS NS NS NS
Gabrb1 GABA A receptor, F>M,P<.034 NS NS M > F, P < .0003 NS NS

subunit-g
Gad67 Glutamate decarboxylase NS NS NS M >F, P < .005 WT > KO, P < .045 MWT > FWT,

67 FKO, MKO
Hdac3 Histone deacetylase 3 NS KO > WT, P<.05 NStrend FKO > NS NS NS

FWT

Hdac4 Histone deacetylase 4 NS WT > KO, P<.043 MWT > MKO NS NS NS
Mecp2 Methyl CpG binding F>M,P<.035 NS NS NS NS NS

protein 2
Ntrk2 Neurotrophic tyrosine F>M,P<.015 WT=>KO,P<.001 MKO < MWT, NS WT > KO, P< .02 NS

kinase receptor 2 FWT, FKO
Nr3ci1 Glucocorticoid receptor NS NS NS F>M,P<.02 NS FKO > MKO

Abbreviations: F, female; M, male; NA, not applicable; NS, not significant. Fisher’s least significant differences test was used for all interactions
(P<0.05).

Table 2: Statistical summary of qPCR results from amygdala and prefrontal cortex
M: male, F: female, WT: wildtype, KO: knockout, NS: not significant, NA: not applicable, Fisher LSD
p<0.05 for all interactions

Discussion

We predicted that loss of calbindin would influence the affective and social behaviors we
selected to test here. Calbindin is present in specific prefrontal cortical and limbic brain regions
that underlie emotional and cognitive behavior (Baimbridge et al., 1992, 1982; Celio, 1990;
Rossignol, 2011). We also predicted that, since Calb! is sexually dimorphic in the mouse prefrontal
cortex, the elimination of Calbl would likewise eliminate sexual dimorphism in some of the
behaviors we tested (Abel et al., 2011; Bodo and Rissman, 2008). In one of the three behaviors we
tested, fear conditioning, we found that sex differences in WT mice were not present in the KO
mice. In another behavior, social investigation, sex differences were revealed in the KO mice that
were not present in WT animals. It is worth noting that we have previously observed a sex
difference in wildtype C57 mice using a Y-maze to test partner preferences between males and
females, in gonadectomized and hormone-treated adults (Bodo and Rissman, 2008; Kauffman et

al., 2007). We noted a significant decrease in anxiety-like behavior on the elevated plus maze in
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knockout mice. We also noted that KO mice tended to show less anxiety-like behavior and
increased exploratory behavior in the other tests we performed. For example, in the social
interaction test, KO males spent more time interacting with the stimulus mice than the other groups,
which suggests a reduction in anxiety-like behavior. Moreover, in the cued portion of the fear
conditioning task, KO mice displayed less freezing behavior than the WT males, also indicative of
a reduction of anxiety-like behavior in Calb-KO mice.

Because an earlier study reported an increase in pain threshold in Calb-KO mice (Egea et
al., 2012), we tested reaction times to shock and all mice reacted with the same, with very short
latencies. Previously it has been documented that Calb-KO mice have no auditory impairments and
we assume they can hear the tone conditioned to the shock (Airaksinen et al., 2000). An alternate
interpretation of our data is that the KO male mice are impaired in their ability to form or retain
memory of an audible cue. This seems unlikely given their normal performance on the context
portion of the task but nevertheless should be considered. Alternatively, the genotype effect may
be due to the loss of a calbindin-dependent sex difference in fear behavior. While only a trend, we
did note a sex difference in WT mice. Freezing behavior in response to an auditory cue was higher
in WT males than in WT females, despite the fact that all groups of mice were gonadectomized and
treated with estradiol. Therefore, ruling out adult differences in circulating gonadal hormones, the
normal sex difference in fear behavior may depend on the presence of calbindin. Another
interpretation is that the Calb-KO mice, and WT female mice are less anxious than males and thus
are less prone to freezing in response to the conditioning tone.

In fact, our data from the EPM support this notion. Calb-KO mice spent more time in the
open arms than do WT mice. Conversely, WT mice spent significantly more time in the closed
arms and less time exploring the open arms compared to KO mice. These data indicate that reduced
anxiety-like behavior is associated with the loss of calbindin. Due to potential differences in motor
coordination(Barski et al., 2003), we predicted that KO mice would take longer to turn around in

the open arms of the maze than WT mice. Even after correcting for the time spent turning around
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in the open arms, the genotype effect remained significant. Given that the Ca/b-KO mice appeared
to have difficulty maneuvering in the EPM, it is particularly impressive that they select to spend
more time in open arms and less time in the secure closed arms of the maze as compared with WT
mice.

We did not observe any sex differences in any aspect of EPM behavior for either genotype,
unlike sex differences observed in most studies when gonad-intact mice are tested (Rilett et al.,
2015; Rodgers and Cole, 1993; Xu et al., 2015). Thus, our data also suggest that differences in
circulating gonadal hormones between adult males and females produce previously noted sex
differences in anxiety-like behavior on the EPM. However, research using gonadectomized,
testosterone, or blank implanted four core genotype mice indicates that sex chromosome
complement also affects anxiety-like behavior. In the elevated plus maze, mice with two X
chromosomes spent significantly more time in the open arms than XY mice, regardless of gonadal
sex (Seney et al., 2013a). However, we were unable to distinguish between gonadal and
chromosomal sex differences in the current study.

In order to begin to unravel the molecular underpinnings of the behavioral results described
above, we used qPCR to quantify gene expression changes in amygdala and prefrontal cortex tissue
harvested from wildtype and knockout gonadectomized adult mice of both sexes. Three distinct
classes of the genes examined were impacted by Calbl knockout. These include genes associated
with BDNF signaling, GABA neurotransmission, and histone protein deacetylation. Many of these
genes are strongly associated with many of the behaviors we examined. In the PFC, the BDNF
receptor Ntrk2 was significantly down regulated in both male and female KO animals. The
differences between male Calb-KO mice and the other groups drove the sex-specific genotype
effects we observed in the expression of N¢rk2 in the amygdala (male KO less than all groups) and
Bdnf/Bdnf exon IV in PFC (male KO greater than all groups). Numerous studies have shown a
causal link between BDNF and calbindin. For example, BDNF induced the expression of Calbl

mRNA and protein in cultured hippocampal and cortical neurons (Fiumelli et al., 2000; Ip et al.,
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1993). Additionally, Bdnf KO mice have reduced Calbl expression in the hippocampus and cortex
despite a normal density of GABAergic neurons(Jones et al., 1994). A plethora of evidence has
linked BDNF to Calb! expression, but to our knowledge, we are the first to demonstrate reciprocity
between the two genes by showing changes in Bdnf-Ntrk2 gene expression in the amygdala and
PFC as a result of calbindin knockout.

