
 
 
 

 

ABSTRACT 

ARAMBULA, SHERYL ELIZABETH. Sex-Specific Impact of Early-Life Bisphenol A 
(BPA) Exposure on Brain Development. (Under the direction of Dr. Heather B. Patisaul). 
 

Bisphenol A (BPA) is a well-recognized endocrine disruptor that is commonly used 

as a component of polycarbonate plastics and epoxy resins, and found in a variety of 

household products.  Thus, human exposure to BPA is widespread, with levels higher in 

children than adults.   Extensive experimental and epidemiological evidence supports 

associations between developmental BPA exposure and sex-specific socioemotional 

behavioral outcomes including hyperactivity, anxiety, aggression, and cognitive deficits.  

However, the molecular underpinnings of these behavioral outcomes remain poorly 

understood.  The studies within this dissertation were conducted as part of the CLARITY-

BPA (Consortium Linking Academic and Regulatory Insights on BPA Toxicity) research 

program and examined the impact of early-life BPA exposure on the hippocampal, 

hypothalamic, and amygdalar transcriptomes of neonates and the sexually dimorphic brain 

nuclei of juveniles.  NCTR-Sprague Dawley rats (NCTR-SD) were exposed to wide range of 

BPA doses (2.5 - 25,000 µg/kg body weight (bw)/day) pre- and/or postnatally.  The 

hippocampus, hypothalamus, and amygdala were microdissected from postnatal day 1 (PND 

1) brains and RNA-sequencing and qRT-PCR were used to assess gene expression.  In 

addition, unbiased stereology was used to quantify the volume of the sexually dimorphic 

nucleus (SDN), the anteroventral periventricular nucleus (AVPV), the posterodorsal portion 

of the medial amygdala (MePD), and the locus coeruleus (LC) at PND 28.  Overall, early-life 

BPA exposure induced sex-, brain region-, and dose-specific effects.  In the neonate brain, 

gene expression analysis revealed further evidence for disruption of estrogen receptor 

expression (Esr1 and Esr2) and oxytocin (Oxt and Oxtr) and vasopressin (Avpr1a) systems in 



 
 
 

 

the hippocampus, hypothalamus, and amygdala.  Evidence for disruption of signaling 

pathways critical for synaptic organization and synaptic transmission were also observed in 

the female neonate amygdala.  In the prepubertal brain, no appreciable effects of BPA were 

observed on the volume of the SDN or the LC. However, AVPV volume was enlarged in 

both sexes.  Collectively, these results show the developing nervous system is sensitive to 

BPA exposure and add to a growing body of literature showing neurodevelopmental effects 

of BPA, at levels below the current FDA No Observed Adverse Effect Level (NOAEL) of 5 

mg/kg bw/day.  Furthermore, they provide insight into the mechanistic changes that precede 

and underlie the neurobehavioral effects associated with developmental BPA exposure. 
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ABSTRACT 

Endocrine disrupting chemicals (EDCs) are a diverse group of compounds that interfere with 

the organizational or activational effects of hormones. There is growing concern that early-

life exposure to EDCs may be contributing to the increasing prevalence of sex-biased 

neurodevelopmental disorders by multiple mechanisms.  While it is difficult to make causal 

links, extensive experimental and epidemiological evidence supports associations between 

early-life exposure to environmental contaminants and sex-specific neurobehavioral 

outcomes.  This review provides an overview of the neurobiological and behavioral 

consequences of developmental exposure to EDCs with an emphasis on bisphenol A, high 

volume production chemical found in a variety of commonly used products. 

KEYWORDS 

affective, anxiety, behavior, bisphenol, BPA, brain, development, EDC, endocrine disrupting 

chemicals, environmental contaminant, exploratory, learning, memory sex differences, 

sexually dimorphic, social 
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1. INTRODUCTION 

Inexorably connected, the endocrine system and nervous system work in tandem to regulate 

the development and expression of behavior.  This relationship is best exemplified by the 

early actions of steroid hormones on the mammalian brain, which induce enduring changes in 

the brain that impact sexually dimorphic behavior [31, 36, 65, 81].  Although brain 

development is a tightly regulated and orchestrated process, it is vulnerable to exogenous 

substances that interfere with the action of natural hormones.   

Endocrine disrupting chemicals (EDCs) are a diverse group of exogenous compounds 

that have been found to interfere with the endocrine system and produce adverse health 

effects in exposed individuals or their offspring.  Numerous classes of chemicals including 

plasticizers, flame-retardants, fungicides, pesticides, pharmaceuticals, heavy metals, and even 

naturally occurring compounds such as phytoestrogens are endocrine disrupting (Table 1).  

These and other EDCs dampen, block, or potentiate the action of endogenous hormones 

through a variety of direct and indirect mechanisms.  For example, they may agonize or 

antagonize hormone receptors, interfere with hormone biosynthesis, or alter the number of 

hormone receptors [48].  The long-term consequences of EDCs depend on a variety of 

factors including the genetic susceptibility of the organism and the dose, duration, and 

developmental window of exposure. 

Since the term was first coined nearly three decades ago, EDCs have received 

considerable attention from both the scientific community and the public [58, 84].  While 

highly debated, endocrine disruption provides a plausible explanation for the global increase 
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in the prevalence of sex-biased neurodevelopmental disorders, most notably attention-deficit 

hyperactivity disorder and autism spectrum disorder, which cannot be fully explained by 

genetic factors alone.  Although the etiology of these disorders are not well understood, there 

is increasing concern that developmental exposure to EDCs may enhance risk by disrupting 

sexual differentiation of the brain.  Indeed, extensive experimental and epidemiological 

evidence supports associations between early-life exposure to environmental contaminants 

and sex-specific neurobehavioral outcomes.  

The goal of the current review is to examine the evidence for altered behavior as a 

consequence of EDC exposure.  Although hundreds of suspected EDCs have been identified, 

bisphenol A (BPA) is arguably one of the most widely used and extensively studied.  Thus 

for illustrative purposes, we will concentrate on the effects of early exposure to this notorious 

chemical. 

 

2. BPA: A LANDMARK ENDOCRINE DISRUPTING CHEMICAL 

Our focus on BPA is significant because this well recognized EDC is widely used as a 

component of polycarbonate plastics and epoxy resins and commonly incorporated into 

numerous household products.  Human exposure occurs primarily from contaminated food 

and beverages [125], and in industrialized countries, more than 90% of individuals are 

estimated to have detectable amounts of BPA in their bodies [18-20, 25, 73].  Early-life 

exposure is of major concern because this period is characterized by rapid growth and has 

long been recognized as a critical window of vulnerability to the effects of neurotoxic and 
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neuroendocrine disrupting agents.  In humans, BPA has been detected in fetal plasma [59], 

amniotic fluid [40], fetal liver [87] and placenta tissue [109], demonstrating the capacity for 

significant gestational exposure.  Moreover, the fetal brain is particularly susceptible to 

environmental exposures because the blood-brain barrier is not fully formed, and thus 

provides limited protection [3, 96].  Accordingly, levels of chemical exposures that have no 

obvious effects on the adult nervous system can pose a significant risk when exposure occurs 

developmentally.   

A litany of studies provide evidence that developmental exposure to BPA results in 

neurobiological and mood-related behavioral consequences, even at doses below the current 

U.S. Food and Drug Administration No Observed Adverse Effect Level (NOAEL) of 5 

mg/kg body weight (bw)/day.  It should be emphasized that despite an abundance of 

literature, there is a general lack of understanding concerning the specific cellular 

mechanisms by which BPA alters human neurodevelopment.  Initially developed as a 

synthetic estrogen [38], BPA has long been considered weakly estrogenic.  Until recently, 

BPA was primarily believed to exert its effects by engaging estrogen receptors (ERs).  

However, the binding affinity of BPA for both ERα and ERβ in cell culture assays is 10,000 

– 100,000 fold lower than the endogenous estrogen [7, 67, 126], making it improbable that 

BPA mediates its effects solely through classical ER-dependent nuclear pathways. In fact, 

BPA has also been demonstrated to have a low binding affinity for other steroid receptors 

[105, 133] and to have rapid, non-genomic actions via membrane-bound ERs [5, 117, 124].  

Most recently, studies have shown developmental BPA exposure can induce sex- and region- 
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specific changes in DNA methylation patterns in the brain that are accompanied by decreased 

expression of ERs [69, 70].  These alternative modes of action emphasize the complex, 

multi-modal routes by which EDCs can impact brain and behavior across the lifespan. 

 

3. SEXUALLY DIMORPHIC BEHAVIORS AS INDICATORS OF ENDOCRINE 

DISRUPTION 

Sexual differentiation is the process by which the brain becomes structurally and functionally 

different between males and females.  Sexual differentiation of the brain was once thought to 

hinge almost entirely upon gonadal hormones: generally, the brain develops as male in the 

presence of these hormones, and as female in their absence.  However, recent evidence 

indicates this process is more nuanced and involves multiple sex-specific hormonal, genetic, 

and epigenetic factors that influence sexually dimorphic physiology and behavior thorough a 

variety of mechanisms [82, 83, 110]. 

Disruption of sexually dimorphic behavior is a common outcome of developmental 

exposure to EDCs, particularly BPA.  Indeed, sex-specific behavioral impacts of BPA have 

been demonstrated in numerous animal models and human epidemiological studies.  

Considering their complex, multifactorial origin, it is not surprising that BPA has been found 

to decrease, eliminate, and even reverse behavioral sex differences.  It is unclear, however, 

whether the differential effects of BPA in males and females are due to disruption of already 

existing behavioral dimorphisms or whether they reflect sex-specific vulnerability.  
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4. EVIDENCE FROM ANIMAL MODELS 

The majority of experimental studies on neurobiological and behavioral consequences of 

developmental BPA exposure (gestational and/or neonatal) employ rodent models.  Here we 

provide a summary of these findings and limit our discussion to studies that use BPA doses at 

or lower than the current FDA NOAEL (5 mg/kg bw/day).   

 

4.1 Exploratory and Affective Behaviors 

Experimental animal studies in rodents provide compelling evidence that developmental 

BPA exposure can increase the expression of anxiety-related and exploratory behaviors.  

However, effects vary across sex, animal model, and age at testing.  Studies examining 

developmental BPA exposure in juveniles typically demonstrate sex-specific effects, but 

results are inconsistent.  For example, two studies on juvenile C57BL/6J mice conclude that 

gestational and/or neonatal BPA exposure increased anxiety in males but had no effect in 

females [33, 80], while another study with CD-1 mice reported the opposite [45].  

Additionally, a recent study in juvenile Sprague Dawley rats found no effects of perinatal 

BPA exposure on exploratory or anxiety activity, in either sex [101].   

Studies in adults are more consistent and in general, females display more robust 

anxiogenic effects following early-life BPA exposure compared to males [46, 54, 106, 114].  

For example, neonatal exposure to 10 µg/kg of BPA was found to decrease exploratory-

behavior and increase anxiety-like behavior in adult female CD-1 mice, resulting in a 

behavioral phenotype similar to that of adult control males [46].  This is consistent with other 
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studies that show developmental BPA exposure can decrease or eliminate sex differences 

typically observed in adult rodents, on a number of behavioral paradigms used to assess 

anxiety [45, 54, 62, 66, 69].  Experiments using other animal models (including zebrafish, 

voles and other alternative rodent species, and non-human primates) provide further evidence 

that developmental BPA exposure induces anxiety-related behaviors [64, 69, 88, 93, 114].  

This consistency across studies and varying animal models prompted the World Health 

Organization to conclude that there is some concern about impacts of developmental BPA 

exposure on brain and behavior [43]. While the underlying mechanisms remain unclear, this 

behavioral disruption is commonly associated with perturbation of ER-related gene 

expression in the hypothalamus and the amygdala [4, 21-23, 69, 93, 100, 102].  Moreover, a 

recent study found that prenatal BPA exposure induced sex-specific effects on anxiety-like 

behaviors in adult BALB/c mice that corresponded to changes in DNA methylation and 

mRNA levels of ERα in the hypothalamus [69].  These data provide intriguing evidence that 

BPA-induced disruption of anxiety behavior may be mediated through an epigenetic 

mechanism. 

Other EDCs shown to alter anxiety-related and exploratory behaviors include phthalates 

(1,2), polychlorinated biphenyls (thyroid disrupting) (3,4), some flame-retardants (thyroid 

disrupting) (5), and vinclozolin (androgen disrupting) (6,7).  Perhaps best characterized is the 

spectrum of adverse neurobehavioral outcomes associated with developmental lead exposure.  

