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Billions of pounds of bisphenol A (BPA) are produced annually around the globe for 

the manufacture of numerous consumer products, including polycarbonate food and 

water containers, the protective resin linings of food cans, thermal printing paper, and 

dental fillings. BPA exposure during nervous system development has been associated 

with learning and behavioral impairments in animal models. The mode of action for 

these effects is not clearly defined. While BPA is a weak estrogen receptor (ER) 

agonist, it is also an estrogen-related receptor gamma (ERRγ) agonist. ERRγ binds 

BPA with 100 times greater affinity than ERs. This study was designed to test the 

hypothesis that exposure to human-relevant BPA concentrations impacts nervous 

system development and behavior through ERRγ activation. 

To examine whether BPA behaves more like an ER or ERRγ ligand, two 

positive control compounds were used throughout the study: 17β-estradiol (E2) and 

GSK4716, ER and ERRγ agonists, respectively. Initial behavior testing results 

included the observation that neurodevelopmental exposure to 0.01 or 0.1 μM BPA 

led to hyperactivity in larvae, while exposure to 0.1 or 1 μM BPA led to learning 

deficits in adult zebrafish. Exposure to 0.1 μM E2 or GSK4716 also led to larval 

hyperactivity. To identify early molecular signaling events that lead to the observed 

neurobehavioral phenotypes, a global gene expression analysis using a 135K zebrafish 

microarray was conducted. The concentrations of compounds tested were anchored to 

the common larval hyperactivity phenotype they elicited. Gross abnormalities, in the 

case of higher concentrations of BPA and E2, were also anchored phenotypes included 



 
 

 

 

 

 

 

 

 

 

 

 

in the analysis. Functional pathway analysis of the BPA versus E2 results predicted an 

impact on prothrombin signaling from the two lower concentrations of BPA and E2. 

Both BPA and GSK4716 were also predicted to impact nervous system development, 

potentially involving inhibition of the upstream regulator, SIM1. Additionally, 

GSK4716 exposure was predicted to inhibit neuron migration. There were fewer 

similarities in transcriptional responses between BPA and E2 when the lower versus 

higher concentrations were compared, suggesting different mechanisms operated at 

the higher concentrations. Subsequent experiments were focused on the role of ERRγ 

in the larval hyperactivity phenotype. Transient ERRγ knockdown by antisense 

oligonucleotide morpholino during the first 24 hours of development abrogated the 

hyperactive phenotype induced by 0.1 µM BPA exposure. Transient ERRγ 

knockdown during the first 48 hours of development resulted in developmental delays, 

craniofacial defects, pericardial edema, and severe body axis curvature.  

This work is the first to identify behavioral effects in a fish from 

developmental BPA exposure. It is also the first study to confirm a role for ERRγ in 

mediating BPA’s neurobehavioral effects in any animal model. The global gene 

expression analysis identified similarities between BPA, E2, and GSK4716, 

suggesting that BPA’s mode of action may involve crosstalk between ERRγ and other 

ERs. These results from human-relevant BPA exposures help explain the widely 

documented in vivo effects of BPA, despite low binding affinity exhibited by nuclear 

ERs. ERRγ is an evolutionarily conserved vertebrate receptor and the developmental 

impacts of BPA in the zebrafish are an indication of hazard potential to vertebrates. 

They are also an important translational step toward knowing the hazard potential 

from human developmental exposure to BPA and yet unknown environmental ligands 

of ERRγ. 
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INTRODUCTION 


One in ten children in the United States (US) has a learning disability (Altarac and 

Saroha 2007). Attention deficit hyperactivity disorder (ADHD) is the most common 

childhood neurobehavioral disorder, which affects 5% of US children and 8-12% of 

children worldwide (Faraone et al. 2003). The etiologies of learning disabilities and 

childhood onset neurobehavioral disorders are largely a mystery, although a 

combination of genetic and environmental factors is likely involved (Brookes et al. 

2006; Faraone et al. 2005; Langley et al. 2009).  

Bisphenol A (BPA) is among the group of poorly-understood compounds that 

are suspected by some public health researchers to have a role in the etiology of 

nervous system-related disorders such as ADHD or autism spectrum disorder (ASD), 

but for which no definitive link exists (Braun et al. 2011; de Cock et al. 2012; 

Miodovnik et al. 2011). BPA (2,2-Bis(4-hydroxyphenyl)propane; molecular weight = 

228 g/mol; Figure 1-1) is a white powder that was first synthesized in the late 1800’s 

by reacting acetone and phenol, followed by the discovery of a range of applications 

for BPA-based polymers (Lee and Neville 1967). BPA is used in the manufacture of 

consumer products including keyboards, eyeglass lenses, dental sealants, 

polycarbonate plastic water bottles, cash register receipts, and canned foods 

(Biedermann et al. 2010; Welshons et al. 2006). Its widespread use has resulted in 

detectable levels in most of the US population (Lakind and Naiman 2008; Vandenberg 

et al. 2007). 

Despite the lack of a definitive link between exposure and childhood learning 

disabilities or other health effects, many consumers are choosing to err on the side of 

caution and avoid products known to contain BPA. “BPA-free” has become a 

marketing label that can be found on infant and toddler products ranging from bottles 

and sippy cups, to toys and bibs. Unfortunately, these “BPA-free” products are 

sometimes manufactured with replacements that may be more hazardous than BPA 

(Kuruto-Niwa et al. 2005). Uncertainty regarding whether BPA exposure impacts 

nervous system development and behavior stems from an incomplete understanding of 
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its molecular mode of action. If BPA impacts nervous system development, is it 

through estrogen disruption or an alternative mode of action? Are human exposure 

levels sufficient to activate the pathways that BPA putatively perturbs during nervous 

system development? These questions need to be answered in order to determine 

whether BPA exposure has a role in the etiologies of learning disabilities. 

BPA exposure in humans 

Human BPA exposure is thought to occur primarily through ingestion of contaminated 

food, drinks, or breast milk (Welshons et al. 2006), although other exposure routes, 

such as dust inhalation or transdermal absorption, may also contribute to total body 

burdens. For example, BPA from cash register receipts is absorbed through the skin to 

a depth that cannot be removed by washing, leading the authors of a recent study to 

estimate daily exposure levels up to 71 µg/day from this source (Biedermann et al. 

2010). Daily BPA intake in the US population (6-60 years old) is estimated between 

0.051 and 0.274 µg/kg (5th – 95th percentile) based on urinary measures (2003-2004 

NHANES data) (Lakind and Naiman 2008). Intake in children ages 6 to 11 was 

estimated at 0.067 – 0.311 µg/kg/day by the same study. An average of 1.3 µg/L BPA 

was found in breast milk (Ye et al. 2006), and breast fed infants are estimated to ingest 

0.2 - 1 µg/kg/day, while infants fed with BPA-containing bottles are estimated to 

ingest 1 - 11 µg/kg/day (Chapin et al. 2008). At the upper end of estimated intakes, 

infants ages 0 - 6 months were estimated to potentially ingest up to 13 µg/kg/day if fed 

a combination of commercial foods (e.g., canned peas) and formula from 

polycarbonate baby bottles. These estimates were based on measured amounts of BPA 

leaching from food and drink containers, not urine levels (EFSA 2007; Lakind and 

Naiman 2008).  

While ingestion estimates are important, estimates of circulating BPA levels 

provide a more direct measure of how much is actually absorbed. Average circulating 

BPA levels in the US range from below detectable limits (i.e., < 0.03 (Teeguarden et 

al. 2011)) to 3 ng/ml (Lakind and Naiman 2008; Vandenberg et al. 2010). BPA levels 
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as high as 5.9 ng/ml (average) have been measured in the blood of pregnant women 

(Padmanabhan et al. 2008). Because BPA easily crosses the placenta (Takahashi and 

Oishi 2000), fetal BPA exposure is a function of maternal exposure, with cord blood 

levels being roughly equal to maternal serum levels. Recent studies reported an 

average of 2.5 versus 1.1 ng/ml (Taiwan) and 1.4 versus 1.8 ng/ml (Canada) in 

maternal serum and cord blood, respectively (Chou et al. 2011; Kosarac et al. 2012). 

While average serum levels are near 2 ng/ml, twice this amount has been detected in 

some individuals. For example, measurements of BPA in the cord blood of male 

neonates ranged from 0.14 to 5 ng/ml in a recent study conducted in France (Fenichel 

et al. 2012). 

An additional source of BPA exposure in newborns is some medical equipment 

used in Neonatal Intensive Care Units (NICUs), primarily the soft, plastic tubing used 

for feeding, assisted respiration, hemodialysis, and IV or blood plasma bags (Green et 

al. 2005). Strikingly, median urinary BPA concentrations were recently measured at 

28.6 ng/mL (0.1 μM) in newborns under NICU care (Calafat et al. 2009). While the 

exact source of the BPA was unidentified, levels were correlated with di(2-ethylhexyl) 

phthalate (DEHP) levels detected in the medical equipment. 

BPA metabolism 

Upon ingestion, most free BPA1 is inactivated by conjugation in the liver to produce 

the inactive metabolite, BPA-4-β-D-glucuronide (Pottenger et al. 2000; Snyder et al. 

2000). Another less abundant conjugation product is BPA-4-sulfate. Additional 

metabolites occur in trace amounts and include 5-hydroxybisphenol A [2-(4,5

dihydroxyphenyl)-2-(4-hydroxyphenyl)propane], which is 10 times less estrogenic 

than BPA (and arguably inactive) (Elsby et al. 2001), and MBP [4-methyl-2,4-bis(4

1 Use of the term, BPA, throughout this thesis refers only to the free form, unless noted   
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hydroxyphenyl)pent-1-ene], which is significantly more estrogenic than BPA and may 

contribute to BPA’s reported estrogenic effects (Yoshihara et al. 2004). However, 

detectable levels of MBP are nominal relative to the large fraction of BPA that is 

metabolized to inactive BPA-glucuronide.  

Although a recent study found that ingested BPA is rapidly metabolized in 

adults, leading to lower exposure levels than previously thought (Teeguarden et al. 

2011), the study did not include any measurements in children. Therefore, the results 

of this study are not directly applicable to fetuses and infants, in whom metabolism 

differs from adults. There is evidence that infants may be less well equipped than 

adults to metabolize BPA into its primary inactive form (Matsumoto et al. 2002). 

Additionally, sulfonation is more prominent in infants than adults, and de

glucuronidation occurs in the placenta (reviewed in (Ginsberg and Rice 2009). 

Strikingly, BPA levels as high as 100 µg/kg have been detected in human placenta 

(Schonfelder et al. 2002), suggesting the placenta may sequester BPA. While this 

might have a protective effect, it could also lead to higher circulating levels if 

accumulated BPA is released via de-glucuronidation over a short time period. 

Although neonates can metabolize BPA (Calafat et al. 2009), only small amounts of 

conjugated BPA were detected in both cord blood and maternal serum, suggesting 

potentially low rates of metabolism during pregnancy (Kosarac et al. 2012). These 

collective differences in adult versus fetal and neonatal metabolism caution against 

extrapolating the results of adult studies for fetal or neonatal risk assessment. 

BPA regulation  

Since its discovery, one of BPA’s most beneficial applications has been in the food 

canning industry. Since the mid 1900’s, BPA has been used to synthesize the resin 

linings of canned foods, which serve to prevent food from contacting the metal, thus 

preventing corrosion, and form a thermally stable seal that facilitates sterilization by 

heating to high temperatures. The sterilization process and acid content of certain 

foods contribute to small amounts of BPA leaching from the resin lining (Brotons et 
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al. 1995; Munguia-Lopez and Soto-Valdez 2001). The US Food and Drug 

Administration (FDA) therefore permits bisphenol A as an indirect food additive, 

which has been approved for use in food-contact materials since the 1960s 

(www.fda.gov). 

BPA regulation is covered under Title 21 of the US Code of Federal 

Regulations (CFR) parts 175 and 177, which permit the use of BPA in coatings such 

as resin can linings and polymers such as polycarbonate. While the US CFR does not 

include a limit to how much free BPA is permitted in canned foods, the European 

Union has established a free BPA migration limit of 0.6 mg/kg food (Commission 

Directive 2002/72/EC dated 6 August 2002). Although the upper level of BPA 

detected in canned foods is approximately 40 times below this migration limit, these 

levels are sufficient to induce proliferation of MCF7 cells, indicating estrogenic 

potential (Brotons et al. 1995).  

The US Environmental Protection Agency (EPA) established an oral reference 

dose (RfD) for BPA of 50 µg/kg bw/day in 1988 (www.epa.gov/iris). This was based 

on a dose-response study conducted by the National Toxicology Program (NTP) using 

rats, in which a large, chronic dose, 50 mg/kg/day, was identified as the lowest 

observed adverse effect level (LOAEL) based on decreased body weights (NTP 1982). 

An uncertainty factor of 1000 was applied to obtain the RfD. Doses lower than 50 

mg/kg/day were not tested, and endpoints other than mortality, morbidity, or histology 

for the purpose of identifying tumors were not considered. 

Public awareness about BPA increased in conjunction with the 2008 report by 

the NTP stating some concern (3 on a scale of 1 to 5; 1 = negligible concern, 5 = 

serious concern) that BPA may impair nervous system and prostate development in 

fetuses, infants, and children (Shelby 2008). This report called for more research, 

which was facilitated in part by approximately $14 million being allocated to the 

NIEHS for BPA research in 2009 under the American Recovery and Reinvestment 

Act (Mackar 2009). In July 2012, the FDA banned BPA from use in sippy cups and 

baby bottles (Federal Register document 77 FR 41899). This was in response to an 

American Chemistry Council petition and was largely a formality, as major 

www.epa.gov/iris
http:www.fda.gov
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manufacturers of these products had already voluntarily discontinued the use of BPA. 

On March 30, 2012, the FDA denied a citizen petition initially submitted in 2008 by 

the Natural Resources Defense Council requesting that BPA be banned from use in 

food contact materials. The FDA cited insufficient data to justify the action (OC 

2012), despite officially echoing the NTP’s concern that BPA exposures below the 

RfD may have adverse health effects (FDA 2010). The US decision to ban BPA from 

baby bottles and sippy cups is consistent with similar actions by multiple countries 

during the past few years. Additionally, Canada declared BPA a “toxic substance” as 

the first step toward removing it from consumer products (Vandenberg 2011).  

BPA alternatives in food contact materials 

Recent voluntary industry commitments to remove BPA from infant and children’s 

drink containers coincide with the need to find suitable replacements with properties 

similar to polycarbonate. The BPA-free plastic, polypropylene, has already been used 

for years in the industry with great success (e.g., Medela, Inc. and Philips Avent, Inc.). 

Other companies have turned to bisphenol S (BPS; 4,4'-Sulfonyldiphenol) to produce 

polyethersulfone (PES) plastic. However, recent findings suggest BPS may have 

estrogenic properties comparable to BPA (Kuruto-Niwa et al. 2005), which probably 

could have been predicted based on the structural similarities between BPA and BPS 

(Figure 1-1), as Delfosse and colleagues recently demonstrated (Delfosse et al. 2012). 

Shortly after a study showed high (~20 ng/ml) urinary levels of BPA following 

a week of canned soup consumption (Carwile et al. 2011), The Campbell’s Soup 

Company announced a commitment to phase out the use of BPA from their cans 

(www.campbell.com). This raises the question, what will be the replacement? It will 

require properties similar to the currently used resins; namely, heat resistance and 

long-term structural integrity. Some companies, such as Eden Foods, Inc., use a plant-

based oleoresin, which is BPA-free, but does not hold up as well to heat, acidity, and 

long-term storage (www.edenfoods.com). Other alternatives to resin-lined cans 

include glass (although BPA-containing seals are often utilized in the lids) and a 

http:www.edenfoods.com
http:www.campbell.com
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promising technology that utilizes a thermally stable polyethylene-lined paperboard 

box that can be sterilized and stored for long durations (Tetra Pak Inc., 

www.tetrapakusa.com). Other options include reducing the thickness of epoxy resin 

linings to minimize BPA leaching and use of polyethylene terephthalate (PET, or 

PETE) as an alternative can lining, two approaches that likely contributed to a 

reduction in circulating levels of BPA in the Japanese population over the past decade 

(Junko Nakanishi 2007; Matsumoto et al. 2003). However, although PET does not 

contain BPA, it may also release other types of estrogenic compounds (Wagner and 

Oehlmann 2011). 

Endocrine disruption by BPA 

The first study to demonstrate that BPA mimics estrogen in vivo reported an induction 

of vaginal cell cornification, a marker of estrus, in ovariectomized rats (100 mg/kg) 

(Dodds 1936). These results were confirmed 64 years later (Ashby et al. 2000), adding 

to the body of evidence demonstrating BPA’s estrogenic effects on the reproductive 

system. Examples of these effects and doses required to produce them include 

induction of a uterotrophic response in rats (200 mg/kg) (Laws et al. 2000), meiotic 

aneuploidy in mouse oocytes (20 ng/g for 7 days) (Hunt et al. 2003), abnormal mouse 

testes development (10-100 µg injection) (Toyama and Yuasa 2004), mammary gland 

proliferation (0.1 mg/kg/day) (Colerangle and Roy 1997), and most recently, abnormal 

oogenesis in fetal rhesus monkeys (serum levels following continuous exposure via 

Silastic tubing implants: 2.2 - 3.3 ng/ml) (Hunt et al. 2012). 

Estrogenic responses are generally defined by a chemical’s mimicry of 

estrogen in vivo, which is related to a molecule’s structural similarity to estrogen and 

assumed ability to recognize and activate ERs. ERs are members of the nuclear 

hormone receptor family, which have an N-teminal domain, DNA-binding domain, 

and C-terminal ligand-binding domain. The N-terminal domain contains a 

transcriptional activation function (AF), AF-1, while the ligand binding domain 

contains the ligand-dependent AF-2. Coactivators are recruited through AF-1 and AF

http:www.tetrapakusa.com
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2 interactions (Ali et al. 1993; Tremblay et al. 1999). There are two nuclear estrogen 

receptors, ERα and ERβ, the latter comprising two isoforms (ERβ1 and ERβ2). 

Inactive ERs exist as heat shock protein-stabilized monomers in the cytoplasm. Upon 

ligand binding, they dimerize, translocate to the nucleus, and act as transcription 

factors at genes with estrogen response elements (EREs) on their promoters. There are 

also membrane-bound ERs, which exert their effects through nongenomic mechanisms 

(Chen et al. 1999; Shimizu et al. 2012). These include a membrane-bound form of 

ERα (Razandi et al. 1999), a γ-adrenergic receptor that recognizes neurotransmitters, 

in addition to 17β-estradiol (Nadal et al. 2000), and a G-protein coupled estrogen 

receptor (GPER) (Thomas and Dong 2006).  

BPA is structurally similar to both 17β-estradiol (E2) and diethylstilbestrol 

(DES) (Figure 1-1). E2 is the form of estrogen most common in the body and to which 

ERα binds with greatest affinity. DES is a notorious endocrine disruptor that caused 

multigenerational defects following its prescribed use during pregnancy to treat 

morning sickness and prevent miscarriage (Herbst et al. 1979; Kalfa et al. 2011). 

While E2, DES, and BPA all bind to ERs, the respective ER binding affinities for 

these compounds differ by several orders of magnitude based on structural differences 

that determine how well they recognize ER binding sites (Delfosse et al. 2012). ERs 

exhibited strong binding affinity for both E2 and DES, but BPA was only a weak ER 

agonist in a competitive binding assay in which binding affinity was determined by 

displacement of E2 in mouse uterus cells (Blair et al. 2000). ERα exhibits 10,000x 

greater binding affinity for E2 than BPA (Blair et al. 2000; Kuiper et al. 1998). These 

relative binding affinities are what have led some to question whether BPA is capable 

of disrupting endogenous estrogen signaling in vivo (Teeguarden et al. 2011). Average 

circulating E2 levels in women are roughly 100 – 1000 pmol/L (Stricker et al. 2006). 

Based on relative binding affinities, BPA exposures would need to be in the 1 to 10 

µM range to begin to compete with endogenous estrogen levels at E2 binding sites on 

nuclear ERs. This is 10 to 100 times higher than the upper range of estimated infant 

exposure levels, 0.1 µM (28.6 µg/L), which was detected in the urine of infants in 
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NICUs (Calafat et al. 2009). However, there are other ways that BPA could exert its 

effects besides outcompeting E2 for its nuclear ER binding sites.  

One way BPA may exert its estrogenic effects is through alternative estrogen 

receptors that have lower E2 binding affinity than ER and ER, such as the Type II 

estrogen binding site (Washington et al. 2001). Another non-classical ER is GPER. 

GPER’s binding affinity for BPA is roughly 40 times less than its E2 binding affinity 

(Thomas and Dong 2006), meaning only 4 – 40 nM concentrations would be needed to 

place BPA on a level playing field with E2 when competing for GPER binding sites.  

Alternative BPA receptors: ERRγ 

As recently as 15 years ago, researchers began to suspect that ER activation, alone, 

could not explain all of BPA’s estrogenic effects (Colerangle and Roy 1997; Gould et 

al. 1998). In addition to being an ER and GPER agonist, BPA is also a ligand of 

estrogen-related receptor gamma (ERRγ) (Takayanagi et al. 2006), pregnane X 

receptor (PXR) (Sui et al. 2012), and glucocorticoid receptor (GR; in silico) (Prasanth 

et al. 2010). Additionally, BPA acts as an antagonist of endogenous ligand activity on 

thyroid hormone receptor (THR) (Moriyama et al. 2002) and androgen receptor (AR) 

(Lee et al. 2003). Among these receptors, ERRγ exhibits the greatest binding affinity 

for BPA, which is 100x greater than ERα’s BPA binding affinity (Blair et al. 2000; 

Okada et al. 2008) and 10,000x greater than ERβ’s BPA binding affinity (Kuiper et al. 

1998). 

ERRγ is one of three orphan nuclear estrogen-related receptors: ERRα, ERRβ, 

and ERRγ (Bardet et al. 2004; Heard et al. 2000; Okada et al. 2008). ERRδ is a fourth 

ERR that has been characterized in zebrafish (Bardet et al. 2004; Bertrand et al. 2007). 

ERRs are structurally similar to ERs and activate transcription at EREs independently 

of estradiol binding. There are two isoforms of ERRγ, which are differentially 

expressed in a tissue-specific manner (Heard et al. 2000). ERRγ is highly expressed in 

the brain, placenta, kidney, pancreas, and heart during critical periods of development 
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(Heard et al. 2000), and is also specifically expressed throughout the adult mouse 

brain (Lorke et al. 2000). 

ERRγ is reported to have a role in oxidative metabolism (Kumar and 

Mendelson 2011; Matsakas et al. 2012) or ion transport in multiple organ systems. 

ERRγ’s impact on metabolism has been described for the heart (Alaynick et al. 2007), 

liver (Kim et al. 2012), and trophoblast (Poidatz et al. 2012); while impacts on 

potassium channel homeostasis have been identified for the heart, stomach, and kidney 

(Alaynick et al. 2010). Additionally, ERRγ was recently shown to have a role in 

myogenesis (Murray et al. 2012) and angiogenesis in skeletal muscle, a key organ 

relying heavily on oxidative metabolism (Matsakas et al. 2012). 

In contrast to ERs, ERRγ is localized in the nucleus (Hentschke et al. 2002) 

where it is constitutively active as a monomer at estrogen-related receptor response 

elements (ERREs), extended ERE half-sites (Figure 1-2) (Takayanagi et al. 2006). Its 

constitutive activity is greater than that of ERRα and ERRβ based on activation by the 

coactivator peptide, SRC-1.2 (Coward et al. 2001). ERRγ can heterodimerize with 

ERRα, effectively reducing transcriptional activity at ERREs by both ERRα and ERRγ 

(Huppunen and Aarnisalo 2004). ERRγ activates members of the p160 family of 

coactivators (e.g., SRC-1) that act as histone modifiers when complexed with P/CAF 

and CBP/P300 (Giguere 2008). Multiple tissue-specific ERRγ coactivators have also 

been identified (Hentschke and Borgmeyer 2003; Hentschke et al. 2002; Huss et al. 

2002). For example, PNRC2 acts at AF-1 and is highly expressed along with ERRγ in 

the heart and kidney (Hentschke and Borgmeyer 2003). Corepressors of ERRγ include 

SMILE, RIP140, and SHP (Castet et al. 2006; Chao et al. 2006; Sanyal et al. 2002). 

TLE1 is an additional tissue-specific corepressor that acts at AF-1 in the placenta and 

skeletal muscle where it is co-expressed with ERRγ (Hentschke and Borgmeyer 2003). 

Although an endogenous ERRγ ligand remains to be identified, multiple 

exogenous ligands are known, including BPA (Takayanagi et al. 2006), equol 

(Hirvonen et al. 2011), and 2 phenolic acyl hydrazones: GSK4716 (Kim et al. 2009) 

and DY131 (Yu and Forman 2005), among others. There are several synthetic inverse 

agonists, including 4-hydroxytamoxifen and DES (Coward et al. 2001; Greschik et al. 
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2004), GSK5182 (Chao et al. 2006), and several phenolic compounds (Li et al. 2010). 

While BPA exhibits binding affinity for human kidney-isolated ERRγ (IC50 10-13 nM) 

that is roughly equal to that of 4-hydroxytamoxifen (IC50 10 nM) (Okada et al. 2008; 

Takayanagi et al. 2006), it is a stronger ligand than GSK4716 (IC50 2 µM) (Zuercher 

et al. 2005). GSK4716 (GSK stands for GlaxoSmithKline, the company that 

discovered it) is an ERRβ/γ agonist that does not recognize ERs (Zuercher et al. 2005), 

and was one of the positive controls used in our experiments. BPA is a peculiar ERRγ 

agonist, in the sense that it does not increase transcriptional activity, but rather 

maintains the receptor in its constitutively active form, resisting deactivation by 4

hydroxytamoxifen (Takayanagi et al. 2006). Takayanagi and colleagues (2006) 

proposed that, if there is an endogenous ERRγ ligand, it is more likely to be an inverse 

agonist similar to 4-hydroxytamoxifen than a direct agonist, in which case BPA may 

perturb its activity. 

Prenatal BPA exposure and nervous system development 

Evidence from animal models has implicated BPA exposure in a number of health 

effects, including reproductive system effects (Salian et al. 2009; Shelby 2008), 

diabetes (Ropero et al. 2008), cancer (Prins et al. 2008b; Weber Lozada and Keri 

2011), and learning impairments (Kim et al. 2011). Human epidemiology studies have 

associated BPA exposure with increased risk of heart disease in adults (Melzer et al. 

2010), obesity in children (Trasande et al. 2012), and low birth weight (Chou et al. 

2011). Recent studies provide the first data associating human prenatal exposure with 

abnormal socioemotional behavior (Braun et al. 2011; Perera et al. 2012). Braun and 

colleagues measured maternal urinary BPA concentrations ranging from 0.8 to 7.9 

µg/g creatinine (5th to 95th percentile) at 26 weeks gestation. Standardized behavior 

tests administered at 3 years of age uncovered associations between higher prenatal 

BPA exposure and anxiety, depressive behavior, and hyperactivity in girls. Perera and 

colleagues (2012) recently reported an association between increased third trimester 

maternal urine BPA concentrations, ranging from 1 to 39 µg/L (5th to 95th percentile), 
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and emotional reactivity and aggression in boys administered standardized behavior 

assessments between 3 and 5 years of age. These apparent sex-specific effects 

corroborate reports by multiple groups demonstrating impacts on sex-specific behavior 

in rodents following early life-stage BPA exposure. 

A growing number of groups that have conducted developmental BPA 

exposure studies in animal models report perturbed sex-specific behaviors following 

prenatal BPA exposure (Adriani et al. 2003; Kubo et al. 2003; Negishi et al. 2004; 

Palanza et al. 2008; Palanza et al. 2002; Poimenova et al. 2010; Ryan and 

Vandenbergh 2006). Reported effects include lowered anxiety in an elevated plus 

maze and reduced exploration in a novel environment by female mice (Palanza et al. 

2002), reduced exploration in an open field test and increased anxiety in female rats 

(Poimenova et al. 2010), increased anxiety in an elevated plus maze, but no alteration 

in spatial memory of adult female mice (Ryan and Vandenbergh 2006), and reduced 

ability of male adult rats to learn to avoid an electrical shock (Negishi et al. 2004). 

Recently, perinatal BPA exposure led to hyperactivity and attention deficit in male 

rats, which was associated with abnormal neurotransmitter signaling in the amygdala 

(Zhou et al. 2011). Additionally, Wolstenholme and colleagues reported abnormal 

social interactions in mice that extended through four generations following 

gestational BPA exposure (Wolstenholme et al. 2012). A specific finding of this study 

included decreased vasopressin and oxytocin levels in F4 males, which was associated 

with increased social interactions, in contrast to decreased social interactions exhibited 

by F1 juveniles. 

It is likely that perturbed estrogen signaling underlies BPA’s effects on the 

sexual differentiation of the brain and associated behavioral impairments. Estrogen 

receptors are found throughout the brain and estrogen has a key role in the sexual 

differentiation of the developing brain (McCarthy 2008). Differentiation of the male 

brain depends on the conversion of testosterone to estrogen by CYP19 (aromatase) 

during the final days of the prenatal period and into early postnatal life. In contrast, the 

female brain develops without de novo estrogen synthesis in the brain during these 

critical periods of development. While estrogenic effects are most significant in the 
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hypothalamus, a key neuroendocrine center, they also reach throughout the brain 

including centers responsible for motor activity (nucleus accumbens, substantia nigra, 

etc.), memory (hippocampus), and mood (serotonergic raphe nuclei). Some of 

estradiol’s effects on brain development include promoting astrocyte and neurite 

growth, promoting neuron survival or inducing apoptosis, and modulating dendritic 

spine formation (Birge et al. 2001; Garcia-Segura et al. 2001; Sasahara et al. 2007). 

There is evidence that some of BPA’s effects on nervous system function are 

ER-dependent. For example, BPA increases aromatase expression in E2-responsive 

regions of the brain in an ER-dependent manner (Chung et al. 2011) and causes an 

increase in filopodia in hippocampal cell cultures, concomitant with NMDA receptor 

activation in an ERβ-dependent manner (X Xu et al. 2010). Although these studies 

included tests for ER-dependence, more studies addressing nervous system effects will 

be required to elucidate how BPA influences neurobehavioral development. For 

example, the difference in ER binding affinity for BPA versus E2 leaves open the 

possibility that alternative receptors have a role, putatively through crosstalk with 

classical ERs. ERRγ’s high binding affinity for BPA, coupled with ERRγ’s ability to 

modulate estrogen signaling at EREs, highlights the possibility that this orphan 

nuclear receptor has a role in BPA-induced perturbation of neurobehavioral 

development. However, despite high ERRγ expression in the fetal and adult brain 

(Heard et al. 2000; Lorke et al. 2000), virtually no studies have investigated its role in 

nervous system development and function.  

BPA studies in aquatic models since 2007 

In 2008, the NTP called for more research to address concerns that BPA may impair 

nervous system and prostate development. Since the writing of that report (2007), 

1281 articles have been published with BPA in the title (PubMed search, 10/27/12): 

147 in 2007, 163 in 2008, 171 in 2009, 242 in 2010, 288 in 2011, and 270 in 2012. 

Eighty-five of these studies reported significant effects in aquatic animal models, 

including invertebrates (see Appendix). Fifteen of these studies were conducted in 
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zebrafish, 10 studies were conducted in the hermaphroditic fish, Kryptolebias 

marmoratus, and <10 studies were conducted in each of 18 additional model 

organisms. A large proportion of these studies focused on the environmental 

ramifications of BPA exposure and used reproductive endpoints such as vitellogenin 

(Vtg) expression. However, some focused on nervous system-related endpoints, 

including ER, AR, and aromatase expression in brain and other organs of goldfish 

(Hatef et al. 2012), brain aromatase expression in zebrafish (Chung et al. 2011), and 

neuron branching in zebrafish at 7 days post fertilization (dpf) (Lam et al. 2011). 

Other aquatic model studies that were related to the work described herein included 

the measurement of ERR expression in aquatic midge (Park and Kwak 2010), ER and 

AR activation in fathead minnow (Ankley et al. 2010), ER expression in snail (Stange 

et al. 2012), Th3-induced intestinal remodeling in Xenopus  (a microarray study) 

(Heimeier et al. 2009), hypothalamic-pituitary-thyroid (HPT) axis gene expression in 

zebrafish (Chan and Chan 2012), a zebrafish microarray study (published in Chinese) 

(Duan et al. 2010), and a 22K microarray using adult zebrafish liver samples (Kausch 

et al. 2008). 

BPA studies in zebrafish 

Only 34 studies have investigated the effects of bisphenol A exposure in zebrafish. 

Aptly, in 2001 the first of these studies reported effects of developmental BPA 

exposure on the nervous system, specifically, the induction of brain aromatase 

(Kishida et al. 2001). Ten years later, two additional groups investigating nervous 

system effects reported increased aromatase expression in the brain following 

developmental BPA exposure (concentrations up to 10 µM) (Chung et al. 2011) and 

effects on axon branching and neuromasts following exposure to ≥500 µg/L (2 µM) 

from 0 to 7 dpf (Lam et al. 2011). The Lam et al. study was the most relevant to our 

work, although it did not include any behavior assessment. Lam et al. used a 22K 

microarray to measure whole body mRNA expression in 7 dpf larvae following 0 to 7 

dpf daily renewal waterborne exposure to ~2.19, 4.38, and 6.57 µM BPA. They 
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identified nervous system development and tight junction signaling, among others, as 

functions impacted by BPA exposure (Lam et al. 2011). To date only one study, which 

is detailed in chapter 2 of this thesis, has taken advantage of the zebrafish model to 

investigate the effects of developmental BPA exposure on behavior (Saili et al. 2012).  