The latter finding could offer another explanation as to why male KO mice failed to freeze
in the cued fear conditioning paradigm. The acquisition of conditioned fear is dependent on normal
Bdnf signaling through TrkB receptors in the amygdala(Heldt et al., 2014; Musumeci et al., 2009;
Rattiner et al., 2004). Changes in Bdnf expression in the PFC also align with our other behavioral
results. Overexpression of Bdnf in forebrain neurons decreased anxiety-like behavior of mice on
the EPM, similar to the anxiolytic phenotype of the Calb-KO mice(Weidner et al., 2014). We also
noted that social investigation in male Calb-KO mice is increased as compared with WT males, an
effect that parallels the genotype effects on Bdnf expression in the PFC. These data are supported
by a study in mice which showed that increased affiliative behavior during a social interaction test
is associated with significantly higher expression of Bdnf in the frontal cortex of mice (Branchi et
al., 2013). Bdnf IV transcription is regulated by Ca®" influx through voltage-sensitive calcium
channels (Ca,1 L-type CA™) that are activated in cortical neurons (Ghosh et al., 1994). Calbindin
co-localizes with these calcium channels in mouse cortex (Fiumelli et al., 2000; Ip et al., 1993),
which suggests one possible route by which calbindin could regulate the expression of Bdnf.
However, it remains to be determined whether the effects of Calbl knockout on TrkB are due to
the loss of calbindin itself, or secondary effects caused by feedback regulation of the receptor by
BDNF (Haapasalo et al., 2002).

Expression of the GABA synthesis enzyme, glutamate decarboxylase 67 (GAD67), in the
prefrontal cortex was reduced in male Calb-KO mice compared to WT controls. We also found a
sex difference in the WT mice, wherein males were greater than females; this was attenuated by

the loss of calbindin. This expression pattern parallels the changes we observed in the social
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preference task. KO males spent significantly more time investigating the stimulus mice during the
test than any other group. Similarly, maternal immune activation is associated with decreases in
Gad67 expression in the medial prefrontal cortex of the offspring and concomitant changes in
behavior in a social interaction task (Basta-Kaim et al., 2015). Others have reported associations
between of Gad67 and social behavior, such as social odor preference (conspecific urine vs. water),
sociability (novel mouse vs. novel object), and social preference (familiar mouse vs. novel mouse)
(Sandhu et al., 2014; Zhang et al., 2014). In the prefrontal cortex of schizophrenic patients,
expression of Gad67 and the TrkB receptor are positively correlated (Hashimoto et al., 2005). The
authors suggest that decreased TrkB may underlie dysfunction of GABAergic neurons in
schizophrenia. TrkB signaling may also mediate the effect we observed in the PFC of Calb-KO
mice, as TrkB and Gad67 expression were both decreased compared to controls.

In the amygdala, two classes of histone deacetylases were affected in response to a loss of
calbindin. Male Calb-KO mice showed reduced levels of Hdac4 and increased expression of Hdac3
in the amygdala. Class I and Ila HDACs have opposite effects on learning and memory. Class |
HDAC:s, such as HDAC3, tend to impair memory and cognition, whereas HDAC4, a class Ila
HDAC, improves learning (Ronan et al., 2013). In the rat amygdala, cued fear conditioning
resulted in increased histone acetyl-transferase activity and treatment with HDAC3 reduces fear
memory and conditioning (Yeh et al., 2004). Similarly, pharmacological inhibition of HDAC3
activity significantly improved long-term memory in spatial learning tasks (McQuown et al.,
2011). In contrast, silencing Hdac4 disrupts spatial learning and memory (Sando 3rd et al., 2012).
Conditional forebrain only Hdac4 knockout animals spend more time exploring the open arms of
the EPM and exhibit reduced fear in a context-dependent fear conditioning paradigm (Kim et al.,
2012). Similarly, Calbl knockouts show decreased anxiety, reduced fear, and express less Hdac4.
In addition, because the amygdala is required for cue-dependent associative fear memory (Phillips
and LeDoux, 1992), it follows that we only observed HDAC expression changes in the amygdala

and not the PFC. Synaptic activity-dependent calcium signaling affects the nuclear export of
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HDAC4, which may explain calbindin’s role in regulating HDAC activity and expression (Backs
et al., 2008). We speculate that the synergistic interaction of the two HDACs in the amygdala are
part of a network of genes that underlie the impaired retention of cued fear and decreased anxiety
in Calbl knockouts.

Changes in corticotropin releasing hormone receptor (Crarl) expression may also partially
explain the fear and anxiety phenotypes of calbindin knockouts. Male Calb-KO mice express
significantly less Crhrl in the amygdala than WT males. CRH and its receptor in the amygdala act
as crucial regulators of fear memory. Activation of CRHR1 receptors in the basolateral amygdala
enhances fear memory consolidation (Hubbard et al., 2007), whereas antagonizing CRHR1 in the
central amygdala attenuates stress-induced freezing behavior (Swiergiel et al., 1993). Genetic
variations in the Crhrl gene have even been shown to affect fear acquisition behavior in humans
(Heitland et al., 2013). Additionally, Crhrl in the amygdala and forebrain is known to play a critical
role in anxiety-related behaviors, which serves to further explain the anxiolytic phenotype of Calb-
KO mice (Gray et al., 2015; Muller et al., 2003; Timpl et al., 1998). We also noted gene expression
changes in another regulator of the stress and anxiety response, the glucocorticoid receptor (Nr3cl).
Female Calb-KO mice express significantly more Nr3c/ in the prefrontal cortex than male KO
mice, whereas there was no sex difference in WT mice. Based on the genotype-dependent effects
on expression of Crarl and Nr3cl in the amygdala and prefrontal cortex, respectively, we
hypothesized that the stress axis (hypothalamic-pituitary-adrenal, HPA) would be affected by the
loss of calbindin. For example, mice lacking Crhrl have a decreased stress-induced corticosterone
release and atrophy of the adrenal gland (Timpl et al., 1998). However, in this first-pass assessment
of the HPA axis we did not note any differences in serum corticosterone levels at baseline or post-
stress between male Calb-KO and WT mice. Therefore, we conclude that the significant behavioral
differences between genotypes are due to changes in gene expression within the limbic system, and
not via a secondary effect of stress hormones.