Considerable and consistent research, in a variety of animal models including rodents, cats, 

and non-human primates, shows that developmental lead exposure can induce hyperactivity, 
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impulsivity, and aggression [17, 27, 37, 51, 56, 74, 77].  While not an EDC in the classic 

sense, lead and other metals can be endocrine disrupting in some circumstances [28, 53, 55, 

85]. 

 

4.2 Learning and Memory 

Impairments in cognitive abilities have also been observed following developmental 

exposure to BPA.  Under normal conditions, male rodents typically perform significantly 

better than females on spatial learning and memory tasks and, interestingly, early-life BPA 

exposure has repeatedly been shown to reduce this sex difference [24, 62, 130].  Several 

studies in rats and mice suggest that gestational and/or neonatal exposure to BPA can 

negatively impact spatial memory in both juvenile and adult males [68, 71, 78, 118, 130-

132].  As an example, exposure to BPA (0.5 and 5 mg/kg bw/day) during the perinatal period 

significantly impaired spatial memory in juvenile and adult male ICR mice [132].  In 

contrast, data on the effects of BPA on spatial learning and memory in females is sparse and 

mixed results have been reported [24, 78, 130].  Notably, the described changes in spatial 

memory were associated with BPA-induced alterations in dendritic spine density and 

morphology, as well as reduced expression of N-methyl-d-aspartic acid (NMDA) 

glutamatergic receptors and ERβ [39, 78, 118, 131] in the hippocampus. 

Experimental research also shows that dioxin [63, 111], polychlorinated biphenyls [41, 

108], polybrominated diphenyl ethers (PBDEs) [32, 121], chlorpyrifos [47, 76], and other 

EDCs can result in altered learning and memory behaviors.  As an example, perinatal 
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exposure to PDBE slowed motor skill development in adolescent and adult CD-1 mice [10].  

Similarly, a series of experiments in mice found neonatal exposure to multiple PBDE 

congeners caused significant adult learning and memory deficits that corresponded to 

inhibition of the hippocampal cholinergic system [122, 123]. 

 

4.3 Paternal, Social, and Sexual Behaviors 

In rodents, changes in parental, social, and sexual behaviors have been reported after 

developmental exposure to BPA, but evidence is sparse and inconsistent [1, 2, 44, 54, 61, 86, 

98, 99, 107, 114, 129].  To date only two studies have examined the relationship between 

developmental BPA exposure and subsequent maternal behavior.  One of these found that 

prenatal exposure to BPA 10 µg/kg bw/day decreased the amount of time female CD-1 mice 

spent huddling over or nursing their offspring [90].  The second study, which was conducted 

in Wistar rats, reported similar effects of gestational and lifelong BPA exposure to 5 µg/kg 

bw [9].  The impact of developmental BPA exposure on paternal behavior is unknown.  This 

is likely due to the fact that traditional rodent models used in toxicology do not display bi-

parental care.   

Evidence that developmental BPA exposure can alter behaviors related to sociality is 

limited and highly discordant, but existing literature suggests that female social behavior may 

be more sensitive to disruption than males.  For example, exposure to 1.25 mg of BPA during 

the prenatal period increased male and female juvenile social play in C57Bl6J mice [129]. In 

contrast, another report perinatal exposure to 40 µg/kg BPA reduced social play in female 
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juvenile Sprague-Dawley rats (males were not assessed) [99].  A study in prairie voles, a 

more prosocial animal model than laboratory rats or mice, found sex- and age-specific effects 

on social behavior.  Neonatal exposure to 5 and 50 µg/kg bw/day decreased social 

investigation in juvenile males and slightly inhibited partner preference formation in adult 

females.  These behavioral outcomes were accompanied by sex-dependent changes in the 

number of dopaminergic-, oxytocin-, and vasopressin neurons in the paraventricular nucleus 

of the hypothalamus and dopaminergic neurons in the bed nucleus of stria terminals [114]. 

Some published data suggests early-life BPA exposure can induce subtle changes in adult 

sexual behavior, but supporting evidence is mixed [1, 2, 44, 61, 86, 98, 107].  Two studies in 

rodents have found a slight impairment in male sexual performance in terms of latency, 

intromission, and ejaculation [44, 61], where others have found none [98].  Female data is 

similarly mixed but generally indicates female sexual behavior is unaffected by 

developmental BPA exposure.  In rodents, female proceptive and receptive behaviors are 

often determined by hopping and darting and the lordosis response.  Exposure to 0.05 mg/kg 

of BPA during the neonatal period decreased hopping and darting rate in adult female Wistar 

rats, while lordosis behavior was unaffected [86].  Another study, conducted in Sprague-

Dawley rats, observed a modest increase in lordosis behavior in adult females following 

perinatal exposure to 40 µg/kg of BPA [44].  Other studies have observed no effects of 

developmental exposure on proceptive or receptive behaviors in females [1, 2, 107]. 

Animal data also indicates effects of developmental exposure to other EDCs including 

methoxychlor [50, 89, 115], polychlorinated biphenyls [112, 113, 127], phthalates [34, 75], 
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phytoestrogens [91, 92, 94], and chlorpyrifos [35, 119, 120] on parental, social, and sexual 

behaviors.  For instance, a number of studies in rodents provide evidence that PCBs can 

adversely impact sociosexual behavior and, in general, suggest that females may be more 

vulnerable to disruption than males.  In rats gestational and neonatal exposure reduces 

receptive and proceptive sexual behaviors such as lordosis and likelihood to mate [29, 113, 

115].  

 

5. EVIDENCE FROM EPIDEMIOLOGICAL STUDIES 

Although the health impacts of developmental BPA exposure remain controversial, during 

the last decade several epidemiological studies have reported adverse behavior in children 

developmentally exposed to BPA [6, 11, 12, 16, 26, 42, 52, 57, 79, 97, 104].   

The first was a longitudinal cohort study (the Health Outcomes and Measures of the 

Environment Study; HOMES) included 249 mothers and their children and measured 

maternal BPA urine concentrations during pregnancy (gestational weeks 16 and 24) and 

around the time of birth.  When the children were 2 years old, their behavior was evaluated 

using a questionnaire designed to assess adaptive and problem behaviors in community and 

home settings.  In girls, but not boys, significant associations were found between higher 

levels of maternal BPA during gestation and increased externalizing behaviors, specifically 

hyperactivity and aggression [11].  In a follow-up study on the HOMES cohort, behavior and 

executive function were examined at 3 years of age.  Higher levels of maternal BPA during 

gestation were correlated with increased anxiety, hyperactivity, and depressive behavior, 
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particularly in girls [12].  Of note, two subsequent studies on the HOMES cohort found no 

associations between maternal levels of gestational BPA and autistic behaviors in children 4 

to 5 years old [14] or visual spatial ability in children 7 years old [15].  This outcome 

highlights that while chemical exposures can produce measureable and meaningful 

decrements in behavior and cognition that can have life-long implications, manifestation of a 

clinically defined disorder, such as autism, is highly unlikely and would be notoriously 

difficult to prove.    

Other longitudinal cohort studies have found stronger associations between prenatal 

urinary BPA levels and adverse childhood behavior in boys than in girls.  In cohort of 

African-American and Dominican women and their children (Center for Children's 

Environmental Health Cohort; CCCEH), higher maternal urinary BPA concentration was 

associated with increased aggression and emotionally reactive behavior in boys at 3–5 years 

of age [97].  A follow-up study on the CCCEH cohort, found 7 to 9 year old boys exposed to 

higher concentrations of BPA during gestation had increased internalizing (symptoms of 

anxiety and depression) and externalizing (aggression and rule-breaking) problems [104].  

Similarly, three additional cohort studies have reported positive correlations between higher 

gestational BPA concentrations and behavioral problems in boys at 6 - 10 years of age 

including increased symptoms of anxiety, depression, and inattention [26, 42, 52].  Lastly, 

the most recent epidemiological study found a relationship between maternal urinary BPA 

concentration during pregnancy and poorer working memory and increased internalizing 

behavior in boys at 3 years of age [16].   
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Collectively these epidemiological studies strongly suggest that developmental BPA 

exposure may have adverse neurobehavioral effects in children, which may differ between 

boys and girls.  This conclusion is concordant with the abundant animal data although the 

mechanisms of action remain poorly understood.  In general, the conclusions from the 

described studies are strengthened by their use of large mother-child cohorts, BPA 

measurements across several gestational time points, and multiple observed behavioral 

outcomes.  However, it is important to recognize the limitations inherent to longitudinal 

cohort studies that may have contributed to the discrepant results, particularly demographic 

differences across cohorts.  Additionally, differences in neuropsychological assessments and 

substantial within-person variation in urinary BPA concentrations may also contribute to the 

heterogeneity in the literature [13, 116]. 

Robust evidence from epidemiological studies support a relationship between early-life 

EDC exposure and neurobehavioral outcomes. Behavioral deficits, including impairments in 

learning, memory, and social skills, have been linked with developmental exposure to PCBs, 

numerous flame retardants, and other persistent organic pollutants (POPs).  Of these, the 

evidence for PCB-related effects on neurodevelopment is particularly compelling.  Several 

longitudinal cohort studies have observed associations between developmental PCB exposure 

and impairments in measures of executive functioning such as processing speed, verbal 

abilities, and visual recognition memory [8, 60, 72, 103].  Similar impairments in executive 

functioning are also linked to developmental lead and methylmercury exposure [49, 128].  

Because humans are exposed to a complex cocktail of EDCs and other toxicants 
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continuously, combined effects of multiple exposures are a significant and growing concern. 

 

6. CONCLUSIONS 

The experimental evidence summarized above supports the hypothesis that developmental 

exposure to BPA, even at doses below the current NOAEL, may interfere with some aspect 

of sexual differentiation of the nervous system, thereby resulting in disruption of both 

reproductive and non-reproductive behaviors.  During fetal and child development, the brain 

is particularly susceptible to environmental stressors such as EDCs.  A recent study found 

that children of parents who were concerned about EDCs had decreased urinary 

concentrations of BPA, which suggests that by exercising precaution we may be able to 

reduce our exposure to chemicals [95].  While developmental exposure to BPA and other 

EDCs may contribute to neural disorders in children, it should be emphasized that available 

literature does not provide direct causal evidence.  Further mechanistic and epidemiological 

studies are needed to clarify the relationship between EDC exposure and human health.  

Greater information is also needed about the effect of mixtures and repeated exposures over 

multiple critical periods. 

 

7. REMAINING CHALLENGES AND FUTURE DIRECTIONS 

Accumulating evidence suggests that developmental EDC exposure is contributing to the 

rising rate of neurobehavioral disorders.  However, there are many obstacles that make it 

difficult to establish direct causal relationships.  First, the intervening period between 
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neurodevelopmental insult and the manifestation of a resulting behavioral dysfunction can 

be very long.  During this period, which may take years or decades in humans, behavior is 

concomitantly influenced by other factors including genetics, experience, and lifestyle.  

Consequently, ascertaining the contribution of single chemical exposure is extraordinarily 

difficult.  Moreover, humans are exposed to varying amounts and mixtures of EDCs 

throughout their lifetime.  Already an area of increased interest, modeling “real world” 

human exposure (i.e., chronic, low-dose mixtures) will greatly enhance the translational 

value of animal studies in the EDC field.  

In humans, studies on the neurobehavioral changes following early-life EDC exposure 

are constrained by practical and ethical limitations.  An obvious limitation is the relative 

inaccessibility of the human brain.  Both in vivo and in vitro models can be used to identify 

peripheral biomarkers of EDC exposure and associated diseases, which can be incorporated 

into new and existing epidemiological studies.  Reliable biomarkers could also have 

important implications for identifying at-risk populations. 