Nervous system development in early embryos 

The embryonic zebrafish develops the rudiments of all future organ systems by 24 

hours post fertilization (hpf; Figure 1-3) (Kimmel et al. 1995). Kimmel et al. 

thoroughly described the development of the early embryonic zebrafish nervous 

system (Kimmel et al. 1995); only the main events in this process are summarized 

here. The neural plate, which eventually develops into the nervous system, is the first 

structure to form in zebrafish and other vertebrate embryos. At approximately 10 hpf, 

it begins folding to eventually become the neural rod (~16 hpf), which represents one 

of few differences between zebrafish and mammalian embryonic development. While 

zebrafish develop a rod, which hollows into the neural tube around 19 hpf, mammals 

form a neural tube via invagination of the outer edges (the neural crest) of the neural 

plate. The neural rod, or neural tube in mammals, will become the brain and spinal 

cord, with cell fate predetermined at this point.  

The segmentation period begins around 18 hpf and involves delineation of 

somites (rudimentary muscle cells) and neuromeres, segmented rudiments of the 

future central nervous system (i.e., forebrain, midbrain, hindbrain, and spinal column). 

Hox genes play an important role in proper patterning during this phase, particularly in 

the rhombomeres of the hindbrain (Waskiewicz et al. 2002). An additional gene 

important for hindbrain formation is Gbx2 (Wassarman et al. 1997). Further, Shh is a 

key gene involved in dorsoventral patterning of the neural tube (Dessaud et al. 2008). 

In humans, the neural tube closes at Carnegie stage 11, 24 days post ovulation 

(Harkness and Baird 1997). 

Soon after the neural tube is formed, differentiation of neurons begins and 

axons extend to target cells, including muscle cells. By 24 hpf in the zebrafish, 
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divisions between five brain regions have been established, innervations of myotomes 

by motoneurons has been initiated, and the first spontaneous movements occur 

(Kimmel et al. 1995). This period is followed by neurogenesis, neuron migration, and 

axon extension. The embryo hatches out of the protective chorion around 72 hpf, at 

which point it is a swimming larva that begins food seeking behavior. Based on the 

dynamic, rapid formation of the nervous system that occurs during the first 24 hours of 

zebrafish embryonic development, chemical exposures during this time have the 

potential to substantially impact brain structure and function. 

Zebrafish behavior testing 

Although zebrafish were used in behavior testing as early as 1977 (Grimm 1960), 

goldfish (Carrasius auratus) appear to have been the preferred fish model for behavior 

testing since the early 1960s until relatively recently. Conserved developmental 

processes and homology between human and zebrafish receptors (e.g., human ERRγ is 

87% homologous to zebrafish ERRγ; Figure 1-4), combined with the fully sequenced 

zebrafish genome and molecular tools allowing targeted studies of gene function, 

make zebrafish a strong model choice for investigating the mode of action underlying 

developmental neurobehavioral toxicity of BPA.  

Today a number of behavior tests based on standard rodent models are 

available for zebrafish testing, including a spatial alternation memory task (Williams 

et al. 2002), startle response (Carvan et al. 2004), predator avoidance (Gerlai et al. 

2009), and larval locomotion (MacPhail et al. 2009).  A test of larval locomotor 

behavior during alternating periods of light and dark was first described by researchers 

at the EPA (MacPhail et al. 2009). Although not their natural behavior, larvae adopt a 

pattern of increased activity in the dark and inactivity in the light. Alterations in this 

behavior pattern following chemical exposure can be assessed as an indication of 

musculoskeletal, visual, or nervous system toxicity. Logistically, it is a convenient 

screening system because embryos are exposed in the same 96-well microtiter plates 

in which they are later subjected to the behavior test. We utilized a modified version 



 

 

 

 

 

 

18 

of this assay for the larval behavior testing described in chapters 2 and 4, while a 

custom-built T-maze was used for the adult learning tests described in chapter 2. 

Summary: ERRing on the side of caution 

Today’s parents are bombarded with misinformation about potential threats to their 

children’s health. Usually, such misinformation is entangled with reliable facts, or fills 

a void where there is simply not enough understanding about a particular health risk. 

Until BPA’s molecular mode of action is defined, and until the etiologies of childhood 

neurological disorders are more clearly understood, it will be difficult to determine 

whether BPA is a hazard to human development that should be more strictly regulated. 

Until then, parents will be charged with the decision whether to err on the side of 

caution and take steps to minimize their children’s exposure to BPA. The current 

depth of knowledge about BPA’s potential health effects warrants caution, as recently 

announced by the FDA (FDA 2010). 

The collection of studies on BPA’s developmental effects confirms its status as 

an endocrine disruptor capable of acting through classical ERs in addition to 

alternative receptors, such as ERRγ. It is bioactive across animal models and exerts 

effects on multiple organ systems, including the reproductive system and nervous 

system. Nervous system effects include alterations in sexually differentiated behaviors 

concomitant with altered brain development. Additionally, recent epidemiology 

studies link prenatal BPA exposure to behavioral effects in children.  

Despite this knowledge, the debate continues over whether BPA poses a health 

hazard to human development. Much of the uncertainty lies in the fact that BPA is a 

weak ER agonist, leading some to question whether current exposure levels are 

capable of significantly perturbing human development. However, alternative 

pathways and target genes responsive to low doses are emerging as plausible modes of 

action. Increasing the knowledge about BPA’s in vivo effects and mode of action will 

serve both sides of the BPA debate. Defining the exposure dose and period of 

susceptibility required to exert neurobehavioral effects and whether these effects are 
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mediated by ERs or alternative receptors will help substantiate whether BPA exposure 

poses a human health risk, and whether actions towards stricter regulation or 

replacement of BPA in food contact surfaces is warranted. 

Study objectives 

Despite its high expression in the fetal and adult brain, a paucity of studies have 

investigated the role of ERRγ in nervous system development. ERRγ’s strong binding 

affinity for BPA, coupled with high ERRγ expression in the developing brain in both 

mammals and zebrafish (Bardet et al. 2004) suggests that BPA could exert its effects 

on the developing nervous system through ERRγ. This study was designed to test the 

hypothesis that early developmental exposure to human-relevant BPA concentrations 

impairs nervous system development in an ERRγ-dependent manner. To address this, 

we first conducted a series of behavior tests in larval zebrafish exposed to low 

concentrations of BPA or two control compounds, 17β-estradiol (an ER agonist) and 

GSK4716 (an ERRγ agonist). After confirming neurobehavioral effects in both larvae 

and adults exposed to BPA during nervous system development, we investigated 

putative molecular modes of action by conducting a global gene expression microarray 

analysis using phenotypically anchored exposure concentrations. Finally, to directly 

test the role of ERRγ in mediating the larval hyperactivity phenotype, behavior tests 

were repeated in morphants in which ERRγ levels were reduced during BPA exposure. 
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Figure 1-11. Chemicall structures of 17-estradiol, diethhylstilbestrol, bisphenoll A, 
bisphenol S, and GSKK4716. 
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Figure 1-22. ERR  nuuclear signaaling. ERR is a transcrription factoor that can aact at 
ERREs orr EREs as a homodimerr or heterodiimer compleexed with EERR. Num erous 
coactivators and coreppressors moodulate ERRR signaling. Several pootential poinnts of 
crosstalk with classiccal ER siggnaling are depicted, iincluding reegulation off ER 
signaling bby ERR tarrget genes, hheterodimeriization with the ER heteerodimer paartner, 
ERR, andd transcriptioonal activityy at EREs. 
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Figure 1-33. Early embbryonic zebbrafish deveelopment. Thhe rudimentts of every orrgan 
system aree formed by 24 hours po st fertilizatioon (hpf). 

Figure 1-44. Human vversus zebraafish ERRγ alignment. The amino acids comprrising 
human ERRRγ protein are shown iin the top roow, while thee correspondding amino acids 
for zebrafiish are showwn on the boottom row. AAn asterisk ddepicts iden tical amino acids 
(87% hommology). 
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Abstract 

Developmental bisphenol A (BPA) exposure has been implicated in adverse behavior 

and learning deficits. The mode of action underlying these effects is unclear. The 

objectives of this study were to identify whether low-dose, developmental BPA 

exposure affects larval zebrafish locomotor behavior and whether learning deficits 

occur in adults exposed during development. Two control compounds, 17β-estradiol 

(an estrogen receptor ligand) and GSK4716 (a synthetic estrogen-related receptor 

gamma ligand), were included. Larval toxicity assays were used to determine 

appropriate BPA, 17β-estradiol, and GSK4716 concentrations for behavior testing. 

BPA tissue uptake was analyzed using HPLC and lower doses were extrapolated using 

a linear regression analysis. Larval behavior tests were conducted using a ViewPoint 

Zebrabox. Adult learning tests were conducted using a custom-built T-maze. BPA 

exposure to ≤30 μM was non-teratogenic in zebrafish. Neurodevelopmental BPA 

exposure to 0.01, 0.1, or 1 μM led to larval hyperactivity or learning deficits in adult 

zebrafish. Exposure to 0.1 μM 17β-estradiol or GSK4716 also led to larval 

hyperactivity. This study demonstrates the efficacy of using the larval zebrafish model 

for studying the neurobehavioral effects of low-dose developmental BPA exposure.  

List of abbreviations: hours post fertilization (hpf), days post fertilization (dpf), 

bisphenol A (BPA), estrogen receptor (ER), estrogen-related receptor (ERR), central 

nervous system (CNS), 17β-estradiol (E2), G-protein coupled estrogen receptor 

(GPER), high performance liquid chromatography (HPLC), antisense oligonucleotide 

morpholino (MO), polyvinyl chloride (PVC), dimethyl sulfoxide (DMSO) 
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Introduction 
There is emerging concern that the environmental contaminant, bisphenol A (BPA), 

may adversely impact brain development, leading to the National Toxicology 

Program’s recent recommendation to support studies addressing whether BPA affects 

brain development and behavior of children exposed prenatally or during early 

childhood to environmentally relevant levels (Shelby 2008). BPA is the primary 

ingredient used to manufacture polycarbonate and resin-lined food containers. It is 

also used to make polyvinyl chloride (PVC), some dental sealants, and thermal 

printing paper used for cash register receipts (Biedermann et al. 2010; Welshons et al. 

2006). Large-scale production and incorporation of BPA into numerous consumer 

products has resulted in exposures to the extent that low BPA levels in the average 

range of 1 – 10 ng/ml (i.e., 0.004 – 0.04 µM) are detectable throughout the United 

States population (Vandenberg et al. 2010). Although a recent study found that BPA is 

rapidly metabolized in adults, leading to lower exposure levels than previously 

thought (Teeguarden et al.), it did not take into account metabolic features prominent 

in infants and the placenta (e.g., sulfonation and de-glucuronidation, respectively; 

reviewed in (Ginsberg and Rice 2009). BPA easily crosses the placenta (Takahashi 

and Oishi 2000) and breast fed infants are estimated to ingest 0.2 - 1 µg/kg/day, while 

infants fed with BPA-containing bottles are estimated to ingest 1 - 11 µg/kg/day 

(Shelby 2008). Strikingly, levels as high as 100 µg/kg have been detected in human 

placenta (Schonfelder et al. 2002). Taken together, these studies describe low, but 

ubiquitous exposure to BPA and highlight a potential risk to our most vulnerable 

populations. It is therefore important to confirm whether low-dose BPA exposure 

impairs central nervous system (CNS) development and behavior and identify the 

molecular events underlying these effects. 

While studies provide evidence that developmental BPA exposure can result in 

abnormal sex-specific behavior (Negishi et al. 2004; Palanza et al. 2008), the mode of 

action by which BPA impacts development is not well understood. BPA is generally 

characterized as an estrogen disruptor (Ben-Jonathan and Steinmetz 1998). While 
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typical estrogen disruptor target organs comprise the reproductive system, the brain is 

also highly dependent on estrogen for proper development (McCarthy 2008). 

Estrogen’s classical mode of action is via activation of the nuclear estrogen receptors 

(ERs), ERα and ERβ. In addition to these nuclear receptors, estrogen-related receptor 

gamma (ERRγ) and the G-protein coupled estrogen receptor (GPER) have been 

proposed as potential mediators of BPA-associated estrogen disruption (Okada et al. 

2008; Thomas and Dong 2006). 

Human in vitro binding studies show that ERRγ exhibits strong binding 

affinity for BPA (Okada et al. 2008). ERRγ is one of three orphan nuclear estrogen-

related receptors that activate transcription at estrogen response elements (ERE’s) 

(Tremblay et al. 2008). ERRγ is highly expressed in the brain, placenta, kidney, 

pancreas, and heart during critical periods of human fetal development as determined 

by mRNA quantification (Heard et al. 2000). ERRγ and other family members play a 

role in energy homeostasis, and misexpression of ERRγ has been implicated in mouse 

models of obesity, diabetes, and heart function, and human in vitro cancer studies 

(Alaynick et al. 2007; Ijichi et al. 2011; Rangwala et al. 2010). Despite confirmation 

of its high expression in the developing mouse and zebrafish CNS (Bardet et al. 2004; 

Hermans-Borgmeyer et al. 2000; Qin et al. 2007), the role of ERRγ in facilitating 

performance on tests of neurobehavioral function has not been investigated. ERRγ’s 

strong binding affinity for BPA coupled with high ERRγ expression in the developing 

brain supports the hypothesis that BPA exerts its effects on the developing CNS 

through ERRγ, possibly through crosstalk with ER signaling. This hypothesis can be 

investigated by employing the classical ER ligand, 17β-estradiol, and a less commonly 

used synthetic ERRβ/γ ligand, GSK4716. 

Although rodent models are being used to investigate the potential mode of 

action by which developmental BPA exposure elicits neurobehavioral effects, the 

zebrafish model has yet to be employed to address this gap. The larval zebrafish model 

offers notable advantages for conducting mode-of-action studies, including external 

dosing and availability of antisense oligonucleotide morpholinos (MOs) used for 

transiently knocking down proteins of interest during development. These advantages, 
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coupled with the fact that ERs and ERRs are expressed in the CNS during embryonic 

zebrafish development (Bardet et al. 2004; Tingaud-Sequeira et al. 2004) and the 

availability of established larval and adult behavior tests, can be capitalized upon to 

complement rodent studies (Levin and Cerutti 2009). The aim of this study was to 

determine whether relevant doses of BPA during development impact zebrafish 

neurobehavior and establish a testing paradigm to be used in subsequent mode-of

action studies investigating the roles of ERs and ERRγ. 

Materials and methods 

Zebrafish rearing: Adult tropical 5D strain (wildtype) zebrafish were raised at the 

Sinnhuber Aquatic Research Laboratory (SARL) in the Aquatic Biomedical Models 

Facility Core of the Environmental Health Sciences Center at Oregon State University 

under standard conditions (28 °C, 14hr light/10hr dark cycle) on a recirculating water 

system. Embryos obtained from group spawns were washed, screened for viability, 

and incubated in embryo medium (Westerfield 2000) at 28 °C. The uptake, toxicity 

assay, and larval behavior experiments were all conducted at 28 °C and completed by 

5 days post fertilization (dpf), at which point larvae were euthanized using MS-222 

(tricaine). Larvae destined for adult behavior testing were exposed to 0.1 or 1 μM 

BPA from 8-120 hours post fertilization (hpf), then removed from the exposure 

solution, thoroughly rinsed with water, and raised at the SARL under standard 

conditions until approximately 3 months of age, at which time they were shipped 

overnight to the Neurobehavioral Toxicology Facility, Children’s Environmental 

Health Sciences Center, University of Wisconsin-Milwaukee, where they were raised 

under standard conditions prior to adult testing. Zebrafish husbandry and behavior 

testing was conducted in compliance with approved Oregon State University and 

University of Wisconsin-Milwaukee Institutional Animal Care and Use Committee 

protocols. 
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Chemical preparation: Bisphenol A (2,2-Bis(4-hydroxyphenyl)propane; 99% 

purity, Tokyo Chemical Industry America (TCI), Portland, OR), GSK4716 (4

Hydroxy-2-[(1E)-[4-(1-methylethyl)phenyl]methylene]hydrazide; Tocris Bioscience, 

Ellisville, MO), and 17β-estradiol (E2; Sigma) were dissolved in dimethyl sulfoxide 

(DMSO; Sigma). BPA stock concentration was confirmed by high performance liquid 

chromatography (HPLC) analysis. Exposure solutions were prepared by diluting 

working stocks in buffered embryo medium at a final vehicle concentration of 0.1% 

DMSO. 

Larval toxicity assay: The BPA, E2, and GSK4716 toxicity assays were identical 

to that described in detail in Truong et al. (2011), with the exception that chorions 

were not removed, embryos were loaded into the exposure plate prior to addition of 

the exposure solution, and the 24 hpf evaluation was omitted. Briefly, embryos (8 hpf) 

were placed individually in the wells of polystyrene 96-well plates (Becton Dickinson, 

New Jersey) to which 100 μl exposure solution was added. Plates were sealed in 

parafilm and covered in aluminum foil throughout the 5-day exposure (see Table 1 for 

a summary and justification of the exposure durations used in this study). After an 

initial range-finding pilot assay, exposure concentrations were selected to include 

concentrations causing abnormalities in 100% of the embryos (EC100) at 5 dpf. The 

concentration ranges selected for the concentration-response curves were BPA: 10 - 70 

μM; E2: 0.1 - 25 μM; and GSK4716: 0.1 - 30 μM. Embryos were evaluated for any 

abnormality or mortality at 5 dpf following 5 days static waterborne exposure. 

Mortality was recorded as number dead divided by total number of exposed embryos 

(BPA: n = 12 embryos; E2 and GSK: n = 8 embryos). Abnormality was calculated as 

percentage of survivors exhibiting any of the following morphological defects at 120 

hpf: yolk sac edema; pericardial edema; craniofacial abnormalities (snout, jaw, eye, 

otolith, brain); curved body axis; abnormalities in circulation, pigmentation, pectoral 

fin, caudal fin, or swim bladder; inability to respond to a light touch; or delayed 

hatching. Percentage of affected embryos per treatment group was plotted against 



 

 

 

42 

log(exposure concentration) and a sigmoidal non-linear regression curve (log(agonist) 

versus normalized response) was derived using GraphPad Prism 5.01 software 

(GraphPad Software Inc., La Jolla, CA). Statistical analysis was conducted using 

SigmaPlot 11.0 (Systat Software, Inc., Chicago, IL). A one-way ANOVA on ranks 

(Kruskal-Wallis; because data did not pass a Shapiro-Wilk test for normality) followed 

by a Student-Newman-Keuls post-test was used to determine significant effects 

compared to controls (p < 0.05). Biological replicates were conducted on different 

days (BPA: N=6 days; E2 and GSK: N=5 days). Representative photos of 5 dpf larvae 

from which chorions had been removed by enzymatic digestion (pronase) (see Truong 

et al. (2011) for detailed description) at 6 hpf were taken using an Infinity2 digital 

CCD camera (Lumenera Corporation, Ontario, Canada) attached to an Olympus SZ61 

stereomicroscope (Olympus America, Inc., Center Valley, PA).  

Although chorion removal was only employed for the purpose of obtaining 

photos, an additional experiment was included to determine whether the presence of 

the outer protective chorion impacts the effects of BPA exposure. On each of three 

days (i.e., 3 biological replicates), embryos from pooled group spawns were divided 

into 2 groups, one from which chorions were removed at 6 hpf using pronase 

enzymatic digestion. The embryos (n = 8) were then subjected to the 5 day static 

waterborne exposure and abnormalities were assessed at 120 hpf as described above. 

BPA concentrations tested were 0, 10, 20, 40, 80, and 100 μM. Percent abnormality 

was plotted as above and significant difference between larvae with chorions intact 

versus those with chorions removed was determined for each concentration by 

unpaired T-test using SigmaPlot 11.0 (p < 0.05). 

Uptake experiment: 

Experimental design: Eight hpf embryos were exposed in 96-well plates as 

described above to vehicle (0.1% DMSO), 1, 10, or 100 μM BPA. Following 48-hour 

static exposure, embryos were thoroughly washed using a Biotek ELx50 plate washer 

(BioTek, Winooski, VT) programmed for 10 washes with 100 μl volume exchange per 
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wash. Next, pools of 50 embryos were collected in polypropylene 1.5 ml safe-lock 

microcentrifuge tubes (Eppendorf, Hamburg, Germany), 500 μl of reverse osmosis 

water was added to each tube and the mass of embryos+water was recorded at room 

temperature (RT). Embryos were homogenized using approximately 160 mg 0.5 mm 

zirconium oxide beads (Next Advance Inc., Averill Park, NY) and a Bullet Blender® 

(Next Advance Inc.) set at speed 8 for 3 minutes. Following 15 minute incubation at 

RT, samples were centrifuged at 18,000 rcf then 400 μl supernatant was collected into 

4 ml amber glass HPLC vials and frozen at -20°C until HPLC analysis. Spiked 

samples (n = 9) for all concentrations tested were quantified to determine extraction 

efficiency (1 μM = 47±6%, 10 μM = 42±3%, 100 μM = 41±2%). This efficiency was 

used to calculate BPA tissue concentration in experimentally exposed embryos. 

Spiked samples were also used to determine the empirical value of the stock solution. 

Three (1 μM) or 6 (10 and 100 μM) replicate samples per treatment were used for the 

calculations. A linear regression analysis (GraphPad Prism 5.01) of log-transformed 

data was used to extrapolate predicted tissue dose at exposure concentrations 0.001, 

0.01, and 0.1 μM. Several measures were taken to limit and/or detect potential BPA 

contamination from unintended sources. First, no polycarbonate plastic was used 

during or after the exposures; exposure plates were polystyrene and all solutions were 

prepared in glass. Additionally, DMSO controls were included to rule out potential 

contamination from unintended sources during the experiment. No BPA was detected 

in any of these controls. The limit of detection was 0.061 µg/ml (0.267 μM). Reagent 

blanks (reverse osmosis water only) were included as additional quality controls. No 

BPA was detected in these blanks.  

HPLC analysis: A portion of the BPA stock powder used for embryonic exposures 

was prepared in methanol (Fischer, HPLC grade) as the HPLC standard. The standard 

curve consisted of the following 5 points (µg/ml): 0.095, 0.480, 0.950, 4.760, and 

9.520 (0.416, 2.103, 4.161, 20.851, and 41.701 μM). Linear fit: 

Area=43.0534823*AMT + 1.2508553; correlation=0.99981. All calibration points 

equaled weight. Samples were thawed and vortexed prior to analysis. HPLC analysis 
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was performed on an Agilent 1100 instrument using the following conditions: Column 

Phenomenex EnviroSep PP column, 125 x 4.6 mm, mobile phase (gradient) was 

Fisher HPLC grade acetonitrile and water. The gradient started at 30% acetonitrile, by 

6 minutes was at 100%, after which it was held at 100% for 1.5 minutes. The flow rate 

was 2 mL/min, injection volume was 10 µl. Detection was by fluorescence with 

excitation at 225 nm and emission at 350 nm.  

Larval behavior assessments: Embryos were exposed as described for 48 hours 

beginning at 8-10 hpf to BPA (0.001, 0.01, 0.1, 1, or 10 μM), E2 or GSK4716 (0.1 

μM), or 0.1% DMSO control. (Note: pilot experiments (data not shown) determined 

that exposure start times of 8 versus 10 hpf result in the same outcome on the BPA, 

E2, and GSK4716 larval behavior tests. Embryos from this age range were selected in 

order to obtain the desired number of replicates for the trials). All treatments for each 

compound were equally represented on each 96-well plate. At 58 hpf, embryos were 

washed using a Biotek plate washer (10 cycles with 100 μl volume exchange), then 

resealed and incubated at 28°C in the dark until 5 dpf. On day five, the 96-well plate 

containing the embryos was placed in a ViewPoint Zebrabox behavior testing system 

(Viewpoint Life Sciences, Inc., France) in a room with an ambient temperature of 

28°C and their locomotor activity was recorded using the quantization setting 

(Videotrack V3 software) for 5 minutes in the dark following a 20 minute rest period 

in the light (light intensity was 100%). This setting utilizes the number of pixels 

displaced during the 1/30th of a second between two consecutive frames (30 frames 

per second) to obtain movement of the subject. A difference of 5 or more pixels 

between two frames was set as the activity threshold. Larvae exhibiting any 

morphological defects were subsequently removed from the analysis. Duration of 

activity in seconds per minute was recorded and the sum of activity over the 5 minutes 

in the dark was calculated for each larva (i.e., total seconds spent moving above the 

threshold during the 5 minutes). Behavior data was collected from 3 (BPA 

concentration-response) or 4 (BPA versus E2 and GSK4716) groups of 16 larvae. 
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Each group for a given treatment was spawned and therefore tested on a different day. 

A one-way ANOVA (p < 0.05) was used to confirm that there was no statistical 

difference in activity in the dark among DMSO controls on the different days, after 

which all morphologically normal larvae from the different testing days for the BPA 

concentration response (n = 42-47) and BPA versus E2 and GSK4716 (n = 53-59) 

were pooled for a single analysis of mean activity for each of the two experiments 

(SigmaPlot 11.0). Statistical significance for the BPA concentration response was 

determined by one-way ANOVA, Student-Newman-Keuls post-test, (p < 0.05). 

Because the BPA versus E2 and GSK4716 data did not pass a normality test (Shapiro-

Wilk), significance was determined by one-way ANOVA on ranks (Kruskal-Wallis), 

Dunn’s post-test, (p < 0.05). 

Adult learning assessment: 

Adult testing apparatus (T-maze): Adult zebrafish learning was assessed 

using a custom-built T-maze constructed of opaque PVC plastic (Fig. 4). The 

apparatus had a 50 cm long raceway, which included a 10 cm3 mesh-covered drain 

area and a 10 cm3 pre-trial holding chamber. At the end of the raceway were two 20 

cm long arms, one to the left and the other to the right. Depth of maze was 15 cm at 

the drain and 13 cm at the end of each arm; this slope allowed for proper water 

drainage. To create a level test surface, a perforated shim was inserted so that the 

water depth throughout the maze was 10 cm. The left arm of the apparatus was 

differentiated from the other by masking it with alternating stripes of black and white 

tape. Six electrodes were attached to each arm, three on each side of the arm. A 

computer-controlled mild electrical shock (2.0 v, 7.7 mA; 200 msec ON, 800 msec 

OFF for ≤20 sec until fish vacated the arm) was delivered through these electrodes 1 

second after the fish entered the incorrect arm. Computer-controlled doors at the 

junction of each arm were installed to prevent the fish from entering the opposing arm 

once an arm had been selected (as determined by breaking a set of IR beams and 
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corresponding detectors). Soldered electrical contacts were covered with polyurethane 

to prevent corrosion and potential contamination of the water in the testing chamber. 

First reversal learning task: Larvae destined for adult behavior testing were 

exposed to 0.1% DMSO, 0.1 or 1 μM BPA from 8-120 hpf, then raised as described 

under standard conditions. Ten fish (5 males and 5 females; eight month olds) per 

treatment were used for the learning task. Selection of fish to be tested on any given 

day was randomized between treatments and sexes, and the test administrator was 

blinded. Each fish was placed in a holding chamber at one end of the raceway until a 

trial began. At the start of each trial, the door of the holding chamber was manually 

opened allowing the fish to swim freely down the raceway until it entered either of the 

two arms.  If a fish did not exit the start box within 10 seconds, then it was gently 

prodded to initiate the trial. Once a fish made its first selection, this arm was 

designated the “incorrect” side and the fish would receive a mild shock each time it 

entered that arm, up to 90 repeated trials (30 trials/day for a maximum of 3 days). 

Each trial ended either when the fish made a correct choice, made an incorrect choice 

and the 20 sec shocking period passed, or made no choice within 1 minute. Following 

each trial, the fish was returned to the holding chamber for one minute prior to the 

start of a new trial. The test ended when a fish correctly selected the non-shocking arm 

for three consecutive trials. For any trial that a fish refused to make a choice (i.e., 

remained in the raceway or just outside a door, the trial did not receive a score and the 

record of consecutive correct choices was reset at zero. Each trial was set as a 

minimum of 20 seconds (i.e., immediate entrance into either arm) and a maximum of 

60 seconds (e.g., remaining at door but not entering). Fish that did not successfully 

enter into the non-shocking arm three consecutive times were scored the maximum 

number of trials performed (i.e., 90). Statistical significance for the first reversal task 

was determined by two-way ANOVA (sex x treatment), Student-Newman-Keuls post-

test (p < 0.001) for males and females considered separately. A one-way ANOVA, 

Student-Newman-Keuls post-test (p<0.001) was used to analyze the combined group 

(SPSS 13.0). 
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Results 

Developmental BPA exposure <30 μM is non-teratogenic 

By conducting a 5-day toxicity assay routinely used in our laboratory, we found no 

statistical difference in abnormalities in groups of embryos exposed with chorions 

intact versus chorions removed (Fig. 1A). Subsequent experiments using chorion 

intact embryos determined that high concentrations of BPA (>70 μM) were required to 

produce embryonic mortality, and concentrations <30 μM did not produce any 

apparent abnormalities (Fig. 1B; Note: data points (x-axis) are plotted at the actual 

exposure concentrations, which were adjusted following quantification of stock 

concentration and were slightly higher than expected; e.g., “20 μM” exposure was 

actually 24.46 μM). The most common morphological defects associated with BPA 

exposure concentrations between 30 and 70 μM were yolk sac edema, pericardial 

edema, craniofacial abnormalities (Fig. 1E), and delayed hatching (not shown). In the 

embryos exposed to E2, yolk sac edema was the primary effect associated with 

exposure concentrations between 1 and 15 μM (Fig. 1C and 1E). Higher E2 exposure 

concentrations caused more severe yolk sac edema, a characteristic axis curvature, and 

craniofacial abnormalities. Additionally, GSK4716 (a synthetic ERRβ/γ agonist) was 

found to be quite potent, with concentrations ≥5μM causing significant mortality (Fig. 

1D). The primary abnormality observed in survivors was yolk sac edema, with some 

craniofacial abnormalities observed at the higher concentrations (Fig. 1E). 

Embryonic tissue dose is less than waterborne exposure levels 

To more directly correlate the BPA exposure concentrations to tissue dose during peak 

brain development, 8 hpf embryos were exposed to BPA and tissue concentration 

sampled from pooled embryos at 58 hpf. The 1, 10, and 100 μM exposure 

concentrations resulted in nominal tissue doses of 12, 17, and 298 μg/kg, respectively 

(Fig. 2). A linear regression curve was used to calculate tissue dose at exposure 

concentrations too low to measure; expected tissue doses of 0.02, 0.15, and 0.92 μg/kg 
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following exposure to 0.001 μM (0.228 μg/L), 0.01 μM (2.28 μg/L), and 0.1 μM (22.8 

μg/L), respectively, were extrapolated. 

Low-dose developmental BPA exposure results in larval hyperactivity 

BPA concentrations that did not produce discernable abnormalities and were within 

relevant ranges for human exposure levels based on the tissue dose experiment (i.e., 

≤10 μM; note: this exposure concentration resulted in approximately 100 μg/kg tissue 

dose, which is the upper level detected in human placenta (Schonfelder et al. 2002)) 

were selected for behavior testing in order to derive a concentration-response curve. 

Transient exposure to 0.01 and 0.1 μM BPA resulted in significant larval 

hyperactivity, whereas the higher concentrations, 1 and 10 μM, did not affect activity 

(Fig. 3B). To compare the behavioral effects of developmental BPA exposure to the 

effects of an ER ligand, E2, and an ERRβ/γ agonist, GSK4716, embryos were next 

exposed to 0.1 μM E2 or GSK4716 and the larval locomotor assay was repeated. Both 

E2 and GSK also caused significant hyperactivity (Fig. 3C). 

Low-dose developmental BPA exposure results in learning deficits 

Mature zebrafish that were transiently exposed to 0.1 or 1 μM BPA from 8-120 hpf 

required significantly more trials than controls (F (2, 24) = 13.34, p = 0.0001) to learn 

to select the correct arm of a T-maze in order to avoid an electric shock (first reversal 

task) (Fig. 5A and 5B). There was no significant interaction between sex and BPA 

treatment (p = 0.4798), but since we hypothesized different effects in males compared 

to females, we analyzed individual sexes independently. While males exposed to 0.1 

μM BPA took significantly longer than control fish to learn the task (74 trials for 

exposed versus 23 trials for controls, p = 0.003), 0.1 μM exposed females did not 

differ from controls (59 trials for exposed versus 31 trials for controls, p = 0.13) (Fig. 

5A). However, both males (79 versus 23 trials, p = 0.002) and females (87 versus 31 

trials, p = 0.007) exposed to 1 μM BPA exhibited significant learning delays compared 

to sex-matched control groups. There was no statistical difference between the 0.1 and 
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1 μM BPA treatment groups for either sex. When the sexes were pooled, there was a 

significant effect of treatment on the number of trials required to select the correct arm 

(F (2,27) = 14.12, p < 0.0001, Fig. 5B). A significantly greater number of trials were 

required by fish exposed to either of the two BPA concentrations as compared to the 

control group (Fig. 5B). 

Discussion 
Evidence is mounting in rodent model systems that developmental BPA exposure at 

human-relevant levels results in behavioral abnormalities and learning deficits (Jones 

et al. 2011; Nakamura et al. 2012; Palanza et al. 2008). We demonstrated here that 

low-dose BPA exposure during CNS development caused larval hyperactivity and 

adult learning delays, establishing the zebrafish model as an additional resource for 

exploring the mode of action underlying BPA’s neurobehavioral effects.  

While other groups have utilized the embryonic zebrafish model to assess the 

developmental toxicity of both BPA and E2 (Duan et al. 2008; Fei et al. 2010; Gibert 

et al. 2011; Kishida et al. 2001; McCormick et al. 2010), these groups’ assays differed 

from ours in exposure volume, duration, vehicle used, or endpoints assessed, leading 

to discrepancies among the study outcomes (Table 2) and highlighting a need to 

standardize testing methods. Quantifying stock concentrations is one way to compare 

results across research groups. Here, we derived a concentration-response curve using 

a BPA stock concentration that was clearly defined by HPLC analysis in order to most 

accurately link larval neurobehavioral endpoints to exposure concentration.  