We found several sex differences in gene expression in the amygdala and PFC. Firstly, we
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replicated our previous work by showing that Calbl expression is sexually dimorphic and biased
to females in the prefrontal cortex (Abel et al., 2011). As expected, we did not find a sex difference
in Calbl expression in the amygdala. Estrogen receptor alpha (Esr/) mRNA was sexually
dimorphic in the PFC; expression in males was significantly greater than in females regardless of
genotype, and the opposite was true in the amygdala. This finding is in contrast to other studies that
reported the opposite direction of the sex differences in Esr/ expression in postnatal day 10
prefrontal cortex (Wilson et al., 2011), and no sex difference in the PFC of postnatal day 21-25
mice (Abel et al., 2011). Early post-natal and pre-pubertal mice have very low levels of circulating
sex hormones, as they have yet to undergo hormonal reorganization of the brain during puberty.
This may explain why our current results using adult estradiol-implanted gonadectomized mice are
different from prior work.

GABA-A receptor subunit beta (Gabrbl) expression was also sexually dimorphic in
opposing directions in both brain areas: males had higher expression than females in the PFC and
the opposite was true for the amygdala. This sex difference is interesting considering the important
role of Gabrbl in sexually dimorphic disorders, like autism (Fatemi et al., 2010; Ma et al., 2005).
We also noted a sex difference in expression of methyl CpG binding protein 2 (Mecp?2) in the
amygdala only. Females expressed higher levels of this X-chromosome gene associated with the
neurodevelopmental disorder, Rett Syndrome, than did males. Others have reported a similar sex
difference in Mecp?2 expression in the post-natal day one rat amygdala (Kurian et al., 2007), which
indirectly supports our result by suggesting that the sex difference is organized by early estradiol
exposure. The same group also showed that sexually dimorphic Mecp?2 expression in the amygdala
is required for the development of behavioral sex differences in later life (Kurian et al., 2008).

Notably, we reported no effect of Calbl knockout on any of the genes just described.
However, it remains unknown if androgen signaling plays an important role in modulating the
effects of calbindin in the brain. In this study, all mice were gonadectomized and estrogen-treated

as adults to minimize activational effects of gonadal hormones. The sex differences described
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above were significant despite equalized estradiol levels, which suggests an organizational effect
of steroid hormones/receptors and/or sex chromosome complement (Abel et al., 2011; Seney et al.,
2013Db). Therefore, we interpret our findings to reflect sex differences in gene expression caused by
organizational effects of hormones and sex chromosomal complement rather than the activational
effects of sex hormones.

A number of previous studies have indirectly examined the relationship between calbindin
and affective and social behavior via manipulations of the rodent environment. For example, early
maternal deprivation imposes restraints on the density of calbindin-GABA positive neurons in the
paraventricular region of the hypothalamus of peri-adolescent rats. These animals interact more
with an unfamiliar conspecific and demonstrated less anxiety-like behavior compared to controls
(Giachino et al., 2007). Likewise, in juvenile Octodon degus, a rodent species that shows biparental
care, the absence of the sire in the nest causes brain region- and age-specific changes in Calbl
expression in the hippocampus, cortex, and bed nucleus of the stria terminalis, areas that regulate
stress and anxiety (K. Braun et al., 2011; Gos et al., 2013). Finally, early social isolation reduces
the amount of calbindin in prefrontal cortex (PFC) neurons in male rats (Pascual et al., 2007). The
authors suggested that a reduction of calbindin in GABAergic interneurons compromised their
ability to interact normally with medial PFC pyramidal neurons, which connect to subcortical
limbic networks underlying fear and anxiety. Therefore, these behaviors would be disrupted if

calbindin is reduced.

Conclusion

To our knowledge, this is the first set of studies to directly examine how calbindin affects
affective and social behaviors in rodents. In this study, we chose a more direct route by using Calbl
knockout mice. Moreover, we chose to focus on global, as opposed to a region-specific, knockout
because Calbl is expressed ubiquitously across multiple brain regions that are intimately involved

in regulating emotional behaviors including fear, anxiety, and sociability. We reported significant
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genotype- and sex-dependent gene expression effects of Calbl knockout in two of these brain areas:
the prefrontal cortex and amygdala. We also demonstrated that loss of calbindin significantly alters
fear, anxiety, and social behaviors in adult mice, thereby directly linking calbindin with affective

behaviors.
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Summary

The aim of this dissertation was to examine the impact of specific genetic and
environmental factors on neurobehavioral outcomes in mice. Firstly, I designed an experiment to
test the effect of gestational or paternal exposure to BPA on offspring behaviors. BPA primarily
affected behavior via gestational exposure. I found that gestational BPA significantly increased the
median frequency and duration of ultrasonic vocalizations in infant mice. Juvenile mice exposed
to BPA during gestation also displayed significantly more anxiety-like behavior than controls, in
agreement with the literature. However, juvenile social recognition was unaffected by both paternal
and maternal BPA administration. In adults, I found significant sex differences in operant
responding in a reversal learning task. Females had higher accuracy of responding and received
more rewards than males. Additionally, control females earned significantly more rewards during
the training phase than BPA females. Although we found no notable effects of preconception
paternal exposure to BPA, the sires exposed to BPA weighed significantly more than control sires
after mating.