Since the advent of the endocrine disruption concept nearly 30 years ago [30], the field 

has made substantial progress in identifying several unique mechanisms of EDC action on 

the brain but gaps remain in establishing direct relationships between changes in neuronal 

substrate and consequential changes in behavior.  Improved understanding will require 

deeper investigation into the basic neural and molecular mechanisms underlying complex 

behaviors such as activity, sociability, and executive function.  As understanding their 
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biological origins grows, so does the capacity to more reliably predict and prevent injury 

from EDCs and other developmental neurotoxicants. 
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CHAPTER 1 TABLES 

Table 1 

 

  

	

EDC Structure Potential Sources of Human 
Exposure

Bisphenol A 
(BPA)

•Food packaging
•Medical devices
•Thermal receipt paper
•Epoxy resins and 
polycarbonate plastics

Chlorpyrifos 
•Insecticide in agricultural and 
commercial settings
•Reside on fruits and vegetables

Dioxins

•High fat food (e.g., dairy 
products, animal fat, and eggs)
•Industrial processes (e.g., 
municipal waste incineration)

Lead

•Paint
•Lead-based gasoline
•Dust
•Drinking water
•Children's jewelry and toys

Methoxychlor 
(MXC)

•Insecticide used on pets, home 
gardens, crops, and livestock
•Air, soil, water contaminant

Phthalates

•Plastics
•Food packaging
•Personal care products and 
pharmaceuticals
•Vinyl flooring, wall covering, 
and carpet backing
•High-fat foods (e.g., dairy 
products animal fat, and eggs)

Polybrominated 
Diphenyl Ethers

(PBDEs) 

•Flame retardants
•House dust contaminant
•Fish, meat, and dairy products
•Soil and sediments
•Outdoor air

Polychlorinated 
Biphenyls

(PCBs)

•High-fat foods (e.g., dairy 
products animal fat, and eggs)
•Ground water contaminant
•Electrical transformers, 
capacitors, and other industrial 
waste
•Outdoor air

Vinclozolin

•Fungicide
•Food and drinking water 
contaminant
•Ground water
•Outdoor air

Table 1. Structures and potential sources of endocrine disrupting chemicals with 
published behavioral effects.

Pentabromodiphenyl ether 

Tetrachlorodibenzo-p-dioxin 

Triethyl lead 

Benzyl butyl phthalate 

2,2',3,3',4-PCB 
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HIGHLIGHTS 

• Epidemiological data links prenatal BPA exposure to adverse behavior in children. 

• Prenatal BPA exposure was hypothesized to alter the PND 1 amygdalar transcriptome. 

• Female amygdala appears more sensitive to BPA during fetal development.  

• Oxt, Avpr1a, Esr2, Ar, Camk4, and Grm5 were altered in sex-specific manner. 

• Prenatal BPA may alter pathways for synaptic transmission and neurodevelopment. 

 

KEYWORDS: bisphenol A, brain, amygdala, gene expression 
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ABSTRACT 

Bisphenol A (BPA) is a widely recognized endocrine disruptor prevalent in many household 

items.  Because experimental and epidemiological data suggest links between prenatal BPA 

exposure and altered affective behaviors in children, even at levels below the current US 

FDA No Observed Adverse Effect Level (NOAEL) of 5 mg/kg body weight (bw)/day, there 

is concern that early life exposure may alter neurodevelopment.  The current study was 

conducted as part of the CLARITY-BPA (Consortium Linking Academic and Regulatory 

Insights on BPA Toxicity) program and examined the full amygdalar transcriptome on 

postnatal day (PND) 1, with the hypothesis that prenatal BPA exposure would alter the 

expression of genes and pathways fundamental to sex-specific affective behaviors.  NCTR 

Sprague-Dawley dams were gavaged from gestational day 6 until parturition with BPA (2.5, 

25, 250, 2500, or 25000 µg/kg bw /day), a reference estrogen (0.05 or 0.5 µg ethinyl estradiol 

(EE2)/kg bw/day), or vehicle.  PND 1 amygdalae were microdissected and gene expression 

was assessed with qRT-PCR (all exposure groups) and RNAseq (vehicle, 25 and 250 µg 

BPA, and 0.5 µg EE2 groups only). Our results demonstrate that that prenatal BPA exposure 

can disrupt the transcriptome of the neonate amygdala, at doses below the FDA NOAEL, in a 

sex-specific manner and indicate that the female amygdala may be more sensitive to BPA 

exposure during fetal development. We also provide additional evidence that developmental 

BPA exposure can interfere with estrogen, oxytocin, and vasopressin signaling pathways in 

the developing brain and alter signaling pathways critical for synaptic organization and 

transmission.  
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1. INTRODUCTION 

Bisphenol A (BPA) is a widely recognized endocrine disruptor and ubiquitous 

environmental contaminant prevalent in many household items including food and beverage 

containers, medical equipment, plastic water pipes, and thermal receipt paper.  In 

industrialized countries greater than 90% of individuals have detectable levels of BPA in 

their bodies, with exposure occurring primarily through diet [1-5].  Additionally, levels of 

BPA have been detected in placental tissue, amniotic fluid, and maternal and fetal plasma [6-

8], which is of particular concern because it is well-established that exposure to chemicals 

during the critical period of fetal brain development can cause long-term impairments to 

brain function [9].  Moreover, throughout this period of rapid growth, the blood-brain barrier 

is immature and provides limited protection against neurotoxic and neuroendocrine 

disrupting agents [10, 11].  Here we extended on prior work in the hypothalamus and 

hippocampus [12], conduced as part of a uniquely constructed research consortium, to test 

the hypothesis that prenatal BPA exposure produces sex-specific transcriptomic changes in 

the neonatal rat amygdala. 

 Animal and human data suggest that early-life BPA exposure may disrupt 

neurodevelopmental processes and contribute to, at least in part, the increasing incidence of 

sex-biased neurobehavioral and mood disorders [13, 14].  Extensive experimental and 

epidemiological evidence supports associations between developmental BPA exposure and 

sex-specific socioemotional behavioral outcomes including hyperactivity, anxiety, 

aggression, and cognitive deficits, even at doses below the current US Food and Drug 
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Administration No Observed Adverse Effect Level (NOAEL) of 5 mg/kg body weight 

(bw)/day [13, 15-21].  Furthermore, a published report by the Food and Agriculture 

Organization of the United Nations and the World Health Organization identified “changes in 

anxiety and convergence of anatomical brain sex differences” as a potential human-relevant 

health risk of developmental BPA exposure [22].  The mammalian amygdala plays an 

integral part in the regulation of socioemotional behaviors, particularly those related to 

anxiety and fear [23-27], and is thus a conceivable target of prenatal BPA exposure.  

Previous work has revealed that early-life exposure to low doses of BPA can induce 

structural, molecular and functional changes in the amygdala that are associated with altered 

behaviors [28].  For example, perinatal BPA exposure was found to alter synaptic 

transmission and plasticity in the basolateral amygdala of juvenile rats [29].  An additional 

study found that prenatal and lactational exposure to BPA disrupted levels of the 

neurotransmitters GABA and glutamate in the amygdala of adult mice in a sex-specific 

manner [30].  Moreover, studies from our group and others have observed modified 

expression of genes encoding DNA methyltransferase 1 [31], estrogen receptors (ERs) [15], 

AMPA and NMDA receptor subunits [32], and vasopressin [33], in juvenile and adult rats 

and mice developmentally exposed to BPA.   

Although available literature suggests the developing amygdala is vulnerable to BPA 

disruption, very little is known regarding the impact of exclusively prenatal exposure on gene 

expression in the amygdala and, to our knowledge, no one has assessed the effects on BPA 

on the amygdalar transcriptome.  The present studies extend prior work by examining the full 
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transcriptome in the amygdala on postnatal day (PND) 1, with the hypothesis that prenatal 

BPA exposure alters the expression of genes and pathways fundamental to sex-specific 

socioemotional behaviors including anxiety.  

Because few published studies are designed for the specific purpose of informing 

human risk assessment and thus fail to meet the strict criteria for inclusion, recent reviews of 

the BPA literature by regulatory agencies exclude most studies from consideration and 

maintain the position that BPA is safe at current exposure levels (documents available for 

download here: https://www.fda.gov/NewsEvents/PublicHealthFocus/ucm064437.htm).  As 

part of a collaborative research program known as the consortium linking academic and 

regulatory insights on BPA toxicity (CLARITY-BPA), the present study, and the other 

published and forthcoming studies encompassed in the program, fill a critical data 

communication gap because they were specifically designed to resolve controversies 

surrounding the design and interpretation of BPA toxicity studies and to be informative for 

risk assessment [34-37].  CLARITY-BPA studies incorporate research recommendations 

published by the WHO and others for enhancing robustness and reproducibility of endocrine 

disrupting chemical (EDC) studies [22, 38-41].  This includes strict use of blinding, 

controlling for potential litter effects, minimizing exogenous EDC exposures, oral dosing, 

use of a reference estrogen, and evaluation of multiple BPA doses, particularly levels at or 

below the FDA NOAEL.  Additionally, we have ensured that our methodological and data 

reporting adhere to ARRIVE (Animal Research: Reporting of In Vivo Experiments) 

guidelines as published by the National Centre for the Replacement Refinement and 

https://www.fda.gov/NewsEvents/PublicHealthFocus/ucm064437.htm
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Reduction of Animals in Research (NC3Rs) to maximize reproducibility and utility for 

systematic review.  

Using tissues from a complementary, previously published study [12], a 

transcriptome-wide approach was used for the first time to identify genes and pathways 

targeted by low levels of BPA during fetal development in the amygdala.  Pregnant NCTR 

Sprague Dawley rats (NCTR-SD) were exposed to a wide range of BPA doses (2.5, 25, 250, 

2500, and 25,000 µg/kg bw/day), ethinyl estradiol (EE2; 0.05- or 0.5-µg/kg bw/day), or 

vehicle from gestational day (GD) 6 to parturition through oral gavage.  Quantitative real-

time PCR (qRT-PCR) was used to evaluate the expression of six candidate genes pre-

selected because of their (1) role in socioemotional behaviors, (2) sex-biased expression 

pattern in the amygdala, (3) sensitivity to BPA or estrogen and/or, (4) importance in sexual 

differentiation of the amygdala (Table 1).  Additionally, RNA sequencing (RNAseq) and 

enrichment analysis were used to characterize the neonatal amygdala transcriptome of four 

exposure groups (vehicle, BPA 25, BPA 250, and 0.05 EE2) and to probe for evidence of 

previously unidentified modes of action.  Additional genes were also subsequently analyzed 

by qRT-PCR to validate the RNAseq analysis. 

  

2. MATERIALS AND METHODS 

2.1 Animal Care:  

Study animals were housed in an Association for Assessment and Accreditation of 

Laboratory Animal Care (AALAC) accredited facility.  All procedures were approved in 
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advance by the National Center for Toxicological Research Institutional Animal Care and 

Use Committee (NCTR-IACUC).  PND 1 pups were obtained from litters produced for the 

CLARITY-BPA program [35, 37].  Methods for animal husbandry, diet, breeding, dose 

preparation and administration, and necropsy are described in detail elsewhere [34]; 

therefore, only relevant methods are reviewed below.   

Sprague-Dawley rats from the NCTR colony (NCTR-SD strain code 23) were housed 

in solid-bottomed polysulfone caging with hardwood chip bedding at 23 ± 3°C with a relative 

humidity level of 50 ± 20% on a 12:12h light/dark cycle (0600-1800).  Food (soy- and 

alfalfa-free diet verified casein diet 10 IF 5K96; Cat. 1810069; Purina Mills, Richmond, IN) 

and Millipore-filtered water in glass water bottles with silicone stoppers (#7721 clear, The 

Plasticoid Co., Elkton, MD) were provided for ad libitum consumption.  Extracts of each diet 

lot were analyzed for BPA and myco/phytoestrogens (genistein, daidzein, zearalenone, and 

coumestrol) by liquid chromatography and mass spectrometry [42] and all had levels below 

the average analytical method blanks [34].  Drinking water, polysulfone cage leachates, and 

bedding extracts were also found to have BPA levels below the level of the average 

analytical method blanks [34]. 

 

2.2 Reagents and Dosing: 

The BPA (CAS # 80-05-7, catalog # B0494, TCI America, Portland, OR) and EE2 

(CAS # 57-63-6, catalog #E4876, Sigma-Aldrich, St. Louis, MO) were more than 99% pure 

and administered in 0.3% aqueous carboxymethyl cellulose (CMC; catalog # C5013, Sigma- 
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Aldrich, St. Louis, MO).  The EE2 groups were included to serve as the “reference estrogen” 

and to determine if BPA-related effects were consistent with an estrogenic mode of action. 

Two weeks before mating, dams were randomized to one of eight exposure groups 

stratified by body weight to produce approximately equal mean body weights in each group.  