A second key component of our study was to measure BPA tissue dose 

associated with exposure concentrations using a novel application of HPLC heretofore 

not used in larval zebrafish studies. One major advantage of using this method is that 

it circumvented the need to use radio-labeled BPA standards. The main limitation of 

this assay was an inability to detect BPA in samples of 50 pooled embryos exposed to 

<1 μM BPA, necessitating extrapolation of tissue dose from exposure concentrations 

below 1 μM. Nevertheless, the uptake measurements reported here provide an 
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important approximation in the embryonic zebrafish model associating waterborne 

exposure concentrations with tissue dose. Interestingly, the measured dose was less 

than the expected tissue concentration (e.g., 1 μM exposure concentration ≈ 228 μg/L 

≈  228 μg/kg (given the embryo is composed of >70% water (Hagedorn et al. 1997); 

however, 1 μM exposure resulted in ~10 μg/kg tissue dose, ~20x less than 228 μg/kg). 

This suggests that the entire amount of BPA in the well was not absorbed by the 

embryo over the course of exposure and/or metabolism effectively reduced the 

measured tissue level.  

Although unaccounted for factors such as absorption and metabolism make 

extrapolation between species a rough estimate, at best, it is important to note that the 

tissue doses associated with exposure concentrations ≤1 μM were in the range of 

human-relevant BPA levels (e.g., 1 μM waterborne exposure yielded roughly 10 μg/kg 

tissue dose, which is near the average level detected in human placenta (11.2 ng/g) 

(Schonfelder et al. 2002) and close to the maximum daily BPA intake of a bottle fed 

infant (11 μg/kg) (Shelby 2008). Taken together, the larval behavior tests (roughly 8

58 hpf exposure) and the 8-58 hpf tissue dose approximation demonstrate that BPA 

doses ≤1 μg/kg measured shortly after peak CNS development (i.e., 16 – 36 hpf) were 

sufficient to produce significant hyperactivity in larval zebrafish. Thus, the 

concentrations to which fetuses and infants are potentially exposed (Braun et al. 2009; 

Schonfelder et al. 2002; Shelby 2008; Vandenberg et al. 2010) are associated with 

hyperactivity in this model.  

BPA’s developmental toxicity is commonly assumed to be mediated through 

ER agonism (Ben-Jonathan and Steinmetz 1998). Thus, endogenous estrogen (17β

estradiol, E2) is an appropriate control for studies aimed at testing BPA’s estrogen 

mimicry. Only one published study was found describing windows of exposure that 

elicit morphological defects following developmental E2 exposure in zebrafish 

(Kishida et al. 2001). Despite reported differences in E2 potency, the types of 

observed effects were consistent between the Kishida et al. (2001) and current studies 

(Table 2). The most noticeable consistency was a distinct curved body axis most 

apparent in our study in embryos exposed to 20 μM E2. Kishida and colleagues noted 
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that this “curved tail down phenotype” has been associated with defects in CNS 

development, supporting the idea that the CNS is the target organ system underlying 

behavioral abnormalities observed in E2-exposed embryos (Brand et al. 1996). 

Additionally, a recent study showed that E2 has a significant role in maintaining 

neuromuscular function and thus also impacts the peripheral nervous system (Houser 

et al. 2011). Although E2 is an appropriate control for all studies investigating the 

possibility that BPA causes neurobehavioral effects through estrogen mimicry, it is 

prudent to also include ligands of alternative receptors that exhibit high binding 

affinity for BPA.  

As ERRγ binds BPA with substantially greater affinity than that exhibited by 

classical ERs (Okada et al. 2008; Washington et al. 2001), we included the synthetic 

ERRβ/γ agonist, GSK4716, as a second control for the early life stage toxicity and 

larval behavior assays (Zuercher et al. 2005). This is the first study to describe the 

effects of GSK4716 exposure on developing vertebrates. The narrow margin of safety 

for GSK4716 (i.e., the mortality and abnormality concentration-response curves 

almost overlap) suggests that ERRβ/γ have significant roles in embryonic zebrafish 

development and exogenous activation of these receptors likely impacts multiple 

organ systems through pathways necessary for survival. The finding that ERRα, 

ERRβ, and ERRγ have significant roles in regulating energy metabolism (reviewed in 

(Deblois and Giguere 2011) supports the idea that ERRβ/γ activation by GSK4716 

leads to mortality by interfering with metabolism in multiple organ systems. While the 

behavioral effects observed at non-lethal doses may also be the result of altered 

metabolism, it is probable that mortality/abnormality and hyperactivity are elicited 

through diverging underlying molecular events. It is also worth noting that the narrow 

margin of safety observed for GSK4716 could be associated with off-target effects 

(i.e., activation of receptors other than ERRβ or ERRγ). Because few studies have 

investigated alternative GSK4716 targets and, to our knowledge, no study has 

investigated the targets of GSK4716 exposure at concentrations higher than 10 μM, 

further study is needed to explain this compound’s toxicity. Although little is known 

about the activity of GSK4716 at doses higher than 10 μM, effects of GSK4716 ≤10 
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μM in skeletal muscle have been shown to be ERRγ dependent through use of in vitro 

siRNA control experiments (Wang et al. 2010), demonstrating selectivity for its 

intended targets at the lower dose range. 

This is the first study to examine the effects of low-dose BPA exposure on 

zebrafish behavioral endpoints. Preliminary testing determined that an exposure 

window between 10 and 58 hpf (48 hour exposure) was sufficient to produce a 

locomotor effect in 5 day old larvae (data not shown). This exposure window 

encompasses the primary wave of neurogenesis (16 – 36 hpf (Kimmel et al. 1995)) 

and was used for all larval behavior tests (Note: an 8 hpf start time was found to yield 

identical results on behavior tests as using larvae first exposed at 10 hpf; the 8 hpf 

exposure was used for some trials to increase the number of embryos available for 

testing). We demonstrated here that exposure to 0.01 or 0.1 μM BPA during 

neurogenesis resulted in hyperactivity in the dark by 5 dpf zebrafish larvae. Exposure 

to higher BPA concentrations did not affect larval activity. Thus, the locomotor 

activity concentration-response curve was nonmonotonic, consistent with the effects 

of BPA on in vivo reproductive endpoints (Weltje et al. 2005). The observation of an 

inverted U shape dose-response is consistent with that commonly observed for 

hormones such as E2 (Kendig et al. 2010). Although this type of curve has been 

explained as an adaptation to a toxic response (e.g., the lack of response at higher 

concentrations is the result of adaptive detoxification mechanisms), a recent review on 

nonmonotonic curves emphasizes that this is too simplistic of an explanation for what 

are certainly complex underlying events (Kendig et al. 2010). In the case of BPA, it 

has been proposed that such a curve is the result of the disruption of endogenous 

estrogen (Weltje et al. 2005). Without further testing beyond the scope of this study, 

all that can be concluded by the observation of this concentration-response is that the 

mode of action of BPA is complex at the low concentration range (i.e., ≤10 μM) and 

does not follow a sigmoidal dose-response curve, which depicts the saturation of a 

target receptor with increasing dose. Therefore, these data are consistent with the 

involvement of multiple receptor targets and the idea that the receptor activity levels 

associated with the hyperactivity phenotype are not representative of saturation of 
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available target receptors, whether one or multiple types. It is also important to note 

that this response was observed because we were specifically looking for the effects of 

BPA on behavior at low and more relevant exposure concentrations. If we had only 

considered morphological abnormalities, or had not included the concentrations 

between 0.001 and 1 μM, then this nonmonotonic curve would not have been 

observed. We echo the warning by Kendig and colleagues (2010) that the potential to 

overlook subtle, nonmonotonic responses is great and should be considered by 

researchers conducting low-dose BPA studies in zebrafish, particularly groups 

working from a definition of “low-dose” that may consider the lower concentrations 

tested herein irrelevant. 

The evidence that BPA impacts neurodevelopment in the zebrafish model 

complements existing data from other model systems. While a range of behavioral 

effects have been reported in rodent models following prenatal BPA exposure (e.g., 

sex difference in mating behavior, anxiety, and learning and memory (Negishi et al. 

2004; Palanza et al. 2002)), it is nevertheless intriguing that several rodent studies 

have also shown increased locomotor activity following gestational BPA exposure. 

For example, both Ishido et al. (2004) and Kiguchi et al. (2007) reported significant 

hyperactivity in rats several weeks following a single intracisternal dose of BPA 

delivered to 5 day old pups. Additionally, Palanza et al. (2008) described greater 

activity by males in an open field test following prenatal low-dose (10 mg/kg) BPA 

exposure. It is important to note that zebrafish hyperactivity is a general swimming 

response that is not necessarily analogous to rodent or human hyperactivity. While it is 

possible this phenotype is representative of direct impact on CNS function, it could 

also be elicited through effects on neuromuscular functioning or impairment of 

sensory perception, any of which could be a manifestation of inappropriate ER or ERR 

activation. 

To begin to test whether BPA’s neurobehavioral effects are mediated through 

inappropriate ER or ERRγ activation, we included agonists of these receptors in the 

larval zebrafish behavior tests. Consistent with our findings for BPA, we found that 

exposure to 0.1 μM E2 or GSK4716 during neurogenesis resulted in hyperactivity in 
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the dark by 5 dpf zebrafish larvae. While this is the first study in any vertebrate model 

system to investigate whether ERRγ activation by developmental GSK4716 exposure 

elicits any behavioral effects, estrogen exposure has previously been associated with 

increased activity in adult rodents (Morgan and Pfaff 2002) and has been used to 

rescue “immobility” in a rat forced swimming test, substantiating its role in 

maintaining normal activity levels (Estrada-Camarena et al. 2003). Although the 

above studies dealt with adult exposures, they provide background supporting the 

importance of E2’s effects on nervous system function. An additional study 

specifically addressed E2’s effects on neurobehavioral development; Dugard and 

colleagues observed increased motor activity in offspring of rats exposed to 17α

ethinylestradiol during gestation (Dugard et al. 2001). Although E2 has also been used 

to rescue the “listless” phenotype in embryonic zebrafish (Nelson et al. 2008), 

hyperactivity following low concentration E2 exposure has not been previously 

described in this model. In contrast, one study noted no effects of E2 on larval 

movement at lower doses, but significant loss of movement at a higher E2 dose 

(Hamad et al. 2007).  

The hyperactivity following BPA exposure observed in our study is consistent 

with the increased activity observed in both rodents and larval zebrafish (this study) 

after E2 exposure. However, because GSK4716 exposure also elicited a hyperactive 

phenotype in our study, and GSK4716 is a selective ERRβ/γ agonist, this data is also 

consistent with an ERRγ agonism mode of action. More importantly, the similar 

phenotype following activation of different nuclear receptors demonstrates that 

zebrafish larval hyperactivity can be engendered through a variety of pathways. While 

ER and ERRγ activation is presumed to be central to the hyperactive phenotype 

elicited by E2 and GSK4716, respectively, many questions remain as to which organ 

systems are being affected and the identity of downstream gene targets. The 

hypothesis that larval hyperactivity is representative of a CNS effect is certainly 

bolstered by the adult data described here. 

To investigate whether higher order brain functions such as learning are 

affected in adult fish by BPA exposure during critical periods of CNS development, 
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we used a T-maze testing apparatus (Fig. 4) commonly used in both rodent and 

zebrafish studies (Grossman et al. 2010; Peitsaro et al. 2003). We showed here that 

exposure to the same concentration of BPA that caused significant hyperactivity in 

larval zebrafish (0.1 μM) led to significant deficits in learning a reversal task in adults 

8 months after the initial BPA exposure. Similar learning deficits in spatial memory 

and avoidance tests following prenatal low-dose BPA exposure have been reported for 

mice (Negishi et al. 2004; Tian et al. 2010; XH Xu et al. 2010). Interestingly, no sex 

differences in behavior were detected in this study (further testing with a larger sample 

size will be required to confirm these findings). In contrast, there is a wealth of 

evidence for effects on sexually dimorphic behavior following prenatal BPA exposure 

(Jones et al. 2011; Negishi et al. 2004; Palanza et al. 2002). While the molecular 

events underlying BPA’s effects on learning and memory are actively being 

investigated, with some evidence that neurotransmitter receptor expression may be 

altered (Ishido et al. 2004; XH Xu et al. 2010), it is generally postulated that 

inappropriate activation of ERs is central to BPA’s mode of action (Ben-Jonathan and 

Steinmetz 1998). The role of ERs in addition to other receptors of interest in eliciting 

BPA’s effects on neurobehavioral development can be effectively investigated using 

the larval zebrafish model.  

Here, we describe an early life-stage zebrafish assay that is ideal for 

investigating the mode of action by which BPA elicits long-term learning deficits, thus 

introducing a powerful tool to be used towards understanding BPA’s neurobehavioral 

toxicity. Because transient BPA exposure during CNS development led to learning 

deficits in adults, we know that the events that permanently affected brain 

development and function were initiated during the early life-stage exposure. 

Therefore, although the persistence of neurobehavioral BPA toxicity is paramount to 

the relevance of this study, the power of this model lies in the identification of an early 

phenotype, larval hyperactivity, which resulted from exposure to the same 

concentrations that led to learning deficits in adults exposed during development. 

Although it is important to note that the larval and adult phenotypes are not 

necessarily representative of the same physiological events during the behavior tests, 
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themselves (e.g., locomotion and learning are quite different behaviors), the larval 

phenotype can nevertheless be employed to further investigate the molecular events 

occurring during the developmental exposure that underlie BPA’s neurobehavioral 

toxicity. 

Taken together, the results of this study confirm the efficacy of using the larval 

zebrafish model to investigate the neurobehavioral effects of developmental BPA 

exposure. We have also demonstrated how the two compounds, E2 and GSK4716, can 

be used to investigate the roles of ERs and ERRγ, respectively, in eliciting the 

behavioral phenotypes described here. 
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Figure 2-1. Morbidity/mortality following developmental BPA, E2, or GSK4716 
exposure. (A) Percentage of chorion intact (dotted black line) versus chorion removed 
(solid grey line) larvae exhibiting abnormalities following static waterborne exposure 
to BPA (10 – 100 µM). Statistical significance determined by unpaired T-test for each 
concentration (p<0.05). Error bars depict SEM. (B-D) Percentage of larvae exhibiting 
abnormalities (grey circles) or percent mortality (black squares) following static 
waterborne exposure to BPA (10 – 70 µM; note: data points (x-axis) are plotted at the 
actual exposure concentrations, which were adjusted following quantification of stock 
concentration and were slightly higher than expected; e.g., “20 μM” exposure was 
actually 24.46 μM) (B), E2 (0.1 – 25 µM) (C), or GSK4716 (0.1 – 30 µM) (D) from 
8-120 hpf. Plot shows % affected versus log(exposure concentration) ±SEM (BPA: 
N=6, 12 embryos per group; E2 and GSK4716: N=5, 8 embryos per group). Curves 
were fit by a nonlinear regression dose-response analysis. Note: controls for BPA were 
12.8% (abnormality) and 0% (mortality); controls for E2 and GSK4716 were 2.5% 
(abnormality) and 0% (mortality). Statistical significance determined by one-way 
ANOVA on ranks (Kruskal-Wallis), Student-Newman-Keuls post-test compared to 
vehicle-exposed embryos, *p<0.05. Error bars depict SEM. (E) Representative photos 
of 5 dpf larvae showing physical effects of BPA, E2, or GSK4716 exposure. Numbers 
depict exposure concentrations (μM). Most common observed effects were yolk sac 
edema, pericardial edema, craniofacial abnormalities, or axis defects. 
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Figure 2-11. Morbidityy/mortality following ddevelopmental BPA, E22, or GSK47716 
exposure. 
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Figure 2--2. Tissue dose assoociated withh waterbo rne BPA exposure. BPA 
concentrattion was derrived from whole bodyy homogenatates (50 poooled embryos) by 
HPLC folllowing 8-588 hpf static eexposure. Bllack squaress are measurred values (mmean 
±SEM, N==6 or N=3 (1μM)); greyy triangles wwere derived by fitting a linear regreession 
curve to the measured values. Values arre plotted as log(tissuue dose) vversus 
log(exposuure concentrration). Figuure shows loog-transformmed data plootted on log--scale 
axes. Errorr bars (not vvisible due too data transfoormation to a log scale) depict SEMM. 
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Figure 2-3. Locomotor activity of 5 dpf larvae following exposure to 0.1% 
DMSO, BPA, E2 or GSK4716 during neurogenesis. (A) Comparison of individual 
control larvae on each of the days used for the BPA concentration-response (B) and 
BPA/E2/GSK4716 comparison (C) experiments. Embryos were static exposed to 0.1% 
DMSO between the 8 -10 hpf start time and 58 hpf. Duration of burst activity (>5 
pixels displaced during 1/30th second between consecutive frames) per minute for each 
individual (n=12-16) was summed for 5 minutes in the dark following a 20 minute 
acclimation period in the light. Y-axis depicts average duration of burst activity per 
minute. (B) Embryos were static exposed to BPA (0.001 – 10 µM) between the 8 -10 
hpf start time and 58 hpf, then duration of burst activity per minute for each individual 
(n=42-47) was summed as above. Statistical significance was determined by one-way 
ANOVA, Student-Newman-Keuls post-test compared to vehicle-exposed embryos 
(**p<0.01). (C) Activity following exposure to 0.1 µM of  the classical estrogen 
receptor agonist E2 or the ERRγ agonist GSK4716 compared to 0.1% DMSO control 
or 0.1 µM BPA (n=53-57). Since this data did not pass a normality test (Shapiro-
Wilk), significance was determined by one-way ANOVA on ranks (Kruskal-Wallis), 
Dunn’s post-test, (p<0.05). 
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Figure 2- 3. Locomottor activity oof 5 dpf larvvae followinng exposuree to 0.1% 
DMSO, BBPA, E2, or GSK4716 dduring neuroogenesis. 
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Figure 2-44. T-maze uused for aduult learning ttask. 
a: drainagee chamber, bb: holding chhamber, c: mmanually opeerated entry ggate to racewway, 
d: racewayy, e: perforatted shim, f: ccomputer opperated gate tto arm, g: ellectrode platte 



 

 

 

 

 

 

 
 

68 

Figure 2-55. Number of trials forr adults to llearn to sel lect the corrrect arm in  a T-
maze folloowing devellopmental BBPA exposuure. (A) Nummber of trialls by sex to rreach 
criterion inn T-maze firrst reversal ttask. Followiing developmmental (8-1220 hpf) expoosure, 
adult zebraafish receiveed a mild shhock in the ffirst arm choosen in a T-mmaze. Criterrion = 
3 consecuttive choices of opposite,, non-shocking arm. Simmilar letters bbetween exposure 
levels withhin same seex indicate no significaant differencce. Two-waay ANOVA (p < 
0.001; N=5). (B) Nummber of trialss (sexes commbined) to reeach criterioon in T-mazee first 
reversal taask. Zebrafissh receive mmild shock inn first arm chhosen in a TT-maze. Critterion 
= 3 conseecutive choiices of oppoosite, non-shhocking armm. One-wayy ANOVA ((*p < 
0.001; N=10). Error baars depict SEEM. 
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Table 2-1. Summary of exposure durations used in this study. 

Assay Start of Exposure End of Exposure Justification 

Toxicity 8 hpf 120 hpf 
Standard toxicity assay that 
encompasses entire organogenesis 
period 

Larval behavior 

8-10 hpf (note: 
larvae exposed 
from 8 to 58 hpf 
exhibit behavioral 
effects identical to 
those exposed 
from 10 to 58 hpf) 

58 hpf 

Narrowest window of exposure 
that leads to behavioral effects 
(narrow exposure window 
provides target organ clues); 
encompasses peak CNS 
development 

Uptake/tissue 
dose 

8 hpf 58 hpf 
Intended to closely match the 
larval behavior test exposure 

Adult behavior 8 hpf 120 hpf 

Encompasses entire organogenesis 
period; intended to maximize 
chance of detecting behavioral 
effects in adults 
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Table 2-2. Comparison of bisphenol A (BPA) and 17β-estradiol (E2) toxicity studies conducted in the larval zebrafish model. 

Study Kishida et al. 2001 
Duan et al. 

2008 

McCormick et 

al. 2010 
Fei et al. 2010 

Gibert et al. 

2011 
This study 

Chemical BPA E2 BPA BPA BPA BPA BPA E2 

Exposure 

Protocol 

Batch 

(40-50) 

exposure in 50 

ml, 

daily solution 

renewal,  

DMSO 

vehicle, 

2-72 hpf 

Batch 

(40-50) 

exposure in 50 

ml, 

daily solution 

renewal,  

DMSO vehicle, 

2-72 hpf 

Individual 

exposure in 

2ml, EtOH 

vehicle,  

8-72 hpf 

Batch 

exposure, 48 

hours 

Batch (15) 

exposure in 25 

ml, DMSO 

vehicle,  

2-96 hpf 

a Exposure 

protocol not 

clear, 

5-48 hpf 

Individual 

exposure in 

100 μl, 

8-120 hpf 

Individual 

exposure in 

100 μl, 

8-120 hpf 

LC50 - -
~73 μM 

(24hpf) 
- - -

>70 μM 

(120hpf) 

>25 μM 

(120hpf) 

NOAEC - - 9 μM (72hpf) - - -
30 μM 

(120hpf) 

0.1  μM 

(120hpf) 

Abnormalities at - 50% hatching Edema, 15uM (48hpf) 30uM (48hpf) >5uM (48hpf) >30uM 40% yolk sac 
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LOAEC delays at 10uM delayed 

hatching 

edema edema otolith (120hpf) edema at 

10uM 

Mortality 

20 μM, 

(statistical 

significance 

not reported) 

80% at 10μM 
Significant at 

24hpf 

Reported at 28 

dpf for 5 

(47%), 10 

(22%), 15 

(47%) μM 

Observed at 30 

μM 

at 48 hpf 

Observed at 

100 μM 

None 

~73uM 

(120hpf) 

None 25uM 

(120hpf) 

Notable 

abnormalities 

compared across 

studies 

Curved tail 

down 

phenotype, but 

statistical 

significance 

not reported 

Delayed hatch, 

pericardial 

edema, yolk sac 

edema, curved 

tail down 

Pericardial 

edema and 

hatching 

delays, caudal 

fin defect 

Pericardial 

edema  

b Yolk sac & 

pericardial 

edema, 

uninflated swim 

bladder, 

delayed hatch 

Otolith defects 

(50% of 

embryos at 25 

μM) 

Pericardial 

edema, 

delayed 

hatch, 

otolith 

defects 

>40uM 

Pericardial 

edema, yolk 

sac edema, 

curved tail 

down 

hpf: hours post fertilization; dpf: days post fertilization; NOAEC: no observed adverse effect concentration; LOAEC: lowest observed 

adverse effect concentration; LC50: concentration producing 50% mortality 
a Gibert et al. (2011) did not clearly state whether embryos were batch or individually exposed for the toxicity assay. Also, it is unclear 

whether the vehicle used was DMSO or ethanol (EtOH).   
b Fei et al. reported abnormalities at 7 dpf. 
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Abstract 

Transient developmental exposure to 0.1 µM bisphenol A (BPA) results in larval 

zebrafish hyperactivity and learning impairments in the adult, while exposure to 80 

µM BPA results in teratogenic responses, including craniofacial abnormalities and 

edema. The mode of action underlying these effects is unclear. We used global gene 

expression analysis to identify candidate genes and signaling pathways that mediate 

BPA’s developmental toxicity in zebrafish. Exposure concentrations were selected and 

anchored to the positive control, 17β-estradiol (E2), based on previously determined 

behavioral or teratogenic phenotypes. Functional analysis of differentially expressed 

genes revealed distinct expression profiles at 24 hours post fertilization for  0.1 versus 

80 μM BPA and 0.1 versus 15 μM E2 exposure, identification of prothrombin 

activation as a top canonical pathway impacted by both 0.1 μM BPA and 0.1 μM E2 

exposure, and suppressed expression of several genes involved in nervous system 

development and function following 0.1 μM BPA exposure. 
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Introduction 
Bisphenol A (BPA2) is a subunit of polymers used in the manufacture of numerous 

consumer products. Incomplete polymerization or gradual breakdown of BPA-derived 

materials results in leaching into food or water stored in polycarbonate plastic or resin-

lined cans. Chronic, widespread exposure to BPA or its derivatives is thought to occur 

primarily through ingestion, resulting in average circulating BPA levels ranging from 

below detectable limits (i.e., < 0.3 (Teeguarden et al. 2011)) to 3 ng/ml (Vandenberg 

et al. 2010). The 2003/06 NHANES study suggests that detectable BPA exposures 

may increase risk of heart disease in adults (Melzer et al. 2010), and a recent study 

correlated BPA exposure with obesity in children (Trasande et al. 2012). While the 

true human health risks remain to be determined, studies conducted using 

experimental models have also implicated BPA exposure in diabetes, reproductive 

system effects, cancer, and learning impairment (Rubin 2011). Additional evidence 

from experimental models indicates that the primary risk posed by BPA exposure 

might be on organ system development, particularly the central nervous system and 

prostate, in fetuses or young children (Shelby 2008). Consistent with these reports, 

two recent epidemiology studies linked increased levels of BPA during gestation with 

altered socioemotioal behavior in 3-5 year old children (Braun et al. 2011; Perera et al. 

2012). 

The mode of action underlying developmental BPA toxicity observed in 

animal models is unclear. As an estrogen disrupting compound, BPA is traditionally 

thought to act through estrogen receptor (ER) activation. However, it is uncertain 

whether ER activation alone is sufficient to explain the effects of BPA exposure on 

organ system development and function. Although BPA is a weak nuclear ER agonist, 

it is also an agonist of the non-genomic G-protein coupled estrogen receptor (GPER) 

2 Abbreviations: BPA (bisphenol A), E2 (17β-estradiol), ER (estrogen receptor), GPER (G-protein 
coupled estrogen receptor), ERRγ (estrogen-related receptor gamma), hpf (hours post fertilization), dpf 
(days post fertilization), CRE (cAMP response element) 
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(Thomas and Dong 2006), estrogen-related receptor gamma (ERRγ) (Takayanagi et al. 

2006), and other structurally similar nuclear receptors. The objective of this study was 

to employ global gene expression analysis to identify BPA-responsive genes 

downstream of putative BPA receptors as a step toward tracing the route by which 

BPA exerts its developmental toxicity. 

Surprisingly, few groups have used microarrays for in vivo studies of the 

effects of BPA exposure on development. Two mouse studies identified sex 

differences in placental nuclear receptor expression (Imanishi et al. 2003) and distinct 

gene expression profiles in mammary gland following 25 µg/kg versus 250 µg/kg oral 

dose to pregnant dams (Moral et al. 2008), respectively; while two rat studies 

identified both shared and distinct gene expression changes in developing reproductive 

organs following BPA versus 17α-ethynyl estradiol exposure (Naciff et al. 2002) and 

distinct differences in 2-week-old uterine gene expression following neonatal BPA 

versus 17β-estradiol (E2) exposure, respectively. Only two studies have used non-

mammalian models, xenopus and zebrafish, to investigate BPA effects on whole-body 

mRNA expression during development or early life stages, respectively (Heimeier et 

al. 2009; Lam et al. 2011). The main finding of the xenopus study was that BPA acted 

as an antagonist of thyroid hormone-responsive genes, while the main finding of the 

zebrafish study was the identification of genes similarly impacted by BPA and E2 

exposure. 

We previously observed that developmental BPA exposure results in 

teratogenic responses at concentrations >30 µM, specifically yolk sac edema, 

pericardial edema, and craniofacial abnormalities (Saili et al. 2012). We also found 

that exposure to 0.1 µM BPA results in significant hyperactivity in 5 day old larvae 

and learning impairment in adults exposed as embryos. In comparison, 0.1 µM E2 

exposure also results in significant hyperactivity in 5 day old larvae and 

developmental E2 exposure results in morphological defects at concentrations >1 µM, 

specifically yolk sac edema, pericardial edema, craniofacial abnormalities, and a 

“curved tail down” phenotype, with the latter two defects occurring in embryos 

exposed to >15 µM (Saili et al. 2012). We hypothesized that the overt toxic effects 
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following high concentration exposure and the behavioral impairments associated with 

lower concentration exposure are engendered through activation of distinct subsets of 

genes. We also hypothesized that, although the larval hyperactivity phenotype is a 

common response that can be a manifestation of multiple specific modes of action, at 

least some shared gene expression changes and signaling pathways underlie BPA- 

versus E2-induced hyperactivity. To identify which genes and associated signaling 

pathways putatively underlie these phenotypes, we used a 135K zebrafish microarray 

analysis to investigate the global gene expression changes associated with 0.1 or 80 

µM BPA and 0.1 or 15 µM E2 exposure in 24 hpf embryos. These concentrations 

were selected in part because the associated phenotypes serve as anchors that allow 

comparison of gene expression changes despite unidentified differences in BPA and 

E2 absorption and target receptor binding affinities. The selection of this early 

embryonic time point was based on the observation that 24 hpf embryos appear 

normal; thus, a snapshot of gene expression changes at this time may capture the 

beginning of a cascade of signaling miscues leading to the observed phenotypes. This 

snapshot is intended to serve as a launching platform for future studies including 

additional time points aimed at more fully characterizing the effects of BPA versus E2 

exposure on the dynamic gene expression events that take place during embryonic 

development. 

Materials and methods 

Ethics statement: Zebrafish husbandry and embryo exposures were conducted in 

compliance with protocols approved by the Oregon State University Institutional 

Animal Care and Use Committee. 

Chemical exposures: Tropical 5D strain zebrafish were raised at the Sinnhuber 

Aquatic Research Laboratory at Oregon State University on a recirculating water 

system at 28 °C on a 14 h/10 h light/dark cycle. One hour post fertilization (hpf) 
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embryos were obtained from group spawns and incubated in buffered embryo medium 

at 28 °C until 8 hpf, at which point a homogenous set of viable, age-matched embryos 

(chorions intact) were loaded individually into the wells of polystyrene 96-well 

microtiter plates (Becton Dickinson, NJ, USA) using burnished glass pipettes. 

Chemical stocks were prepared by dissolving bisphenol A (2,2-Bis(4

hydroxyphenyl)propane; 99% purity, Tokyo Chemical Industry America (TCI), 

Portland, OR) and 17β-estradiol (Sigma) in dimethylsulfoxide (DMSO; Sigma). One 

hundred microliters of exposure solution prepared in buffered embryo medium at a 

final vehicle concentration of 0.1% DMSO were added to each well of the microtiter 

plates. Plates were sealed with parafilm, covered in foil, and incubated at 28 °C in the 

dark until 24 hpf. 

Microarray sample processing: Glass pipettes were used to collect forty, 24 hpf 

embryos for each of 3 biological replicates per treatment (N = 2 for 80 µM experiment 

due to removal of one sample that did not pass quality control). Embryos were pooled 

in 1.5 ml polypropylene Safe-lock microcentrifuge tubes (Eppendorf, Hamburg, 

Germany), excess liquid was removed, the pooled embryos were rinsed 3 times with 

buffered embryo medium, excess liquid was removed, then they were homogenized in 

500 μl RNAzol® (Molecular Research Center, Inc., Cincinnati, OH, USA; 0.1 µM 

experiment) or 300 μl TRI Reagent® (Molecular Research Center, Inc., Cincinnati, 

OH, USA; 80 µM experiment; 200 μl added post-homogenization) using 0.5 mm 

zirconium oxide beads (~160 mg) and a bullet blender (Next Advance Inc., Averill 

Park, NY, USA) at speed 8 for 3 minutes. After 5 minutes incubation at room 

temperature, samples were frozen at -80 °C. Several days later, samples were thawed 

on ice and RNA was extracted using manufacturer-recommended protocols (the 

optional DNase treatment step was not included). After precipitation and 

centrifugation, the total RNA pellet was washed 3 times in 75% ethanol (EtOH, 

Koptec, King of Prussia, PA), air dried, and resuspended in RNase/Nuclease free 

water (Life Technologies, Corp., Grand Island, NY, USA). Total RNA concentration 
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was determined using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, 

MA, USA) and RNA quality was determined using an Agilent Bioanalyzer 2100 

(Agilent Technologies, Inc., Santa Clara, CA, USA); the bioanalyzer quality control 

step also confirmed the absence of contaminating DNA. An aliquot (13 μg) of each 

sample was next placed in new tubes, which were sealed in parafilm, enclosed in 

double ziplock bags, and shipped on dry ice to the NimbleGen Service Processing 

Facility (Roche NimbleGen, Reykjavik, Iceland). 

Sample labeling, microarray hybridization (135K 12-plex zebrafish 

microarray, Zv7 build; Roche NimbleGen, Inc.), and scanning were all conducted by 

the processing facility. Probes on the array were 60-mer oligonucleotides with 3 

probes per target and 38,489 genes represented per array (www.Nimblegen.com). The 

lower concentration (0.1 µM BPA and E2) and higher concentration (80 µM BPA and 

15 µM E2) samples and respective controls were hybridized to two separate 12-plex 

microarrays. 

Microarray data analysis: NimbleScan software v2.5 (NimbleGen) was used for 

image analysis and quality control on samples. Raw intensity data were quantile 

normalized by RMA summarization (Bolstad et al. 2003). The data discussed in this 

publication have been deposited in NCBI’s Gene Expression Omnibus (GEO) and are 

accessible through GEO Series Accession number GSE38960 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38960) (Edgar et al. 2002). Lists of 

significant differentially expressed genes were generated from the normalized data 

using GeneSpring GX software (Agilent Technologies, Inc., Santa Clara, CA, USA). 