The Rissman lab had previously demonstrated that direct and transgenerational exposure
to BPA impacted social behaviors in juvenile mice (Wolstenholme et al., 2013, 2012). However,
the mechanism behind these behavioral changes was not entirely clear. A study from our lab
indicated that transgenerational BPA exposure altered ERa immunoreactivity in sexually
dimorphic brain areas in adult F3 females (Goldsby et al., 2017). Therefore, I hypothesized that
molecular markers in other brain areas regulated by sex hormone exposure would be impacted in
F3 generation BPA lineage adults. In the AVPV and SDN-POA, I found the expected sex
differences in immunoreactivity. Female dopaminergic cells (particularly those co-expressing
ERa) greatly outnumbered male cells in the AVPV. The volume of calbindin immunoreactivity in
the SDN was significantly larger in males than in females. However, unlike our previous study

(Abel et al., 2011), I found no significant effect of sex on calbindin protein levels in the cerebellum.
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Transgenerational exposure to BPA did not significantly affect sexually dimorphic dopaminergic
cell populations in the AVPV or calbindin immunoreactivity in the SDN-POA. Likewise, calbindin
protein in the cerebellum was unaffected by transgenerational exposure to BPA.

Lastly, I examined the effects of calbindin knockout on anxiety-like and social behaviors,
fear conditioning, and gene expression in the amygdala and PFC. Calbindin expression has sexually
dimorphic expression across several areas of the brain (Abel et al., 2011), so I hypothesized that
the loss of calbindin would disrupt sex-specific behaviors and gene expression. In Calb-KO mice
of both sexes, anxiety-like behavior on the EPM was decreased compared to WT. The lack of
calbindin was associated with an increase in social investigation, specifically in Calb-KO males.
Calbindin knockout also attenuated the sex difference in cued fear conditioning by decreasing the
freezing response of Calb-KO males compared to wildtype males. These behavioral differences
were accompanied by several gene expression differences in key brain areas that regulate emotional
behaviors. I found an increase in Bdnf mRNA in KO males in the PFC. There were also male-
specific decreases in amygdala expression of Hdac4 and Ntrk2, the receptor for BDNF. In the PFC,
calbindin KO decreased expression of Ntrk2 in both sexes and decreased sexually dimorphic
expression of the GABA synthesis enzyme, Gad67. Lastly, 1 also reported decreased Crhrl
expression of knockouts in the amygdala and increased glucocorticoid receptor expression in the
PFC of KO females. Despite differences in genes regulating anxiety and fear, calbindin KO males

displayed a normal corticosterone response to an acute stressor.

Anxiety and the HPA axis

Calbindin knockout and BPA exposure had opposing effects on anxiety-like behavior as
measured by activity on the EPM. Calb-KO adults spent more time in the open arms than wildtypes,
whereas juvenile BPA mice spent less time in the open arms compared to controls. Despite their
divergent effects, they have roots in the same neuroendocrine system, the HPA axis. In Calb-KO

mice, this was demonstrated by gene expression results in the amygdala and PFC. Male Calb-KO
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mice expressed less CrhR] in the amygdala than wildtype males. Calb-KO females tended to have
more glucocorticoid receptor mRNA in the PFC than Calb-KO males, whereas there was no sex
difference in wildtypes in PFC.

Although I did not directly test the effect of BPA on the neuroendocrine stress response,
there is strong evidence suggesting that early-life BPA exposure can affect the HPA axis. An in
silico study showed that BPA binds the glucocorticoid receptor as an agonist (Prasanth et al., 2010).
Several studies in rats have found that BPA exposure affects basal HPA axis physiology, stress
reactivity, Crhrl in the pituitary as well as GR levels in hippocampus and PVN in a sex-specific
manner (Chen et al., 2014; Panagiotidou et al., 2014; Poimenova et al., 2010; Zhou et al., 2015).
These changes were accompanied by increases in anxiety-related behaviors in all of those studies.
BPA also affects corticotropin-releasing hormone (CRH) neurons in the bed nucleus of the stria
terminalis (BNST), a key brain region in the regulation of the stress response. Prenatal exposure to
low doses of BPA resulted in a loss of sexual dimorphism in the number of CRH positive cells in
the BNST, but not the preoptic area (Funabashi et al., 2004). These results taken together suggest
another mechanism by which BPA can affect neurodevelopment.

11B-hydroxysteroid dehydrogenase type 1 (11B-HSD1), another steroidogenic enzyme,
catalyzes the conversion of deoxycorticosterone to corticosterone. Recent research has shown that
low doses of BPA increase the activity and expression of 113-HSD1 in human-derived adipocytes
(Wang et al., 2013) but decrease 11B-HSDI1 activity in adult rat Leydig cells (Guo et al., 2012).
Facilitation of 113-HSD1 by BPA in adipocytes promoted adipogenesis and was attenuated by an
11B-HSD1 inhibitor, carbenoxelone, and also by glucocorticoid receptor antagonist, RU486 (Wang
etal., 2013). 11B-HSDI is important for local regulation of corticosterone levels, particularly in the
hippocampus (Yau et al., 2015).

BPA also affects transcription of 113-HSD type 2, which catalyzes the reverse reaction:

converting active corticosterone to the inactive metabolite. BPA significantly increases 113-HSD2
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mRNA and protein in human placenta trophoblast cells (Rajakumar et al., 2015). 11p-HSD2
expression in the placenta and fetus serves to protect developing tissues from excess maternal stress
(Chapman et al., 2013). Pharmacological inhibition of 11B-HSD2 results in a detrimental
behavioral/physiological phenotype similar to prenatally stressed offspring (Welberg et al., 2000).
Low activity of 11B-HSD2 in umbilical cord blood is also associated with adverse pregnancy
outcomes such as low birth weight and pre-eclampsia (Cottrell et al., 2013). This further suggests

that BPA may via the placenta to affect fetal development.