Sires were randomly assigned subject to the constraint that no sibling or first cousin mating 

was permitted, as previously described [42].  Mating was confirmed by the presence of a 

sperm plug or sperm-positive vaginal cytology [defined as GD 0].  To model the exposure 

route used to establish the NOAEL, dams were gavaged daily with vehicle (0.3% CMC/kg 

bw/day), BPA (2.5, 25, 250, 2500, or 25000 µg BPA/kg bw/day), or EE2 (0.05 or 0.5 µg 

EE2/kg bw/day) from GD6 until the day of parturition [postnatal day (PND) 0]. Dams and 

pups were left undisturbed on PND0.  On PND 1, pups (one per sex per litter) were weighed 

and euthanized by rapid decapitation.  Heads were collected, snap frozen, and shipped coded 

(blinded) to the Patisaul lab where they were stored at -80°C until processing. 

 

2.3 Tissue Collection and Preparation: 

Each whole head was coronally cryosectioned (Leica CM1900, Nussloch, Germany) 

from the caudal end until the caudal borders of the amygdala were identified.  Two sequential 

bilateral punches, each 1.00 mm in diameter and 1.00 mm in depth, were collected caudally 

to rostrally; this corresponded with plates 69-75 of the Atlas of the Developing Mouse Brain 

[43] (Supplemental Fig. 1).  All four punches, which collectively comprised the entire 

amygdala, were combined and stored in BPA-free Eppendorf tubes at -80°C.  These punches 
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were collected at the same time we collected hypothalamic and hippocampal studies for a 

prior, published study [12] with the intention of performing the amygdalar assessment as a 

follow-up (secondary analysis) if any significant observations were found in the other brain 

regions.  The outcomes of that prior study informed the selection of the dose groups and 

primary genes of interest for the present study. 

 

2.4 Quantitative real-time PCR: 

Analysis was performed on eight exposure groups (n = 5-7 for the predetermined genes, n = 

3-7 for the validation genes; sample size based on availability of cDNA): vehicle, BPA 2.5, 

25, 250, 2500, and 25000 and EE2 0.05 and 0.5.  Total RNA was extracted with the Qiagen 

RNEasy Miniprep kit.  An Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip was used 

to determine RNA purity and concentration and each sample had a RIN of 10.  Single-

stranded cDNA synthesis was performed with 350 ng of RNA input using the high capacity 

RNA-to-cDNA kit (Applied Biosystems, Cat. 4387406) and samples were stored at -20°C 

until use. qRT-PCR was performed as previously published [12] using a TaqMan probe-

based protocol and detected on a StepOnePlus™ Real-Time PCR System (Applied 

Biosystems, Life Technologies, Grand Island, NY) with the following cycling parameters: 

50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 

min.  Each sample was run in triplicates the sample maximization approach was followed to 

avoid technical and run-to-run variation [44].  Cycle threshold (Ct) values for the gene of 
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interest were normalized to the Ct for 18s rRNA and relative data were determined by the 

Livak ΔΔ cycle threshold (ΔΔ-Ct) method [45].  

 

2.5 RNAseq Data Analysis: 

The experimental design for transcriptome sequencing was developed in consultation 

with the NCSU Genomic Sciences Laboratory (GSL).  Transcriptome sequencing was 

performed by the GSL on 24 amygdala samples (n = 3 per sex per group).  Four experimental 

groups were examined: vehicle, 25 BPA, 250 BPA, and 0.5EE2.  RNA extraction was 

performed with the Qiagen RNEasy Miniprep kit according to the manufacturer protocol 

(Qiagen, Cat. 74134).  Total RNA samples were submitted to the North Carolina State 

Genomic Sciences Laboratory for Illumina RNA library construction and sequencing.  Prior 

to library construction, RNA integrity, purity, and concentration were assessed using an 

Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent Technologies, USA).  All 

samples had an RNA integrity number (RIN) of 10.  To optimize library complexity, only 

samples that had greater than 300 ng of total RNA were used as input material for library 

preparation.   

As previously described [12], messenger RNA (mRNA) was purified using the oligo-

dT beads provided in the NEBNext Poly (A) mRNA Magnetic Isolation Module (New 

England Biolabs, Cat. E7490).  Complementary DNA (cDNA) libraries for Illumina 

sequencing were prepared with the NEBNext Ultra Directional RNA Library Prep Kit and 

the NEBNext Mulitplex Oligos (New England Biolabs, Cat. E7420 and E7335).  Briefly, 
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mRNA was isolated, heat fragmented, and primed with random oligos for first strand cDNA 

synthesis.  Second strand cDNA synthesis was performed with dUTPs to preserve strand 

orientation information.  Next, the double-stranded cDNA fragments were purified using 

AMPure XP beads (Beckman Coulter Genomics, Cat. A63881), end-repaired, and ligated 

onto adaptors specifically designed for the Illumina platform.  Following ligation, the 

samples were size-selected to a final library size of 400-550 bp (adapters included) using 

sequential AMPure XP bead isolation.  Protocol-specified PCR amplification was performed 

to enrich adaptor-ligated cDNA and add specific indexes for each sample.  The amplified 

library fragments were purified and quality and final concentration was assessed using an 

Agilent 2200 Tapestation.  The final quantified cDNA libraries were pooled into equimolar 

amounts for clustering and sequencing on an Illumina HiSeq 2500 DNA sequencer (4 lanes), 

utilizing a 125 bp single end sequencing reagent kit (Illumina, USA).  Approximately 37.5 

million reads were generated per sample. The software package Real Time Analysis (RTA), 

was used to generate raw bcl, or base call files, which were then de-multiplexed by sample 

into fastq files for data submission.  

Data analysis for RNAseq was performed in consultation with the Bioinformatics 

Core of the NCSU Center for Human Health and Environment.  Sequence data was evaluated 

with FastQC and 12 poor quality bases were trimmed from the 5’-end.  The good quality 

reads were aligned to the Rattus norvegicus (rn6) reference genome (downloaded from 

UCSC) using the STAR software package [46].  For each replicate, per-gene counts of 

uniquely mapped reads were calculated using htseq-count script from the HTSeq python 



67 
 
 

 

 

package [47].  Count data were normalized for sequencing depth and distortion, and 

dispersion was estimated using the DESeq2 Bioconductor [48, 49] package in the R 

statistical computing environment. We fit a leaner model using treatment levels and 

differentially expressed genes were identified after applying multiple testing corrections 

using the Benjamini-Hochberg procedure (padj<0.05) [46].  Lastly, canonical pathway-based 

functional analyses of transcriptomic datasets, with an adjusted p-value (padj) less than 0.05, 

were performed with Ingenuity Pathway Analysis (IPA; QIAGEN).  To identify relevant 

pathways, IPA core analysis was initially filtered to only include annotations made in 

neurons, astrocytes, or the amygdala.  Then the analysis was then re-run to evaluate the 

robustness and relevance of the main findings in the context of a more global analysis by 

including annotations made in all tissues types and cell-lines.  Associated canonical pathways 

were generated with the negative log probability of a particular network being enriched due 

to random chance [-log (p-value)] and the p-values were calculated using a right-tailed 

Fisher's exact tests. 

 

2.6 Data Blinding and Statistical Analysis: 

All dosing and related work conducted at NCTR was conducted by investigators 

blinded to exposure as described in detail in Heindel et al. (2015).  The brains were then 

given a unique identifier and grouped by letter (group A, B, C etc.) and sent to NCSU so that 

analysis could be done blinded to exposure group and sex.  All tissue micropunching was 

conducted blinded and the samples stored at -80°C until the prior, related study was 
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completed and published [12] (which necessitated unblinding).  Because the present study 

was considered a secondary, follow-up study, data from the prior study was critically 

necessary to inform the present one but the experimental design was conceived and 

developed under unblinded conditions.  Once the groups for RNAseq were selected, the 

individual samples were selected at random by an investigator blinded to individual and 

group ID, and all RNAseq work and bioinformatics was conducted blinded.  Because qRT-

PCR used all remaining samples (not all samples had sufficient cDNA for analysis), that 

work could not be done fully blinded, but to minimize risk of bias all of the individual 

samples were randomized across plates.     

The statistical approach was developed to be consistent with previously published 

transcriptome projects of similar scale (equivalent sample size or smaller) in rat brain [12, 

47] and guidelines for low dose endocrine disrupting chemical (EDC) studies [48].  Within 

each exposure group, no same-sex littermates were included, so potential litter effects did not 

need to be statistically accounted for.   

qRT-PCR:  Statistical analysis for all of the data was performed and graphed using 

Prism version 7 (GraphPad Software, Inc., La Jolla, CA).  For each gene of interest, a 

Grubb’s test for outliers (α = 0.05) was conducted and up to one outlier per group was 

removed.  In total, only two outliers were removed from all of the qRT-PCR data: a 2.5 BPA 

male and a vehicle female from the vasopressin receptor (Avpr1a) analysis.  Next, a two-

tailed Mann-Whitney U test was used to determine if any sex differences in gene expression 

were detected in the unexposed controls.  Finally, a two-tailed Mann-Whitney U test was 
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used to compare each exposure group to the same-sex vehicle control.  When BPA-related 

effects were found, qualitative comparisons to the EE2 groups were made to see if 

directionality was consistent with an “estrogenic” effect.  In all cases, effects were 

considered significant at p ≤ 0.05.  

RNAseq:  The DEseq2 package was used to fit a negative binomial model for each 

gene using an extended model matrix.  To identify baseline sex differences in gene 

expression, the male and female controls were compared independent of other exposure 

groups.  With that exception, all other data were compared within sex.  For each comparison, 

the p-value was adjusted for multiple testing using the Benjamini-Hochberg method at a false 

discovery rate of 5% [46].  A cutoff of padj ≤ 0.05 was used to select differentially expressed 

transcripts and genes. 

 

3. RESULTS 

3.1 Impact of prenatal BPA or EE2 exposure on specific genes of interest in the PND 1 

amygdala:  

Based on our a priori hypotheses and prior publications [12], specific genes of interest 

were selected for analysis by qRT-PCR because of their (1) importance in socioemotional 

behaviors; (2) role in sexual differentiation; (3) sensitivity to BPA or estrogen; and/or (4) 

sex-biased expression pattern in the PND 1 amygdala (Table 1).  Five of the six genes were 

significantly altered by prenatal BPA or EE2 exposure and a summary of the descriptive 

statistics for significant outcomes is listed in Table 2.  
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ERα (Esr1) expression levels in the amygdala were not affected by BPA or EE2 in 

either sex (Fig. 1A).  In males, ERβ (Esr2) expression was significantly upregulated in the 

BPA 25 groups, whereas in females, Esr2 expression was upregulated in BPA 250 group 

(Fig. 1B).  In males, oxytocin receptor (Oxtr) expression levels were significantly increased 

in the BPA 25 and BPA 250 groups.  In females, higher Oxtr expression was observed in the 

BPA 2.5, BPA 25, BPA 250, BPA 25000, and EE2 0.5 groups (Fig. 1C).  Prenatal BPA 

exposure had sex-specific effects on Avpr1a. In males, expression was downregulated in the 

BPA 2.5 groups and upregulated in the BPA 25 and BPA 250 groups.  Male Avpr1a 

expression was also increased in the EE2 0.5 group.  Conversely, no significant effects of 

prenatal BPA or EE2 were observed on Avpr1a among females (Fig. 1D).  Androgen receptor 

(Ar) expression was significantly upregulated in the BPA 25 groups in males, whereas in 

females, Ar expression in the BPA 250 and EE2 0.5 groups was upregulated (Fig. 1E).  There 

were no significant effects of BPA on growth arrest and DNA damage-inducible beta 

(Gadd45b) expression in either males or females.  In females, Gadd45b expression was 

upregulated in the EE2 0.5 group (Fig. 1F).  

 

3.2 Impact of prenatal BPA or EE2 exposure on the PND 1 amygdalar transcriptome:  

RNAseq transcriptome profiling was evaluated in animals exposed to vehicle, 25 or 

250 µg BPA/kg bw/day, and 0.5 µg EE2/kg bw/day.  These doses were selected because they 

cover the lower range of exposures at which BPA-induced effects have been reported in the 

scientific literature, including other CLARITY-BPA studies, and are below the current FDA 
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NOAEL of 5 mg/kg bw/day.  Unsupervised principal component analysis of all gene 

expression profiles did not reveal a clear separation between exposure groups 

(Supplementary Fig. 2A).  When PCA was performed within sex, female exposure groups 

clustered more distinctly than males (Supplementary Fig. 2B). Thus all subsequent analyses 

were conducted within sex.  With the exception of one female 0.5 EE2 replicate, samples 

treated with BPA and EE2 clustered together and were clearly distinct from the female 

vehicle control samples (Supplementary Fig. 2C). 