Statistical parameters were one-way ANOVA with Tukey’s post-hoc test (p < 0.05), 

no False Discovery Rate (FDR) applied, and no fold-change cutoff. Bidirectional 

hierarchical clustering maps were generated by Euclidean distance in Multi-

Experiment Viewer (Saeed et al. 2003). Annotation of genes was achieved by 

combining the Zv8 zebrafish genome build and human ortholog IDs from the 

Vertebrate Genome Annotation Database (VEGA; Wellcome Trust Sanger Institute) 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38960
http:www.Nimblegen.com
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using the Bioinformatics Resource Manager (Shah et al. 2007). Networks of 

significant differentially expressed genes were identified using the most current 

version of Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Inc.) as of August, 

2012. Parameters used in IPA were as follows: core analysis, reference set user-

defined (i.e., only the set of genes appearing on the microarray and mapped to human 

Entrez gene ID were included as background reference genes), only direct 

relationships included, endogenous chemicals included, confidence = experimentally 

observed or HIGH (predicted), no log ratio cutoff was used, and p-value cutoff was < 

0.05. An upstream regulator analysis, which calculates a regulation z-score and an 

overlap p-value (Fisher’s Exact test; p < 0.01) for the comparison of the significant 

differentially expressed genes in the dataset versus those known to be regulated by a 

given upstream regulator, was included in the IPA core analysis. The lists of 

significant canonical pathways and biological functions identified by IPA analysis are 

included as Tables 1, 2, S1, S2, S4, and S5. Only biological functions with a p-value < 

0.01 are shown (Tables S1, S2, S4, and S5). Genes comprising the significant 

biological function, nervous system development (23), or canonical pathway, 

prothrombin activation (7), were used to construct the networks shown in Figures 3 

and 4. Additionally, 7 genes and 1 micro RNA were manually added from other top 

networks based on relevance to our hypothesis (Htr5a, Grid1, Crebbp, Creb, Smad3, 

Esr1, Hoxa3a, and miR-132-3p). The basis for including each gene shown in the 

network is included in Table 3. 

The publicly available Database for Annotation, Visualization and Integrated 

Discovery (DAVID) v6.7 was used to annotate the groups of genes with significant 

lowered versus elevated expression following exposure for heat map labeling (Figures 

1 and 2) (Huang da et al. 2009). The DAVID functional annotation tool utilizes the 

Fisher Exact test to measure gene enrichment in biological process Gene Ontology 

(GO) category terms for significant genes compared to background, which included all 

genes on the NimbleGen platform that mapped to human or zebrafish Entrez gene ID. 

Parameters used in DAVID were as follows: functional annotation clustering analysis; 
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in addition to using default settings, GO terms BP_3, 4, and 5 were added; 

classification stringency = high.  

cAMP response element (CRE) prediction: The CREB Target Gene Database 

(http://natural.salk.edu/CREB/) was searched to determine whether putative CREB-

regulated genes have CREs on their promoters. The CRE prediction is based on in 

silico methods that identified CRE binding sites on human genes or animal orthologs. 

The database also includes data from a ChIP study using human kidney cell line, 

HEK293T (Zhang et al. 2005). 

Confirmation of microarray gene expression changes: qRT-PCR was used 

to confirm the expression changes of 3 genes following exposure to either 0.1 µM 

BPA (Smad3 and Serpinc1) or 15 µM E2 (Tnni1). A new set of mRNA samples was 

collected at 24 hpf following exposures and mRNA isolation identical to that used for 

the 0.1 µM microarray analysis. Primers were designed using the NCBI Primer-

BLAST tool with default settings, RefSeq mRNA database, and organism = Danio 

rerio (Table 4). Primer pairs were tested prior to the experiment using identical 

parameters to confirm amplification of the desired product. cDNA was synthesized 

from 1 µg of RNA using SuperScript® III First Strand Synthesis System 

(Invitrogen™, Life Technologies Corporation, Carlsbad, CA, USA) according to the 

standard protocol. The qRT-PCR reaction was prepared using Applied Biosystems 

Power SYBR® Green PCR Master Mix (Applied Biosystems, Life Technologies 

Corporation, Carlsbad, CA, USA). The experiment was run using a StepOne™ 

Instrument (96 wells) and StepOne™ Software v2.2.2 (Applied Biosystems, Life 

Technologies Corporation, Carlsbad, CA, USA), quantitation-comparative CT (ddCT) 

analysis, and the following program: Holding: 50°C (2 min), 95°C (15 min); Cycling 

(x40): 95°C (10 s), 60°C (20 s), 72°C (32 s). Biological replicates (N = 3) were run on 

separate plates. Unpaired t-test (p < 0.05) was performed comparing 2-ddCT values (dCT 

= CT target – CT endogenous control (tbp); ddCT = dCT treatment - dCT DMSO control) 

http://natural.salk.edu/CREB
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of treated versus 0.1% DMSO control samples. All statistics were performed using 

Prism (GraphPad Software, Inc., La Jolla, CA, USA). 

Results 

Gene expression profiles following 0.1 versus 80 µM BPA exposure are 
distinct 
Two concentrations of BPA were selected that represented the phenotypes, larval 

hyperactivity (0.1 µM) or teratogenicity (80 µM) (Saili et al. 2012). Following 24 h 

exposure to 0.1 or 80 µM BPA, 343 and 352 genes, respectively, of the 38,489 genes 

on the microarray were significantly different from DMSO control (p < 0.05). The 0.1 

µM BPA-induced gene expression changes ranged in magnitude from -0.82 to 0.83 

log base 2 fold-change (equivalent to 0.57 to 1.77 fold-change) compared to DMSO 

control, while the 80 µM BPA-induced gene expression changes ranged from -1.02 to 

1.23 log2 fold-change (or 0.49 to 2.34 fold-change; Figure 1A). Only 3 of the genes 

were differentially expressed in the same direction in both datasets: Tmem206, 

Casp10, and C10orf137 (Figure 1B). We annotated 310 and 312 of the 343 and 352 

significant differentially expressed 0.1 and 80 µM-responsive genes, respectively, 

using either the human ortholog (Entrez gene ID or VegaSeq ID) or the zebrafish gene 

annotation (Zv8), if the human ID was unavailable. Functional analysis of the 

annotated gene lists yielded unique predicted canonical pathways and biological 

functions in the 0.1 versus 80 µM exposure groups; there were no significant 

canonical pathways (–log(p-value) ≥ 1.30; p < 0.05; Table 1) or biological functions (p 

< 0.01; Tables S1 and S2) shared between the two BPA concentration groups. The 

upstream regulator analysis predicted 26 and 25 upstream regulators to be associated 

with 0.1 and 80 µM BPA exposure, respectively, based on either a significant p-value 

(p < 0.05) or regulation z-score (z ≤ -2 or z ≥ 2; Table S3). Only one putative upstream 

regulator appeared on both BPA exposure lists, HDAC9 (mouse). 
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Gene expression profiles following 0.1 versus 15 µM E2 exposure are 
distinct 

Two concentrations of E2 were included as positive controls reflecting phenotypes 

similar to those produced by the two BPA exposure concentrations (i.e., larval 

hyperactivity: 0.1 µM, or teratogenicity: 15 µM) (Saili et al. 2012). Exposure to 0.1 

µM E2 resulted in 375 significant differentially expressed genes (p < 0.05; Figure 2A) 

ranging in magnitude from -0.75 to 1.05 log base 2 fold-change (equivalent to 0.59 to 

2.07 fold-change) compared to DMSO control. We annotated 327 of these genes using 

either the zebrafish gene annotation (Zv8) or the corresponding human ortholog 

(Entrez ID or VegaSeq ID), and submitted this list for functional analysis. Following 

24 h exposure to 15 µM E2, 457 significant genes were differentially expressed 

ranging in magnitude from -1.61 to 1.49 log base 2 fold-change (equivalent to 0.33 to 

2.81 fold-change), 398 of which were annotated and used in the functional analysis. 

Only 1 gene, c10orf137, from the full, unannotated gene lists was differentially 

expressed in the same direction in both datasets (Figure 2B). Functional analysis 

yielded unique predicted canonical pathways and biological functions in the 0.1 versus 

15 µM exposure groups. No significant canonical pathways (–log(p-value) ≥ 1.30; p < 

0.05; Table 2) or biological functions (p < 0.01; Tables S4 and S5) were shared 

between the two concentration groups. The upstream regulator analysis predicted 17 

and 31 upstream regulators to be associated with 0.1 and 15 µM E2 exposure, 

respectively, based on either a significant p-value < 0.05 or regulation z-score ≤ -2 or 

≥ 2 (Table S6). No putative upstream regulator appeared on both E2 exposure lists. 

Early embryonic gene expression changes following E2 exposure do not 
reflect canonical estrogen signaling 

Estrogen signaling was not among the significant (p < 0.05) canonical pathways 

(Table 2), and ERs were not among the putative upstream regulators (Table S6) for 

either the 0.1 or 15 μM E2 exposure datasets. Although the canonical estrogen 

signaling pathway was not directly predicted to be impacted by either exposure 
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concentration, two of the predicted upstream regulators associated with the lower 

concentration dataset, SMARCA4 (BRG1) and AHR, have been implicated in 

estrogen signaling (Ichinose et al. 1997; Kharat and Saatcioglu 1996), and 4 of the 

predicted upstream regulators associated with the higher concentration dataset are 

regulated by E2: EGR2, STK16, ASB9, and NRF1  (Frasor et al. 2003; Frasor et al. 

2004; Ivanga et al. 2007; Pedram et al. 2002).  

Both 0.1 µM BPA and 0.1 µM E2 exposure impact prothrombin 
activation and coagulation 

The 0.1 µM BPA and E2 exposures were selected because they both lead to larval 

hyperactivity at 120 hpf following 8-56 hpf exposure (Saili et al. 2012). Thus, these 

comparisons are based on the similar phenotypic response that they produce rather 

than anchoring to predictive binding affinity for target receptors. More genes (87) 

shared significant directional expression changes between the two lower exposures 

than between the lower versus higher concentration exposures for either compound. 

Relatively few genes (≤ 8 each) comprised each of the 16 and 13 significant (p < 0.05) 

canonical pathways for the 0.1 µM BPA and E2 exposure groups, respectively (Tables 

1 and 2). The 3 most significant (p < 0.001) canonical pathways for the lower 

concentration E2 exposure were coagulation system, extrinsic prothrombin activation 

pathway, and intrinsic prothrombin activation pathway, which included 5, 4, and 4 key 

genes, respectively (Table 2). The 4 genes occurring in all three pathways exhibited 

elevated expression compared to controls: Serpinc1, Proc, Fgb, and Fgg. An 

additional gene, F2r, occurring only in the coagulation system pathway, was the only 

one that exhibited lowered expression compared to controls. These canonical 

pathways were also among the top 6 significant (p < 0.05) canonical pathways 

predicted for 0.1 µM BPA exposure. All 3 of these pathways comprised three genes: 

Serpinc1, F13a1, and Fgb (Table 1). We confirmed the elevated expression compared 

to control for Serpinc1 following 0.1 µM BPA exposure by qRT-PCR using a new set 

of samples from embryos exposed as described for the microarray experiment (Table 

5). Only 2 upstream regulators, HNF1B (p = 0.00225) and TFEC (p = 0.0233), were 
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predicted to regulate any of the genes, Fgb and F13a1, respectively, implicated in 

prothrombin activation or coagulation following 0.1 µM BPA exposure (Table S3). 

Similarly, HNF1B (p = 0.00211) and STAT3 (p = 0.0455) were the only upstream 

regulators with target genes (HNF1B: Fgb; STAT3: Fgb and Fgg) implicated in 

prothrombin activation or coagulation, following 0.1 µM E2 exposure (Table S6). 

Only two significant biological functions were shared between the 0.1 µM E2 versus 

0.1 µM BPA exposures, differentiation of kidney cells and size of anterior commissure 

(p < 0.01; Tables S1 and S4). 

0.1 µM BPA exposure suppresses expression of nervous system 
development-related genes that are not impacted by 0.1 µM E2 exposure 

We hypothesized that nervous system-related genes, signaling pathways, or functions 

would be associated with the 0.1 µM BPA exposure because this concentration was 

anchored to a behavioral phenotype that involved larval hyperactivity and adult 

learning impairments (Saili et al. 2012). Consistent with this hypothesis, the canonical 

pathways comprising the most genes were ERK/MAPK signaling and tight junction 

signaling, both of which are important in nervous system functioning (Table 1). There 

were 54 significant (p < 0.01) biological functions associated with 0.1 µM BPA 

exposure (Table S1). Fourteen of these functions described nervous system 

development or morphology. Development of central nervous system was the ninth 

most significant function on the list (p = 0.00247) and comprised 23 genes: Apaf1, 

Aplp1, Arx, Asic2, Atoh1, Cd82, Celsr1, Faim2, Foxb1, Gbx2, Hgf, Ift172, Map1b, 

Nlgn4x, Otp, Plxna4, Rfx4, Slc1a2, Smo, Tagln3, Tfap2c, Trpv1, and Tyro3, which 

also appeared multiple times under other nervous system-related functions on the list 

(Table S1). All of these genes exhibited lowered expression compared to controls 

(Figure 3). Eight of these genes were among the targets for 12 predicted upstream 

regulators associated with 0.1 µM BPA exposure. The relevant target genes (predicted 

upstream regulators in parentheses) were Slc1a2 (MTDH and HOXA13), Hoxa3 

(HOXB3), Cd82 (TAB2 and APP), Atoh1 (DAXX and PHF1), Gbx2 and Trpv1 

(POU4F1 and ISL1), Hgf and Smad3 (SP1), Hgf (SIRT1), and Smad3 (SIM1; Table 
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S3). We confirmed the decreased expression compared to control for Smad3 following 

0.1 µM BPA exposure by qRT-PCR using a new set of samples from embryos 

exposed as described for the microarray experiment (Table 5). Although neither 

CREB nor CBP (CREBBP on IPA-generated networks) were predicted upstream 

regulators for 0.1 µM BPA exposure, we hypothesized that CREB mediates the 

suppression of at least some of the 23 nervous system-related genes following 0.1 µM 

BPA exposure. The CREB Target Gene Database was used to confirm that 12 of the 

29 genes with suppressed expression shown in Figure 3 have predicted CREs on their 

promoters (Table 3). 

As hyperactivity was also the behavioral phenotype to which the 0.1 µM E2 

exposure was anchored, we hypothesized that nervous system-related genes, signaling 

pathways, or functions would also be associated with this exposure concentration. In 

contrast to the results for 0.1 µM BPA, nervous system development was not directly 

implicated by any of the 16 significant canonical pathways (p < 0.05) or 61 significant 

(p < 0.01) biological functions for 0.1 µM E2 exposure (Tables 2 and S4). However, 8 

biological functions (differentiation of sympathetic neuron, proliferation of 

sympathetic neuron, size of nervous tissue, import of L-glutamic acid, outgrowth of 

sensory axons, swelling of axons, damage of hippocampal cells, and branching of 

neurons) collectively comprising 8 genes (Emx2, Hgf, Ngf, Grn, Plxna4, Kcnj10, Klc1, 

and Slc1a2) were related to the nervous system (Table S4). Only 3 of these genes 

(Hgf, Plxna4, and Slc1a2) were among the nervous system development genes 

impacted by 0.1 µM BPA exposure. Two of these genes, Hgf and Slc1a2, respectively, 

were among the targets for 2 predicted upstream regulators, STAT3 and MTDH, 

following 0.1 µM E2 exposure. Aside from HNF1B, MTDH was the only upstream 

regulator predicted to regulate both 0.1 µM BPA and 0.1 µM E2 exposures. 

Additionally, only 9 of the 29 nervous system development-related genes with 

suppressed expression following 0.1 µM BPA exposure were also suppressed by 0.1 

µM E2 exposure (Figure 4). These genes did not reach significance (p < 0.01) for 

enrichment of the biological function, nervous system development, with E2 exposure. 
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Multiple canonical pathways and biological functions involved in 
embryonic development are impacted by both 80 µM BPA and 15 µM 
E2 exposure 

The higher BPA and E2 concentrations both produced teratogenic effects following 8

120 hpf exposure (Saili et al. 2012). We therefore hypothesized that impacts on genes 

governing processes important for proper development would underlie these 

phenotypes. Consistent with this hypothesis, more genes (189) shared significant 

directional expression changes between the two teratogenic exposures than between 

the lower versus higher concentration exposures for either compound. To confirm the 

expression change of a representative gene from the higher concentration exposures, 

we selected the gene with the greatest magnitude decrease (0.33) on either microarray, 

Tnni1, representing the 15 µM E2 exposure, and measured its expression by qRT-PCR 

using a new set of samples from embryos exposed as described for the microarray 

experiment (Table 5). 

In addition to shared expression changes among individual genes, there were 

several canonical pathways and biological functions important to embryonic 

development that were impacted by exposure to either 80 µM BPA or 15 µM E2. 

Functional pathway analysis identified adenine and adenosine salvage VI, 

spliceosomal cycle, and hematopoiesis from multipotent stem cells as canonical 

pathways impacted by teratogenic concentrations of both BPA and E2 (Tables 1 and 

2). The prediction of each of these pathways was based on a single gene, Adk, U2af1, 

or Epo, respectively, for both exposures. Seventeen significant biological functions 

were shared between the two higher concentration datasets: cleft palate syndrome, 

esophageal cancer, differentiation of extraembryonic tissue, polarization of embryonic 

tissue, abnormal morphology of Purkinje's layer of cerebellum, function of hair cells, 

abnormal morphology of choroid, sexually transmitted disease, pancreatic tumor, 

pancreatic cancer, abnormal morphology of glossopharyngeal cranial nerve ganglion, 

differentiation of beta islet cells, endocrine gland tumor, abnormal morphology of 

molecular layer of cerebellum, lung cancer, neuroendocrine tumor, and function of 
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neurons. (Tables S2 and S5). Additionally, there were several biological functions 

related to embryonic development that occurred only on the BPA list, including 

calcification of osteoblasts, development of digestive system, development of neural 

crest, development of external granular layer, neurogenesis of embryonic tissue, 

synthesis of thromboxane A2, and synthesis of thromboxane B2. Likewise, several 

biological functions related to embryonic development occurred only on the E2 list, 

including proliferation of central nervous system cells, proliferation of endothelial 

progenitor cells, development of trabecular bone, congenital anomaly of 

musculoskeletal system, and development of hindlimb. Six upstream regulators were 

predicted to regulate the effects of both 80 µM BPA and 15 µM E2 exposure: PIAS3, 

NFAT (complex), KLF12, SART1, PCBP2, and PCBP1 (Tables S3 and S6). 

Discussion 

Although the molecular events underlying the effects of developmental BPA exposure 

in animals remain unclear, they appear to involve pathways beyond classical ER 

signaling. Until molecular modes of action are linked to the phenotypes observed in 

animal models, it will be difficult to determine whether BPA poses a health risk to 

developing humans. Microarray analysis is emerging as an important tool for 

investigating gene expression changes underlying the toxic effects of chemical 

exposure. Only 2 studies have previously employed this tool to investigate the effects 

of BPA exposure in zebrafish (Kausch et al. 2008; Lam et al. 2011), only one of which 

was conducted during development. Lam et al. (2011) recently used a 22K microarray 

to measure whole body mRNA expression in 7 days post fertilization (dpf) larvae 

following 0-7 dpf daily renewal waterborne exposure to BPA (Lam et al. 2011). Their 

functional analysis predicted nervous system development and tight junction 

signaling, among others, to be impacted by BPA exposure. Our study is the first to 

assess early embryonic gene expression changes that precede phenotypic evidence of 

toxicity. 
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The results described here confirmed our hypothesis that different signaling 

pathways underlie teratogenic versus non-teratogenic phenotypes and supported our 

decision to employ phenotypic anchoring for comparing the effects of different 

chemicals. By selecting an early time point, we captured gene expression changes at 

the beginning of a cascade of signaling miscues leading to the observed phenotypes, 

which may be predictive biomarkers of exposure. Because embryogenesis is a time of 

rapid development and dynamic gene expression changes, our selection of a single 

time point provided only a snapshot of gene activity at this time. Thus, although the 

results of the microarray and pathway analyses suggested that certain genes and 

signaling pathways are not impacted by BPA and/or E2 exposure at 24 hpf, the same 

potential targets could be affected at other times during development. For example, an 

interesting outcome of selecting the 24 hpf tissue collection time point was the 

conspicuous absence of estrogen signaling from the significant canonical pathways 

and absence of ERs from the upstream regulator analysis for both E2 exposure groups. 

This result highlighted the nuances of using E2 as a positive control in 24 hpf embryos 

and was consistent with related observations in previous zebrafish studies (Brion et al. 

2012; Tong et al. 2009). Although ERs are present at this age, ER mRNA rises 

substantially shortly after 24 hpf (Tingaud-Sequeira et al. 2004). Therefore, the 24 hpf 

time point may be slightly too early to detect ER activation. Future studies designed to 

more fully characterize the effects of BPA versus E2 exposure throughout embryonic 

development should therefore include additional sampling time points.  

The primary reason for including E2 as a positive control was to investigate 

whether BPA exerts effects similar to those caused by E2 at the molecular or 

functional level. Because unidentified differences in absorption and target receptor 

binding affinities complicate the identification of analogous BPA and E2 exposure 

concentrations, we anchored the concentrations to similar phenotypes in order to 

compare global gene expression changes following BPA versus E2 exposure. 

Although this approach proved useful for identifying some similar effects underlying 

the shared phenotypes, it is also important to note that both larval hyperactivity and 

teratogenic effects such as yolk sac edema are common responses that have been 
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observed following embryonic zebrafish exposure to a wide array of chemicals with 

distinct modes of action (e.g., dioxin (Mathew et al. 2006)). The 0.1 µM exposure for 

both BPA and E2 elicited a hyperactive phenotype in the absence of visible 

morphological defects at 5 dpf following 8 – 56 hpf exposure (Saili et al. 2012). 

Although hyperactivity is a common response that could be a result of impacts on a 

number of target organ systems, we hypothesized that it was a result of impaired 

nervous system development. Interestingly, although nervous system development 

was perturbed by 0.1 µM BPA exposure, it was not identified as a significant function 

impacted by 0.1 µM E2 exposure. More striking was the appearance of 

extrinsic/intrinsic prothrombin activation among the top significant canonical 

pathways for both 0.1 µM BPA and 0.1 µM E2 exposures.  

There is evidence that perturbation of thrombin signaling may affect nervous 

system development and function. Prothrombin is expressed in the developing brain 

(Dihanich et al. 1991), and thrombin inhibited neurite outgrowth in a rat embryonic 

dorsal root ganglion model (Gill et al. 1998). Additionally, a microarray study using 

RNA collected from embryonic zebrafish following antisense oligonucleotide 

knockdown of prothrombin identified a set of target genes that are expressed in the 

developing brain (e.g., Sox21a), suggesting that thrombin has a role in vertebrate 

nervous system development (Day and Jagadeeswaran 2009). Therefore, while 

impacts on prothrombin activation following 0.1 µM BPA or E2 exposure may be 

insufficient to cause overt impairment of the coagulation system (i.e., no hemorrhage, 

edema, or circulatory problems were previously noted in exposed embryos up to 5 

dpf), these effects may be sufficient to impair neuronal development leading to the 

hyperactive phenotype observed at 5 dpf (BPA and E2) or the learning deficits 

observed in adult zebrafish following embryonic BPA exposure (Saili et al. 2012). 

More direct support of our hypothesis was the identification of nervous system 

development among the significant biological functions predicted to be impacted by 0.1 µM 

BPA exposure. Notably, all of the 23 genes comprising this function, in addition to 5 

genes selected from the IPA-generated interaction networks, exhibited lowered 

expression compared to controls following 0.1 µM BPA exposure. This common 
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feature suggested the role of a mechanism specialized in regulating expression of 

multiple target genes, such as histone acetylation. CREB binding protein (CREBBP, 

or CBP) appeared as a hub on the top network generated by IPA for the 0.1 µM BPA 

exposure (data not shown). CBP is an acetyltransferase that can function alone or in a 

coactivator complex. CBP expression was lowered following 0.1 µM BPA exposure, 

hypothetically leading to a reduction in CBP-mediated acetylation and a decrease in 

transcription of target genes, which we observed. CBP’s primary role is as a 

coactivator of the cyclic AMP response element binding protein (CREB) family of 

transcription activators. Importantly, CREB not only has a regulatory role in neurons 

that involves ERK/MAPK signaling (Yang et al. 2004), but it is also involved in 

neuron proliferation and brain patterning in developing zebrafish (Dworkin et al. 

2007). Furthermore, BPA activates CREB through a membrane-bound estrogen 

receptor in mouse islet cells (Quesada et al. 2002). We used the CREB target gene 

database (http://natural.salk.edu/CREB/) to determine whether the nervous system-

related genes on our list are predicted to have cyclic AMP response elements (CREs) 

on their promoters (Zhang et al. 2005). Compellingly, 40% of the suppressed genes 

have CREs on their promoters (Table 3). Furthermore, a microRNA regulated by 

CREB and implicated in neuronal plasticity, miR-132 (Nudelman et al. 2010), targets 

3 of the genes on our list. Interestingly, HNF1, an upstream regulator putatively 

activated by 0.1 µM BPA exposure, is a coactivator of CBP (Soutoglou et al. 2000). 

Conclusions 

Taken together, the findings of this study demonstrated that low fold-change 

expression data is useful for hypothesis generation when effects on groups of genes 

(i.e., a pathway-based approach) anchored to phenotype are considered. These data 

showed that 24 hpf gene expression changes and signaling pathways are differentially 

impacted by non-taratogenic versus teratogenic exposure concentrations of BPA and 

E2, respectively. Additionally, developmental exposure to both 0.1 µM BPA and 0.1 

µM E2, concentrations previously associated with larval behavioral impairments, 

impacted key genes involved in prothrombin signaling, while only the 0.1 µM BPA 

http://natural.salk.edu/CREB
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exposure caused a general suppression of genes required for proper nervous system 

development. While we chose to focus on nervous system-related genes in an effort to 

identify genes mediating the behavioral phenotype observed following 0.1 µM BPA 

exposure, multiple systems were impacted by developmental BPA exposure. 

Acknowledgements  

We thank Margaret Corvi for sample collection assistance; Eric Johnson, Cari 

Buchner, Carrie Barton, and Greg Gonnerman for providing fish husbandry; and Siba 

Das, Sean Bugel, and Fred Tilton for critical review of the manuscript. This work was 

supported by NIH grants T32 ES7060, P30 ES000210 and R21 ES018970 and a 

United States Environmental Protection Agency (EPA) Science to Achieve Results 

(STAR) Graduate Fellowship (KSS). The Pacific Northwest National Laboratory is a 

multi-program national laboratory operated by Battelle Memorial Institute for the 

DOE under contract number DE-AC05-76RLO1830. The funding sources were not 

involved in any part of the design, execution, analysis, or publication of this study. 

EPA has not officially endorsed this publication and the views expressed herein do not 

necessarily reflect the views of the EPA. 



 

 

 

 

92 

References 

Bolstad BM, Irizarry RA, Astrand M, Speed TP. 2003. A comparison of normalization 
methods for high density oligonucleotide array data based on variance and 
bias. Bioinformatics 19(2): 185-193. 

Braun JM, Kalkbrenner AE, Calafat AM, Yolton K, Ye X, Dietrich KN, et al. 2011. 
Impact of early-life bisphenol A exposure on behavior and executive function 
in children. Pediatrics 128(5): 873-882. 

Brion F, Le Page Y, Piccini B, Cardoso O, Tong SK, Chung BC, et al. 2012. 
Screening estrogenic activities of chemicals or mixtures in vivo using 
transgenic (cyp19a1b-GFP) zebrafish embryos. PloS one 7(5): e36069. 

Day KR, Jagadeeswaran P. 2009. Microarray analysis of prothrombin knockdown in 
zebrafish. Blood cells, molecules & diseases 43(2): 202-210. 

Dihanich M, Kaser M, Reinhard E, Cunningham D, Monard D. 1991. Prothrombin 
mRNA is expressed by cells of the nervous system. Neuron 6(4): 575-581. 

Dworkin S, Heath JK, deJong-Curtain TA, Hogan BM, Lieschke GJ, Malaterre J, et al. 
2007. CREB activity modulates neural cell proliferation, midbrain-hindbrain 
organization and patterning in zebrafish. Developmental biology 307(1): 127
141. 

Edgar R, Domrachev M, Lash AE. 2002. Gene Expression Omnibus: NCBI gene 
expression and hybridization array data repository. Nucleic acids research 
30(1): 207-210. 

Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR, Katzenellenbogen BS. 2003. 
Profiling of estrogen up- and down-regulated gene expression in human breast 
cancer cells: insights into gene networks and pathways underlying estrogenic 
control of proliferation and cell phenotype. Endocrinology 144(10): 4562
4574. 

Frasor J, Stossi F, Danes JM, Komm B, Lyttle CR, Katzenellenbogen BS. 2004. 
Selective estrogen receptor modulators: discrimination of agonistic versus 
antagonistic activities by gene expression profiling in breast cancer cells. 
Cancer research 64(4): 1522-1533. 

Gill JS, Pitts K, Rusnak FM, Owen WG, Windebank AJ. 1998. Thrombin induced 
inhibition of neurite outgrowth from dorsal root ganglion neurons. Brain 
research 797(2): 321-327. 

Heimeier RA, Das B, Buchholz DR, Shi YB. 2009. The xenoestrogen bisphenol A 
inhibits postembryonic vertebrate development by antagonizing gene 
regulation by thyroid hormone. Endocrinology 150(6): 2964-2973. 



 

 

 

 

93 

Huang da W, Sherman BT, Lempicki RA. 2009. Systematic and integrative analysis of 
large gene lists using DAVID bioinformatics resources. Nature protocols 4(1): 
44-57. 

Ichinose H, Garnier JM, Chambon P, Losson R. 1997. Ligand-dependent interaction 
between the estrogen receptor and the human homologues of SWI2/SNF2. 
Gene 188(1): 95-100. 

Imanishi S, Manabe N, Nishizawa H, Morita M, Sugimoto M, Iwahori M, et al. 2003. 
Effects of oral exposure of bisphenol A on mRNA expression of nuclear 
receptors in murine placentae assessed by DNA microarray. The Journal of 
reproduction and development 49(4): 329-336. 

Ivanga M, Labrie Y, Calvo E, Belleau P, Martel C, Luu-The V, et al. 2007. Temporal 
analysis of E2 transcriptional induction of PTP and MKP and downregulation 
of IGF-I pathway key components in the mouse uterus. Physiological 
genomics 29(1): 13-23. 

Kausch U, Alberti M, Haindl S, Budczies J, Hock B. 2008. Biomarkers for exposure 
to estrogenic compounds: gene expression analysis in zebrafish (Danio rerio). 
Environmental toxicology 23(1): 15-24. 

Kharat I, Saatcioglu F. 1996. Antiestrogenic effects of 2,3,7,8-tetrachlorodibenzo-p
dioxin are mediated by direct transcriptional interference with the liganded 
estrogen receptor. Cross-talk between aryl hydrocarbon- and estrogen-
mediated signaling. The Journal of biological chemistry 271(18): 10533
10537. 

Lam SH, Hlaing MM, Zhang X, Yan C, Duan Z, Zhu L, et al. 2011. Toxicogenomic 
and phenotypic analyses of bisphenol-A early-life exposure toxicity in 
zebrafish. PloS one 6(12): e28273. 

Mathew LK, Andreasen EA, Tanguay RL. 2006. Aryl hydrocarbon receptor activation 
inhibits regenerative growth. Molecular pharmacology 69(1): 257-265. 

Melzer D, Rice NE, Lewis C, Henley WE, Galloway TS. 2010. Association of urinary 
bisphenol a concentration with heart disease: evidence from NHANES 
2003/06. PloS one 5(1): e8673. 

Moral R, Wang R, Russo IH, Lamartiniere CA, Pereira J, Russo J. 2008. Effect of 
prenatal exposure to the endocrine disruptor bisphenol A on mammary gland 
morphology and gene expression signature. The Journal of endocrinology 
196(1): 101-112. 

Naciff JM, Jump ML, Torontali SM, Carr GJ, Tiesman JP, Overmann GJ, et al. 2002. 
Gene expression profile induced by 17alpha-ethynyl estradiol, bisphenol A, 
and genistein in the developing female reproductive system of the rat. 
Toxicological sciences : an official journal of the Society of Toxicology 68(1): 
184-199. 



 

 

 

 

94 

Nudelman AS, DiRocco DP, Lambert TJ, Garelick MG, Le J, Nathanson NM, et al. 
2010. Neuronal activity rapidly induces transcription of the CREB-regulated 
microRNA-132, in vivo. Hippocampus 20(4): 492-498. 

Pedram A, Razandi M, Aitkenhead M, Hughes CC, Levin ER. 2002. Integration of the 
non-genomic and genomic actions of estrogen. Membrane-initiated signaling 
by steroid to transcription and cell biology. The Journal of biological chemistry 
277(52): 50768-50775. 

Perera F, Vishnevetsky J, Herbstman JB, Calafat AM, Xiong W, Rauh V, et al. 2012. 
Prenatal bisphenol a exposure and child behavior in an inner-city cohort. 
Environmental health perspectives 120(8): 1190-1194. 

Quesada I, Fuentes E, Viso-Leon MC, Soria B, Ripoll C, Nadal A. 2002. Low doses of 
the endocrine disruptor bisphenol-A and the native hormone 17beta-estradiol 
rapidly activate transcription factor CREB. FASEB journal : official 
publication of the Federation of American Societies for Experimental Biology 
16(12): 1671-1673. 

Rubin BS. 2011. Bisphenol A: an endocrine disruptor with widespread exposure and 
multiple effects. The Journal of steroid biochemistry and molecular biology 
127(1-2): 27-34. 

Saeed AI, Sharov V, White J, Li J, Liang W, Bhagabati N, et al. 2003. TM4: a free, 
open-source system for microarray data management and analysis. 
BioTechniques 34(2): 374-378. 

Saili KS, Corvi MM, Weber DN, Patel AU, Das SR, Przybyla J, et al. 2012. 
Neurodevelopmental low-dose bisphenol A exposure leads to early life-stage 
hyperactivity and learning deficits in adult zebrafish. Toxicology 291(1-3): 83
92. 

Shah AR, Singhal M, Klicker KR, Stephan EG, Wiley HS, Waters KM. 2007. 
Enabling high-throughput data management for systems biology: the 
Bioinformatics Resource Manager. Bioinformatics 23(7): 906-909. 

Shelby MD. 2008. NTP-CERHR monograph on the potential human reproductive and 
developmental effects of bisphenol A. Ntp Cerhr Mon(22): v, vii-ix, 1-64 
passim. 

Soutoglou E, Papafotiou G, Katrakili N, Talianidis I. 2000. Transcriptional activation 
by hepatocyte nuclear factor-1 requires synergism between multiple 
coactivator proteins. The Journal of biological chemistry 275(17): 12515
12520. 