Ultrasonic vocalizations

USVs in infant rodents can be affected by genetic, pharmacological, or early-life
environmental manipulations, such as chronic stress. Infant USVs during maternal separation are
also correlated with anxiety-life behaviors in later life (Barua et al., 2014; Trezza et al., 2008;
Veronesi et al., 2017), as was the case with gestational exposure to BPA. However, there have been
no other reports on infant USVs in a BPA exposure model. The mechanism behind the increase in
median frequency and call duration in BPA pups reported in chapter two is unclear. In a recent
study in rats, perinatal hypothyroidism affected the acoustic characteristics and developmental
timeline of pup USVs during isolation (Wada, 2017). Production of USVs decreases after auditory
function develops, but the hypothyroid pups continued vocalizing after this point, indicating an
auditory developmental delay. Mice are also born deaf, but their auditory function begins around
postnatal day 10, which is when the number of USVs in produced by mice sharply decreases (Ehret,
2005; Wiaderkiewicz et al., 2013). The hypothyroid rat pups weighed significantly less than
controls (Wada, 2017), though, so this may also reflect a difference in sound production from
potentially underdeveloped vocal cords. Although we have not noted any differences in body
weight due to BPA exposure at this dose, several studies have reported that BPA may disrupt
thyroid hormone function (Chevrier et al., 2013; Sheng et al., 2012). The effect of gestational BPA

exposure on infant USVs may be mediated by thyroid hormone disruption.
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A study in a rats demonstrated that dopamine receptor D2 function in the striatum and
nucleus accumbens both regulate USV production during maternal separation in rat pups (Muller
et al., 2008, 2005; Muller and Shair, 2016). BPA affects dopamine D2 receptor and TH expression
in the PFC of male rats (Castro et al., 2015a, 2013), which is particularly interesting given that the
PFC sends dopaminergic inputs to nucleus accumbens (Brady and O’Donnell, 2004). Ultrasonic
vocalizations in adult rodents of both sexes are responsive to changes in dopamine, as well as and
gonadal steroid hormone levels (Heckman et al., 2016; Wang et al., 2008). Ovariectomized female
rats given estradiol implants emit fewer USVs than OVX females with blank implants in response
to their cage mate after social separation (Garcia et al., 2017). Micro-implants of E2 or testosterone
within the mPOA of castrated male gerbils restored mounting behavior and USVs during sex
behaviors (Holman et al., 1991). In castrated mice, administration of DHT and E2 both restore
vocalizations in response to a female stimulus (Nunez et al., 1978; Pomerantz et al., 1983).
Similarly, DHT and estradiol benzoate treatment in castrated ArKO males restores social
recognition ability and female-oriented USVs (Pierman et al., 2008).

Given the results presented here, future research should investigate the effect of gestational
BPA exposure on ultrasonic calling during social or sexual behaviors. Integrating USVs and
behavioral interactions may give a more comprehensive picture about potential social deficits
(Kabitzke et al., 2015). We have previously demonstrated direct and transgenerational effects of
gestational BPA on social behaviors in mice (Wolstenholme et al., 2013, 2012). BPA exposure is
associated with decreased Foxp2 expression, a critical regulator of sex-specific USVs in mice
(Wada, 2017), and decreased dopaminergic projections in the cortex neonatal rats (Komada et al.,
2014). Therefore, I hypothesize that BPA would affect USVs in juveniles and adults in conjunction
with social behavior, potentially across F1 and F3 generations.

Furthermore, considering the connection between anxiety and infant USVs as discussed in
chapter two, Calb-KO mice may also exhibit altered USVs. Calb-KO mice had decreased anxiety-

like behavior on the EPM as adults. Therefore, I would hypothesize that infant USVs during
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maternal separation would be decreased in Calb-KO pups as well. Calbindin is important in the
auditory learning circuit of zebra finches (Braun et al., 1991; Pinaud et al., 2007). Calbindin is
expressed in the sex-specific premotor pathway in male zebra finches (Martin Wild et al., 2001).
An isoform of FOXP2 colocalizes with calbindin in purkinje cells in the cerebellum beginning
during embryonic development in mice, further suggesting a role for calbindin in vocalizations (Y.

Tanabe et al., 2012).

Calbindin and the cerebellum

Given the functional importance of calbindin in the hypothalamus, cortex, and cerebellum,
the disruption of fear, anxiety, and social behaviors in Calb-KO mice makes sense. Calbindin is
highly expressed in the cerebellum as a marker of purkinje cells. The cerebellum has bidirectional
connections with the limbic system (hippocampus, thalamus, amygdala, hypothalamus, and basal
ganglia) as well as brainstem nuclei that innervate the cortex and limbic system (Dean and
McCarthy, 2008). In the 1970s, doctors implanted patients with electrodes in the cerebellum in an
attempt to control epilepsy. When stimulated, patients reported experiencing intense fear and anger,
suggesting that the cerebellum has the potential to regulate mood state in humans (Konarski et al.,
2005). Perhaps the loss of calbindin dampened the signals between the cerebellum and limbic
system, resulting in the reduced anxiety-like behavior and decreased freezing in response during
cued fear conditioning in knockout animals.

The cerebellum also has a strong connection to the regulation of social behavior as
indicated by the cerebellar pathology common in individuals with autism spectrum disorder (ASD)
(Becker and Stoodley, 2013). In postmortem tissue, purkinje cell size (Fatemi et al., 2002), number
and density is reduced in individuals with ASD compared to control tissue (Wegiel et al., 2014).
However, standard Nissl staining of the human cerebellum may not yield accurate numbers of
purkinje cells and specific calbindin staining in the cerebellum has been proposed as a more reliable

marker of purkinje cells (Elizabeth R. Whitney et al., 2008). In a small study of calbindin-
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immunopositive purkinje cells in postmortem human cerebellum, found that 3 of the ASD patient
brains had normal numbers of purkinje cell but the other 3 patients had abnormal purkinje cell
numbers compared to control brains (Elizabeth R Whitney et al., 2008). Volumetric analysis of the
cerebellum with magnetic resonance imaging (MRI) has revealed cerebellar enlargement is
common in young children with ASD, but by adulthood, cerebellar volume is reduced in ASD
brains compared to control (Becker and Stoodley, 2013).

I did not test the effect of direct exposure to BPA on the cerebellum in my experiments,
although BPA has documented effects on the cerebellum as discussed in chapter three. Therefore,
disturbing cerebellar functioning (as in Calb-KO mice) might have impacted the behavior of BPA
offspring. BPA exposure and Calb-KO produced opposite effects on anxiety-like behavior on the
EPM. In addition, altered USVs in BPA pups potentially indicate an increased distress response
during isolation. Perhaps BPA exposure enhances purkinje cell function, increasing anxiety-like
behavior and USVs. The cerebellum also plays a role in motor learning, such as eye blink
conditioning, at which females tend to perform better than males (Dalla and Shors, 2009).
Differences in cerebellar physiology might also explain the masculinizing effect of BPA on adult
female offspring during operant behavior training. Unfortunately, it is impossible to conclude
whether the cerebellum mediates the behavioral changes associated with BPA exposure without

directly examining the cerebellum of exposed mice.