When compared to the same-sex vehicle group, males exposed to 25 µg BPA showed 

more significant transcript changes than males exposed to 250 µg BPA (89 genes and 1 gene, 

respectively; Supplementary Table 1A-B).  IPA identified (1) STAT activation (3 genes, p ≤ 

0.01); (2) Wnt/β-catenin signaling (4 genes, p ≤ 0.01); (3) RAR activation (4 genes, p = 

0.01); (4) corticotrophin releasing hormone (CRH) signaling (3 genes, p = 0.01); and PTEN 

signaling (3 genes, p = 0.01) as the top five most significantly enriched canonical pathways 

by the male 25 BPA dataset (Fig. 2A).  Only 52 genes were significantly altered by 0.5 µg 

EE2 in the male amygdala (Supplementary Table 1C), however a large portion of these genes 

(35/52) overlapped with the set of genes significantly altered in the male BPA 25 group (Fig. 

3A).  (1) GABA receptor signaling (2 genes, p = 0.01); (2) protein ubiquitination pathway (3 

genes, p =0.02); (3) CRH signaling (2 genes, p = 0.04); and (4) DNA methylation and 

transcriptional repression signaling (1 gene, p = 0.045) were the only pathways significantly 

enriched by the differentially expressed genes in the male 0.05 EE2 dataset (Fig. 2A).   
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BPA- and EE2- related transcriptional changes were more numerous in females than 

males.  In total 251 and 341 genes were differentially expressed in the 25 BPA and 250 BPA 

groups, respectively, with robust overlap between the two dose groups (174 genes) 

(Supplementary Table 2A-B and Fig. 3B).  The top scoring canonical pathways enriched 

with genes perturbed by 25 µg BPA were: (1) G protein coupled receptor (GPCR) signaling 

(17 genes, p ≤ 0.001); (2) GABA signaling (8 genes, p ≤ 0.001); (3) CREB signaling in 

neurons (12 genes, p ≤ 0.001); (4) dopamine-DARPP32 feedback in cAMP signaling (11 

genes, p ≤ 0.001); and (5) CRH signaling (9 genes, p ≤ 0.001).   IPA identified (1) GPCR 

signaling (17 genes, p ≤ 0.001); (2) neuregulin signaling (10 genes, p ≤ 0.001); (3) synaptic 

long term potentiation (11 genes, p ≤ 0.001); (4) GABA receptor signaling (8 genes, p ≤ 

0.001); and (5) bone morphogenetic protein (BMP) signaling (9 genes, p ≤ 0.001) as the top 

scoring pathways enriched by the differentially expressed genes in the female 250 BPA 

dataset (Fig. 2B).  Finally, the most robust effects of prenatal exposure were observed in the 

0.5 EE2 group in which 629 genes were significantly altered (Fig. 3B and Supplementary 

Table 2C).  The five top scoring results from the IPA pathway analysis were (1) GPCR 

signaling (24 genes, p ≤ 0.001); (2) synaptic long term potentiation (15 genes, p ≤ 0.001); (3) 

dopamine-DARPP32 feedback in cAMP signaling (17 genes, p ≤ 0.001); (4) neuregulin 

signaling (12 genes, p ≤ 0.001); and (5) CRH signaling (13 genes, p ≤ 0.001) (Fig. 2B).  
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3.3 Validation of differentially expressed genes of interest identified by transcriptomics in 

the PND 1 amygdala:  

qRT-PCR was used to follow up, in all exposure groups, on two differentially 

expressed genes identified by RNAseq.  We focused on metabotropic glutamate receptor 

mGluR 5 (Grm5) and calmodulin-dependent protein kinase type IV (Camk4) because they 

modulate neurodevelopment [70], synaptic transmission, glutamate receptor signaling, CREB 

signaling, cAMP-mediated signaling, and other canonical pathways identified as significantly 

enriched in the female 25 and 250 BPA groups (Table 3).  In males, Camk4 was upregulated 

in the 25 BPA group.  In females, higher Camk4 expression was observed in the BPA 2.5, 

BPA 25, BPA 250, BPA 25000, EE2 0.05 and EE2 0.5 groups and there was a trend for 

upregulation in the BPA 2500 group (Fig. 1G and Table 2).  Grm5 expression was 

significantly increased in the male BPA 25 BPA.  In females, Grm5 expression was increased 

in the BPA 250, BPA 2500, BPA 25000, EE2 0.05, and EE2 0.05 groups and there was a 

trend for upregulation observed in the BPA 25 group (Fig. 1H and Table 2). 

 

 

3.4 Sex differences in PND 1 amygdala gene expression:  

RNAseq identified relatively few sex differences in overall gene expression in the 

PND 1 amygdala and no genes were expressed exclusively in one sex or the other 

(Supplementary Table 3).  Only nine genes had sex differences in expression, with four being 

more highly expressed in males and five being more highly expressed in females.  Three of 

the four genes that were more highly expressed in males were Y-linked: eukaryotic 
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translation initiation factor 2 subunit 3 (Eif2s3y), lysine demethylase 5D (Kdm5d), and 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 3 (Ddx3).  Among all of the genes identified as 

differentially expressed between unexposed males and females, Eif2s3y exhibited the largest 

fold change (-11.27).  As shown in Fig. 4A-F, qRT-PCR identified no sex differences in 

genes of interest selected a priori (Esr1, Esr2, Oxtr, Avpr1a, Ar, and Gadd45b) or Grm5 (Fig. 

4H), although there was a nonsignificant trend for lower female expression of Oxtr (p = 0.08; 

Table 2).  Expression of Camk4, however, was significantly higher in males than females 

(Fig. 4G and Table 2).  

 

4. DISCUSSION 

The results from the present study demonstrate for the first time that prenatal BPA 

exposure, at doses below the current FDA NOAEL, can alter the transcriptome of the neonate 

amygdala.  Additionally, these data are consistent with, and provide further evidence that 

developmental BPA exposure can interfere with estrogen, oxytocin and vasopressin signaling 

pathways in the developing brain.  Transcriptome profiling revealed sex-specific effects of 

prenatal BPA exposure with evidence of altered GPCR-signaling, CREB-signaling, synaptic 

plasticity, and pathways related to nervous system growth and development in the female 

amygdala.  While the functional and physiological significance of these gene expression 

changes within the neonate amygdala remain unclear, the present data yield further insight 

into the mechanisms by which BPA may influence socioemotional behaviors in a sex-

specific manner.  In addition, the present data contribute important fundamental information 
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regarding sex-specific gene expression patterns in the developing brain as, to our knowledge, 

this is the first report of sex differences in the full amygdala transcriptome at PND 1. 

In the PND 1 amygdala, expression of Oxtr and Avpr1a was disrupted by prenatal 

BPA exposure in a sex- and dose- dependent manner.  In females, Oxtr expression was 

significantly upregulated by prenatal BPA exposure (2.5, 25, 250, and 25,000 µg) and there 

was a trend (p = 0.08) for upregulation at the 2,500 µg dose.  In males, Oxtr was also 

significantly upregulated by prenatal exposure to 25 and 250 µg BPA.  Amygdalar Avpr1a 

expression was downregulated by the lowest dose of BPA (2.5 µg) and upregulated by 25 

and 250 µg BPA in males but female levels were unaffected.  These data are consistent with 

prior studies reporting BPA-related disruption of oxytocin (OXT) and vasopressin (AVP) 

systems in the brains of juvenile and adult rodents ([12, 15, 20, 71, 72]; reviewed in [58]).  

For example, perinatal BPA exposure to BPA via drinking water (1 mg/L) resulted in 

heightened anxiety-related behaviors in juvenile Wistar rats that were concomitant with 

decreased amygdalar expression of genes, including Esr2, crucial for the production and 

release of OXT and AVP in the paraventricular nucleus of the hypothalamus [20].  The 

neuropeptides OXT and AVP are powerful mediators of social behaviors including 

affiliation, anxiety, and stress regulation [56, 73-75].  In adult rodents, Oxtr and Avpr1a, are 

robustly expressed throughout the brain and have been found in several amygdalar subnuclei, 

including the central nucleus and medial amygdala [57].  Their receptors are also present 

during development and both can be detected in the fetal rat brain as early as embryonic day 

12 [76]. Numerous studies in rodents and non-human primates clearly demonstrate that 
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changes in the OXT or AVP system during early life can permanently alter the brain and 

behavior [69, 77-79].  This converging evidence points to a possible organizational role of 

OXT and AVP, where their activity during critical periods of brain development may 

program later social behavior.  Overall, our data adds to the growing body of literature 

indicating BPA-related disruption of the organization of OXT and AVP systems in the brain.  

While the functional significance of the transcriptional data reported here remains to be 

established, sex-specific disruption of Oxtr and Avpr1a in the developing amygdala likely 

contribute to the sex-specific behavioral changes attributed to early-life BPA exposure, 

including anxiety-related behaviors.  

A surprising outcome of this study was the minimal effect of prenatal BPA exposure 

on ER expression.  Esr2 expression was increased in males and females prenatally exposed 

to 25 and 250 µg of BPA, respectively, but Esr1 expression was unaffected by prenatal BPA 

exposure in both sexes.  Early-life BPA exposure has repeatedly been shown to disrupt levels 

of ER expression in the hypothalamus and limbic nuclei of neonatal and older rodents [12, 

21, 61, 62, 65].  To our knowledge, however, only two studies to date have explored the 

impact of early-life BPA exposure on ER mRNA in the developing amygdala and both found 

sex-specific increases in Esr1 and Esr2 expression, with effects on Esr2 being more robust 

[21, 65].  Notably, the magnitude of effects varied among amygdalar subnuclei, suggesting 

that discrepancies between these prior studies and the present one are likely due to 

methodological differences.  By examining the entire amygdala as a whole, it is plausible that 

subnuclei specific differences in ER expression (between exposure groups and/or sexes) were 
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homogenized and, consequently, not fully detectable.  Additionally, in a prior study 

conducted in collaboration with NCTR we found differences in amygdalar ER expression, 

particularly Esr2 expression, between gavaged vehicle and ungavaged naïve controls 

suggesting a possible effect of gavage itself [21].   

Prenatal exposure to 25 and 250 µg of BPA enhanced Ar expression in males and 

females, respectively.  Information regarding the impact of developmental BPA exposure on 

Ar expression is sparse but one study reported increased levels of Ar in the cerebrum of PND 

2 ICR mice exposed to 50 mg/kg of BPA on gestational days 6 and 15 [80].  In addition, 

embryonic exposure of zebrafish to BPA (1.6 µg/L) resulted in precocious hypothalamic 

neurogenesis that was dependent on androgen receptor (AR) mediated upregulation of 

aromatase [18].  Studies using rats and mice that lack ARs (i.e., rodents with the testicular 

feminization mutation) demonstrate that ARs are required for the full masculinization of 

many brain regions, especially the amygdala [81].  For example, the volume of the 

posterdorsal portion of the medial amygdala (MePD) is larger in males than females and the 

male MePD has more neurons with larger soma, more astrocytes, greater dendritic length, 

and higher spine density [52, 82-84].  All of these sex differences are heavily dependent on 

the presence of ARs during perinatal development.  Ar expression in the rat forebrain is 

regulated by estrogen, not androgen, during the early postnatal period [53]. Therefore, 

upregulation of Ar by BPA in the neonate amygdala is consistent with an estrogenic mode of 

action that may disrupt sexual differentiation of the developing amygdala.  In a prior 

CLARITY-BPA study, we reported that perinatal exposure to 2,500 µg BPA/kg bw/day 
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enlarged the volume of the right MePD in juvenile males [28].  While this singular effect 

may be due to disruption of Ar expression, causality cannot be established because the as the 

exposure paradigms and the doses at which BPA-related effects were observed differed from 

the current study.  Thus, further investigation would be required to confirm this putative 

mechanism and characterize the functional implications of heightened Ar expression.  