Takayanagi S, Tokunaga T, Liu X, Okada H, Matsushima A, Shimohigashi Y. 2006. 
Endocrine disruptor bisphenol A strongly binds to human estrogen-related 
receptor gamma (ERRgamma) with high constitutive activity. Toxicology 
letters 167(2): 95-105. 



 

 

 

 

 

 

 

 

 

 

 
 

95 

Teeguarden JG, Calafat AM, Ye X, Doerge DR, Churchwell MI, Gunawan R, et al. 
2011. Twenty-four hour human urine and serum profiles of bisphenol a during 
high-dietary exposure. Toxicological sciences : an official journal of the 
Society of Toxicology 123(1): 48-57. 

Thomas P, Dong J. 2006. Binding and activation of the seven-transmembrane estrogen 
receptor GPR30 by environmental estrogens: a potential novel mechanism of 
endocrine disruption. The Journal of steroid biochemistry and molecular 
biology 102(1-5): 175-179. 

Tingaud-Sequeira A, Andre M, Forgue J, Barthe C, Babin PJ. 2004. Expression 
patterns of three estrogen receptor genes during zebrafish (Danio rerio) 
development: evidence for high expression in neuromasts. Gene expression 
patterns : GEP 4(5): 561-568. 

Tong SK, Mouriec K, Kuo MW, Pellegrini E, Gueguen MM, Brion F, et al. 2009. A 
cyp19a1b-gfp (aromatase B) transgenic zebrafish line that expresses GFP in 
radial glial cells. Genesis 47(2): 67-73. 

Trasande L, Attina TM, Blustein J. 2012. Association between urinary bisphenol A 
concentration and obesity prevalence in children and adolescents. JAMA : the 
journal of the American Medical Association 308(11): 1113-1121. 

Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V, Paumgartten FJ, 
Schoenfelder G. 2010. Urinary, circulating, and tissue biomonitoring studies 
indicate widespread exposure to bisphenol A. Environmental health 
perspectives 118(8): 1055-1070. 

Yang BH, Son H, Kim SH, Nam JH, Choi JH, Lee JS. 2004. Phosphorylation of ERK 
and CREB in cultured hippocampal neurons after haloperidol and risperidone 
administration. Psychiatry and clinical neurosciences 58(3): 262-267. 

Zhang X, Odom DT, Koo SH, Conkright MD, Canettieri G, Best J, et al. 2005. 
Genome-wide analysis of cAMP-response element binding protein occupancy, 
phosphorylation, and target gene activation in human tissues. Proceedings of 
the National Academy of Sciences of the United States of America 102(12): 
4459-4464. 



 
 
 
 
 
 
 
 
 
 

 

  

96 

Figure 3-1. Representation of significant genes differentially expressed following 
8 - 24 hpf BPA exposure. A) Bidirectional hierarchical clustering showing genes 
differentially expressed compared to stage-matched controls (0.1% DMSO) following 
BPA exposure (green = lowered expression; red = increased expression). Gene lists 
derived by conducting a one-way ANOVA, no FDR applied, no fold expression 
change cutoff, N = 3 (low), N = 2 (high), p < 0.05. Scale is log base 2 of expression 
values. Annotation: significant clusters by DAVID functional clustering analysis. B) 
Venn diagrams depicting relationship between 0.1 versus 80 µM BPA expression 
profiles. Only 3 genes were differentially expressed in the same direction for both 
lower and higher concentration exposure to BPA. Numbers include unannotated 
genes. 
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Figure 3-11. Represenntation of siggnificant genes differenntially expreessed followwing 
8 - 24 hpf BPA expossure. 
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Figure 3-2. Representation of significant genes differentially expressed following 
8 - 24 hpf E2 exposure. A) Bidirectional hierarchical clustering showing genes 
differentially expressed compared to stage-matched controls (0.1% DMSO) following 
E2 exposure (green = lowered expression; red = increased expression). Gene lists 
derived by conducting a one-way ANOVA, no FDR applied, no fold expression 
change cutoff, N = 3 (low), N = 2 (high), p < 0.05. Scale is log base 2 of expression 
values. Annotation: significant clusters by DAVID functional clustering analysis. B) 
Venn diagrams depicting relationship between 0.1 versus 15 µM E2 expression 
profiles. Only 1 gene was differentially expressed in the same direction for both lower 
and higher concentration exposure to E2. Numbers include unannotated genes. 
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Figure 3-22. Represenntation of siggnificant genes differenntially expreessed followwing 
8 - 24 hpf E2 exposurre. 
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Figure 3--3. Networ k showing putative CCREB-meddiated reguulation of ggenes 
impacted by 0.1 µM BPA expossure. Geness included inn the IPA-geenerated nettwork 
were predicted by corre analysis tto be importtant in prothhrombin act ivation (righht) or 
nervous syystem develoopment and function. GGenes with CCREs on theeir promoterrs are 
listed in TTable 3 (rellationships mmanually addded based on the CREEB Target Gene 
Database ppredictions aare indicatedd by dotted oorange lines). Solid line s represent ddirect 
interactionns; dotted linnes representt indirect int teractions. AArrows are IPPA-generatedd and 
do not neccessarily indiicate activattion. Green mmolecules: loowered exprression comppared 
to controlss, red molec ules: elevateed expressioon comparedd to controls , grey moleccules: 
expressionn did not change upon BBPA exposuure, white mmolecule: nott included oon the 
microarrayy. Asterisk aafter a symbool depicts duuplicate idenntifiers for thhe same genee. 
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Figure 3--4. Networ k showing putative CCREB-meddiated reguulation of ggenes 
impacted by 0.1 µMM E2 expoosure. IPA--generated nnetwork shoows 0.1 µMM E2 
expressionn values ovverlaying the putativee CREB-meediated reggulatory nettwork 
comprisingg genes immportant in prothrombinn activationn (right) or nervous syystem 
developmeent and funcction impactted by 0.1 µµM BPA exxposure (see Figure 3). Solid 
lines repreesent direct iinteractions;; dotted linees represent indirect inteeractions. Arrrows 
are IPA-ggenerated annd do not necessarily indicate acctivation. GGreen moleccules: 
lowered eexpression compared to controls, red moleecules: elevvated expreession 
compared to controls,  grey moleccules: expresssion did noot change uppon E2 expoosure, 
white mollecule: not included onn the microoarray. Asteerisk after aa symbol deepicts 
duplicate iidentifiers foor the same ggene. 
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Table 3-1. Significant canonical pathways associated with BPA exposure.  
Results predicted by Ingenuity Pathway Analysis using annotated human orthologs of 
zebrafish genes differentially expressed following 8-24 hpf BPA exposure (p < 0.05). 

BPA Ingenuity Canonical  -log(p- Molecules 
Conc. Pathways value) 

0.1 µM 
Uracil Degradation II 
(Reductive) 

2.85E00 CRMP1,DPYD 

Thymine Degradation 2.85E00 CRMP1,DPYD 
Extrinsic Prothrombin 
Activation Pathway 

2.6E00 SERPINC1,F13A1,FGB 

Intrinsic Prothrombin 
Activation Pathway 

2.18E00 SERPINC1,F13A1,FGB 

Lymphotoxin β Receptor 
Signaling 

1.96E00 TRAF3,CYCS,CREBBP,APAF1 

Coagulation System 1.82E00 SERPINC1,F13A1,FGB 

ERK/MAPK Signaling 1.78E00 
HSPB3,PRKCI,CREBBP,PPP2R5 
B,PPP2R2C,TLN1,ESR1,DUSP2 

Role of RIG1-like 
Receptors in Antiviral 1.78E00 TRAF3,CREBBP,CASP10 
Innate Immunity 

Tight Junction Signaling 1.73E00 
PRKCI,PPP2R5B,PPP2R2C,CPSF 
3,MYH7,SAFB,ACTG1 

TWEAK Signaling 1.73E00 TRAF3,CYCS,APAF1 
Death Receptor Signaling 1.69E00 HSPB3,CYCS,APAF1,CASP10 
Role of PKR in Interferon 
Induction and Antiviral 1.53E00 TRAF3,CYCS,APAF1 
Response 
Granzyme B Signaling 1.5E00 CYCS,APAF1 
2-ketoglutarate 
Dehydrogenase Complex 

1.36E00 OGDH 

Mechanisms of Viral Exit 
from Host Cells 

1.36E00 PRKCI,CHMP4B,ACTG1 

Ceramide Signaling 1.35E00 S1PR3,CYCS,PPP2R5B,PPP2R2C 

80 µM 
MIF-mediated 
Glucocorticoid Regulation 

2.23E00 PLA2G4A,RELA,PTGS2 

MIF Regulation of Innate 
Immunity 

1.88E00 PLA2G4A,RELA,PTGS2 

Caveolar-mediated 
Endocytosis Signaling 

1.87E00 ARCN1,INSR,ITGB8,PTRF 

Adenine and Adenosine 
Salvage VI 

1.75E00 ADK 

TREM1 Signaling 1.65E00 RELA,GRB2,Tlr12 

Endothelin-1 Signaling 1.56E00 
ADCY9,PLA2G4A,GRB2,PTGS2, 
PLCD4,CASP10 

PPAR Signaling 1.53E00 RELA,GRB2,PTGS2,INSR 
Spliceosomal Cycle 1.45E00 U2AF1 
Hematopoiesis from 
Multipotent Stem Cells 

1.45E00 EPO 

Maturity Onset Diabetes of 
Young (MODY) Signaling 

1.35E00 CACNA1D,INSR 
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Table 3-2. Significant canonical pathways associated with E2 exposure. 

Results predicted by Ingenuity Pathway Analysis using annotated human orthologs of 

zebrafish genes differentially expressed following 8-24 hpf E2 exposure (p < 0.05). 


E2 
Conc. 

Ingenuity Canonical Pathways  -log(p-value) Molecules 

0.1 
µM 

Extrinsic Prothrombin Activation 
Pathway 

3.96E+00 SERPINC1,PROC,FGB,FGG 

Coagulation System 3.95E+00 
SERPINC1,F2R,PROC,FGB,F 
GG 

Intrinsic Prothrombin Activation 
Pathway 

3.36E+00 SERPINC1,PROC,FGB,FGG 

Glycine Betaine Degradation 2.39E+00 SARDH,DMGDH 

Ketolysis 2.22E+00 
BDH2 (includes 
EG:295458),OXCT1 

Xanthine and Xanthosine Salvage 1.68E+00 PNP 
Calcium-induced T Lymphocyte 
Apoptosis 

1.45E+00 ATP2A1,ITPR3,NR4A1 

Guanine and Guanosine Salvage I 1.39E+00 PNP 

Tetrahydrobiopterin Biosynthesis I 1.39E+00 GCH1 
Purine Ribonucleosides Degradation to 
Ribose-1-phosphate 

1.39E+00 PNP 

Fatty Acid Biosynthesis Initiation II 1.39E+00 OXSM 

Adenine and Adenosine Salvage I 1.39E+00 PNP 

Tetrahydrobiopterin Biosynthesis II 1.39E+00 GCH1 

15 µM Methylmalonyl Pathway 2.46E+00 PCCA,MCEE 

2-oxobutanoate Degradation I 2.25E+00 PCCA,MCEE 

Basal Cell Carcinoma Signaling 1.73E+00 
PTCH1,WNT16,WNT4,HHIP,P 
TCH2 

Sonic Hedgehog Signaling 1.65E+00 PTCH1,HHIP,PTCH2 

L-cysteine Degradation II 1.61E+00 CTH 

Adenine and Adenosine Salvage VI 1.61E+00 ADK 

Spliceosomal Cycle 1.32E+00 U2AF1 
Hematopoiesis from Multipotent Stem 
Cells 

1.32E+00 EPO 

Cysteine Biosynthesis/Homocysteine 
Degradation 

1.32E+00 CTH 

Role of PI3K/AKT Signaling in the 
Pathogenesis of Influenza 

1.22E+00 RELA,CCR5,CRKL 
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Table 3-3. CREB Target Gene Database prediction of cAMP response elements 
(CREs) occurring on promoters. Gene list comprises the nervous system-associated 
or prothrombin activation- associated genes shown in Figures 3 and 4. 

CREB 
Target 
Prediction 

Protein 
Symbol 

Basis of Inclusion in Figure 3 CRE Description 

Predicted 
CREB 
target 

ASIC2 
Development of central nervous 
system (Table S1) 

cre-noTATA 

APAF1 

ARX 

CREB 

Development of central nervous 
system (Table S1) 
Development of central nervous 
system (Table S1) 
Manually added from IPA-generated 
networks 

cre-noTATA 

cre-noTATA 

cre-TATA 

CREBBP 
Manually added from IPA-generated 
networks 

cre-noTATA 

FOXB1 

GRID1 

Development of central nervous 
system (Table S1) 
Manually added from IPA-generated 
networks 

cre-TATA 

cre-noTATA 

HGF 

HOXA3 

Development of central nervous 
system (Table S1) 
Manually added from IPA-generated 
networks 

cre-TATA 

cre-TATA 

HTR5A 
Manually added from IPA-generated 
networks 

cre-noTATA 

IFT172 

MAP1B 

PROC 

SERPINC1 

Development of central nervous 
system (Table S1) 
Development of central nervous 
system (Table S1) 
Prothrombin activation pathway 
(Tables 1 and 2) 
Prothrombin activation pathway 
(Tables 1 and 2) 

cre-noTATA 

cre-noTATA 

cre-TATA 

cre-noTATA 

CRE half-
sites APLP1 
present 

ATOH1 

CD82 

CELSR1 

ESR1 

FAIM2 

FGB 

Development of central nervous 
system (Table S1) 

Development of central nervous 
system (Table S1) 
Development of central nervous 
system (Table S1) 
Development of central nervous 
system (Table S1) 
Manually added from IPA-generated 
networks 
Development of central nervous 
system (Table S1) 
Prothrombin activation pathway 
(Tables 1 and 2) 

h -2998 

ht_-4259 h_-2012 ht_-1575 
h_259 h_521 

ht_-3164 h_37 

ht_-1386 

ht_-1183 

h_-241 ht_-2523 h_-3959 ht_-420 

ht_-4960 



 

 

 

 
 

 

  
 

 

 
 

 
 

 

 
 

 
  

   

 
  

 
 

 
 

 

 
 

  

 

 
 

 
 

 

 

 
  

 
  

105 

FGG 
Prothrombin activation pathway 
(Table 2) 

ht_-4893 

F13A1 
Prothrombin activation pathway 
(Table 1) 

ht_-3814 ht_-440 

F2 Manually added node 

F2R Coagulation system (Table 2) ht_-4399 h_-2699 ht_-1608 

GBX2 
Development of central nervous 
system (Table S1) 

h_441 ht_-1634 HT_-4293 

OTP 
Development of central nervous 
system (Table S1) 

ht_-2976 HT_-3176 

PLXNA4 
Development of central nervous 
system (Table S1) 

ht_-1554 h_244 H_360 

RFX4 
Development of central nervous 
system (Table S1) 

h_-1610 ht_-418 

SLC1A2 
Development of central nervous 
system (Table S1) 

ht_-1349 ht_-2053 ht_-2370 

SMAD3 
Manually added from IPA-generated 
networks 

ht_-2932 h_-2467 ht_-1987 h_
997 h_243 

SMO 
Development of central nervous 
system (Table S1) 

h_-352 

TAGLN3 
Development of central nervous 
system (Table S1) 

ht_-1762 ht_-1066 ht_124 h_908 

TFAP2C 
Development of central nervous 
system (Table S1) 

ht_-3518 ht_-3376 h_-3166 ht_
1866 

TRPV1 
Development of central nervous 
system (Table S1) 

h_-343 ht_-865 h_-1402 

TYRO3 
Development of central nervous 
system (Table S1) 

ht_-817 h_39 

Not found 
in database 

NLGN4X 
Development of central nervous 
system (Table S1) 

	 All CREs predicted by in silico methods unless otherwise noted 
(Zhang et al. 2005) 

	 H = conserved CRE half site (numbers depict location relative to 
transcription start site) 

	 h = CRE half site (numbers depict location relative to transcription 
start site) 

	 ht = CRE half site and presence of TATA box <300 bp downstream 
of CRE (numbers depict location relative to transcription start site) 

	 HT = Conserved CRE half site and presence of TATA box <300 bp 
downstream of CRE (numbers depict location relative to 
transcription start site) 

	 Other node in figures 3 and 4 not on this table: miR-132-3p 
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Table 3-4. Primer sequences used in qRT-PCR experiments.  

Product RefSeq mRNA 
Gene Forward primer (5’  3’) Reverse primer (5’  3’) 

size accession number 
AGGTTGGTGACTGG GGGCCATTCTGAAGGT

Tnni1 127 XM_002667751.1 
CGTAAG CAGT
 
GAGCGCTGAACTTG GCTCGTCCAGCTGTCC
 

Smad3 341 NM_131571.2 
AGACCGTGT CGTC
 
TGCCATGACAAAGC GGCTCCATAGACAGTC
 

Serpinc1 244 NM_182863.1 
TAGGGG TCGC
 
GCCAACCGGTGGAT AAATGGGCAGGCCAG
 

Tbp 191 NM_200096.1 
CCTGCG GCGTC 

Table 3-5. Confirmation of gene expression changes by qRT-PCR. 

qRT-PCR (Fold change) Microarray 

Gene Treatment 
Control mean ± 
SEM 

Treated mean ± 
SEM 

p-value 
Fold 
change 

p-value 

Tnni1 15 µM E2 1.03 ± 0.17 0.34 ± 0.05 0.017 0.33 0.035 

Smad3 0.1 µM BPA 1.00 ± 0.03 0.89 ± 0.01 0.030 0.85 0.027 

Serpinc1 0.1 µM BPA 1.00 ± 0.01 1.11 ± 0.01 0.002 1.13 0.001 
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Table 3S-1. Significant biological functions associated with 0.1 µM BPA 
exposure. Results predicted by Ingenuity Pathway Analysis based on the function-
associated genes (human orthologs of the annotated zebrafish genes) that were 
differentially expressed following BPA exposure (p < 0.01). 

Functions Annotation p-Value # Molecules 
Molecules 

dermatofibroma 4.79E-04 2 HGF,HOXB6 
formation of osteophyte 4.79E-04 2 SMAD3,SMO 
abnormal morphology of cerebellum 1.05E-03 7 ATOH1,FOXB1,GBX2,MAP1B, 

MAPK8IP2,PITPNA,TYRO3 

autophagy of lung cell lines 1.42E-03 2 BNIP3,BNIP3L 
cranioschisis 1.42E-03 2 APAF1,CELSR1 
fusion of middle ear ossicle 1.42E-03 2 ANKH,GBX2 
sliding of actin filaments 1.42E-03 2 MYH7,TTN 
fibromatosis 1.69E-03 4 ESR1,HGF,HOXB6,TFDP2 
development of central nervous 2.47E-03 23 APAF1,APLP1,ARX,ASIC2,AT 
system OH1,CD82,CELSR1,FAIM2,FO 

XB1,GBX2,HGF,IFT172,MAP1 
B,NLGN4X,OTP,PLXNA4,RFX 
4,SLC1A2,SMO,TAGLN3,TFAP 
2C,TRPV1,TYRO3 

binding of C/EBP binding site 2.53E-03 3 CREBBP,SMAD3,TRIB3 
quantity of glycosaminoglycan 2.53E-03 3 AMBP,CHST1,SMAD3 
development of brain 2.53E-03 19 APAF1,APLP1,ARX,ATOH1,FA 

IM2,FOXB1,GBX2,HGF,IFT172, 
MAP1B,NLGN4X,OTP,PLXNA 
4,RFX4,SLC1A2,SMO,TFAP2C, 
TRPV1,TYRO3 

association of connective tissue cells 2.79E-03 2 C1GALT1,PTPRE 
chondrogenesis of mesenchymal 2.79E-03 2 CREBBP,SMAD3 
stem cells 
development of pons 2.79E-03 2 ATOH1,MAP1B 
differentiation of kidney cells 2.79E-03 2 HGF,MAFB 
formation of skeletal muscle 2.79E-03 2 HGF,RGS4 
morphogenesis of cerebellar cortex 2.79E-03 2 RFX4,SMO 
morphogenesis of glossopharyngeal 2.79E-03 2 HOXA3,PLXNA4 
nerve 
patterning of neural tube 2.79E-03 2 IFT172,SMO 
morphology of brain 2.88E-03 19 APAF1,ATOH1,CKMT1A/CKM 

T1B,CREBBP,CRMP1,ESR1,FA 
IM2,FOXB1,GAK,GBX2,GRID1 
,IFT172,MAP1B,MAPK8IP2,PIT 
PNA,PLXNA4,SLC1A2,SULF2, 
TYRO3 

morphology of rhombencephalon 3.14E-03 9 APAF1,ATOH1,FAIM2,FOXB1, 
GBX2,MAP1B,MAPK8IP2,PITP 
NA,TYRO3 

abnormal morphology of 3.17E-03 3 APAF1,ESR1,FOXB1 
hypothalamus 
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Functions Annotation p-Value # Molecules 
Molecules 

development of cerebellar cortex 3.17E-03 3 FAIM2,RFX4,SMO 
morphology of rhombomere 3.17E-03 3 GBX2,IFT172,MAFB 
morphology of cerebellum 4.13E-03 8 ATOH1,FAIM2,FOXB1,GBX2, 

MAP1B,MAPK8IP2,PITPNA,TY 
RO3 

abnormal morphology of amacrine 4.59E-03 2 FAT3,PLXNA4 
cells 
atresia of ovarian follicle 4.59E-03 2 ESR1,SMAD3 
autophagy of tumor cells 4.59E-03 2 BNIP3,TRIB3 
elongation of mammary duct 4.59E-03 2 ESR1,PHB2 
inflammation of interstitial tissue 4.59E-03 2 HGF,INSIG1 
Grasping 4.60E-03 5 FOXB1,GABRG2,PRX,S1PR3,S 

LC6A5 
epileptic seizure 5.00E-03 4 ARX,GABRG2,GFRA1,TSPO 
adhesion of prostate cancer cell lines 5.64E-03 3 CD82,HYAL1,SMAD3 
myoclonic seizure 5.64E-03 3 ARX,GABRG2,TSPO 
schizophrenia 5.83E-03 19 APBA2,CHRM3,DPYD,ESR1,G 

ABRG2,GFRA1,GRID1,HTR5A, 
HYDIN,INTS6,NDUFA5,NELL2 
,PCLO,PIP4K2A,RGS4,SLC1A2, 
SYT7,TRAF3,TSPO 

weight gain 5.94E-03 12 ARID5B,ARX,CHRM3,ESR1,G 
ABRG2,NR3C2 (includes 
EG:100534796),PHB2,SLC6A5,S 
MAD3,TRPC1,TRPV1,TSPO 

maternal nurturing 6.23E-03 4 AMBP,ESR1,FOXB1,S1PR3 
abnormal morphology of sternum 6.40E-03 5 CREBBP,HOXB6,MYOG,SMA 

D3,SULF2 
cell death of uterus 6.78E-03 2 ESR1,F13A1 
diameter of femur 6.78E-03 2 COL12A1,IRAK3 
morphogenesis of tumor cell lines 6.78E-03 2 CD82,HGF 
quantity of clathrin-coated pits 6.78E-03 2 ARR3 (includes 

EG:170735),GAK 
size of anterior commissure 6.78E-03 2 MAP1B,PLXNA4 
morphogenesis of inner ear 6.92E-03 5 ATOH1,CELSR1,GBX2,INSIG1, 

MAFB 
abnormal morphology of joint 7.78E-03 3 ANKH,CREBBP,SMAD3 
degeneration of liver 7.78E-03 3 ESR1,SERPINC1,TYRO3 
length of body region 7.78E-03 3 HOXA3,RGS4,SMO 
transmembrane potential of 8.83E-03 8 APAF1,ATP2A1,BNIP3,BNIP3L 
mitochondria ,CYCS,HGF,PHB2,TRPV1 

abnormal morphology of zona 9.36E-03 2 AMBP,C1GALT1 
pellucida 
autophagy of prostate cancer cell 9.36E-03 2 BNIP3,BNIP3L 
lines 
development of cerebellum 9.64E-03 6 ATOH1,FAIM2,GBX2,NLGN4X 

,RFX4,SMO 
development of epithelial cells 9.95E-03 5 ATOH1,ESR1,HGF,HYDIN,TFA 

P2C 



 
 

 
 

   

 
  

109 

Functions Annotation p-Value # Molecules 
Molecules 

morphology of nervous system 9.98E-03 27 APAF1,ARX,ATOH1,CKMT1A/ 
CKMT1B,CREBBP,CRMP1,ER 
BB2IP,ESR1,FAIM2,FAT3,FOX 
B1,GAK,GBX2,GFRA1,GJC2,G 
RID1,HOXA3,HOXB6,IFT172, 
MAP1B,MAPK8IP2,PITPNA,PL 
XNA4,PRX,SLC1A2,SULF2,TY 
RO3 



 
 

 
 
 

  
    

 
  

 
  

    

 
 

 
  

    
   

 
    

 
   

   
 

 
 

  

   
 

  

 

   

     
    

    
     

   
 

 
 

  

   

110 

Table 3S-2. Significant biological functions associated with 80 µM BPA exposure. 
Results predicted by Ingenuity Pathway Analysis based on the function-associated 
genes (human orthologs of the annotated zebrafish genes) that were differentially 
expressed following BPA exposure (p < 0.01). 

Functions Annotation p-Value # Molecules Molecules 
cleft palate syndrome 8.29E-06 9 ALX1,DHCR7,EPHB3,GAS1 (includes 

EG:14451),GDF11,ITGB8,MSX2,RAX,S 
NAI2 

abnormal morphology of 5.46E-05 5 ALX1,CRKL,GDF11,MSX2,TFAP2A 
frontal bone 
esophageal cancer 1.01E-04 9 CHRNA6,CHRNA9,EPO,FTH1 

(includes 
EG:14319),GLI1,TDO2,TUBB4A,TUBE 
1,XPA 

differentiation of 1.84E-04 3 EPO,EVX1,EXT1 
extraembryonic tissue 
calcification of osteoblasts 3.16E-04 2 MSX2,SP7 
subarachnoid hemorrhage 6.71E-04 5 CACNA1D,CHRNA6,CHRNA9,INSR,P 

TGS2 
invasion of gonadal cell 9.36E-04 2 MSX2,PTP4A3 
lines 
lack of interparietal bone 9.36E-04 2 ALX1,TFAP2A 
polarization of embryonic 9.36E-04 2 CELSR1,ILK 
tissue 
embryonal carcinoma 1.09E-03 3 GMNN,TUBB4A,TUBE1 
development of digestive 1.42E-03 14 AACS,ALX1,ATF7,EPHB3,EPO,FOXP2 
system ,GAS1 (includes 

EG:14451),GDF11,GLI1,MSX2,NF2,OG 
T,RELA,SNAI2 

endometrial carcinoma 1.50E-03 14 CSPG4,DCHS1,GAS1 (includes 
EG:14451),GLI1,GPM6A,GRB2,GZMK, 
ITGB8,LDB2,LRRC17,PTGS2,TFAP2A, 
TUBB4A,TUBE1 

gastric cancer 1.64E-03 8 CASP10,CHRNA6,CHRNA9,GLI1,HHI 
P,PTGS2,TUBB4A,TUBE1 

abnormal morphology of 1.75E-03 3 FOXP2,GAS1 (includes EG:14451),XPA 
Purkinje's layer of 
cerebellum 
function of hair cells 1.75E-03 3 CACNA1D,CHRNA9,SCARB2 
abnormal morphology of 1.85E-03 2 GDF11,TFAP2A 
choroid 
diabetic atherosclerosis 1.85E-03 2 PTGS2,RELA 
implantation of blastocyst 1.85E-03 2 EVX1,PTGS2 
intracranial hemorrhage 1.99E-03 6 CACNA1D,CHRNA6,CHRNA9,INSR,I 

TGB8,PTGS2 

sexually transmitted 2.43E-03 5 EPO,INSR,PTGS2,TUBB4A,TUBE1 
disease 
pancreatic tumor 2.59E-03 11 CHRNA6,CHRNA9,GLI1,HHIP,HUWE 

1,ITGB8,MANF,MSX2,RELA,TUBB4A, 
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Functions Annotation p-Value # Molecules Molecules 
TUBE1 


concentration of 2.62E-03 3 FADS2,PLA2G4A,PTGS2 
arachidonic acid 
pancreatic cancer 2.94E-03 9 CHRNA6,CHRNA9,GLI1,HHIP,HUWE 

1,ITGB8,MANF,MSX2,RELA 

abnormal morphology of 3.05E-03 2 CRKL,TFAP2A 
glossopharyngeal cranial 
nerve ganglion 
expression of lipid 3.05E-03 2 PTGS2,SH2D2A 
size of polyp 3.05E-03 2 PLA2G4A,PTGS2 
synthesis of prostanoid 3.05E-03 2 PLA2G4A,PTGS2 
abnormal morphology of 3.14E-03 3 DCHS1,PCCA,PTGS2 
collecting tubule 
abnormal morphology of 3.14E-03 3 ALX1,MSX2,MTF2 (includes EG:17765) 
supraoccipital bone 
endometrial cancer 3.27E-03 12 CSPG4,DCHS1,GAS1 (includes 

EG:14451),GLI1,GPM6A,GZMK,ITGB8 
,LDB2,LRRC17,TFAP2A,TUBB4A,TUB 
E1 

adult solid tumor 3.67E-03 4 EPO,PTGS2,TUBB4A,TUBE1 
development of neural 3.72E-03 3 MSX2,SNAI2,TFAP2A 
crest 
lung cancer 3.83E-03 17 CASP10,CHRNA6,CHRNA9,CYGB,EP 

O,GAS1 (includes 
EG:14451),GLI1,HHIP,HUWE1,INSR,N 
DUFB4,NF2,PTGS2,STMN1,TUBB4A,T 
UBE1,XPA 

uterine cancer 4.33E-03 20 CHRNA6,CHRNA9,CSPG4,DCHS1,EP 
O,GAS1 (includes 
EG:14451),GLI1,GPM6A,GRB2,GZMK, 
ITGB8,LDB2,LRRC17,PCCA,PTGS2,R 
ELA,TFAP2A,TUBB4A,TUBE1,XPO1 

Gout 4.36E-03 3 PTGS2,TUBB4A,TUBE1 
anencephaly 4.52E-03 2 ALX1,TFAP2A 
cell death of 4.52E-03 2 GPM6A,PTGS2 
adenocarcinoma cell lines 
development of external 4.52E-03 2 GLI1,XPA 
granular layer 
differentiation of beta islet 4.52E-03 2 CACNA1D,GDF11 
cells 
modification of lipid 4.52E-03 2 CYGB,PTGS2 
peroxide 
neurogenesis of 4.52E-03 2 GLI1,XPA 
embryonic tissue 
synthesis of thromboxane 4.52E-03 2 PLA2G4A,PTGS2 
A2 
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Functions Annotation p-Value # Molecules Molecules 
endocrine gland tumor 4.86E-03 15 CDC73 (includes 

EG:214498),CHRNA6,CHRNA9,GLI1,G 
RB2,HHIP,HUWE1,ITGB8,MANF,MIN 
PP1,MSX2,RALY,RELA,TFAP2A,TUB 
B4A 

Leigh syndrome 5.07E-03 3 NDUFA9,NDUFAF6,TACO1 
abnormal morphology of 5.07E-03 3 FOXP2,GAS1 (includes EG:14451),XPA 
molecular layer of 
cerebellum 
neuroprotection 5.17E-03 5 EPO,GRB2,GRM2,PTGS2,RELA 
neuroendocrine tumor 5.60E-03 12 CHRNA6,CHRNA9,GLI1,HHIP,HUWE 

1,ITGB8,MANF,MSX2,RALY,RELA,TF 
AP2A,TUBB4A 

invasion of epithelial cell 5.84E-03 3 PTGS2,PTP4A3,SERPINF2 
lines 
Cytosis 5.97E-03 9 ACP2,ADK,EPO,ERCC8,PLA2G4A,ST 

MN1,TUBB4A,TUBE1,U2AF1 

abnormal morphology of 6.25E-03 2 CRKL,TFAP2A 
vagus cranial nerve 
ganglion 
abnormal morphology of 6.25E-03 2 ALX1,TFAP2A 
zygomatic bone 
acute stroke 6.25E-03 2 EPO,INSR 
cleavage of eicosanoid 6.25E-03 2 PLA2G4A,PTGS2 
concentration of 6.25E-03 2 FADS2,PLA2G4A 
docosahexaenoic acid 
ketoaciduria 6.25E-03 2 INSR,PCCA 
Sliding 6.25E-03 2 BAZ1A,MYH7 
function of neurons 6.71E-03 5 CACNA1D,CHRNA9,FTH1 (includes 

EG:14319),RELA,SCARB2 

migration of tumor cell 7.55E-03 15 CRKL,CSK,CYP2J2,EPO,GLI1,MSX2,N 
lines F2,PTGS2,PTP4A2,PTP4A3,RGS1,SH2 

D2A,SNAI2,STMN1,TFAP2A 

binding of neurons 8.24E-03 2 CHRNA6,INSR 
modification of fibroblasts 8.24E-03 2 MSX2,XPA 
morphology of granulosa 8.24E-03 2 TAF4B,TBPL2 
cells 
production of connective 8.24E-03 2 GDF11,PAX5 
tissue cells 
quantity of Influenza A 8.24E-03 2 PTGS2,RELA 
virus 
sequestration of 8.24E-03 2 EPO,PLA2G4A 
leukocytes 
superovulation 8.24E-03 2 PTGS2,TBPL2 
synthesis of thromboxane 8.24E-03 2 PLA2G4A,PTGS2 
B2 
cell spreading 8.32E-03 9 CRKL,CSK,CSPG4,ILK,NF2,PARVG,P 

TBP1,SLC9A1,SNAI2 

degeneration of cells 8.48E-03 10 CACNA1D,EPO,ERCC8,INSR,MSX2,P 
SMC1,PTGS2,SCARB2,SERPINF2,TBP 
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Functions Annotation p-Value # Molecules Molecules 
L2 

stomach tumor 

esophageal 
adenocarcinoma 

9.15E-03 

9.58E-03

9 

3 

CASP10,CHRNA6,CHRNA9,EPO,GLI1, 
HHIP,PTGS2,TUBB4A,TUBE1 

FTH1 (includes EG:14319),GLI1,TDO2 
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Table 3S-3. Upstream regulators predicted by Ingenuity Pathway Analysis to be 
associated with 0.1 or 80 µM BPA exposure. Genes with z ≤ - 2 are predicted to be 
inhibited (p < 0.05, z ≤ -2, or z ≥ 2 ). 