Dopamine

Another potential mediator of behavioral changes associated with BPA actions is the
dopaminergic system. Several rodent studies implicate dopamine the potential mechanism
underlying behavioral changes. Increased anxiety-like behavior associated with perinatal BPA
exposure in male mice was accompanied by reduced activity of monoamine oxidase B (MAO-B),
the enzyme that metabolizes dopamine into 3,4-dihydroxyphenylacetic acid (DOPAC), in the

medulla (Matsuda et al., 2012). Furthermore, BPA decreased the ratio of DOPAC to dopamine in
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the hippocampus, medulla, and amygdala, indicating reduced activity of MAO-B in those areas.
Interestingly, nuclear receptor targets of BPA have been shown to affect MAO-B expression. ERRy
stimulates the expression of MAO-B, but this effect dampened by ERa and ERP activation in vitro
(Zhang et al., 2006). Several other papers have shown that the dopaminergic system is sensitive to
BPA (Castro et al., 2015a, 2015b; Elsworth et al., 2013; Jones and Miller, 2008; Masuo et al.,
2004). For example, BPA exposure in mice decreased the density of tyrosine hydroxylase
immunoreactivity in substantia nigra, a midbrain nucleus involved in dopaminergic control of
motor activity and reward systems (Tando et al., 2007).

Additionally, BPA inhibited dopamine D3 receptor-mediated G-protein activation in the
limbic forebrain (Mizuo et al., 2004). BPA also facilitated dopaminergic activity, most likely via
D1 receptors, which enhanced morphine-induced hyperlocomotion and reward behavior (Narita et
al., 2006). This could be further explored as a potential mechanism in regulating the decreased
responding of F1 BPA females during operant training. Due to the lack of an effect of ancestral
BPA exposure on dopaminergic neurons in the AVPV, this seems an unlikely mechanism to explain
the transgenerational social behavior changes we have previously observed (Wolstenholme et al.,
2013, 2012). However, this does not preclude the involvement of other dopaminergic brain regions

in F3 BPA mice.

Operant responding

Disruption of learning and memory processes might impact the capability of mice to
perform in an operant conditioning task. Estradiol has a well-documented effect on learning and
memory processes (Duarte-Guterman et al., 2015). Additionally, mice lacking neuronal ERRy in
the hippocampus and cortex show significant deficits in spatial learning and memory and
hippocampal long-term potentiation (Pei et al., 2015). However, since BPA affected the amount of
responding and not the accuracy of responding in the operant task, it seems unlikely that this effect

is due to a disruption of learning and memory. Estradiol also impacts perseverative and compulsive
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behaviors. Perseverative behaviors, like marble burying in rodents, are influenced by estrous cycle
(Kokras and Dalla, 2014). Estrous cycle influences extinction in a food-reinforced operant
conditioning protocol in rats (Flaisher-Grinberg et al., 2009). Additionally, male ArKO mice
develop compulsive-like behaviors as adults (obsessive grooming and wheel running), which also
suggests a role of sex hormones in perseverative/compulsive behavior (Hill et al., 2007).

Future studies should investigate whether the difference in responding during FR1 and FR3
training of BPA females can be attributed to motor activity, motivation, or compulsive behaviors.
Using a progressive ratio schedule, the test animal must systematically increase the number of
responses for each successive reinforcer within the same trial, until the requirement becomes so
large that the animal stops responding (break point). The higher the break point, the more motivated
an animal is to seek a reward. Testing the break point of males and females exposed to BPA for a
sucrose or a non-sucrose reward pellet may give insight as to whether BPA and/or sex affect
motivation for a palatable reward versus an unpalatable reward. Is this a difference in overall
motivation for food or hedonic responding for a palatable reward? At the end of a progressive ratio
experiment, an extinction protocol might also give more information about a compulsive
responding. In this type of experiment, responding in any of nose-poke holes is not reinforced or
rewarded. Perhaps BPA females would extinguish responding before control females, indicating a
decrease in compulsive responding. However, as estrous cycle influences these kinds of behaviors,
ovariectomy and hormone replacement might be considered in order to reduce variability across

testing days.

Conclusions

I described several significant behavioral effects of gestational BPA exposure in mice in
chapter two. These included altered ultrasonic vocalizations in pups, increased anxiety-like
behavior in juveniles, and decreased responding of adult BPA females during operant conditioning

acquisition. Our lab has also published direct and transgenerational social behavior differences in
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response to gestational BPA exposure. We have shown that gene expression is impacted by BPA
in F1 and F4 in embryonic whole brain tissue (Wolstenholme et al., 2012), and ERa-
immunoreactive neurons in sexually dimorphic brain areas is affected in F1 and F3 adult BPA
females.

In chapter three I discussed the results of an immunohistochemistry study of the AVPV
and SDN-POA in F3 adult brains, as well as analysis of calbindin protein in F3 juvenile cerebellum.
I reported significant sex differences in TH/ERa cells in the AVPV and volume of calbindin
immunoreactivity in the SDN-POA, as expected. However, in contrast to a previous report from
our lab (Abel et al., 2011), I found no sex difference in the amount of calbindin in juvenile
cerebellum. There were no significant differences in any of these brain regions due to ancestral
BPA exposure, but this does not rule out potential differences in other areas of the adult or juvenile
brain.

I also described the results of a study of the calbindin knockout mouse on various behaviors
and gene expression in the amygdala and prefrontal cortex. In contrast to BPA exposure, Calb-KO
was associated with decreased anxiety-like behavior. Calb-KO also increased social investigation
behaviors and decreased cue-induced freezing in a fear conditioning paradigm specifically in males.
These behavioral differences were reflected in the gene expression changes I observed in the
amygdala and PFC. Genes that were specifically affected in Calb-KO males tended to be associated
with the behaviors that had sex-specific patterns. Also, despite changes in some two genes affiliated
with HPA axis function, I found no effect of Calb-KO on corticosterone responses to an acute
stressor.