We found no effect of prenatal BPA exposure on Gadd45b expression in the 

developing amygdala, and also failed to find the expected sex difference in Gadd45b 

expression.  A prior study, also in the Sprague-Dawley rat and examining the amygdala as a 

whole, observed a female biased expression pattern of Gadd45b at PND 1 [67].  Diet may be 

one factor contributing to our inability to replicate the finding.  In the previous experiment, 

the diet was not described in detail, but rather described as “standard.”  Prior literature has 

demonstrated that “standard laboratory chow” is typically soy-based and thus contains 

significant amounts of hormonally active phytoestrogens [85-87].  We and others have 

shown that this source of background of EDC exposure can obfuscate or alter sex differences 

[15, 88].  Amygdalar Gadd45b expression was of interest because it is implicated in the 

regulation of “rough and tumble play,” a juvenile social play behavior that occurs more 

frequently in males than females [68], but also because Gadd45b facilitates activity-induced 

DNA demethylation [89, 90].  While a number of studies provide evidence of BPA-related 

effects on epigenetic marks [13, 60, 91-93], no studies have examined whether prenatal BPA 

exposure can perturb epigenetic ‘erasers’ in the developing brain. Our observation does not 

rule out the possibly that early-life BPA exposure may be interfering with other epigenetic 
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regulators.  For instance, prenatal BPA exposure has been shown to induce sex-specific 

effects on social and anxiety-like behaviors in adult BALB/c mice that were associated with 

changes in DNA methylation and mRNA levels of ERα in the hypothalamus and 

hippocampus [60].   

In addition to targeted qRT-PCR, we used an unbiased discovery-based approach to 

profile differential gene expression changes within the neonate amygdalar transcriptome to 

further investigate potential mechanisms underlying the sex-specific effects of early-life BPA 

exposure on the brain.  One caveat of this approach is that prior work by us and others has 

demonstrated that RNAseq may not be capable of sufficient transcript sampling to adequately 

resolve group differences in expression because most genes of interest have low abundance 

and effect size between differentially expressed genes is low compared to other organs [12, 

94, 95].  Amygdalar transcription changes identified by RNAseq were overwhelmingly 

female specific, with substantial overlap between the two BPA groups examined (25 and 250 

µg).  In contrast, extremely few differentially expressed genes were detected in males 

exposed to 25 and 250 µg BPA (89 genes and 1 gene, respectively) and there was no overlap 

between these genes suggesting they are not biologically meaningful.  We conclude that the 

amygdala transcriptome is sex-specifically vulnerable to gestational BPA exposure with 

females more sensitive than males.  By contrast, transcriptional effects in the PND 1 

hypothalamus and hippocampus of these same animals was more pronounced in males than 

females, with disruption more robust in the hypothalamus [12]. Collectively, these data 

indicate that early-life BPA exposure can have sex-specific and region-specific effects on the 
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transcriptome of the developing brain and highlight the importance of sex and region as 

biological variables in neurodevelopmental EDC studies.  

qRT-PCR was used to assess expression levels of two differentially expressed genes 

of interest identified by RNAseq in all exposure groups: Camk4 and Grm5.  The magnitude 

and directionality of the results generally confirmed the RNAseq data.  A sex differences in 

Camk4 expression was also detected in the unexposed controls by RNAseq but the statistical 

significance of that difference did not survive FDR.  Females prenatally exposed to BPA and 

EE2 displayed robust enhancement of Camk4 at every dose with the exception of 2500 µg of 

BPA, although there was a modest trend for enhancement (p = 0.08). In the nervous system, 

Ca2+/CaM dependent kinase IV (CaMKIV) is a well-known mediator of calcium dependent 

gene expression, and emerging evidence indicates that CaMKIV is essential for 

neurodevelopment, synaptic plasticity, and the consolidation of behavioral memory [70, 96, 

97].  Furthermore, consistent with our pathway analyses, overexpression of CAMKIV in 

transgenic C57BL ⁄ 6 mice was shown to significantly increase long-term potentiation in the 

juvenile anterior cingulate cortex [98].  Grm5 expression was also increased by BPA (250, 

2500, and 25000 µg) and EE2 (0.05 µg) exposure in females and a trend towards 

upregulation was observed for 25 µg BPA and 0.05 µg EE2 (p  = 0.07 and 0.06, respectively).  

Group I metabotropic glutamate receptors (MGluRs), which include glutamate metabotropic 

receptor 5 (GRM5), mediate a diverse variety of neuronal functions and are critical 

modulators of activity-dependent synaptic plasticity in a variety of brain regions, including 
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the amygdala [99, 100]. Notably, disregulation of group I MGluRs mediated signaling has 

been implicated in a range of childhood neurodevelopmental disorders [101-103]. 

 IPA analyses of the female transcriptomic data revealed a number of canonical 

pathways significantly activated by both 25 and 250 µg of BPA, many of which are 

associated with neuronal development and synaptic transmission.  Deeper analysis of specific 

genes within each of these pathways revealed BPA and EE2 had a number of overlapping and 

directionally similar effects on expression (Table 3).  Available data regarding the impact of 

BPA exposure on neuronal development and synaptic transmission is sparse but effects on 

juvenile and adult synaptogenesis, neuronal differentiation/migration, and synaptic plasticity 

have been reported following prenatal and neonatal exposure to BPA [29, 104-106].  The 

impact of BPA on the developing brain, however, remains largely unknown because research 

to date has focused almost exclusively on juvenile or adult animals.  In the current study, 

pathways involved in synaptic plasticity, CREB signaling in neurons, and cAMP-mediated 

signaling displayed predicted increases in the amygdala of females exposed to 25 and 250 µg 

of BPA prenatally.  Consistent with these findings, accelerated neuronal differentiation and 

migration was found in the neocortex of ICR/Jcl mice on embryonic days 12.5 and 16.5 

following daily exposure to 20 µg/kg of BPA via maternal injection; however, sex was not 

considered a factor in this study [105].  In vivo, doses of BPA ranging from 1 to 100 nM of 

BPA induced rapid effects on LTP and increased spine density in the CA1 and CA3 regions 

of hippocampal slice cultures of rats [107].  In rodents, perinatal brain development is 

associated with activity-dependent synaptic refinement and extensive remodeling that 
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contributes to growth and stabilization of connections [108, 109].  Although many of these 

processes are hormonally modulated by estradiol during development [110, 111], our current 

understanding of amygdala physiology is limited and based almost exclusively on research 

conducted in adult animals [112, 113].  Numerous experimental studies on early-life stress, 

however, have demonstrated that environmental insult can alter synaptic patterning in the 

amygdala and lead to impaired affective behavior later in life, including anxiety and social 

behavior [114-118].  Although beyond the scope of this paper, these studies suggest that 

disruption of neuronal development and synaptic transmission may potentially underlie the 

behavioral effects associated with early-life BPA exposure in females.  However, this is a 

purely speculative and further studies are needed to definitively demonstrate that 

relationship. 

 

5. CONCLUSIONS 

 These data reveal that prenatal BPA exposure disrupts the transcriptome of the 

neonate amygdala at doses below the FDA NOAEL, with females appearing to be more 

sensitive than males.  Within females, BPA-related transcriptional changes were reasonably 

concordant with EE2-related changes suggesting that at least some outcomes were consistent 

with an “estrogenic” mode of action.  However, the pathway analysis supports the hypothesis 

that other mechanisms are also likely involved.  That conclusion is consistent with our prior 

CLARITY-BPA studies, which also reported discordant effects of EE2 and BPA on the 

volume of sexually dimorphic brain regions and the PND 1 hippocampal and hypothalamic 
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transcriptome [12, 28].  We also provide additional evidence that BPA can disrupt the 

organization of AVP and OT pathways in the developing brain and alter signaling pathways 

critical for synaptic organization and transmission. That some responses appear to be non-

linear is consistent with a wealth of prior literature showing that BPA and other EDCs can 

have non-monotonic dose response curves [62, 119-121], the mechanism(s) by which these 

occur remains unresolved.  The observation of effects at the lower end of the dose curve is 

also consistent with prior CLARITY-BPA studies by us on behavioral endpoints and also in 

brain, ovary and heart [12, 28, 36, 122-124].   
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CHAPTER 3 TABLES 

Table 1 

Table 1. Rationale for genes of interest selected a priori  
Preselected Genes of Interest Rationale Selected References 
Androgen receptor (Ar) A  C D  [49-55]  
Arginine vasopressin (Avpr1a) A  C   [56-59] 
Estrogen receptor α (Esr1) A B  D  [12, 21, 49, 50, 60-64] 
Estrogen receptor β (Esr2) A B  D  [12, 21, 49, 50, 61-66] 
Growth arrest and DNA damage inducible β (Gadd4b)  B    [67, 68] 
Oxytocin receptor (Oxtr) A  C   [56-58, 69] 

 

  

Legend
A Previously shown to be influenced by BPA C Estrogen-dependent expression
B Sex biased expression in amygdala D Important for sexual differentiation of the amygdala
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Table 2 

 
 

 

 

 

  

Table 2. qRT-PCR outcomes and descriptive statistics for genes found to be 
significantly altered by BPA or EE2 exposure. Sample sizes for each group are 
in parentheses.  

Gene 
Symbol Comparison (n) Relative 

Abundance U p-value 

Preselected genes of interest 

Esr2 
♂ 25 BPA (7) to ♂ Veh (6) 2.38 3 ≤ 0.01 
♀ 250 BPA (6) to ♀ Veh (7) 1.67 6 0.04 

Oxtr 

♂ Veh (7) to ♂ Veh (6) 0.70 8 0.08 
♂ 25 BPA (7) to ♂ Veh (6) 1.95 2 ≤ 0.01 
♂ 250 BPA (7) to ♂ Veh (6) 1.37 6 0.04 
♀ 2.5 BPA (6) to ♀ Veh (7) 1.37 8 0.04 
♀ 25 BPA (6) to ♀ Veh (7) 1.90 4 ≤ 0.01 
♀ 250 BPA (6) to ♀ Veh (7) 1.97 5 0.02 
♀ 25000 BPA (6) to ♀ Veh (7) 1.58 4 ≤ 0.01 
♀ 0.5 EE2 (5) to ♀ Veh (7) 2.01 0 ≤ 0.01 

Avpr1a 

♂ 2.5 BPA (4) to ♂ Veh (6) 0.75 2 0.04 
♂ 25 BPA (7) to ♂ Veh (6) 2.27 0 ≤ 0.01 
♂ 250 BPA (7) to ♂ Veh (6) 1.56 4 ≤ 0.01 
♂ 0.5 EE2 (7) to ♂ Veh (6) 1.41 6 0.04 

Ar 
♂ 25 BPA (7) to ♂ Veh (6) 2.43 3 ≤ 0.01 
♀ 250 BPA (6) to ♀ Veh (7) 1.84 6 0.04 

Gadd45b ♀ 0.5 EE2 to (5) ♀ Veh (7) 1.77 5 0.05 

Genes selected from RNAseq analysis 
  ♀ Veh (5) to ♂ Veh (5) 0.54 0 ≤ 0.01 

Camk4 

♂ 25 BPA (7) to ♂ Veh (5) 1.75 3 ≤ 0.01 
♀ 2.5 BPA (6) to ♀ Veh (5) 2.54 0 ≤ 0.01 
♀ 25 BPA (6) to ♀ Veh (5) 2.02 0 ≤ 0.01 
♀ 250 BPA (6) to ♀ Veh (5) 2.24 0 ≤ 0.01 
♀ 2500 BPA (6) to ♀ Veh (5) 1.68 5 0.08 
♀ 25000 BPA (6) to ♀ Veh (5) 2.48 0 ≤ 0.01 
♀ 00.5 EE2 (6) to ♀ Veh (5) 1.83 0 ≤ 0.01 
♀ 0.5 EE2 (5) to ♀ Veh (5) 2.52 0 ≤ 0.01 

Grm5 

♂ 25 BPA (7) to ♂ Veh (6) 1.54 4 ≤ 0.01 
♀ 25 BPA (6) to ♀ Veh (4) 1.62 3 0.07 
♀ 250 BPA (6) to ♀ Veh (4) 1.89 0 ≤ 0.01 
♀ 2500 BPA (5) to ♀ Veh (4) 1.71 0 0.02 
♀ 25000 BPA (6) to ♀ Veh (4) 2.01 2 0.04 
♀ 0.05 EE2 (6) to ♀ Veh (4) 1.46 1 0.02 
♀ 0.5 EE2 (3) to ♀ Veh (4) 2.14 0 0.06 
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Table 3 

 
  

	

	

Table 3. Differentially expressed genes identified by RNAseq within selected canonical pathways identified by IPA analysis in exposed 
females (normalized to ♀ vehicle; adjusted p-value ≤ 0.05). 