BPA 
Conc. 

Upstream 
Regulator 

Activation z-
score 

p-value of 
overlap 

Target molecules in dataset 

0.01 
µM 

HNF1B 

MTDH 

2.25E-03 

5.74E-03 

AMBP,CPN1,FGB,MAFB 

DPYD,SLC1A2 

ZFHX3  7.93E-03 MYH7,MYOG 

HOXB3  7.93E-03 HOXA3,HOXB6 

Nectin 2.01E-02 MYOG 

TBPL2 2.01E-02 MYOG 

TSHZ3 2.01E-02 MYOG 

TAF3 
(includes 
EG:1003601 
00) 
SIX2 

2.01E-02 

2.01E-02 

MYOG 

MYOG 

TAB2 2.01E-02 CD82 

TFEC 2.33E-02 ATP2A1,F13A1 

DAXX  2.33E-02 ATOH1,CASP10 

POU4F1 

ISL1 

-0.152 

-0.152 

2.36E-02 

2.60E-02 

FGF13,GBX2,MSI2,SKOR1,TRPV 
1 
FGF13,GBX2,SKOR1,TRPV1 

PHF1 2.72E-02 ATOH1,HOXB6 

BARX2 2.72E-02 ESR1,MYOG 

SIRT1 3.08E-02 BNIP3,ESR1,HGF,NELL2 

PDX1 
(includes 
EG:18609) 

-1.342 3.20E-02 ACTG1,CKMT1A/CKMT1B,IDH1 
,INSIG1,ND1 (includes 
EG:140531),PPP2R2C 

LBX1 3.99E-02 FHL2 

APP 3.99E-02 CD82 

Hdac9 
(mouse) 
SOX1 

3.99E-02 

3.99E-02 

MYH7 

CRYGA 

HOXA13 4.03E-02 HOXB6,SLC1A2 

SIM1 
(includes 
EG:20464) 
SP1 

-2.236 

-2.574 

1.37E-01 

1.88E-01 

COL12A1,MYH7,SMAD3,SYT7,Z 
FP36L1 

ANKH,BNIP3L,ESR1,HGF,MIER1 
,MYH7,NPTXR,SMAD3,TSPO 

NFE2L2 -2.000 1.00E00 ACTG1,BNIP3,FGF13,SAA1 
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BPA 
Conc. 

Upstream 
Regulator 

Activation z-
score 

p-value of 
overlap 

Target molecules in dataset 

80 HMGA1 1.32E-03 DHCR7,INSR,PTGS2,XPA 

Cbp/p300  

PIAS3 

ATF2 

1.91E-03 

1.91E-03 

7.40E-03 

EPO,PTGS2 

FTH1 (includes EG:14319),RELA 

ITGB8,MYH7,PTGS2,RELA 

NFYC 1.51E-02 BCKDHB,FTH1 (includes 
EG:14319),KBTBD8 

SIRT2 1.61E-02 AACS,DHCR7 

NFAT 
(complex) 
ZNF76 

1.81E-02 

1.81E-02 

CYGB 

TCP1 

KLF12 1.81E-02 TFAP2A 

SART1 1.81E-02 EPO 

PRDX1 1.81E-02 PTGS2 

UBE2D1 1.81E-02 PTGS2 

PCBP2 1.81E-02 HNRNPD 

PCBP1 1.81E-02 HNRNPD 

FHL2 1.91E-02 MSX2,SP7 

CEBPA 0.225 2.18E-02 BIN1,DHCR7,GAS1 (includes 
EG:14451),GLI1,INSR,PAX5,PTG 
S2,TFAP2A,TFR2 

RUNX2  2.31E-02 HAPLN1,MSX2,SNAI2,SP7 

TEAD1 2.57E-02 MYH7,PTGS2 

CALR 2.93E-02 INSR,PTGS2 

Adaptor 
protein 1 
Hdac9 
(mouse) 
GRIP1 

3.59E-02 

3.59E-02 

3.59E-02 

PTGS2 

MYH7 

PTGS2 

NFIL3 3.59E-02 PTGS2 

ECSIT 3.59E-02 PTGS2 

JUN 0.558 4.77E-02 CYGB,CYP2J2,EVX1,FTH1 
(includes 
EG:14319),ITGB8,PTGS2,SNAI2,S 
TMN1 

MUC1 5.00E-02 RELA,SNAI2 
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Table 3S-4. Biological functions associated with 0.1 µM E2 exposure.  
Results predicted by Ingenuity Pathway Analysis based on the number of function-
associated genes (human orthologs of the annotated zebrafish genes) differentially 
expressed following E2 exposure (p < 0.01). 

Functions Annotation p-Value # Molecules Molecules 

processing of rRNA 1.53E-05 7 BOP1,DDX5,EXOSC7,GEMIN4,LAS1L,N 
OP58,WDR75 

transmembrane 
potential of cells 
anhidrotic ectodermal 
dysplasia 3 

catabolism of choline 

2.67E-04

4.27E-04

4.27E-04 

4 

2 

2 

ASIC2,KCNJ10,KCNN4,NGF 

EDAR,EDARADD 

DMGDH,SARDH 

ectodermal dysplasia, 
hypohidrotic, 
autosomal recessive 
proliferation of 
pancreatic cancer cells 

4.27E-04

4.54E-04 

2 

3 

EDAR,EDARADD 

CTSS,HGF,NRP1 (includes EG:18186) 

electrical resistance of 
cells 

6.66E-04 4 CDH5,HGF,KCNJ10,PROC 

congenital 
afibrinogenemia 

healing of tumor cell 
lines 

1.26E-03

1.26E-03

 2 

2 

FGB,FGG 

GRN,HGF 

inflammatory response 
of bone marrow-
derived macrophages 
transmembrane 
potential of 
oligodendrocytes 
electrical resistance of 
endothelial cells 

1.26E-03

1.26E-03

1.68E-03

 2 

2 

3 

F2R,PROC 

KCNJ10,NGF 

CDH5,HGF,PROC 

spondylarthritis 1.86E-03 6 BCL6,NGF,RENBP,SCN3B,SLC1A2,TNFR 
SF10D 

angiogenesis of eye 2.16E-03 4 CDH5,FGF13,HGF,WARS 

recessive disease 2.22E-03 14 ATP2A1,C9,EDR,EDARADD,ETHE1,FGB, 
FGG,FLNA,HGF,JUP,KCNJ10,NGF,NOP1 
0 (includes EG:36135),SLC12A3 

cell death of 
endothelial cell lines 

2.47E-03 4 CDH5,DVL1,F2R,PROC 
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Functions Annotation p-Value # Molecules Molecules 

angiogenesis of 
embryo 

cell viability of 
monocytes 

differentiation of 
kidney cells 

differentiation of 
sympathetic neuron 

heparin-induced 
thrombocytopenia 

proliferation of 
sympathetic neuron 

quantity of actin 
cytoskeleton 

persistent truncus 
arteriosus 

endocytosis by 
dendritic cells 

influx of monovalent 
inorganic cation 

scattering of epithelial 
cells 

cell movement of 
monocytes 

coronary artery disease 

allodynia

size of nervous tissue 

growth failure 

apoptosis of kidney 
cells 

juvenile rheumatoid 
arthritis 

proliferation of 
vascular endothelial 
cells 

2.49E-03 2 

2.49E-03 2 

2.49E-03 2 

2.49E-03 2 

2.49E-03 2 

2.49E-03 2 

2.49E-03 2 

3.21E-03 4 

4.10E-03 2 

4.10E-03 2 

4.10E-03 2 

4.14E-03 7 

4.51E-03 10 

 4.56E-03 4 

4.80E-03 3 

4.95E-03 22 

5.03E-03 5 

5.12E-03 6 

5.80E-03 6 

NRP1 (includes EG:18186),SERPINC1 

HGF,NGF 

HGF,MAFB 

HGF,NGF 

F2R,SERPINC1 

HGF,NGF 

HGF,NGF 

DVL1,FLNA,NRP1 (includes 
EG:18186),SOX4
 

LY75,MRC1 (includes EG:100286774)
 

KCNJ10,SLC12A3
 

HGF,MST1 (includes EG:15235)
 

CTSS,F2R,HGF,JAK1,LPA,MST1 (includes 

EG:15235),NGF 


ASIC2,CERS6,F2R,FAM78B,LPA,MTHFD
 
1L,PDE4D,PRCP,PROC,SERPINC1 


CTSS,LPAR1,PRX,SLC1A2
 

EMX2,NGF,PLXNA4
 

ARNT,BCL6,BNIP3L,CDH5,CKMT1A/CK 
MT1B,CREBBP,ETHE1,F2R,ITPR3,JUP,K 
CNJ10,LPAR1,NGF,PAX7,PITPNA,PROC, 
RBBP6,SATB1,SLC1A2,SMO,SPINT1,TF 
AP2C 

GFPT1,HGF,MAFB,MST1 (includes 
EG:15235),PROC 

BCL6,CD74,DUSP2,FGB,NR4A1,SLC1A2 

F2R,FGF13,HGF,NR4A1,NRP1 (includes 
EG:18186),PLXNA4 



 
  

    
 

   

    

 
 

  

   

 
 

   

 

  
 

  

 
  

   

 

   

   

     

 

  

 
 

 
 

  

 
  

  

118 

Functions Annotation p-Value # Molecules Molecules 

angiogenesis of tumor 5.88E-03 

abnormal morphology 6.06E-03
of chorionic plate 

aggregation of kidney 6.06E-03 
cell lines 

angiogenesis of 6.06E-03
malignant tumor 

cytostasis of bone 6.06E-03
cancer cell lines 

formation of vascular 6.06E-03 
plexus 

import of L-glutamic 6.06E-03
acid 

outgrowth of sensory 6.06E-03
axons 

size of anterior 6.06E-03
commissure 

swelling of axons 6.06E-03 

hair follicle 6.16E-03
development 

abnormal morphology 6.34E-03
of placenta 

polyarticular juvenile 6.34E-03
rheumatoid arthritis 
angiogenesis of cornea 6.64E-03 

stabilization of protein 6.82E-03 

development of 7.75E-03
epithelial tissue 

accumulation of 8.37E-03
retinoid 

damage of 8.37E-03
hippocampal cells 

dengue shock 8.37E-03
syndrome 

disruption of epithelial 8.37E-03
tissue 

5 

2 

2 

2 

2 

2 

2 

2 

2 

2 

6 

5 

5 

3 

5 

15 

2 

2 

2 

2 

CDH5,CTSS,HGF,NRP1 (includes 
EG:18186),SERPINC1 

ARNT,SPINT1 

HGF,NRP1 (includes EG:18186) 

CTSS,SERPINC1 

BCL6,NGF 

CDH5,NRP1 (includes EG:18186) 

KCNJ10,SLC1A2 

NGF,PLXNA4 

EMX2,PLXNA4 

KCNJ10,KLC1 (includes EG:100536245) 

CELSR1,EDAR,EDARADD,HGF,SMO,TF 
AP2C 

ARNT,FGG,HGF,JUP,SPINT1 

BCL6,CD74,DUSP2,NR4A1,SLC1A2 

CDH5,FGF13,HGF 

FLNA,IPO9,JAK1,SMO,SOX4 

CDH5,CRYGS,F2R,FGF13,GRN,HGF,MST 
1 (includes EG:15235),NGF,NR4A1,NRP1 
(includes 
EG:18186),PLXNA4,PMEL,PROC,SERPIN 
C1,TFAP2C 

RDH11,RENBP 

NGF,SLC1A2 

PROC,SERPINC1 

ELMO1,FLNA 
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Functions Annotation p-Value # Molecules Molecules 

lack of pre-B 
lymphocytes 

thrombopoiesis

apoptosis of 
endothelial cell lines 

branching of neurons 

binding of endothelial 
cells 

abnormal morphology 
of artery 

8.37E-03 2 

 8.37E-03 2 

8.84E-03 3 

8.84E-03 3 

9.63E-03 5 

9.80E-03 7 

CREBBP,SOX4 

BNIP3L,FLNA 

CDH5,DVL1,F2R 

GRN,HGF,NGF 

F2R,HGF,LPA,NR4A1,NRP1 (includes 
EG:18186) 

CDH5,CXADR,F2R,FLNA,NRP1 (includes 
EG:18186),PROC,SOX4 
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Table 3S-5. Biological functions associated with 15 µM E2 exposure.  
Results predicted by Ingenuity Pathway Analysis based on the number of function-
associated genes (human orthologs of the annotated zebrafish genes) differentially 
expressed following E2 exposure (p < 0.01). 

Functions Annotation p-Value 
# 
Molecules 

Molecules 

morphogenesis of 
metanephric bud 

1.80E-05 8 
DCHS1,GDF11,ILK,NOTCH2,PTCH1,SALL 
1,SALL2,WNT4 

abnormal morphology 
of molecular layer of 
cerebellum 

9.48E-05 5 
ANK3,FOXP2,GAS1 (includes 
EG:14451),PURA,XPA 

CACNA1D,CHRNA9,DRD2,FTH1 (includes 
function of neurons 2.09E-04 8 EG:14319),PPP1R9B,RELA,SCARB2,TRPV 

1 
abnormal morphology 
of Purkinje's layer of 
cerebellum 

2.84E-04 4 
ATOH1,FOXP2,GAS1 (includes 
EG:14451),XPA 

blood pressure of left 
ventricle 

2.94E-04 5 
EPO,FSTL3,GPX1 (includes 
EG:14775),TRPV1,VEGFA 

differentiation of 
extraembryonic tissue 

4.66E-04 3 EPO,EXT1,VEGFA 

X-linked sideroblastic 
anemia 

5.92E-04 2 ABCB7,ALAS2 

edema of liver 5.92E-04 2 TRPV1,VEGFA 

edema of muscle 5.92E-04 2 EPO,VEGFA 
quantity of endothelial 
progenitor cells 

5.92E-04 2 EPO,VEGFA 

uveal melanoma 5.92E-04 2 NOTCH2,VEGFA 
xeroderma 
pigmentosum 
complementation group 

5.92E-04 2 PTCH1,XPA 

A 
branching 
morphogenesis of 6.07E-04 5 DCHS1,GDF11,NOTCH2,SALL1,SALL2 
metanephric bud 

end diastolic pressure 6.39E-04 4 
DRD2,EPO,GPX1 (includes 
EG:14775),TRPV1 

function of sensory 
neurons 

6.39E-04 4 CACNA1D,CHRNA9,SCARB2,TRPV1 

AMY1A (includes others),CCDC6,CDC73 
(includes 
EG:214498),CEACAM6,CHKA,CHRNA6,C 

endocrine gland tumor 7.00E-04 21 HRNA7,CHRNA9,DRD2,HHIP,HUWE1,MI 
NPP1,NKX2
8,NOTCH2,POLE2,POLE4,PTCH1,RALY,R 
ELA,TFAP2A,VEGFA 
CEACAM6,CHRNA6,CHRNA7,CHRNA9,H 

pancreatic cancer 7.75E-04 12 HIP,HUWE1,NKX2
8,NOTCH2,POLE2,POLE4,RELA,VEGFA 

proliferation of brain 9.04E-04 8 ADCYAP1R1,DRD2,NF2,PURA,TDO2,TRP 
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Functions Annotation p-Value 
# 
Molecules 

Molecules 

cells V1,VEGFA,XPA 

aortic disorder 9.71E-04 5 
CACNA1D,CRKL,CXCR7,NOTCH2,VEGF 
A 
CHRNA6,CHRNA7,CHRNA9,EPO,FTH1 

esophageal cancer 1.03E-03 9 (includes 
EG:14319),STK31,TDO2,TUBE1,XPA 

quantity of 
neuroendocrine cells 

1.07E-03 7 
CACNA1D,DRD2,FSTL3,GDF11,PAX4,TF 
AP2A,WNT4 

migration of B-
lymphocyte derived 1.08E-03 3 CRKL,CSK,VEGFA 
cell lines 

psychomotor agitation 1.12E-03 5 
CHRNA6,CHRNA7,CHRNA9,DRD2,SLC6A 
4 

morphogenesis of 
embryonic tissue 

1.17E-03 9 
DCHS1,GDF11,ILK,NOTCH2,PTCH1,SALL 
1,SALL2,TFAP2A,WNT4 

systolic pressure of 
heart ventricle 

1.23E-03 4 EPO,FSTL3,SLC6A4,VEGFA 

diameter of muscle 
cells 

1.49E-03 4 MYF5,PLA2G4A,RELA,TNFSF12 

overriding aorta 1.49E-03 4 CRKL,CXCR7,NOTCH2,VEGFA 

lack of ureter 1.51E-03 3 GDF11,SALL1,SALL2 

osmolality of blood 1.51E-03 3 PLA2G4A,RLN1,TRPV1 

angiectasis 1.75E-03 2 PTCH1,PTCH2 
basal cell nevus 
syndrome 

1.75E-03 2 PTCH1,PTCH2 

dysgenesis of kidney 1.75E-03 2 SALL1,SALL2 
growth of 
neuroectodermal tumor 

1.75E-03 2 NOTCH2,PTCH1 

polarization of 
embryonic tissue 

1.75E-03 2 CELSR1,ILK 

quantity of skin tumor 1.75E-03 2 HHIP,TRPV1 
quantity of zymogen 
granules 

1.75E-03 2 KRT18,SYTL1 

tension of 
myofilaments 

1.75E-03 2 CAPZB,TNNI1 

proliferation of central 
nervous system cells 

1.83E-03 9 
ADCYAP1R1,B4GALT6,DRD2,NF2,PURA, 
TDO2,TRPV1,VEGFA,XPA 
CEACAM6,CHKA,CHRNA6,CHRNA7,CHR 

neuroendocrine tumor 1.93E-03 16 
NA9,DRD2,HHIP,HUWE1,NKX2
8,NOTCH2,POLE2,POLE4,RALY,RELA,TF 
AP2A,VEGFA 
ACP2,ANK3,ATOH1,CACNA1D,CAPZB,C 
HN2,CHRNA6,CHRNA7,CKB,CRKL,CSPG 

morphology of nervous 
system 

1.95E-03 32 
4,DRD2,EPHB3,FOXP2,GAS1 (includes 
EG:14451),GDF11,LMNA,PPP1R9B,PURA, 
RAX,RELA,RPE65,SALL1,SCARB2,SLC6A 
4,STMN1,TDO2,TFAM,TFAP2A,VEGFA,W 
NT4,XPA 

abnormal morphology 2.04E-03 3 NOTCH2,SALL1,SALL2 
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#
Functions Annotation p-Value Molecules

Molecules 
of metanephric bud 

end diastolic pressure 
2.04E-03 3

of left ventricle 
quantity of caveolae 2.04E-03 3 
tobacco-related 

2.12E-03 4
disorder 

cerebrovascular 
2.32E-03 10

dysfunction 

morphology of skeleton 2.38E-03 14 

abnormal morphology 
2.55E-03 17

of bone 

proliferation of cells 2.57E-03 90 

cleft palate syndrome 2.64E-03 7 

epithelial tumor 2.84E-03 73 

EPO,GPX1 (includes EG:14775),TRPV1 

ILK,PIP5K1B,VEGFA 

CHRNA6,CHRNA7,CHRNA9,SLC6A4 

CHRNA6,CHRNA7,CHRNA9,DRD2,EPO,G 
PX1 (includes 
EG:14775),HIST2H2AA3/HIST2H2AA4,PL 
A2G4A,SLC6A4,TNFSF12 
ACP2,COL9A1,CRKL,DCHS1,DRD2,GAS1 
(includes 
EG:14451),GDF11,HAPLN1,LMNA,MTF2 
(includes 
EG:17765),MYF5,PTCH1,SC5DL,TFAP2A 
ACP2,COL9A1,CRKL,DCHS1,DRD2,EYA4, 
GAS1 (includes 
EG:14451),GDF11,HAPLN1,LMNA,MTF2 
(includes 
EG:17765),MYF5,PTCH1,SALL1,SC5DL,TF 
AP2A,VEGFA 
A2M,ABCB7,ADCYAP1R1,ADK,ARL11,A 
TOH1,ATP5B,B4GALT6,BCAP31,BIN1,BL 
K,CACNA1D,CAPRIN2,CCDC6,CCR5,CDC 
73 (includes 
EG:214498),CEACAM6,CHKA,CHN2,CHR 
NA7,CPSF4,CRKL,CSK,CSPG4,CTH,CXCR 
7,CYGB,CYP2J2,DCHS1,DGKA,DRD2,DU 
SP4,DUSP6,EPHB3,EPO,FADS2,FAM188A, 
FOXP2,FSTL3,FTH1 (includes 
EG:14319),GAS1 (includes 
EG:14451),GDF11,GMNN,GPX1 (includes 
EG:14775),GZMK,HHIP,HNRNPAB,HNRN 
PD,HUWE1,ILK,ING5,LHX9,LMNA,MAD2 
L2,MTF2 (includes 
EG:17765),MYF5,NF2,NKX2
8,NOTCH2,OCA2 (includes 
EG:18431),PAX4,PLA2G4A,PPL,PPP1R9B, 
PSMC1,PTCH1,PTPRJ,PURA,RABGEF1,RE 
LA,RSU1,SH2D2A,SLC6A4,SMYD3,SNAI2 
,SPTAN1,STMN1,SWAP70,TAF4B,TDO2,T 
FAM,TFAP2A,TNFSF12,TRAIP,TRPV1,UB 
E2V2,USP3,VEGFA,WNT16,XPA 
EPHB3,GAS1 (includes 
EG:14451),GDF11,RAX,SC5DL,SNAI2,VE 
GFA 
ADAMTS18,ALAS2,AMY1A (includes 
others),ANK3,ARL11,ATOH1,CCDC6,CCR5 
,CDC73 (includes 
EG:214498),CEACAM6,CHKA,CHRNA6,C 
HRNA7,CHRNA9,CSPG4,CXCR7,CYGB,D 
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#
Functions Annotation p-Value Molecules

Molecules 

quantity of marginal-
zone B lymphocytes 

quantity of metal 

abnormal morphology 
of ureter 

ion homeostasis of cells 

proliferation of tubular 
cells 
systolic pressure of left 
ventricle 
abnormal morphology 
of choroid 
discharge of neurons 
formation of burst-
forming erythroid cells 
hematopoiesis of yolk 
sac 
mitogenesis of vascular 
endothelial cells 
quantity of heme 

urination

stroke

auditory evoked 
potential 
abnormal morphology 
of granule cell 
precursors 

pancreatic tumor 

3.02E-03 5 

3.12E-03 19 

3.38E-03 4 

3.38E-03 17 

3.42E-03 3 

3.42E-03 3 

3.44E-03 2 

3.44E-03 2 

3.44E-03 2 

3.44E-03 2 

3.44E-03 2 

3.44E-03 2 

 3.44E-03 2 

 3.60E-03 8 

3.87E-03 6 

3.89E-03 4 

3.96E-03 13 

CHS1,DGKA,DLGAP1,DRD2,DUSP4,DUSP 
6,ENPP4,EPO,FAM188A,FSTL3,FTH1 
(includes EG:14319),GAS1 (includes 
EG:14451),GMNN,GPM6A,GPX1 (includes 
EG:14775),GYPC,GZMK,HHIP,HIST2H2A 
A3/HIST2H2AA4,HUWE1,ILK,ING5,JAM3, 
KRT18,LDB2,LMNA,MINPP1,MUC2 
(includes EG:4583),NDUFB4,NF2,NKX2
8,NOTCH2,POLE2,POLE4,PTCH1,PTCH2,P 
TPRJ,RALGAPA1,RALY,RBM39,RELA,SL 
C16A5,SNAI2,STK31,STMN1,TDO2,TFAM 
,TFAP2A,TNFSF12,TRAIP,TRPV1,TSPAN4 
,TUBE1,UACA,VEGFA,XPA 

CXCR7,NOTCH2,PTPRJ,RELA,RGS1 

A2M,ADCYAP1R1,ALAS2,CACNA1D,CC 
R5,CHRNA7,CSK,DRD2,EPO,FTH1 
(includes 
EG:14319),KCNJ1,PAX4,PLCD4,PTPRJ,RG 
S1,SWAP70,TFR2,TRPV1,VEGFA 

GDF11,SALL1,SALL2,SCARB2 

A2M,ABCB7,ALAS2,BCAP31,CACNA1D,C 
CR5,CHRNA7,CKB,CSK,DRD2,EPO,HEBP 
1,KCNJ1,TFR2,TRPV1,VEGFA,WNT4 

EPO,STMN1,TNFSF12 

EPO,FSTL3,VEGFA 

GDF11,TFAP2A 

KCNJ1,SLC6A4 

EPO,VEGFA 

EPO,VEGFA 

NF2,VEGFA 

ALAS2,HEBP1 

PCCA,TRPV1 
CHRNA6,CHRNA7,CHRNA9,DRD2,EPO,H 
IST2H2AA3/HIST2H2AA4,SLC6A4,TNFSF 
12 
CACNA1D,COL9A1,EYA4,GPX1 (includes 
EG:14775),SALL1,SCARB2 

ATOH1,FOXP2,GAS1 (includes 
EG:14451),PURA 

CEACAM6,CHRNA6,CHRNA7,CHRNA9,H 
HIP,HUWE1,NKX2
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#
Functions Annotation p-Value Molecules

Molecules 

cell viability of 
hematopoietic 
progenitor cells 
abnormal morphology 
of rib 
function of hair cells 

gait disturbance 

lack of kidney 

morphology of nerves 

formation of 
pathological cyst 
aversive behavior 
hypertrophic 
cardiomyopathy 
abnormal morphology 
of neurites 

pathological cyst 

morphology of cellular 
protrusions 

G0/G1 phase transition 
of leukemia cell lines 
abnormal morphology 
of glossopharyngeal 
cranial nerve ganglion 
proliferation of 
endothelial progenitor 
cells 
quantity of islets of 
Langerhans 
secondary sex reversal 

thermosensitivity 

Lung Cancer 

influx of Ca2+ 

morphology of skeletal 
system 

4.13E-03 5 

4.20E-03 6 

4.27E-03 3 

4.29E-03 8 

4.45E-03 4 

4.80E-03 8 

4.91E-03 7 

5.07E-03 4 

5.07E-03 4 

5.08E-03 8 

5.08E-03 8 

5.25E-03 10 

5.64E-03 2 

5.64E-03 2 

5.64E-03 2 

5.64E-03 2 

5.64E-03 2 

5.64E-03 2 

5.80E-03 21 

6.30E-03 8 

6.33E-03 20 

8,NOTCH2,POLE2,POLE4,RELA,TUBE1,V 
EGFA 

EPO,RELA,SNAI2,VEGFA,WNT4 

GDF11,LMNA,MYF5,PTCH1,SC5DL,TFAP 
2A 
CACNA1D,CHRNA9,SCARB2 
ANK3,DRD2,GAS1 (includes 
EG:14451),LMNA,PHYH,PURA,VEGFA,XP 
A 
GDF11,SALL1,SALL2,WNT4 
CACNA1D,GDF11,LMNA,RELA,SCARB2, 
TFAM,TFAP2A,VEGFA 
DCHS1,DRD2,PTCH1,SALL1,SALL2,TBPL 
2,VEGFA 
CCR5,DRD2,PPP1R9B,TRPV1 

ILK,LMNA,MYL3,SCARB2 

CKB,EPHB3,FOXP2,GAS1 (includes 
EG:14451),LMNA,PURA,VEGFA,XPA 
CCR5,DCHS1,DRD2,PTCH1,SALL1,SALL2 
,TBPL2,VEGFA 
CACNA1D,CHN2,CKB,EPHB3,FOXP2,GA 
S1 (includes 
EG:14451),LMNA,PURA,VEGFA,XPA 

CHKA,EPO 

CRKL,TFAP2A 

EPO,VEGFA 

CACNA1D,FSTL3 

LHX9,WNT4 

GPX1 (includes EG:14775),TRPV1 
ARL11,CHRNA6,CHRNA7,CHRNA9,CYG 
B,DUSP6,EPO,FAM188A,GAS1 (includes 
EG:14451),HHIP,HUWE1,NDUFB4,NF2,NK 
X2
8,POLE2,POLE4,STMN1,TFAM,TUBE1,VE 
GFA,XPA 
A2M,CCR5,CSK,DRD2,EPO,TRPV1,VEGF 
A,WNT4 
ACP2,COL9A1,CRKL,CSK,DCHS1,DRD2,E 
YA4,GAS1 (includes 
EG:14451),GDF11,HAPLN1,LMNA,MTF2 
(includes 
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Functions Annotation p-Value 
# 
Molecules 

Molecules 

EG:17765),MYF5,PTCH1,RLN1,SALL1,SC5 
DL,TFAP2A,VEGFA,XPA 

cell death of Schwann 
cells 

6.34E-03 3 A2M,RELA,VEGFA 

diameter of skeletal 
muscle cells 

6.34E-03 3 MYF5,PLA2G4A,RELA 

pelvic pain 6.34E-03 3 CHRNA6,CHRNA7,CHRNA9 
development of 
vascular endothelial 6.46E-03 4 DGKA,RELA,TFAP2A,VEGFA 
cells 

dilation of left ventricle 6.46E-03 4 
EPO,FSTL3,GPX1 (includes 
EG:14775),LMNA 
ADAMTS18,ALAS2,AMY1A (includes 
others),ANK3,ARL11,ATOH1,CCDC6,CCR5 
,CDC73 (includes 
EG:214498),CEACAM6,CHRNA6,CHRNA7 
,CHRNA9,CSPG4,CXCR7,CYGB,DCHS1,D 
GKA,DLGAP1,DUSP4,DUSP6,ENPP4,EPO, 
FAM188A,FSTL3,FTH1 (includes 
EG:14319),GAS1 (includes 

carcinoma 6.57E-03 68 
EG:14451),GMNN,GPM6A,GPX1 (includes 
EG:14775),GYPC,GZMK,HHIP,HIST2H2A 
A3/HIST2H2AA4,HUWE1,ILK,ING5,JAM3, 
KRT18,LDB2,LMNA,MINPP1,MUC2 
(includes EG:4583),NDUFB4,NF2,NKX2
8,NOTCH2,POLE2,POLE4,PTCH1,PTCH2,P 
TPRJ,RALGAPA1,RBM39,RELA,SLC16A5, 
STK31,STMN1,TDO2,TFAM,TFAP2A,TNF 
SF12,TRAIP,TSPAN4,TUBE1,UACA,VEGF 
A,XPA 
A2M,ABCB7,ADCYAP1R1,APBB3,ARL11, 
ATF7,ATOH1,BCAP31,BCAS2,BIN1,BLK, 
CACNA1D,CAPRIN2,CCDC6,CCR5,CDC73 
(includes 
EG:214498),CEACAM6,CHKA,CHRNA7,C 
SK,CSPG4,CTH,CYP2J2,DRD2,DUSP4,DU 
SP6,EPO,EYA4,FSTL3,FTH1 (includes 
EG:14319),GAS1 (includes 
EG:14451),GDF11,GFPT1,GIMAP4,GMNN, 

cell death 6.64E-03 82 
GPM6A,GPX1 (includes 
EG:14775),GRM2,GZMK,HUWE1,ILK,ING 
3 (includes 
EG:312154),ING5,KRT18,LMNA,MAD2L2, 
MAP4K2,MEF2D,NF2,NOTCH2,PAX4,PLA 
2G4A,PPP1R9B,PSMC1,PTCH1,PURA,QAR 
S,RABGEF1,RELA,RLN1,SALL1,SALL2,S 
CARB2,SH2D2A,SNAI2,STK31,STMN1,SW 
AP70,TAF4B,TAX1BP1,TFAM,TFAP2A,TN 
FSF12,TRAIP,TRPV1,UACA,UBE2V2,VEG 
FA,WNT16,WNT4,XPA,XPO1 

neuroectodermal tumor 6.68E-03 7 ATOH1,CELSR1,NOTCH2,PTCH1,PTCH2, 
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#
Functions Annotation p-Value Molecules

Molecules 

abnormal morphology 
of gonad 

Cancer

osmolality of urine 

malignant hypertension 

quantity of Ca2+ 

hepatitis C 
germ cell and 
embryonal neoplasm 
degeneration of oocytes 
development of 
trabecular bone 
differentiation of beta 
islet cells 
egression of T 
lymphocytes 
loss of lipid 
modification of 
connective tissue 
quantity of thyrotrophs 
remodeling of vascular 
tissue 
weakness of muscle 

epithelial-mesenchymal

7.08E-03 10
 

 7.14E-03 93 

7.25E-03 4 

7.56E-03 3 

7.66E-03 15 

8.09E-03 4 

8.12E-03 8 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

8.33E-03 2 

 8.40E-03 7 

TUBE1,VEGFA 

AQP8,DRD2,LHX9,LMNA,RLN1,SNAI2,T 
AF4B,TBPL2,WNT4,XPA 
ABCB7,ADAMTS18,ADK,AGPAT6,ALAS2 
,AMY1A (includes 
others),ANK3,ARL11,ATOH1,CCDC6,CCR5 
,CDC73 (includes 
EG:214498),CEACAM6,CELSR1,CHKA,CH 
RNA6,CHRNA7,CHRNA9,CSPG4,CXCR7, 
CYGB,DCHS1,DGKA,DLGAP1,DRD2,DUS 
P4,DUSP6,ENPP4,EPO,EXT1,EYA4,FAM18 
8A,FSTL3,FTH1 (includes EG:14319),GAS1 
(includes EG:14451),GMNN,GPM6A,GPX1 
(includes 
EG:14775),GYPC,GZMK,HAPLN1,HHIP,HI 
ST2H2AA3/HIST2H2AA4,HUWE1,ILK,ING 
5,JAM3,KCNS3,KRT18,LDB2,LMNA,MINP 
P1,MUC2 (includes 
EG:4583),NDUFB4,NF2,NKX2
8,NOTCH2,PCCA,PNPO,POLE2,POLE4,PP 
L,PTBP1,PTCH1,PTCH2,PTPRJ,PTRF,PUR 
A,RALGAPA1,RALY,RBM39,RELA,RGS1, 
RPE,SCARB2,SLC16A5,SLC6A4,SNAI2,ST 
K31,STMN1,TAX1BP1,TDO2,TFAM,TFAP 
2A,TNFSF12,TRAIP,TSPAN4,TUBE1,U2AF 
1,UACA,VEGFA,XPA,XPO1 
AQP8,KCNJ1,PLA2G4A,SCARB2 