Lastly, I proposed several potential mechanistic explanations for the behavioral changes I
observed in my BPA F1 experiments and their connections to the Calb-KO study. For example,
gestational BPA exposure and Calb-KO had opposite effects on anxiety-like behavior. Ultrasonic

vocalizations in pups and anxiety-like behavior seem to be correlated, and both phenotypes are
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affected by HPA axis functioning and dopaminergic signaling, which are both systems that are

affected by BPA in the literature.

In conclusion, the calbindin knockout study establishes calbindin as an important regulator

of social, anxiety, and fear behavior in mice and connects the loss of calbindin to several novel

gene expression changes in the amygdala and PFC. Moreover, the results of this dissertation

contribute novel data to the ever-expanding literature on behavioral impacts of gestational BPA

exposure. (See figure 1)

Lastly, in order to further expand on the research of this dissertation I propose three

hypotheses to be addressed in the future of this research:

1.

I hypothesize that significant differences in juvenile social behaviors in response to
gestational BPA exposure (Wolstenholme et al., 2013, 2012, 2011b) are associated with
alterations in ultrasonic vocalizations produced during social interactions, particularly
considering published effects of BPA on dopaminergic signaling, HPA axis regulation, and
the cerebellum.

Furthermore, given the transgenerational effects of BPA on juvenile social behaviors
(Wolstenholme et al., 2013, 2012), I hypothesize that ancestral BPA exposure will also
increase distress-related USVs of pups during maternal separation and that F3 BPA juveniles
will display altered USVs during social interactions.

Based on the decreased anxiety-like behavior of Calb-KO mice in adulthood, I hypothesize
that calbindin will likewise decrease ultrasonic vocalizations in infants during maternal
separation. Also, given the important roles of the hypothalamus and cerebellum in regulating
social behavior, the loss of calbindin in those areas may be connected to sex-specific

alterations of USVs in juveniles during social interactions as well.
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Blue symbols represent the results presented in chapters 2-4. Gray symbols represent findings
from the literature and our previous research. Green question marks represent potential future
directions. An ”X” means there was no effect of BPA. A check mark indicates a significant effect
of BPA or Calb-KO. Arrows up or down indicate the direction of the difference (i.e. upward arrow

indicates an increase)
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Appendix A

Sim1 expression in the developing hypothalamus
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Introduction

Our previous research in mice indicates that gestational exposure to low doses of the
endocrine disrupting chemical bisphenol A (BPA) significantly alters juvenile social behaviors as
well as expression of neuropeptides and steroid hormone receptors in the brain (Wolstenholme et
al., 2013, 2012, 2011b). Other researchers have shown that gestational exposure to BPA disrupts
normal neocortical development by accelerating neuronal differentiation/migration (Nakamura et
al., 2007a). Prenatal BPA exposure has also been shown to alter neuronal migration/positioning
patterns during cortical histogenesis (Ling et al., 2016; Nakamura et al., 2007b). Oral exposure to
BPA from gestational day 8.5 to 13.5 is associated with cortical hyperplasia, accelerated cell cycle
exit, and decreased numbers of neural stem/progenitor cells (Komada et al., 2012). Interestingly,
very low-dose (0.0068 pM) exposure to BPA leads to precocious neurogenesis in the hypothalamus
of zebrafish, whereas a moderate dose (1 uM) did not affect hypothalamic neurogenesis (Kinch et
al., 2015).

A complex genetic pattern controls the differentiation of hypothalamic neural progenitor
cells (NPCs) that will eventually form the neuroendocrine hypothalamus. Transcription factors with
temporal and regional specificities guide the proliferation, migration, and differentiation of these
progenitors (Maggi et al., 2015). Single-minded homolog 1, Sim !, is important member of the basic
helix—loop-helix (bHLH) family of transcription factors required for the development of
hypothalamic neurons expressing the neuropeptides oxytocin (OT), vasopressin (AVP),
thyrotropin-releasing hormone (TRH), corticotropin-releasing hormone (CRH), and somatostatin
(SS) (Michaud et al., 1998). In Sim/”~ mutant mice do not survive past birth: the paraventricular
nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus are severely hypocellular and
the expression of OT, AVP, Trh, and Crh could not be detected (Michaud et al., 1998).

A recent RNA-sequencing experiment from our lab revealed that Sim/ is differentially

expressed in the brains of post-natal day 28 (PN28) males directly exposed to BPA during gestation
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(F1 generation) and their progeny, two generations removed from the initial BPA exposure (F3
generation). Sim/ is therefore an excellent candidate gene given the behavioral phenotypes we have
described resulting from BPA exposure in F1 and F3 generations, and the gene’s crucial importance
in orchestrating the development of the neuroendocrine hypothalamus (Table 1). We conducted
qPCR experiments to validate the results of the RNA-sequencing analysis. Sim/ expression was
significantly decreased in the BNST/POA of PN28 F3 mice of both sexes transgenerationally
exposed to BPA compared to control. This result, however, is opposite to the 1.339-fold change
increase in the RNA-seq results. In post-natal day 0 (PNO) hypothalamus, there was a trend for an
increase in Sim/ expression for BPA-lineage mice of both sexes, but this was not statistically
significant. The difference in the effect of BPA between these two qPCR experiments may be age-

related, or due to brain area-specific expression of Sim 1.

Generation  Fold Change P value
F1 2.285 1.39 E-13
F3 1.339 1.69 E-05

Table 1: RNA-seq Results from PN28 BNST/POA BPA Males vs. Control males

Based on the expression levels observed in these experiments, we suspected that Sim/
expression may change across development. To test this, we compared the levels of Sim/ across
several time points: gestational day 12 (E12) whole brain, E16 hypothalamus, E18 hypothalamus,
PNO hypothalamus, PN6 hypothalamus, and adult hypothalamus. There was a signficant effect of
age on Siml expression from these samples (Figure 1). Sim/ expression decreases signficantly

from post-natal day 6 through adulthood. No sex differences were observed.
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Figure 1: SimI mRNA expression across neurodevelopment

Mean + SEM relative quantity (RQ) of Sim/ mRNA. In embryonic day 12 (E12) whole brain (W.B.) n=5
, E16 hypothalamus n=4 , E18 hypothalamus n=6, postnatal day 0 (PNO) hypothalamus n=4, PN 6
hypothalamus n=5, and adult hypothalamus n=6. The endogenous control gene was Rp/19.