Gene 
Symbol Gene Name ♀ 25 µg BPA ♀ 250 µg BPA ♀ 0.5 µg EE2 IPA Canonical Pathway(s) 

Padj FC Padj FC Padj FC  

Adcy1 Adenylate Cyclase 1  2.34E-08 1.91 5.92E-09 1.94 8.09E-10 2.01 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
GABA Receptor Signaling 
Synaptic Long Term 
Potentiation 

Adcy5 Adenylate Cyclase 5  3.97E-02 1.30 NS NS NS NS 
cAMP-Mediated Signaling 
CREB Signaling in Neurons 
GABA Receptor Signaling 

Adcy9 Adenylate Cyclase 9  4.81E-02 1.43 NS NS 3.94E-02 1.41 
cAMP-Mediated Signaling 
CREB Signaling in Neurons 
GABA Receptor Signaling 

Akap11 A-Kinase Anchoring 
Protein 11  5.97E-03 1.30 2.11E-03 1.31 NS NS cAMP-Mediated Signaling 

Atf2 Activating 
Transcription Factor 2  NS NS NS NS 2.62E-04 1.35 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

Braf 
B-Raf Proto-Oncogene, 
Serine/Threonine 
Kinase  

NS NS NS NS 4.13E-03 1.44 cAMP-Mediated Signaling 

Camk2A 
Calcium/Calmodulin-
Dependent Protein 
Kinase Ii Alpha  

3.99E-03 1.33 2.62E-03 1.33 NS NS 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

Camk4 
Calcium/Calmodulin-
Dependent Protein 
Kinase Iv  

NS NS 1.72E-02 1.41 NS NS 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Glutamate Receptor Signaling 
Synaptic Long Term 
Potentiation 

Chrm3 Cholinergic Receptor, 
Muscarinic 3  9.57E-03 1.41 4.56E-02 1.32 9.64E-03 1.37 cAMP-Mediated Signaling 

Creb1 
Camp Responsive 
Element Binding 
Protein 1  

NS NS NS NS 2.82E-02 1.43 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

Gabrb1 
Gamma-Aminobutyric 
Acid Type A Receptor 
Beta 1 Subunit  

NS NS 2.16E-02 1.35 3.31E-03 1.40 GABA Receptor Signaling 

Gabrb2 
Gamma-Aminobutyric 
Acid Type A Receptor 
Beta 2 Subunit  

4.22E-03 1.51 6.11E-05 1.67 9.03E-05 1.64 GABA Receptor Signaling 

Gabrb3 
Gamma-Aminobutyric 
Acid Type A Receptor 
Beta 3 Subunit  

NS NS 1.07E-02 1.37 1.64E-02 1.33 GABA Receptor Signaling 

Gabrg1 
Gamma-Aminobutyric 
Acid Type A Receptor 
Gamma 1 Subunit  

4.96E-02 1.26 1.26E-04 1.42 3.66E-03 1.32 GABA Receptor Signaling 

Gabrg2 
Gamma-Aminobutyric 
Acid Type A Receptor 
Gamma 2 Subunit  

2.40E-02 1.32 4.16E-03 1.37 1.45E-02 1.32 GABA Receptor Signaling 

Gnaq G Protein Subunit 
Alpha Q  1.57E-02 1.30 4.56E-04 1.40 8.22E-04 1.37 

CREB Signaling in Neurons 
Synaptic Long Term 
Depression 
Synaptic Long Term 
Potentiation 

Grik3 
Glutamate Ionotropic 
Receptor Kainate Type 
Subunit 3  

1.43E+0
0 0.04 4.45E-02 1.41 NS NS 

CREB Signaling in Neurons 

Glutamate Receptor Signaling 
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Table 3 (continued) 

 
  

	

	

Grin2B 
Glutamate Ionotropic 
Receptor Nmda Type 
Subunit 2B  

NS NS NS NS 2.71E-02 1.38 

CREB Signaling in Neurons 
Glutamate Receptor Signaling 
Synaptic Long Term 
Potentiation 

Grin3A 
Glutamate Ionotropic 
Receptor Nmda Type 
Subunit 3A  

NS NS NS NS 2.34E-02 1.37 
Glutamate Receptor Signaling 
Synaptic Long Term 
Potentiation 

Grm3 
Glutamate 
Metabotropic Receptor 
3  

NS NS 2.83E-02 1.43 2.34E-02 1.42 

CREB Signaling in Neurons 
Glutamate Receptor Signaling 
Synaptic Long Term 
Depression 
Synaptic Long Term 
Potentiation 

Grm5 
Glutamate 
Metabotropic Receptor 
5  

1.11E-02 1.41 2.66E-03 1.44 2.83E-04 1.51 

CREB Signaling in Neurons 
Glutamate Receptor Signaling 
Synaptic Long Term 
Depression 
Synaptic Long Term 
Potentiation 

Gucy1a
2 

Guanylate Cyclase 1 
Soluble Subunit Alpha 
2  

NS NS 3.25E-02 1.41 3.15E-02 1.39 Synaptic Long Term 
Depression 

Htr1A 5-Hydroxytryptamine 
Receptor 1A  NS NS NS NS 2.34E-02 1.44 cAMP-Mediated Signaling 

Htr1B 5-Hydroxytryptamine 
Receptor 1B  1.29E-02 1.44 1.13E-02 1.43 2.14E-04 1.58 cAMP-Mediated Signaling 

Irs1 Insulin Receptor 
Substrate 1  NS NS NS NS 1.45E-03 1.54 CREB Signaling in Neurons 

Kcnq2 

Potassium Voltage-
Gated Channel 
Subfamily Q Member 
2  

2.88E-02 1.35 2.16E-02 1.35 2.84E-02 1.32 GABA Receptor Signaling 

Kcnq3 

Potassium Voltage-
Gated Channel 
Subfamily Q Member 
3  

2.98E-02 1.40 4.48E-03 1.48 2.66E-03 1.49 GABA Receptor Signaling 

Kl Klotho  2.58E-02 -1.34 NS NS 3.54E-02 -1.30 CREB Signaling in Neurons 

Kras Kras Proto-Oncogene, 
Gtpase  NS NS 8.34E-03 1.33 2.18E-03 1.36 

CREB Signaling in Neurons 
Synaptic Long Term 
Depression 
Synaptic Long Term 
Potentiation 

Mapk1 Mitogen Activated 
Protein Kinase 1  NS NS NS NS 2.24E-02 1.26 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

Oprl1 Opioid Related 
Nociceptin Receptor 1  NS NS 2.28E-02 1.32 9.63E-05 1.48 cAMP-Mediated Signaling 

Pde4D Phosphodiesterase 4D  NS NS NS NS 3.16E-02 1.36 cAMP-Mediated Signaling 
Pde9A Phosphodiesterase 9A  2.46E-02 -1.39 4.20E-02 -1.35 4.20E-03 -1.44 cAMP-Mediated Signaling 

Pde10A Phosphodiesterase 10A  2.80E-02 1.39 1.18E-02 1.42 3.22E-03 1.46 cAMP-Mediated Signaling 

Plcl1 Phospholipase C-Like 
1  NS NS NS NS 2.23E-03 1.41 

CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

Ppm1l 
Protein Phosphatase, 
Mg2+/Mn2+ 
Dependent, 1L  

1.75E-02 1.27 1.18E-02 1.27 3.80E-02 1.22 Synaptic Long Term 
Depression 

Prkacb 
Protein Kinase Camp-
Activated Catalytic 
Subunit Beta  

2.55E-02 1.36 5.61E-04 1.50 2.24E-03 1.43 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

         
         
         



105 
 
 

 

 

Table 3 (continued) 

 
  

	

	

Prkar2A 

Protein Kinase Camp-
Dependent Type 2 
Regulatory Subunit 
Alpha  

NS NS 3.12E-03 1.49 1.48E-02 1.40 

cAMP-Mediated Signaling 
CREB Signaling in Neurons 
Synaptic Long Term 
Potentiation 

Prkca Protein Kinase C, 
Alpha  9.91E-03 1.49 1.12E-02 1.46 2.08E-03 1.52 

Synaptic Long Term 
Depression 
Synaptic Long Term 
Potentiation 

Prkce Protein Kinase C, 
Epsilon  1.26E-03 1.51 8.43E-04 1.50 5.35E-03 1.41 

CREB Signaling in Neurons 
Synaptic Long Term 
Depression 
Synaptic Long Term 
Potentiation 

Slc1A2 Solute Carrier Family 1 
Member 2  3.20E-05 1.74 2.73E-05 1.72 4.72E-06 1.76 Glutamate Receptor Signaling 

Slc38A1 Solute Carrier Family 
38, Member 1  2.92E-03 1.40 1.35E-04 1.47 2.48E-04 1.44 Glutamate Receptor Signaling 
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CHAPTER 3 FIGURES 

Figure 1 

  

Fig. 1: Effects of gestational BPA or EE2 on neonatal 
amygdalar expression of selected genes. Esr1 was 
unaffected by BPA or EE2 (A). Esr2 was increased by 2.5 µg 
BPA in males and 250 µg BPA in females (B). Oxtr was 
increased by 250 and 250 µg BPA in males and 2.5, 25, 250, 
and 25,000 µg BPA and 0.5 µg EE2 in females (C). Male 
Avpr1a was decreased by 2.5 µg BPA and increased by 25 and 
250 µg BPA (D). Ar was increased by 25 µg BPA in males 
and 250 µg BPA and 0.5 µg EE2  in females (E). Female 
Gadd45b was increased by 0.5 µg EE2 (F). Camk4 was 
upregulated in males by 25 µg BPA and in females by 2.5, 25, 
250, and 25000 µg BPA and 0.05 and 0.5 µg EE2 (G). Grm5 
was increased by 25 µg BPA in males and 250, 2500, 25000 
µg BPA and 0.05 µg EE2 in females (H).  Graphs depict mean 
± SEM (*p ≤ 0.05, **p ≤ 0.01, and §p ≤ 0.08).  
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Figure 2 

 
 

 
 
 
 
  

Fig. 2: Top canonical pathways enriched by differentially expressed genes. The x-
axis represents negative log p values based on the probability that molecules in the 
uploaded dataset were included in the predefined IPA canonical pathways by true 
association as opposed to inclusion of molecules based on chance alone. For each male 
(A) and female (B) exposure group, only the top 10 pathways with the largest negative 
log p values are shown. The dashed line indicates the threshold of significance for a p-
adjusted value of 0.05. 
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Figure 3 

 

  

Fig. 3: Prenatal exposure to BPA and EE2 result in common and unique differently 
expressed genes. Differentially expressed genes (padj ≤ 0.05) were identified in males (A) 
and females (B) prenatally exposed to 25 and 250µg BPA and 0.5 µg EE2.  Venn diagrams 
were created using Venny (http://bioinfogp.cnb.csic.es/tools/venny/). 
 

http://bioinfogp.cnb.csic.es/tools/venny/
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Figure 4 

 

  

Fig. 4: Sex differences in amygdala 
expression of selected genes. Relative 
differences in gene expression between male 
and female control (unexposed) groups with 
male gene expression set as baseline. No a 
priori selected genes were sexually dimorphic 
in the neonate amygdala. (A-F). Expression of 
Camk4 was significantly higher in males than 
females (G). No sex difference in Grm5 was 
detected (H). Graphs depict mean ± SEM (**p 
≤ 0.01 and §p ≤ 0.08). 
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CHAPTER 5 

Conclusions 

Since the late 1990s, an enormous amount of data has amassed linking bisphenol A 

(BPA) exposure to a spectrum of health problems in hormone-sensitive tissues, including 

early-onset puberty, prostate and mammary gland cancers, and sex-biased 

neurodevelopmental disorders, among others.  The results reported in my dissertation 

contribute to this body of evidence by demonstrating that the adverse effects of fetal BPA 

exposure on the brain are apparent as early as postnatal day 1 (PND 1).  Moreover, they 

provide mechanistic insight into how early-life BPA exposure alters neurodevelopment and 

results in later-life behavioral outcomes including anxiety and deficits in sociality.  

Despite strong evidence of BPA’s endocrine disrupting properties, the human health 

risks associated with BPA exposure continue to be debated among the scientific community, 

regulatory agencies, and the public at large.  Some of this controversy undoubtedly stems 

from discrepancies in the literature (Figure 1), which may simply arise from methodological 

differences, yet provide ample opportunity to manufacture doubt on the studies that do show 

harm.  A more significant area of contention, however, surrounds the process by which the 

US Food and Drug Administration (FDA) and other regulatory agencies review and assess 

available evidence on BPA and evaluate the risk of exposure.  For example, the FDA’s 2014 

Updated Review of Literature and Data on BPA (CAS RN 80-05-7) found no “information in 

the evaluated studies to prompt a revision of FDA’s safety assessment of BPA in food 

packaging at this time.”  Yet, a majority of the studies reviewed were dismissed from 
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consideration and deemed inadequate because they didn’t adhere to Good Laboratory 

Practice (GLP) standards (guidelines that govern the process by which laboratory studies are 

planned, performed, monitored, and archived) and weren’t specifically designed for risk 

assessment purposes.  Accordingly, the FDA maintains the position that current exposure 

levels are not likely to be harmful.  In some cases, this strict method of review has eliminated 

all of the published literature from evaluation and left only industry-contracted studies in the 

risk assessment, which overwhelmingly conclude BPA is benign.  This has frustrated 

academic scientists and exacerbated the highly divisive debate about BPA regulation.  