CHRNA6,CHRNA7,CHRNA9 
A2M,ADCYAP1R1,CACNA1D,CCR5,CHR 
NA7,CSK,DRD2,EPO,PAX4,PLCD4,PTPRJ, 
RGS1,SWAP70,TRPV1,VEGFA 
CCR5,DRD2,EPO,SLC6A4 
ATOH1,CELSR1,GMNN,NOTCH2,PTCH1, 
PTCH2,TUBE1,VEGFA 
TBPL2,WNT4 

COL9A1,VEGFA 

CACNA1D,GDF11 

CCR5,JAM3 

GFPT1,PLA2G4A 

COL9A1,PLA2G4A 

DRD2,WNT4 

EPHB3,VEGFA 

JAM3,LMNA 

FTH1 (includes 
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#
Functions Annotation p-Value Molecules

Molecules 
transition 

solid tumor 

adjuvant arthritis 

congenital anomaly of 
musculoskeletal system 

development of 
hindlimb 
morphology of axial 
skeleton 
sexually transmitted 
disease 

skin carcinoma 

concentration of 
dopamine 

morphology of nervous 
tissue 

quantity of metal ion 

release of L-glutamic 
acid 

8.63E-03 69 

8.91E-03 3 

8.91E-03 18 

9.00E-03 4 

9.01E-03 10 

9.15E-03 5 

9.15E-03 5 

9.18E-03 6 

9.21E-03 22 

9.45E-03 16 

9.89E-03 5 

EG:14319),HNRNPAB,NOTCH2,POFUT1,S 
NAI2,STMN1,VEGFA 
ADAMTS18,ALAS2,AMY1A (includes 
others),ANK3,ARL11,ATOH1,CCDC6,CCR5 
,CDC73 (includes 
EG:214498),CEACAM6,CHRNA6,CHRNA7 
,CHRNA9,CSPG4,CXCR7,CYGB,DCHS1,D 
GKA,DLGAP1,DUSP4,DUSP6,ENPP4,EPO, 
EXT1,FAM188A,FSTL3,FTH1 (includes 
EG:14319),GAS1 (includes 
EG:14451),GMNN,GPM6A,GPX1 (includes 
EG:14775),GYPC,GZMK,HHIP,HIST2H2A 
A3/HIST2H2AA4,HUWE1,ILK,ING5,JAM3, 
KRT18,LDB2,LMNA,MINPP1,MUC2 
(includes EG:4583),NDUFB4,NF2,NKX2
8,NOTCH2,POLE2,POLE4,PTCH1,PTCH2,P 
TPRJ,RALGAPA1,RBM39,RELA,SLC16A5, 
STK31,STMN1,TDO2,TFAM,TFAP2A,TNF 
SF12,TRAIP,TSPAN4,TUBE1,UACA,VEGF 
A,XPA 
CCR5,JAM3,TRPV1 
BIN1,CELSR1,COL9A1,CRKL,EXT1,GAS1 
(includes 
EG:14451),GDF11,LMNA,MYF5,MYL3,NO 
TCH2,PTCH1,PTPRJ,SALL1,SALL2,SC5DL 
,TFAP2A,TLN2 
GAS1 (includes 
EG:14451),PTCH1,SALL1,VEGFA 
ACP2,CRKL,DCHS1,GDF11,HAPLN1,LMN 
A,MYF5,PTCH1,SC5DL,TFAP2A 

CCR5,DRD2,EPO,SLC6A4,TUBE1 

GPX1 (includes 
EG:14775),HHIP,ILK,PTCH1,PTCH2 
DRD2,FOXP2,GPX1 (includes 
EG:14775),GRM2,PLA2G4A,SLC6A4 
ATOH1,CACNA1D,CAPZB,CHN2,CKB,CR 
KL,DRD2,EPHB3,FOXP2,GAS1 (includes 
EG:14451),GDF11,LMNA,PPP1R9B,PURA, 
RELA,SCARB2,SLC6A4,TFAM,TFAP2A,V 
EGFA,WNT4,XPA 
A2M,ADCYAP1R1,CACNA1D,CCR5,CHR 
NA7,CSK,DRD2,EPO,KCNJ1,PAX4,PLCD4, 
PTPRJ,RGS1,SWAP70,TRPV1,VEGFA 

CHRNA7,DRD2,EPO,GRM2,TRPV1 
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Table 3S-6: Upstream regulators predicted by Ingenuity Pathway Analysis to be 
associated with 0.1 or 15 µM E2 exposure. Genes with z ≤ - 2 are predicted to be 
inhibited (p < 0.05, z ≤ -2, or z ≥ 2 ). 

E2 Conc. 
Upstream 
Regulator 

Activation 
z-score 

p-value of 
overlap 

Target molecules in dataset 

0.1 µM MYOD1 0.329 1.30E-03 
ARNT,ATP2A1,BCL6,CDH15,MA 
FB,NPTX1,PFKM,PNP,TNNT3 

HNF1B 

REST 

MTDH 

CTBP2 

CERS2 

2.11E-03 

5.32E-03 

5.56E-03 

1.91E-02 

1.98E-02 

AMBP,CPN1,FGB,MAFB 

KCNH6,NPTXR,NRP1 (includes 
EG:18186),OSBP2,PCLO,VAMP2 

DPYD,SLC1A2 

CDH5,JUP 

CERS6 

SPAST 1.98E-02 EMX2 

PATZ1 1.98E-02 BCL6 

PAK1 1.98E-02 PFKM 

SOX7 3.92E-02 SOX4 

WHSC2 3.92E-02 CYP1B1 

LMO2 3.92E-02 CDH5 

NKX2-3

STAT3

POU2AF1 

AHR

SMARCA4

 0 

 0.509 

 -2.216 

-2 

4.17E-02 

4.55E-02 

4.85E-02 

1.75E-01 

1.99E-01 

ANKRD55,CXADR,GCH1,REEP1, 
RPL23,TNFRSF10D 

CD74,CDH5,FGB,FGG,HGF,RAL 
GDS,TRIM14,WARS 

BCL6,KCNN4 

AKR1A1,ARNT,BZW2,CYP1B1,N 
ID2,NPTX1 

ATP2A1,CD74,CTSS,NRP1 
(includes 
EG:18186),PMEL,TNNT3 

15 µM PIAS3 3.19E-03 FTH1 (includes EG:14319),RELA 

APEX1 7.73E-03 FTH1 (includes EG:14319),VEGFA 

SIX5 

GLI2 

9.38E-03 

2.08E-02 

KRT18,PURA,WNT4 

CCR5,HHIP,PTCH1,SALL1 

PDX1 (includes 
EG:18609) 

-1.633 2.11E-02 
CKB,DUSP6,ILK,KRT18,PAX4,P 
NPO,TFAM 

SIM2 

NFAT 
(complex) 

ASB9 

2.18E-02 

2.35E-02 

2.35E-02 

EPO,MUC2 (includes EG:4583) 

CYGB 

CKB 
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E2 Conc. 
Upstream 
Regulator 

Activation 
z-score 

p-value of 
overlap 

Target molecules in dataset 

ARX 2.35E-02 PAX4 

CC2D1A 2.35E-02 DRD2 

USP9Y 2.35E-02 MUC2 (includes EG:4583) 

WDR5 2.35E-02 MYF5 

KLF12 2.35E-02 TFAP2A 

NAB1 2.35E-02 DUSP4 

EAF1 2.35E-02 WNT4 

SALL1 2.35E-02 VEGFA 

SART1 2.35E-02 EPO 

STK16 2.35E-02 VEGFA 

ASH2L 2.35E-02 MYF5 

PCBP2 2.35E-02 HNRNPD 

PCBP1 2.35E-02 HNRNPD 

NRF1 3.25E-02 
CHRNA9,FTH1 (includes 
EG:14319),TFAM 

WT1 3.56E-02 
CSPG4,EPO,SALL2,SNAI2,VEGF 
A,WNT4 

ACP2,COL9A1,CSK,DGKA,DLG 
AP1,DUSP4,FSTL3,GAS1 
(includes EG:14451),GMNN,GPX1 
(includes EG:14775),ING3 
(includes 

TP53 -1.819 4.16E-02 EG:312154),MAP4K2,MUC2 
(includes 
EG:4583),PCCA,PDLIM1,POLE2, 
PTCH1,PURA,RALY,SNAI2,SPA 
TA18,STMN1,TFAM,TRPV1,VEG 
FA 

GLI3 4.16E-02 HHIP,PTCH1,SALL1 

SMYD3 4.64E-02 NKX2-8 

FANCD2 4.64E-02 GPX1 (includes EG:14775) 

HIPK2  4.82E-02 ALAS2,C10orf137,TFR2 

NKX2-1 4.99E-02 
CHRNA7,COL9A1,CYGB,SNAI2, 
VEGFA,WNT4 

GLI1 -2.159 5.73E-02 
HHIP,HUWE1,LMNA,PTCH1,SA 
LL1,VEGFA 

EGR2 -2 1.79E-01 
CHKA,CHRNA7,RALGAPA1,VE 
GFA 
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Abstract 

Developmental bisphenol A (BPA) exposure results in larval zebrafish hyperactivity 

and learning impairment in the adult. The mode of action underlying these effects may 

involve activation of estrogen-related receptor gamma (ERRγ), an orphan nuclear 

receptor for which BPA exhibits stronger binding affinity than it exhibits for estrogen 

receptors. The objectives of this study were to determine the effects of ERRγ 

knockdown in embryonic zebrafish and to determine whether ERRγ is required to 

elicit the larval hyperactivity phenotype induced by 0.1 µM BPA exposure. An 

antisense oligonucleotide morpholino (MO) was designed targeting zf-Esrrga. 

Embryos were either co-injected with BPA and Esrrga MO or respective controls, or 

waterborne exposed to 0.1 µM BPA following MO microinjection. Microinjection and 

exposures were followed by tests of locomotor activity measured in a ViewPoint 

Zebrabox system. Global gene expression analysis following 0.1 µM GSK4716 (an 

ERRγ agonist) exposure was conducted using a 135K NimbleGen microarray. 

Signaling pathways impacted by GSK4716 were predicted using Ingenuity Pathway 

Analysis. ERRγ knockdown during the first 48 hours of development resulted in 

developmental delays, craniofacial defects, pericardial edema, and severe body axis 

curvature. Transient ERRγ knockdown during only the first 24 hours of development, 

using a non-teratogenic injection concentration and volume, rescued the hyperactive 

phenotype induced by 0.1 µM BPA exposure. GSK4716 exposure was predicted by 

functional analysis to inhibit neuron migration, inhibit the upstream regulator SIM1, 

and impact tetrahydrobiopterin synthesis. This study demonstrated that ERRγ is 

required for 0.1 µM BPA-induced larval zebrafish hyperactivity. 
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Introduction 

Bisphenol A (BPA) is a high production volume chemical used in both industrial and 

dental applications. The presence of BPA in food contact surfaces such as the 

protective resin lining of canned foods is a major source of human exposure (Brotons 

et al. 1995; Mariscal-Arcas et al. 2009; Sajiki et al. 2007). While BPA exposure has 

been associated with increased risk of heart disease in adults (Melzer et al. 2010) and 

obesity in children (Trasande et al. 2012) by epidemiology studies, evidence from 

animal models has implicated a number of additional health impacts, including 

diabetes (Ropero et al. 2008), reproductive system effects (Salian et al. 2009; Shelby 

2008), cancer (Prins et al. 2008a; Weber Lozada and Keri 2011), and learning 

impairments (Kim et al. 2011). Public alarm surrounding BPA’s potential health 

effects in children was generated in 2008 by a government report stating concern that 

prenatal or early childhood BPA exposure may impact nervous system development 

(Shelby 2008). Two recent epidemiology studies corroborated the findings of this 

report by linking increased levels of BPA during gestation with altered socioemotional 

behavior in 3-5 year old children (Braun et al. 2011; Perera et al. 2012).  

Although numerous animal studies focusing on developmental outcomes 

following prenatal exposures report effects on nervous system development and/or 

function (Jasarevic et al. 2011; Komada et al. 2012; Negishi et al. 2004; Palanza et al. 

2008; Ryan and Vandenbergh 2006), the mode of action by which BPA exerts these 

effects remains elusive. Many studies investigating BPA’s mode of action have 

focused on the downstream genes, particularly those known to have a role in nervous 

system development and/or function. For example, Masuo and colleagues showed a 

link between BPA-induced motor hyperactivity and glutamate, GABA, and dopamine 

transporter levels in the 8 week old rat midbrain following intracisternal injection of 5 

day old pups (Masuo et al. 2004). Wolstenholme and colleagues correlated abnormal 

social behavior with increased Slc1a1 (glutamate transporter) and DNA 

methyltransferase levels in the brain, and hypothesized that BPA impaired Slc1a1 

methylation (Wolstenholme et al. 2011). This latter study is one of a growing number 

implicating BPA’s effects on DNA methylation (Bromer et al. 2010; Dolinoy et al. 
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2007; Doshi et al. 2011), some of which show transgenerational effects on brain 

development or behavior (Wolstenholme et al. 2012; Yaoi et al. 2008). The 

identification of BPA target receptors that mediate both acute and transgenerational 

phenotypes promises to advance our understanding of BPA’s mode of action.  

BPA is traditionally described as an endocrine disruptor, thought to perturb 

estrogen signaling by binding directly to estrogen receptors (ERs), ERα or ERβ. There 

is indeed evidence that some of BPA’s effects on nervous system function are ER-

dependent. Chung and colleagues showed that BPA increased aromatase expression in 

the brain in an ER-dependent manner in E2-responsive areas of the brain (Chung et al. 

2011). Xu and colleagues showed that BPA exposure caused an increase in filopodia 

in hippocampal cell cultures, concomitant with NMDA receptor activation in an ERβ 

dependent manner (X Xu et al. 2010). Although these studies included tests for ER-

dependence, more studies addressing nervous system effects will be required to 

elucidate how BPA impacts neurobehavioral development. To our knowledge, no 

studies showing behavioral effects of developmental BPA exposure have included 

controls to address whether these effects are mediated by ER or alternative receptor 

activation. Although BPA is a weak nuclear ER agonist, it is also an agonist of 

estrogen-related receptor gamma (ERRγ) (Takayanagi et al. 2006), the non-genomic 

G-protein coupled estrogen receptor (GPER) (Thomas and Dong 2006), pregnane X 

receptor (PXR) (Sui et al. 2012), glucocorticoid receptor (GR; in silico) (Prasanth et 

al. 2010), peroxisome proliferator-activated receptor gamma (PPARγ; halogenated 

analogs of BPA) (Riu et al. 2011), and potentially other structurally similar nuclear 

receptors (Alonso-Magdalena et al. 2011; Welshons et al. 2006). Additionally, BPA 

acts as an antagonist of endogenous ligand activity on thyroid hormone receptor 

(THR) (Moriyama et al. 2002), androgen receptor (AR) (Lee et al. 2003), and PPARγ 

(in the form of bisphenol A diglycidyl ether (BADGE)) (Wright et al. 2000). Among 

these receptors, ERRγ exhibits the greatest binding affinity for BPA, which is 100x 

greater than ERα’s binding affinity (Blair et al. 2000; Okada et al. 2008) and 10,000x 

greater than ERβ’s binding affinity (Kuiper et al. 1998). The relative BPA binding 

affinities of ERα and ERβ (consistent with a KD value of 100 - 5000 nM) (Kuiper et al. 
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1998), in contrast to ERRγ’s strong binding affinity (KD value of 5.5 nM), suggest that 

BPA’s estrogen disrupting effects may either be strictly mediated by ERRγ or involve 

ERRγ-mediated crosstalk with classical ERs.  

ERRγ is one of three orphan nuclear estrogen-related receptors: ERRα, ERRβ, 

and ERRγ (Okada et al. 2008) (a fourth, ERR, was described in zebrafish (Bardet et 

al. 2004; Bertrand et al. 2007)), that are structurally similar to ERs and activate 

transcription at estrogen response elements (EREs) independently of estradiol binding. 

ERRγ is highly expressed in the brain, placenta, kidney, pancreas, and heart during 

critical periods of development (Heard et al. 2000). Although an endogenous ERRγ 

ligand remains to be identified, multiple exogenous ligands are known, including BPA 

(Takayanagi et al. 2006), equol (Hirvonen et al. 2011), and 2 phenolic acyl 

hydrazones: GSK4716 (Kim et al. 2009) and DY131 (Yu and Forman 2005), among 

others. There are several synthetic inverse agonists, including 4-hydroxytamoxifen and 

diethylstilbestrol (Greschik et al. 2004), GSK5182 (Chao et al. 2006), and several 

phenolic compounds (Li et al. 2010). 

 Some ERRγ ligands are being used to gradually elucidate the role of ERRγ in 

multiple organ systems, which is reported to include effects on oxidative metabolism 

(Kumar and Mendelson 2011; Matsakas et al. 2012) or ion transport. ERRγ’s impact 

on metabolism has been described for the heart (Alaynick et al. 2007), liver (Kim et al. 

2012), and trophoblast (Poidatz et al. 2012); while impacts on potassium channel 

homeostasis have been identified for the heart, stomach, and kidney (Alaynick et al. 

2010). Muscle is a key organ relying heavily on oxidative metabolism and ERRγ was 

recently shown to have a role in myogenesis (Murray et al. 2012) and angiogenesis in 

skeletal muscle (Matsakas et al. 2012). 

In contrast to ERs, ERRγ is localized in the nucleus (Hentschke et al. 2002) 

where it is constitutively active as a monomer at estrogen-related receptor response 

elements (ERREs), extended ERE half-sites (Takayanagi et al. 2006). ERRγ can 

heterodimerize with ERRα, effectively reducing transcriptional activity at ERREs by 

both ERRα and ERRγ (Huppunen and Aarnisalo 2004). ERRγ activates members of 

the p160 family of coactivators, which act as histone modifiers when complexed with 
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P/CAF and CBP/P300 (Giguere 2008). Multiple tissue-specific ERRγ coactivators 

have also been identified (Hentschke and Borgmeyer 2003; Hentschke et al. 2002; 

Huss et al. 2002). Corepressors of ERRγ include SMILE, RIP140, and SHP (Castet et 

al. 2006; Chao et al. 2006; Sanyal et al. 2002).  

BPA stabilizes ERRγ in its constitutively active form (Takayanagi et al. 2006), 

suggesting that low doses of BPA may disrupt normal nervous system development 

through ERRγ by inappropriately maintaining transcription of genes containing 

ERREs or EREs. ERRγ’s strong binding affinity for BPA, coupled with high ERRγ 

expression in the developing brain in both mammals and zebrafish (Bardet et al. 

2004), suggests that BPA could exert its effects on the developing nervous system 

through ERRγ. To test the hypothesis that BPA perturbs nervous system development 

and function by inappropriately activating ERRγ-dependent signaling, we investigated 

the physical effects of ERRγ knockdown, the effect of ERRγ knockdown on a BPA-

induced larval hyperactivity phenotype, and the molecular level effects of ERRγ 

activation by GSK4716 (an ERRβ/γ agonist). We found that ERRγ was required for 

proper brain, craniofacial, and body axis development in zebrafish and transient ERRγ 

knockdown abrogated BPA-induced hyperactivity. Functional analysis of GSK4716

responsive genes predicted that these effects may be associated with inhibition of 

neuron migration through ERRγ activation. 

Materials and methods 

Ethics statement: Zebrafish husbandry and embryo exposures were conducted in 

compliance with approved Institutional Animal Care and Use Committee protocols at 

Oregon State University and Wenzhou Medical College. 

Chemical exposures: Chemical stocks were prepared by dissolving bisphenol A 

(2,2-Bis(4-hydroxyphenyl)propane; 99% purity, Tokyo Chemical Industry America 

(TCI), Portland, OR) or GSK4716 (4-Hydroxy-2-[(1E)-[4-(1

methylethyl)phenyl]methylene]hydrazide; CAS# 101574-65-6; Tocris Bioscience; Bristol, 
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United Kingdom) in dimethylsulfoxide (DMSO; Sigma). Tropical 5D strain zebrafish 

were raised at the Sinnhuber Aquatic Research Laboratory at Oregon State University 

or Wenzhou Medical College and viable embryos were collected and exposed to 

chemicals as previously described (Saili et al. 2012). Briefly, for waterborne 

exposures, 8-10 hours post fertilization (hpf), age-matched embryos (chorions intact) 

were loaded individually into the wells of polystyrene 96-well microtiter plates 

(Becton Dickinson, NJ, USA). Exposure solutions were prepared in buffered embryo 

medium with a final vehicle concentration of 0.1%, and 100 µl were loaded into each 

well of the exposure plate. Plates were sealed with parafilm, covered in foil, and 

incubated at 28 °C in the dark until 24 hpf (RT-PCR and microarray), or 58 hpf 

(waterborne behavior experiments). At 58 hpf, embryos marked for behavior testing 

were washed using a Biotek plate washer, then resealed and incubated at 28 °C in the 

dark until 5 dpf. Embryos that were injected with BPA, rather than waterborne-

exposed, received a co-injection of BPA (2 ng/ml = 0.01 µM) or 0.1% DMSO plus 

control MO or Esrrga MO at the one-cell stage, then were placed 15 embryos/well in 

a 6-well plate in embryo medium and incubated as described above until 96 hpf, at 

which point they were transferred one per well into a 24-well plate, with 2 ml fish 

water per well, followed by behavior testing at 5 dpf. 

MO design/ERRγ knockdown: An antisense oligonucleotide morpholino (MO) 

targeting the splice junction of zf-Esrrga exon 2 (the first coding exon), sequence 5’

GAGGGAGGGTAAAAGCCAACCTTGA-3’, with a fluorescein tag on the 3’ end 

(OSU experiments) or unmodified (Wenzhou Medical College experiments) was 

ordered from Gene Tools (Philomath, OR) and reconstituted in RO water at a stock 

concentration of 1 mM (Figure S1).  The Esrrga MO or an equivalent concentration of 

standard control MO were diluted to a working concentration of ~14 µM with water 

and 1% phenol red (to visualize injection; OSU experiments only). Approximately 1 nl 

of Esrrga MO or standard control MO was injected into 1-2 cell stage embryos, and 

~6 hpf embryos were screened under UV light (OSU experiments only) to ensure MO 

incorporation. A subset of embryos was injected with a volume of Esrrga MO or 
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control MO greater than that used for the behavior testing (“Eh” in Figure 1B) in order 

to determine the morphological effects of Esrrga knockdown. Representative images 

of 24 and 72 hpf embryos from which chorions had been removed by enzymatic 

digestion (pronase; see Truong et al. (2011) for detailed description) and injected with 

the larger volume of Esrrga MO or control MO were taken using an Infinity2 digital 

CCD camera (Lumenera Corporation, Ontario, Canada) attached to an Olympus SZ61 

stereomicroscope (Olympus America, Inc., Center Valley, PA). 

PCR: For the relative quantitation of Esrrga expression in wildtype (WT), unexposed 

embryos were euthanized and homogenized in TRI Reagent® (Molecular Research 

Center, Inc., Cincinnati, OH, USA) on the morning of days 1, 2, 3, 4, and 5 post

fertilization. mRNA was extracted using published protocols, cDNA was synthesized 

from 1 µg of RNA using SuperScript® III First Strand Synthesis System 

(Invitrogen™, Life Technologies Corporation, Carlsbad, CA, USA) according to the 

standard protocol. The qRT-PCR reaction was prepared using Finnzymes SYBR® 

Green PCR Master Mix (Finnzymes, Thermo Fisher Scientific, Lafayette, CO, USA) 

and primers targeting zf-Esrrga: Forward: 5’-AACCTTCCAGCCCCGCCTCA-3’; 

Reverse: 5’-ACCGCGAACACGGTCCAGT-3’; expected 492 bp product. Beta-actin 

was used as the endogenous housekeeping gene (Forward: 5’

AAGCAGGAGTACGATGAGTC-3’; Reverse: 5’-TGGAGTCCTCAGATGCATTG

3’ (Mathew et al. 2008)). The reactions were run on a StepOne™ Instrument (96 

wells) using StepOne™ Software v2.2.2 (Applied Biosystems, Life Technologies 

Corporation, Carlsbad, CA, USA), Quantitation-Comparative CT (∆∆CT) analysis, and 

the following program: Holding: 50 °C (2 min), 95 °C (15 min); Cycling (x40): 95 °C 

(10 s), 60 °C (20 s), 72 °C (32 s). Quantitation-Relative Standard Curve analysis was 

also used to determine Esrrga and β-actin primer efficiencies, which were included in 

the software calculations. The Pfaffl method was used to determine expression of 

Esrrga relative to 1 dpf expression levels (Pfaffl 2001). To confirm Esrrga 

knockdown following MO injection, a subset of 40 microinjected embryos was 

euthanized and homogenized in TRI Reagent®, followed by mRNA extraction and 
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cDNA synthesis as described above. PCR reactions were performed using KOD Hot 

Start DNA Polymerase (Novagen, San Diego, CA, USA) according to the protocol, 

and run in a Hybaid PCR Express thermal cycler (Thermo Fisher Scientific, Waltham, 

MA, USA) as previously described (Mathew et al. 2006). RT-PCR products were 

visualized on a 1% agarose gel and knockdown was confirmed by the presence of a 

smaller band (the mis-spliced product) in addition to the endogenous product (see 

Figure 1B). The sequences of these two bands were confirmed by cutting out the 

bands and purifying the DNA using the Qiaex II Gel Extraction Kit (Qiagen, Valencia, 

CA, USA). Purified DNA was submitted to the Center for Genome Research and 

Biocomputing at OSU for sequencing using both the forward and reverse zf-Esrrga 

primers. A detailed description of the sequences and their alignment to Esrrga is 

included in the supplemental material (Figure S1). 

Larval behavior assessments: Following exposures as described above, embryos 

were subjected to the behavior test in either 96-well plates (waterborne exposure) or 

24-well plates (co-injection). All treatments for each compound were equally 

represented on each plate. The behavior testing methods were previously described in 

detail (Saili et al. 2012). Briefly, on day five, the 96-well plate containing the embryos 

was placed in a ViewPoint Zebrabox behavior testing system (Viewpoint Life 

Sciences, Inc., France) in a room with an ambient temperature of 28 °C and their 

locomotor activity was recorded using the tracking setting (Videotrack V3 software) 

for 5 minutes in the dark following a 20 minute rest period in the light. Larvae 

exhibiting any morphological defects were subsequently removed from the analysis. 

Distance moved (mm) per minute was recorded and the sum of activity over the 5 

minutes in the dark was calculated for each larva (i.e., total distance moved above the 

threshold during the 5 minutes). Behavior data was collected from 6 groups of 16 

larvae (N = 6; waterborne exposures). Behavior testing of co-injected embryos was 

conducted in a single, 24-well plate (N = 6 individual larvae); and the Viewpoint 

apparatus, programming setup, data collection, and analysis were identical to that used 

for the waterborne exposures. Statistical significance between DMSO and BPA
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treated embryos for the control MO group and Esrrga MO group (each group tested 

separately) was determined by paired t-test (p < 0.05). All statistics were performed 

using GraphPad Prism 5.01 software (GraphPad Software, Inc., La Jolla, CA, USA). 

Microarray sample processing: GSK4716 exposure, embryo collection, and 

hybridization to a 12-plex, 135K NimbleGen microarray (Roche NimbleGen, Inc., 

Madison, WI) was performed as part of a study for which methods have been 

described in detail (unpublished data; see thesis chapter 3). Briefly, forty 24 hpf 

embryos were collected for each of 3 biological replicates per treatment. Embryos 

were pooled and homogenized in RNAzol® (Molecular Research Center, Inc., 

Cincinnati, OH, USA), then mRNA was collected and shipped on dry ice to the 

NimbleGen Service Processing Facility (Roche NimbleGen, Reykjavik, Iceland). 

Sample labeling, microarray hybridization (Zv7 build), and scanning were all 

conducted by the processing facility. Probes on the array were 60-mer 

oligonucleotides with 3 probes per target and 38,489 genes represented per array 

(www.Nimblegen.com). 

Microarray data analysis: Data analysis was part of, and identical to a previously 

described experiment (unpublished data; see thesis chapter 3). The data discussed in 

this publication have been deposited in NCBI’s Gene Expression Omnibus (GEO) and 

are accessible through GEO Series Accession number GSE38960 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38960) (Edgar et al. 2002). 

Briefly, lists of significant differentially expressed genes were generated from the 

normalized data using the statistical parameters, one-way ANOVA with Tukey’s post-

hoc test (p < 0.05), no False Discovery Rate (FDR) applied, and no fold-change cutoff. 

Bidirectional hierarchical clustering maps were generated by Euclidean distance in 

Multi-Experiment Viewer (Saeed et al. 2003). Networks of significant differentially 

expressed annotated genes were identified using the most current version of Ingenuity 

Pathway Analysis (IPA; Ingenuity Systems, Inc.) as of August, 2012. The publicly 

available Database for Annotation, Visualization and Integrated Discovery (DAVID) 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38960
http:www.Nimblegen.com
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v6.7 was used to annotate the groups of genes with significant lowered versus elevated 

expression following exposure for heat map labeling (Figure 3A) (Huang da et al. 

2009). 

Results 

Transient antisense suppression of Esrrga 

Relative quantification of Esrrga from embryonic days 1 – 5 by qRT-PCR uncovered 

a 4-fold increase in expression between days 1 and 2, an apparent peak on day 3, and a 

slight drop in expression by 5 dpf (Figure 1A). Injection of a non-teratogenic (i.e., did 

not cause observable morphological defects) volume of ~14 µM antisense 

oligonucleotide morpholino targeting the splice junction of Esrrga exon 2 (Esrrga 

MO) led to a transient, partial knockdown of endogenous Esrrga at 24 hpf, but not 48 

hpf. The efficacy of the Esrrga MO was evident by the presence of a smaller band 

representing the mis-spliced transcript (Figure 1B). Sequencing the two products 

confirmed that the MO caused a 125 bp deletion on the 3’ end of exon 2 (the first 

coding exon), which is expected to lead to a truncated and nonfunctional protein 

missing portions of the N-terminal and ligand binding domains (Figure S1). Injection 

of a larger volume of the Esrrga MO extended the duration of Esrrga knockdown to 

48 hpf (“Eh”; Figure 1B). This extended knockdown period was associated with 

morphological defects, including developmental delays, pericardial edema, axis 

curvature, necrosis in the head region, and eye and brain abnormalities at 24 hpf 

(Figure 1C). The craniofacial defects, severe axis curvature, yolk sac edema, and 

pericardial edema persisted at 72 hpf. 

Esrrga knockdown rescued the BPA hyperactive phenotype 

The Esrrga MO volume that effectively reduced Esrrga levels without associated 

physical abnormalities was used for behavior testing. Embryos exposed to 0.1 µM 

BPA following injection with control MO exhibited increased activity in the dark 
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compared to DMSO exposed controls (N = 6), consistent with previous findings (Saili 

et al. 2012). This effect was abrogated by Esrrga MO knockdown of Esrrga during 

the first 24 hours of BPA exposure (N = 6; Figure 2A). To confirm this finding, co

authors Chen and Huang at Wenzhou Medical College, China, conducted a similar 

experiment using a different exposure method and modified behavior testing design. 

Embryos they co-injected with 2 ng/ml (~0.01 µM) BPA and control MO exhibited 

increased activity in the dark compared to embryos co-injected with DMSO and 

control MO (N = 6). However, embryos co-injected with Esrrga MO and 2 ng/ml 

BPA did not exhibit hyperactivity compared to matched controls co-injected with 

DMSO and Esrrga MO (N = 6; Figure 2B). The results of these independently 

conducted experiments confirmed that Esrrga expression during the first day of 

embryonic development mediates the hyperactive effect of developmental BPA 

exposure. 

GSK4716 elicited significant gene expression changes 

GSK4716 (0.1 µM) elicited hyperactivity in the dark (Saili et al. 2012) and was used 

here for microarray studies. The GSK4716-exposed samples were included on a 12

plex array with 3 biological replicates each of 0.1% DMSO, 0.1 µM BPA, and 0.1 µM 

E2. The concentrations selected were commonly anchored by the larval hyperactivity 

phenotype (Saili et al. 2012). The BPA and E2 microarray results were previously 

described (unpublished data; see thesis chapter 3). Following a 24 h exposure to 0.1 

µM GSK4716, 531 of the 38,489 genes on the microarray were differentially 

expressed compared to the DMSO control (p < 0.05), 363 of which exhibited lowered 

expression, and 168 which exhibited elevated expression (Figure 3A). The log base 2 

fold-changes ranged in magnitude from -0.66 to 0.81 (equivalent to 0.63 to 1.75 fold-

change) compared to the DMSO control. We annotated 466 of the 531 significantly 

different GSK4716-responsive genes using the human ortholog (Entrez gene ID or 

VegaSeq ID) when available or the zebrafish gene annotation (Zv8). Functional 

analysis of the annotated gene lists yielded 13 significant canonical pathways (–log(p

value) ≥ 1.30; p < 0.05; Table 1) and 95 significant biological functions (p < 0.01; 
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Table S1). The upstream regulator analysis predicted 42 upstream regulators were 

associated with 0.1 µM GSK4716 exposure based on either a significant p-value (p < 

0.05) or regulation z-score (z ≤ -2 or z ≥ 2; Table S2). Only one of these upstream 

regulators, SIM1, had both a significant p-value (p = 0.0292) and z-score (z = -2.138), 

indicating inhibition by GSK4716 exposure. 