Given these results, I decided to look at Sim/ at embryonic/neonatal time points when its
expression is higher and its function in neurodevelopment is more relevant. Sim/ expression in
from F1 generation E18 whole brain did not differ significantly between BPA and control, nor was
there a sex difference (Two-way ANOVA main effect of BPA: F(1,28)=0.16, p>0.05; Figure 2A).
Similarly, neither BPA nor sex significantly affected expression of Sim/ in F1 generation PNO

whole brains (Two-way ANOV A main effect of BPA: F(1,17)=0.03, p>0.05; Figure 2B). However,

A B
Sim1: E18 Whole Brain [l Male Sim1: PNDO Whole Brain Il Male
1.5, 1.5
[J Female [ Female
1.0 - 1.0 + +
[¢] [¢]
4 4
0.51 0.5
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Figure 2: Sim1 expression in E18 and PNO Whole Brain

Mean + SEM relative quantity (RQ) of Sim/ mRNA in A) embryonic day 18 whole brain n=8 per group,
and B) postnatal day 0 whole brain n=5-6 per group. Gray bars represent males and white bars are females.
The endogenous control gene was Rpl19
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because Siml is most highly expressed within the hypothalamus, the lack of a BPA effect could

potentially be due to the dilution of transcript in a whole brain sample.

Specific Aim: Determine the effect of gestation BPA exposure on Sim1 expression during
hypothalamic development

Rationale: Neurons of the PVN and SON are born between E10.5 and E12.5 and their terminal
differentiation takes place between E13.5 and E15.5. Sim/ expression is first detectible at E10.5
and is restricted to the mantle layer, indicating that PVN/SON neuronal precursors only begin
expressing Sim I once they leave the ventricular zone and stop proliferating (Chen-Ming Fan et
al., 1996; Michaud et al., 1998). Estradiol and BPA are both known to affect proliferation and
differentiation of neural stem/progenitors cells (NS/PCs) (Agarwal et al., 2016; Huang et al.,
2016; M. Okada et al., 2008; Okada et al., 2010; Tiwari et al., 2015; Yin et al., 2015). Preliminary
data discussed above indicate a potential effect of BPA on expression of Sim/ in F3 juvenile and
neonatal brain. The direct effects of gestational exposure on hypothalamic Sim/ expression have

yet to be fully described.

Hpypothesis: BPA increases the expression of Sim/ in the developing hypothalamus.

Approach: To determine the effect of BPA on expression of Sim/ in the developing
hypothalamus, I exposed C57 females to one of two diets: phytoestrogen-free diet (control diet)
or a phytoestrogen-free diet with 5 mg/kg BPA added (BPA diet) for 10 days before mating.
paired with males checked for copulation plugs the next morning. The day of copulation plug was
considered embryonic day 0.5 (E0.5). After a plug is found, the male was removed and the female
remains singly housed with the proper diet for two weeks. Tissue was collected on embryonic day
16 during the dark cycle. In order to ensure similar levels of BPA between animals, food was
removed from the hopper for 2 hours. After food restriction, each dam received a pre-weighed

amount of food in the hopper and for 1 hour. The remaining food was weighed to determine how
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much food was consumed during this interval. Females were then weighed, anesthetized with
isoflurane, euthanized by cervical dislocation. Embryos and placentas were carefully removed
from the uterus, sex recorded, and intra-uterine position noted. A piece of tissue was taken for
genotyping to confirm sex. The whole brain was extracted from the head, the hypothalamic area
was dissected on ice, and rapidly frozen on dry ice and stored at -80 until further processing.
Following RNA extraction, quantification, and reverse transcription of cDNA, the expression of

Sim1 was analyzed by real-time quantitative PCR (qPCR).

Potential Outcomes:

I expect that BPA will increase the expression of Sim/ in E16 hypothalamus. BPA is
known to affect proliferation and differentiation of neuronal progenitors. Sim/ is expressed in
differentiating neurons, therefore, if BPA accelerates the differentiation of hypothalamic neurons,
then there would be increased expression of Sim/ in BPA-exposed embryo brains. Accordingly, I
would expect the neuropeptides expressed in Sim I neurons would also increase.

Brn2, a POU domain-encoding gene, is a downstream target of Sim1. Brn2 expression in
the hypothalamus is lost in knockouts of Sim/ (Michaud et al., 1998). Brn2 knockouts have a
selective defect in CRH-, AVP-, and OT-expressing neurons (Hosoya et al., 2001; C. Liu et al.,
2003).
We have previously reported decreased levels of Avp in E18 whole brains from BPA exposed
embryos compared to control (Wolstenholme et al., 2012). This may indicate that BPA could be
decreasing Sim/ levels in embryonic brain, contrary to our RNA-sequencing result from juvenile

brains, but similar to the significant decrease described in F3 juvenile BPA mice.

Results and conclusion:
In E16 hypothalamus, neither BPA exposure nor sex significantly impacted the expression of

Siml (Two-way ANOVA main effect of BPA: F(1,38)=0.27, p=0.62; Main effect of sex:
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F(1,38)=0.35, p=.56; Figure 3). Expression of Sim/ in the whole brains of E18 and PNO mice was
not significantly affected by direct, gestational exposure to BPA. Likewise, I found no effect of
BPA on a more specific area of the embryonic brain, the hypothalamus, where Sim/ is most
highly expressed. Thus, at this dose of BPA, I could not detect any significant BPA effect on

Sim1 expression in the developing brain using quantitative PCR.

Sim1: E16 Hypothalamus

1.5, B Male
[] Female
T 1
1.0 . —
e
(14
0.51
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Figure 3: Sim1 expression in E16 Hypothalamus
Mean + SEM relative quantity (RQ) of Sim/ mRNA in E16 hypothalamus, n=9-11 per group. Gray bars
represent males and white bars are females. The endogenous control gene was Rpl19
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