To address these controversies, the National Institutes of Environmental Health 

Sciences (NIEHS), the National Toxicology Program (NTP), and the FDA National Center 

for Toxicological research (NCTR) developed an unprecedented research model known as 

the Consortium Linking Academic and Regulatory Insights on BPA Toxicity (CLARITY-

BPA).  CLARITY-BPA aimed to expand a 2-year chronic toxicity study by examining a 

wide range of BPA doses and incorporating hypothesis-driven mechanistic studies conducted 

by academic researchers [8-10].  The chronic toxicity study was conducted under GLP 

regulations at NCTR and biological tissue samples from that study were shared and assessed 

blindly by academic researchers.  Although the university-based research is still ongoing, 

data from the chronic guideline toxicity study is scheduled to be publicly available in 2018.   

CLARITY-BPA offers a novel model for integrating guideline-compliant and 

academic studies, enhancing quality control, and incorporating new methods and/or 

endpoints in risk assessment by regulatory agencies.  As the first study of its kind, this 
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collaborative effort was not without pitfalls and controversy.  For instance, the animal model 

(NCTR Sprague-Dawley rat) and the use of direct gavage dosing generated considerable 

debate among a large number of consortium participants because of concerns about stress to 

the animals.  Frequent in-person meetings and conference calls among consortium 

participants were critical to facilitate open communication and address research issues.  

Overall, by participating in this collaborative program, the FDA is showing a willingness to 

work towards a comprehensive, integrated assessment of the health effects of BPA and to be 

more inclusive about the data it uses for regulatory decision-making.  

The studies presented in Chapters 2 - 4 of this dissertation represent a portion of the 

data obtained under the CLARITY-BPA program and explore the impact of early-life BPA 

exposure on sex-specific brain organization and gene expression in the neonate and juvenile 

NCTR-SD.  As a whole, the literature clearly shows an association between developmental 

BPA exposure and disruption of sexually dimorphic social and anxiety behaviors, but the 

molecular underpinnings of these behavioral outcomes remain poorly understood.  

Classically, BPA is considered estrogenic and thought to disrupt genomic actions mediated 

by nuclear estrogen receptors (ERα and β).  However, the binding affinity of BPA for ERα 

and ERβ is approximately 10,000 - 100,000 fold lower than endogenous estradiol [11-13], 

which suggests that BPA may target signaling pathways upstream or downstream of estradiol 

to produce effects consistent with an estrogenic mode of action.  Recent evidence 

demonstrates that early-life BPA exposure can alter the expression of ER mRNA in the brain 

by modifying DNA methylation patterns [14, 15].  In addition, BPA has a low binding 
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affinity for other steroid receptors, including thyroid and androgen receptors [16, 17], and has 

been shown to have rapid, non-genomic actions via membrane-bound ERs [18-20].  These 

diverse modes of action emphasize the multiple and complex mechanisms by which BPA can 

affect the brain and behavior across the lifespan. 

In order to identify mechanistic changes that precede and underlie the 

neurobehavioral effects associated with developmental BPA exposure, the studies in 

Chapters 2 and 3 examined the impact of prenatal BPA exposure on the transcriptomes of the 

hippocampus, hypothalamus, and the amygdala at postnatal day 1(PND 1).  An economically 

feasible approach, qRT-PCR, was used to assess the expression levels of a priori-selected 

candidate genes in males and females prenatally exposed to a wide range of BPA doses (2.5, 

25, 250, 2500, and 25000 µg/kg body weight (bw)/day).  Non-linear, dose-dependent effects 

on gene expression were observed, a finding consistent with what is frequently observed for 

many endocrine endpoints.  Although the molecular and biochemical mechanisms underlying 

this type of dose-response remain poorly understood, they are not unexpected and likely 

reflect the intersection of multiple responses across several levels of biological organization 

[21-23].  

Consistent with prior literature and my hypothesis that BPA would alter genes and 

pathways fundamental to sex-specific affective behaviors, the results from Chapters 2 and 3 

provide further evidence that developmental BPA exposure disrupts the organization of 

oxytocin and vasopressin systems and mRNA expression of ERα and ERβ.  Effects of 

prenatal BPA exposure on the PND 1 hippocampal transcriptome were limited but more 
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pronounced in males.  In contrast, BPA-induced alterations in gene expression detected by 

RNAseq were most robust and extensive in the male hypothalamus and female amygdala.  

Within the female amygdala, BPA-related transcriptional changes were moderately 

concordant with the effects of the reference estrogen (17α-ethinyl-estradiol), suggesting that 

at least some outcomes were consistent with an “estrogenic” mode of action; however, other 

mechanisms are likely involved (see Chapter 3 for discussion).  Additionally, pathway-based 

analysis of the female amygdalar transcriptomic data revealed activation of a number of 

pathways involved in neuronal development and synaptic transmission by both the 25 and 

250 µg BPA/kg bw/day doses.  As demonstrated in early-life stress literature, environmental 

insult can alter activity-dependent synaptic refinement in the amygdala and result in impaired 

affective behaviors later in life [24-28].  Thus, this novel action of BPA in the amygdala may 

be one mechanism by which BPA can disrupt behavioral outcomes in a sex-specific manner, 

a possibility that should be followed up in future studies.  Lastly, to my knowledge, the 

studies described in Chapters 2 and 3 are the first to characterize sex-differences in the full 

amygdalar and hippocampal transcriptomes at PND 1 and so they provide fundamental, new 

information about sex-specific gene expression patterns in the neonate amygdala and 

hippocampus.  

Findings presented in Chapter 4 confirmed that perinatal BPA exposure could disrupt 

sexual differentiation of the anteroventral periventricular nucleus (AVPV) by enhancing 

AVPV volume in males and females.  Presumably, these effects resulted from BPA action on 

ERs.  Numerous studies, including my own, indicate that developmental BPA exposure 
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disrupts expression of ER mRNA, and data suggests this may be mediated by epigenetic 

mechanisms [14, 15].  Future studies that examine the sex-specific effects of BPA on a broad 

range of epigenetic writers, readers, and erasers within the AVPV will provide insight on the 

mechanistic basis of this outcome.  The results from Chapter 4 are largely concordant with a 

body of literature showing BPA-related effects on reproductive behavior and physiology [29, 

30]; however, these endpoints were not assessed in the CLARITY-BPA consortium.  While 

the expected sex-differences in volume were detected in the sexually dimorphic nucleus and 

the posterodorsal portion of the medial amygdala, no appreciable effects of perinatal BPA 

exposure were found (see Chapter 4 for discussion).  

Early-life BPA exposure induced sex-, brain region-, and dose-specific effects on 

gene expression in neonates and the volume of sexually dimorphic nuclei in juveniles.  While 

the functional and physiological significance of these outcomes were not assessed, they 

provide further insight into the mechanisms by which developmental BPA exposure may 

impair affective behaviors in a sex-specific manner.  A deeper understanding of the basic 

neural and molecular mechanisms underlying complex behaviors, such as activity, 

sociability, and executive function, is required to fully comprehend the effects of BPA on 

neurodevelopment and the mechanisms by which developmental BPA exposure can result 

in adverse behavioral outcomes later in life.  Moreover, it should be emphasized that sexual 

differentiation is complex, multifaceted, and occurs independently in different brain regions, 

such that the downstream effects of a single steroid hormone can vary markedly in different 

regions and at different times throughout development [31-33].  This highlights the 
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importance of sex, brain region, and age as biological variables that should be incorporated 

into all subsequent endocrine disrupting chemical research on neurobehavioral endpoints.  

Overall, my data show that the developing nervous system is sensitive to BPA 

exposure and add to a growing body of literature showing neurodevelopmental effects of 

BPA, at levels below the current FDA No Observed Adverse Effect Level (NOAEL) of 5 

mg/kg bw/day.  The CLARITY-BPA research program confirmed what we already knew: 

BPA is a neuroendocrine disruptor.  Although a lot remains to be discovered in terms of 

mechanisms, there is more than enough data to make sound conclusions about the threat 

developmental BPA exposure poses to human health.  Because of public concern about the 

risks of BPA exposure, especially for pregnant women and children, several US states have 

already banned the use of BPA in multiple products such as baby bottles, sippy cups, and 

reusable food containers, and some companies have voluntarily removed BPA from their 

products.  However, BPA remains a common component of the epoxy resin that lines the 

interior of canned foods, such as soup and vegetables (information available at 

http://ipen.org/documents/introduction-endocrine-disrupting-chemicals-edcs).  In order to 

mitigate the risks of BPA exposure, the federal government has enough information to take 

immediate action and ban BPA from all food packaging.  There will never be unequivocal 

evidence that BPA causes neurobehavioral disorders, nor should there be if corrective actions 

are precautionary and preventative.  Nevertheless, establishing a precise relationship between 

developmental BPA exposure and changes in the brain in behavior remains a scientific 

endeavor worth pursing.  Future BPA studies will create a foundation on which to explore 

http://ipen.org/documents/introduction-endocrine-disrupting-chemicals-edcs
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how exposure to other EDCs alters socioemotional behaviors and related, coordinating, 

pathways. 
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CHAPTER 5 FIGURE 

Figure 1 
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Figure 1: Variability of BPA data across organ systems.  Graph was generated using 
data from The Endocrine Disruption Exchange (TEDX) Low-Dose Bisphenol A project, 
which compared 391 in vitro and in vivo studies published prior to 2009 that evaluated 
BPA exposure at ≤ 1 mg/kg/day. Notably, while data was less consistent for other organ 
systems and outcomes the majority of studies reported BPA-related impacts on the brain 
and behavior. 
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APPENDIX 1 

Chapter 2 Supplementary Figures and Tables 

 
Supplemental Table 1. RNA-seq analysis of differentially expressed hippocampal genes 
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Supplemental Table 2. RNA-seq analysis of differentially expressed hypothalamic genes 
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Supplemental Table 2 (continued) 
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Supplemental Table 2 (continued) 
 

 
  



138 
 
 

 

 

Supplemental Table 2 (continued) 
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Supplemental Table 3. Overlapping significantly (padj ≤ 0.05) altered hypothalamic genes 

in males exposed to BPA 
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Supplemental Table 4. RNA-seq analysis of sexually dimorphic hippocampal and 

hypothalamic gene expression
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Supplemental Figure 1. Unsupervised principal component analyses of hippocampal and 

hypothalamic transcriptome data 
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Supplementary Table 1. Male transcriptomic datasets (normalized to male vehicle; adjusted 

p-value ≤ 0.05) 
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187 
 
 

 

 

Supplementary Table 1 (continued) 
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Supplementary Table 2. Female transcriptomic datasets (normalized to female vehicle; 

adjusted p-value ≤ 0.05) 
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Supplementary Table 3. Significant (adjusted p-value ≤ 0.05) sex-differences in gene 

expression identified by RNAseq (female vehicle compared to male vehicle) 
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Supplementary Figures 

Supplementary Figure 1. Anatomical representation of regions extracted via micropunch 

 
 
 
 
 
 
  

1
2

Supplementary Fig. 1: Anatomical 
representation of regions extracted via 
micropunch (obtained by approaching the 
regions of interest caudally and punching 
rostrally). For each animal, one pair of bilateral 
caudal (1) and one pair of bilateral rostral (2) 
punches were made, each 1.00 mm in depth and 
1.00 mm in diameter. All four punches, which 
collectively comprised the entire amygdala, were 
combined prior to RNA extraction. 
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Supplementary Figure 2. Unsupervised principal component analyses (PCA) for RNAseq data 
 

 
 Supplementary Fig. 2:  Unsupervised Principal 

Component Analyses (PCA) for RNASeq Data. Two-
dimensional representation of the first two principal 
components of all datasets (A), male datasets (B), and 
female datasets (C).  Clustering by exposure was 
strongest in females. 
 