ERRβ/γ activation by GSK4716 was predicted to inhibit neuron 
migration 

We hypothesized that nervous system-related genes, signaling pathways, or functions 

would be associated with the 0.1 µM GSK4716 exposure because this concentration 

was anchored to a larval hyperactivity phenotype (Saili et al. 2012). Consistent with 

our hypothesis, of the 95 significant biological functions (p < 0.01), the 2 that were 

predicted to be significantly inhibited by GSK4716 exposure were migration of 

neurons (p = 0.002; z = -2.139) and migration of brain cells (p = 0.009; z = -2.093; 

Table S1). Fourteen and 6 genes comprised the two functions, respectively. Five of the 

6 genes comprising migration of brain cells were common to both lists; Ctnna2 was 

not identified for migration of neurons. Four predicted upstream regulators, CTNNB1, 

DLX5, ATN1, and SIM1, which targeted genes from both functions, were selected for 

addition to the neuron migration network to increase connectivity among the genes 

(Figure 3B). Development of brain was also a significant biological function (p = 

0.004), comprising 23 genes. All but 6 of the neuron migration and all but 3 of the 

brain migration genes occurred on this list. The combined genes for migration of 

neurons, migration of brain cells, and brain development, and five upstream 

regulators, CTNNB1, DLX5, SIM1, SMARCA2 and NANOG, were used to generate 

the network in Figure 3C. While nervous system development was not directly 

enriched among the significant canonical pathways, tetrahydrobiopterin biosynthesis I 

and II, which are important for neurotransmitter production (reviewed in (Choi and 

Tarazi 2010)), were the two most significant canonical pathways (p < 0.001; Table 1). 

Interestingly, only 2 genes, Gch1 and Spr, contributed to the enrichment of these 

canonical pathways. Additionally, dopamine receptor signaling genes, Gch1, Ppp2r5b, 
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Spr, Ppp2r2c, and Ppp1ca, formed a significant (p < 0.05) canonical pathway 

predicted to be impacted by GSK4716 exposure. 

GSK4716 signaling pathways were also impacted by BPA and E2 

The microarray experiment compared the global effects of BPA to the effects of E2 

and GSK4716 to see if BPA acted through ER or ERRγ. The results specific to BPA 

and E2 exposure were previously described (unpublished data; see thesis chapter 3). 

The exposure concentration selected for all compounds, 0.1 µM, was anchored to their 

common larval hyperactivity phenotype (Saili et al. 2012). Nine of the 42 significant 

upstream regulators predicted for GSK4716 exposure were also significant following 

0.1 µM BPA exposure: PDX1, ZFHX3, nectin, TBPL2, TSHZ3, TAF3, SIX2, TFEC, 

and SIM1. Six upstream regulators were shared by both GSK4716 and E2 exposure: 

MYOD1, SPAST, PATZ1, PAK1, NKX2-3, and SMARCA4. No significant canonical 

pathways were shared by both GSK4716 and BPA exposure; however, two canonical 

pathways, tetrahydrobiopterin synthesis I and II, were common to both GSK4716 and 

E2 exposure. Four significant (p < 0.01) biological functions were shared by the 

GSK4716 and BPA exposures: sliding of actin filaments, development of brain, 

formation of skeletal muscle, and inflammation of interstitial tissue. Seven of the 

genes comprising the nervous system development/neuron migration network shown 

in Figure 3C also exhibited lowered expression following 0.1 µM BPA exposure: Arx, 

Otp, Hgf, Apaf1, Slc1a2, Rfx4, and Aplp1. Eight of the genes in the network also 

exhibited expression changes (all lowered, except Skil and Kcnj10) matching those 

induced by 0.1 µM E2 exposure: Skil, Hgf, Nrp1, Nptx1, Slc1a2, Sox4, Emx2, and 

Kcnj10. Six biological functions were common to the GSK4716 and E2 exposures: 

anhidrotic ectodermal dysplasia 3; ectodermal dysplasia, hypohidrotic, autosomal 

recessive; influx of monovalent inorganic cation; proliferation of pancreatic cancer 

cells; scattering of epithelial cells; and angiogenesis of cornea.  
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Discussion 

Although considered an endocrine disruptor, BPA is only a weak ER agonist, leaving 

open the possibility that its estrogenic effects on developmental processes are the 

result of alternative receptor crosstalk with classical estrogen signaling. We focused 

our study on the role of ERRγ, the nuclear receptor which exhibits greater binding 

affinity for BPA than any other putative BPA receptor, in mediating BPA’s 

neurobehavioral toxicity. We found that ERRγ expression is required for proper 

zebrafish development, demonstrated that endogenous ERRγ levels are required for 

BPA-induced hyperactivity, and identified putative upstream regulators and signaling 

pathways through which ERRγ activation may impact nervous system development. 

ERRγ is essential for proper development and survival, as ERRγ-null mice die 

shortly after birth (Alaynick et al. 2007). ERRγ-null mice are born smaller than their 

WT counterparts, are unable to feed, and exhibit an abnormal heartbeat associated 

with defects in potassium ion channel function (Alaynick et al. 2007). Additional ion 

transport defects also occur in the stomach and kidney of ERRγ-null mice (Alaynick et 

al. 2010). Consistent with the perinatal mortality of ERRγ-null mice, we found that 

ERRγ knockdown in embryonic zebrafish resulted in developmental delays at 24 hpf 

and severe malformations by 3 dpf. Embryos exhibiting this phenotype did not survive 

more than a few days. Although further investigation will be required to fully 

understand the larval zebrafish phenotype, the pericardial edema observed at 3 dpf 

may be an indication of imbalanced ion transport. Additionally, the craniofacial and 

axis defects that we observed in ERRγ morphants indicated that ERRγ is required for 

proper development of multiple organ systems in zebrafish, including the developing 

brain and spinal cord, in which ERRγ is highly expressed (Alaynick et al. 2007; 

Bardet et al. 2004; Heard et al. 2000). An important advantage of using antisense 

oligonucleotide morpholinos to target ERRγ was the ability to titrate the concentration 

and volume injected in order to achieve partial, transient knockdown without causing 

morphological defects, thus enabling behavioral assessments at 5 dpf. We measured 

the effects of transient ERRγ knockdown during only the first 24 hours of 

development. The morphants’ ability to swim normally suggested normal 
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musculoskeletal system structure and function. Also, we did not detect a significant 

difference in distance moved between DMSO-exposed control MO-injected larvae 

versus Esrrga MO-injected larvae, suggesting that the level of knockdown was not 

enough to impair locomotor behavior.  

The observance that Esrrga MO injection abrogated BPA-induced 

hyperactivity demonstrated that ERRγ is required to mediate this phenotype. The 

simplest explanation for how ERRγ mediates BPA-induced hyperactivity is that BPA 

is acting as an ERRγ agonist. ERRγ is constitutively active in the absence of ligand 

binding, and BPA maintains this activity (Takayanagi et al. 2006). Therefore, we 

hypothesized that BPA maintains ERRγ-dependent transcription at times during 

development when it would otherwise be interrupted by the recruitment of ERRγ co

repressors. To determine whether BPA impacted ERRγ-dependent and or ER-

dependent genes and signaling pathways, we employed global transcriptional analysis 

following exposure to BPA, GSK4716, and E2. The results for BPA and E2 exposure 

were previously discussed (unpublished data; see thesis chapter 3). GSK4716 is an 

ERRβ/γ agonist that does not activate classical ERs or ERRα at concentrations as high 

as 10 µM (Zuercher et al. 2005). Although an ERRβ-mediated effect cannot be ruled 

out for these data, the lack of evidence that BPA activates ERRβ suggests that 

similarities in gene expression profiles following BPA versus GSK4716 exposure are 

more likely to be ERRγ-mediated. Interestingly, neither ERRγ nor ERRβ, the two 

proteins documented to be activated by GSK4716, were predicted upstream regulators 

for 0.1 µM GSK4716 exposure. Of the 43 predicted upstream regulators, only SIM1 

was assigned both a significant p-value and z-score < -2, the latter indicating 

inhibition by GSK4716. The observation that this upstream regulator was also 

regulated by 0.1 µM BPA exposure suggests it could be an important link in the 

molecular signaling events underlying ERRγ-dependent BPA-induced hyperactivity. 

SIM1 is expressed in the embryonic brain, spinal cord, somites, kidney, and dermis, 

and it is critical for brain development (Fan et al. 1996). The SIM1/ARNT2 

heterodimer is essential for proper hypothalamus development and function (Ema et 

al. 1996; Michaud et al. 2000). Additionally, dorsal raphe serotonergic neuron 
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differentiation is SIM1-dependent (Osterberg et al. 2011). Interestingly, reduced SIM1 

expression in the hypothalamus was also recently implicated in obesity associated with 

overeating and inactivity (Xi et al. 2012). An additional upstream regulator of note 

that was predicted for both GSK4716 and BPA exposure was ZFHX3, which has a 

role in neurogenesis (Jung et al. 2005). Although no significant canonical pathways 

were shared following 0.1 µM BPA versus GSK4716 exposure, 4 significant (p < 

0.01) biological functions were shared: development of brain, sliding of actin 

filaments, formation of skeletal muscle, and inflammation of interstitial tissue. The 

appearance of brain development on these lists both underscores the importance of 

ERRγ in nervous system development and contributes towards understanding how 

BPA may perturb nervous system development via ERRγ. Predicted inhibition of 

neuronal migration by GSK4716 provides a specific process through which 

inappropriate ERRγ activation may impair nervous system development.  

Common to the GSK4716 and E2 datasets was the appearance of 

tetrahydrobiopterin synthesis I and II among the significant canonical pathways. These 

functions, which were the most significant for GSK4716 exposure, are essential for 

neurotransmitter synthesis (Choi and Tarazi 2010). Accordingly, an additional 

significant canonical pathway following GSK4716 exposure was dopamine synthesis. 

The prediction of these canonical pathways suggests that ERRγ signaling, and 

potential crosstalk with ER signaling, may be involved in BPA-induced alteration of 

neurotransmitter levels, such as that reported by Masuo et al. (2004) and 

Wolstenholme et al. (2011). Together, these data support a role for ERRγ in nervous 

system development, which appears to involve processes that are responsive to both 

BPA and E2 exposure. MYOD1, a key protein involved in myogenesis, was the most 

significant predicted upstream regulator elevated following both ERRγ and E2 

exposure (Table S2). The MYOD1 results and the observance of 2 functions 

describing muscle development and function shared by BPA and GSK4716 exposure 

underscore a reoccurring theme in the GSK4716 dataset, and are consistent with recent 

findings that ERRγ has a role in myogenesis (Murray et al. 2012).  
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We demonstrated here the first evidence that ERRγ is required for BPA-

induced locomotor hyperactivity. While consistencies in gene expression changes and 

associated signaling pathways indicate potential processes impacted through putative 

ERRγ activation by BPA, it remains to be determined whether BPA acts as a direct 

ERRγ ligand, whether crosstalk with ERs is involved, and whether putative upstream 

regulators such as SIM1 act downstream of ERRγ. Future studies using chemical 

inhibitors of ERs and ERRs will clarify the extent of potential crosstalk between these 

signaling pathways. Knockdowns of putative downstream targets, such as SIM1, and 

global gene expression analysis of BPA-exposed embryos following ERRγ 

knockdown will help define the role of ERRγ in mediating BPA-induced 

hyperactivity. 

Conclusion 

This study provides the first direct evidence that ERRγ is required for BPA-induced 

larval zebrafish hyperactivity. 
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Figure 4-1. Transient ERRγ knockdown using antisense oligonucleotide 
morpholino (MO). A) qRT-PCR measurement of whole embryo Esrrga transcript 
levels from 1 to 5 dpf, relative to 1 dpf expression levels. N=3. B) PCR detection of 
Esrrga in 24, 48, and 120 hpf whole embryos following Esrrga MO injection at the 
one-cell stage. The two bands represent endogenous Esrrga expression (483 bp) and a 
smaller mis-spliced transcript (342 bp; see also Figure S1). C = control MO, E = 
Esrrga MO (non-teratogenic injection concentration and volume used for behavior 
tests), Eh = larger injection volume of Esrrga MO (this volume was associated with 
morphological defects). C) Representative images depicting effects of Esrrga 
knockdown in 24 and 72 hpf embryonic zebrafish. 
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Figure 4-11. Transientt ERRγ knoockdown usiing antisensse oligonuclleotide 
morpholinno (MO). 
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Figure 4--2. Effect of transiennt ERRγ knockdownn on BPA--induced laarval 
hyperactivvity. Figurees show average distancce moved dduring 5 minnutes in the dark 
following an acclimatiion period inn the light. AA) Embryos waterborne--exposed to 0.1% 
DMSO control or 0.1 µM BPA fo llowing injeection with ccontrol MO oor Esrrga MMO (N 
= 3; 16 emmbryos per bbiological reeplicate). B)) Embryos wwere co-injeccted with coontrol 
MO or Essrrga MO aand 2 ng/m l (0.01 µM)) BPA or DDMSO conttrol. Significcance 
determinedd by paired t-test compparing DMSO versus BPPA exposurre for the coontrol 
MO samplles, and a seeparate t-test comparing DMSO verssus BPA expposure for EsEsrrga 
MO samplles (p < 0.055; N = 6; onee embryo perr biological rreplicate). 
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Figure 4-3. Significant genes differentially expressed following 8 - 24 hpf 
GSK4716 exposure. A) Bidirectional hierarchical clustering showing genes 
differentially expressed compared to stage-matched controls (0.1% DMSO) following 
0.1 µM GSK4716 exposure (green = lowered expression; red = increased expression). 
Gene lists were derived by conducting a one-way ANOVA, no FDR applied, no fold 
expression change cutoff, N = 3, p < 0.05. Scale is log base 2 of expression values. 
Annotation: significant clusters by DAVID functional clustering analysis (only top 10 
are shown for genes with lowered expression). B) Genes comprising the significant 
biological functions, neuron migration and brain cell migration, predicted to be 
inhibited by IPA core analysis. Four predicted transcription factors were manually 
added to complete the network: CTNNB1, DLX5, ATN1, and SIM1. C) Genes 
comprising the significant biological functions, nervous system development, neuron 
migration, and brain cell migration, predicted to be impacted by GSK4716 exposure. 
Five predicted transcription factors were manually added to complete the network: 
CTNNB1, SIM1, DLX5, SMARCA2, and NANOG. B and C) Solid lines represent 
direct interaction; dotted lines represent indirect interactions. Arrows are IPA-
generated and do not necessarily indicate activation. Green molecules: lowered 
expression compared to controls, red molecules: elevated expression compared to 
controls, grey molecules: expression did not change upon BPA exposure, white 
molecules: not included on the microarray. Asterisk after a symbol depicts duplicate 
identifiers for the same gene. 
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Figure 4-33. Significannt genes diffferentially eexpressed foollowing 8 - 24 hpf 
GSK4716 exposure. AA) Bidirectioonal hierarchhical clusteriing. 
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Figure 4-33. Significannt genes diffferentially eexpressed foollowing 8 - 24 hpf 
GSK4716 exposure. BB) Inhibitionn of neuron mmigration. 
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Figure 4-33. Significannt genes diffferentially eexpressed foollowing 8 - 24 hpf 
GSK4716 exposure. CC) Inhibitionn of nervous  system dev elopment annd neuron 
migration. 
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Figure 4S-1. Esrrga mmorpholino 

Esrrga (NNM_212954.1) is a 13088 nucleotide transcript, ccomprising 77 exons of leength 
129, 416, 117, 111, 1662, 270, andd 585 nucleottides, respecctively. Exonn 1 is noncooding, 
and only 2245 nucleotiddes from exoon 7 are codding. The traanscript encoodes a 435 aamino 
acid protein. We desiggned forwarrd and reverrse primers tto amplify aa 452 bp prooduct 
comprisingg 328 nucleootides from eexon 2 (the first coding exon), all 1 17 nucleotiddes of 
exon 3, annd 7 nucleotiides from exxon 4. A singgle product was amplifi ed by this prrimer 
set followwing control MO injectiion, whereaas 3 productts were ampplified folloowing 
Esrrga MMO injectionn (Figure 1BB; largest bband not shhown). We sequenced tthe 2 
smaller prroducts usinng the forwaard primer. The band rrepresenting the endogeenous 
transcript ((i.e., identic al to the bannd obtained ffollowing coontrol MO innjection) waas 483 
bp long wwith 99% alignment andd no gaps to the Esrrgaa transcript ((RefSeq mRRNA). 
The seconnd 342 bp bband represeented a mis -spliced trannscript misssing the lastt 125 
bases on exon 2 (3’ end). Alignnment of th e two produucts resultedd in overlappping 
sequences 442 bp andd 317 bp lonng, thus acccounting for the entire mmissing sequuence 
(i.e., 317 + 125 = 4442). The larrgest band wwas sequencced using bboth forwardd and 
reverse prrimers. The combined pproduct was 2,178 bp long, and inncluded a 3008 bp 
product thhat aligned wwith exon 2 ((99%, 1 gapp) and 113 bbp sequence that alignedd with 
the first (55’ end) 1022 bps of exoon 3 (96%, 3 gaps). Thhe remainde r of this prooduct 
aligned wiith a portionn of the intrron betweenn exons 2 annd 3, with 992% alignmeent, 4 
gaps (1%)), and 15% ccoverage of the entire iintron. Taken together, these sequenncing 
results coonfirmed thhat the Esrrrga MO ccaused a ppartial delettion of exoon 2 
correspondding to porttions of the  N-terminall domain annd DNA binnding domaain of 
ERRγ. It iis expected tthat this trannscript woulld encode a truncated aand nonfuncttional 
protein. AAdditionally,, portions oof exons 2 and 3 andd the intronn between them 
comprisedd the third, laargest band,  resulting inn an mRNA product thaat is not preddicted 
to encode a functional protein. 
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Table 4-1. Significant canonical pathways associated with GSK4716 exposure. 
Canonical pathways were predicted by Ingenuity Pathway Analysis to be impacted by 
8-24 hpf 0.1 µM GSK4716 exposure (p < 0.05). 

Ingenuity Canonical 
Pathways

 -log(p
value) 

Ratio Molecules 

Tetrahydrobiopterin 3.06E00 1.82E-01 GCH1,SPR (includes EG:20751) 
Biosynthesis I 
Tetrahydrobiopterin 3.06E00 1.54E-01 GCH1,SPR (includes EG:20751) 
Biosynthesis II 
Aryl Hydrocarbon 2.42E00 5.59E-02 HSPB3,MAPK8,APAF1,ALDH18A1,D 
Receptor Signaling CT,ALDH16A1,CYP1B1,ARNT,ATM 
ILK Signaling 1.84E00 5.21E-02 PARVB,MYH6,RHOQ,PPP2R5B,MAP 

K8,PPP2R2C,MYH7,ILKAP,ACTG1,A 
TM 

CCR5 Signaling in 1.81E00 5.32E-02 PRKCD,MAPK8,GNG3,GNG2,GNG12 
Macrophages 
Xenobiotic Metabolism 1.71E00 3.69E-02 CHST1,CYP2C19,PRKCD,PPP2R5B,M 
Signaling APK8,PPP2R2C,ALDH18A1,ALDH16 

A1,CYP1B1,ARNT,ATM 
α-Adrenergic Signaling 1.66E00 5.77E-02 PRKCD,GNG3,GNG2,PHKA2,GNG12, 

PHKG1 
Nicotine Degradation III 1.64E00 3.3E-02 CYP2C19,AOX1,CYP1B1 
Cardiac β-adrenergic 1.64E00 4.58E-02 ATP2A1,PPP2R5B,PPP2R2C,GNG3,G 
Signaling NG2,PPP1CA,GNG12 
Dopamine Receptor 1.56E00 5.32E-02 GCH1,PPP2R5B,SPR (includes 
Signaling EG:20751),PPP2R2C,PPP1CA 
Urate Biosynthesis/Inosine 1.48E00 8.7E-02 IMPDH1,AOX1 
5'-phosphate Degradation 

CXCR4 Signaling 1.47E00 4.79E-02 RHOQ,PRKCD,MAPK8,GNG3,GNG2, 
ELMO1,GNG12,ATM 

Nicotine Degradation II 1.36E00 2.91E-02 CYP2C19,AOX1,CYP1B1 
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Table 4S-1. Biological functions impacted by 0.1 µM GSK4716 exposure. 
Results predicted by Ingenuity Pathway Analysis to be affected based on the function-
associated genes (human orthologs of the annotated zebrafish genes) differentially 
expressed following GSK4716 exposure (p < 0.01). 

Functions Annotation p-Value Activation z # Molecules Molecules 
score 

familial hypertrophic 3.05E-04 4 MYBPC3,MYH6,MYH7,SLC 
cardiomyopathy 25A4 
movement disorder 3.81E-04 48 ACHE,AEBP1,APBA2,APLP 

1,ARR3 (includes 
EG:170735),ARX,ATCAY,A 
TP2A1,ATP6V1A,BCL6,CA 
CNA2D2,CASQ1,DYNC1I1, 
ELMO1,EMX2,FGF13,FMO 
D,FXN,GABRG2,GCH1,GJC 
2,GLRB,GNG3,GPI,HMP19, 
KCNJ10,LDHB (includes 
EG:3945),LUM,MYH7,Neb, 
OPN1LW,PFKM,PITPNA,PR 
X,RFX4,SCG2,SLC1A2,SLC 
6A1,SLC6A5,SOX4,SPOCK3 
,SPR (includes 
EG:20751),SUCLA2,SUMO3 
,TNNI2,TNNT1,TRAM1,VA 
MP2 

anhidrotic ectodermal 8.68E-04 2 EDAR,EDARADD 
dysplasia 3 
development of 8.68E-04 2 OTP,POU3F2 
neurohypophysis 
ectodermal dysplasia, 8.68E-04 2 EDAR,EDARADD 
hypohidrotic, 
autosomal recessive 
high myopia 8.68E-04 2 FMOD,LUM 
localization of neural 8.68E-04 2 HGF,SHH 
crest cells 
morphogenesis of knee 8.68E-04 2 FMOD,LUM 
respiration of fibroblast 8.68E-04 2 CYGB,PRKCD 
cell lines 
strength of tendon 8.68E-04 2 FMOD,LUM 
papilloma 9.37E-04 0.000 9 ATP2A1,CNFN,HGF,MAPK 

8,PDCD4,PRKCD,SMAD3,T 
NNI2,TNNT3 

development of cornea 1.02E-03 -1.067 5 CSPG4,FGF13,HGF,LUM,SE 
MA3E 

proliferation of 1.28E-03 3 HGF,NRP1 (includes 
pancreatic cancer cells EG:18186),SHH 
abnormal morphology 1.87E-03 3 FMOD,LUM,SMAD3 
of articular cartilage 
experimental 1.87E-03 3 CXCR3,MYBPC3,MYH6 
autoimmune 
myocarditis 
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angiogenesis of cornea 2.03E-03 

endurance 2.03E-03 

myocarditis 2.03E-03 

migration of neurons 2.27E-03 

apoptosis of 2.55E-03 
mesenchymal stem 
cells 
biosynthesis of 5,6,7,8 2.55E-03 
tetrahydrobiopterin 
differentiation of 2.55E-03 
retinal progenitor cells 
differentiation of type 2.55E-03 
2 OFF-cone bipolar 
cells 
hereditary 2.55E-03 
hyperekplexia 
inflammation of renal 2.55E-03 
glomerulus 
quantity of collagen 2.55E-03 
fibrils 
schizencephaly 2.55E-03 
senescence of 2.55E-03 
melanocytes 
sliding of actin 2.55E-03 
filaments 
development of 2.62E-03 
interneurons 
abnormal morphology 2.71E-03 
of forebrain 
apoptosis of stem cells 2.98E-03 

morphology of cerebral 3.17E-03 
cortex 

transport of alpha 3.34E-03 
amino acid 
formation of myofibrils 3.39E-03 

development of joint 3.52E-03 
glycogen storage 3.52E-03 
disease 

-1.067 	 4 

4

4 

-2.139 	 14 

2 

2 

2 

2 

2 

2 

2 

2 
2 

2 

3 

6 

0.492	 5 

12 

6 

5 

3 
3 

CSPG4,FGF13,HGF,SEMA3 
E 

 ACHE,MYOZ1,PFKM,SLC2 
5A4 
BCL6,CXCR3,MYBPC3,MY 
H6 
APAF1,ARX,BARHL1,EBF1 
,EBF3,HGF,NRP1 (includes 
EG:18186),PEX7,POU3F2,P 
RKCD,SEMA4C,SHH,SKIL, 
SLC1A2 
SOX11,SOX4 

GCH1,SPR (includes 
EG:20751) 
EBF1,EBF3 

EBF1,EBF3 

GLRB,SLC6A5 

CFB,HGF 

FMOD,SMAD3 

EMX2,SHH 
HGF,TSC22D1 

MYH6,MYH7 

ARX,LBX1,OLIG2 

APAF1,EMX2,HES5,MAN2 
B1,POU3F2,SHH 
APAF1,ATM,NRP1 (includes 
EG:18186),SOX11,SOX4 
ACHE,APAF1,CKMT1A/CK 
MT1B,CRMP1,CSPG4,CTN 
NA2,EMX2,FZD9,GRID1,M 
AN2B1,POU3F2,SLC1A2 
KCNJ10,PRKCD,SLC1A2,S 
LC25A4,SLC6A5,SLC7A1 
ACTG1,MYBPC3,MYH6,M 
YOZ1,Neb 
FMOD,LUM,SHH 
AGL,PFKM,PHKA2 
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development of brain 3.69E-03 23 APAF1,APLP1,ARX,ATM,B 
ARHL1,BMP5,BPTF,CTNN 
A2,EBF3,EMX2,EPHA7,FZD 
9,HES5,HGF,MAPK8,NR6A 
1,OLIG2,OTP,POU3F2,RFX4 
,SHH,SLC1A2,SOX4 

proliferation of bone 3.76E-03 0.570 7 BCL6,HGF,MAPK8,RBBP6, 
cancer cell lines RBL2 (includes 

EG:100331892),SND1,USP21 
hearing 3.84E-03 -1.000 5 ACTG1,BARHL1,CKMT1A/ 

CKMT1B,GRID1,KCNJ10 
neurological signs 4.10E-03 31 ACHE,AEBP1,APLP1,ARR3 

(includes 
EG:170735),ARX,ATM,ATP 
2A1,ATP6V1A,BCL6,CASQ 
1,DYNC1I1,ELMO1,EMX2,F 
GF13,GABRG2,GLRB,GNG 
3,GPI,LDHB (includes 
EG:3945),MYH7,OPN1LW,P 
FKM,RFX4,SCG2,SLC1A2,S 
POCK3,SUCLA2,TNNI2,TN 
NT1,TRAM1,VAMP2 

cell cycle progression 4.59E-03 3 HGF,MAPK8,RBL2 (includes 
of brain cancer cell EG:100331892) 
lines 
contraction of skeletal 4.59E-03 3 TNNI2,TNNT1,TNNT3 
muscle 
cardiomyopathy 4.89E-03 0.294 12 BNIP3L,CXCR3,EYA4,FXN, 

IRX4,MYBPC3,MYH6,MYH 
7,PPP1CA,SGCB,SLC25A4, 
SLC6A8 

morphology of 4.97E-03 8 CKMT1A/CKMT1B,CSPG4, 
hippocampus CTNNA2,EMX2,FZD9,GRID 

1,MAN2B1,SLC1A2 
angiogenesis of 5.01E-03 2 HGF,SCG2 
hindlimb 
chemotaxis of hepatic 5.01E-03 2 CXCR3,SMAD3 
stellate cells 
developmental delay 5.01E-03 2 ABCC8,ARX 
distal arthrogryposis 5.01E-03 2 TNNI2,TNNT3 
type 2B 
formation of digit 5.01E-03 2 APAF1,SHH 
formation of skeletal 5.01E-03 2 HGF,LBX1 
muscle 
glycogen storage 5.01E-03 2 AGL,PFKM 
disease, muscular form 
growth of 5.01E-03 2 HGF,PRKCD 
mesothelioma cell lines 
hydroxylation of 5.01E-03 2 CYP1B1,CYP2C19 
melatonin 
morphology of 5.01E-03 2 MAPK8,TLN1 
embryonic stem cells 
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morphology of ear 5.13E-03 9 APAF1,CLDN11,EMX2,EY 
A4,HES5,KCNJ10,MAN2B1, 
ROR2,SHH 

morphology of neurons 5.13E-03 15 APAF1,ARX,ATM,CADPS, 
CRMP1,CTNNA2,EMX2,FA 
T3,HES5,MAN2B1,OLIG2,R 
OR2,SHH,SPR (includes 
EG:20751),SULF2 

abnormal morphology 5.15E-03 14 APAF1,ATM,CADPS,CRMP 
of neurons 1,CTNNA2,EMX2,FAT3,HE 

S5,MAN2B1,OLIG2,ROR2,S 
HH,SPR (includes 
EG:20751),SULF2 

development of 5.76E-03 4 HES5,KCNJ10,OLIG2,SHH 
oligodendrocytes 
myoclonus 5.76E-03 4 ARX,CACNA2D2,GLRB,SL 

C6A5 
organization of 5.76E-03 4 ACTG1,MYBPC3,MYH6,Ne 
sarcomere b 
aphakia 5.84E-03 3 SHH,SOX11,SOX4 
modification of 5.84E-03 3 AOX1,CYP1B1,CYP2C19 
retinaldehyde 
transport of amino 6.06E-03 -0.572 8 KCNJ10,PRKCD,SLC1A2,S 
acids LC25A4,SLC6A1,SLC6A5,S 

LC6A8,SLC7A1 
transmembrane 6.41E-03 0.718 12 APAF1,ATP2A1,BNIP3L,CN 
potential IH2,FXN,GLRB,HGF,KCNJ1 

0,KCNN4,MAPK8,PHB2,PR 
KCD 

transport of acidic 6.65E-03 4 KCNJ10,PRKCD,SLC1A2,S 
amino acid LC25A4 
benign neoplasia 6.74E-03 -0.314 29 ACHE,ADARB1,AEBP1,AR 

NT,ATM,ATP2A1,BMP5,CL 
DN11,CNFN,COL4A6,CYP1 
B1,DCLRE1A,FMOD,GNG3, 
HGF,MAPK8,PDCD4,PRKC 
D,RBL2 (includes 
EG:100331892),SCG2,SLC24 
A3,SLC7A1,SMAD3,SOX11, 
SOX4,TMEM59,TNNI2,TNN 
T3,ZYX 

contraction of striated 6.99E-03 6 ATP2A1,MYBPC3,MYH6,T 
muscle NNI2,TNNT1,TNNT3 
contraction of striated 6.99E-03 6 ATP2A1,MYBPC3,MYH6,T 
muscle NNI2,TNNT1,TNNT3 
tensile strength of skin 7.27E-03 3 CXCR3,FMOD,LUM 
transport of L-amino 7.52E-03 5 KCNJ10,PRKCD,SLC1A2,S 
acid LC25A4,SLC7A1 
abnormal morphology 7.60E-03 6 FMOD,LUM,RBL2 (includes 
of cartilage tissue EG:100331892),ROR2,SHH, 

SMAD3 
metabolism of 7.63E-03 4 AGL,PHKG1,PITPNA,PPP1 
glycogen CA 
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abnormal morphology 8.18E-03 2 COL8A2,MAN2B1 
of corneal endothelium 
abnormal morphology 8.18E-03 2 FMOD,LUM 
of patella 
arrest in cell cycle 8.18E-03 2 MAPK8,RBL2 (includes 
progression of brain EG:100331892) 
cancer cell lines 
fusion of sternebrae 8.18E-03 2 SOX11,SOX4 
geranylgeranylation of 8.18E-03 2 FNTA,PGGT1B 
protein 
glycogen storage 8.18E-03 2 AGL,PHKA2 
disease, hepatic form 
hypoplasia of sternum 8.18E-03 2 SOX11,SOX4 
inflammation of 8.18E-03 2 HGF,INSIG1 
interstitial tissue 
influx of monovalent 8.18E-03 2 KCNJ10,WNK4 
inorganic cation 
lack of hindlimb 8.18E-03 2 RBL2 (includes 

EG:100331892),SHH 
oxidation of 8.18E-03 2 AOX1,CYP1B1 
retinaldehyde 
repair of mucosa 8.18E-03 2 HGF,SHH 
scattering of epithelial 8.18E-03 2 CSPG4,HGF 
cells 
sliding of 8.18E-03 2 MYH6,MYH7 
myofilaments 
synthesis of GDP 8.18E-03 2 IMPDH1,MAN2B1 
hypertrophy of left 8.31E-03 5 ABCC8,IRX4,MYBPC3,MY 
ventricle H7,PFKM 
articular rigidity 8.69E-03 4 CACNA2D2,SLC1A2,TNNI2 

,TNNT3 
arrest in cell cycle 8.89E-03 3 ATM,BCL6,SKIL 
progression of 
lymphocytes 
migration of brain cells 8.92E-03 -2.093 6 CTNNA2,HGF,POU3F2,PRK 

CD,SEMA4C,SKIL 
Huntington's disease 9.19E-03 28 AEBP1,APLP1,ARR3 

(includes 
EG:170735),ATP2A1,ATP6V 
1A,BCL6,CASQ1,DYNC1I1, 
ELMO1,EMX2,FGF13,GAB 
RG2,GLRB,GNG3,GPI,LDH 
B (includes 
EG:3945),MYH7,OPN1LW,P 
FKM,RFX4,SCG2,SLC1A2,S 
POCK3,SUCLA2,TNNI2,TN 
NT1,TRAM1,VAMP2 

cardiac fibrosis 9.77E-03 7 BCL6,MAPK8,MYBPC3,MY 
H6,SGCB,SMAD3,TSC22D1 



 
 

 
  

  

 

     
 

 
    

 
     
     

     
     

 
     

  
    

     
     
    

 
 

 
 

     
     

     
     
     
     
     

    

     
     

     
     
     

170 

Table 4S-2. Upstream regulators predicted by Ingenuity Pathway Analysis to be 
associated with 0.1 µM GSK4716 exposure. Genes with z ≤ - 2 are predicted to be 
inhibited (p < 0.05, z ≤ -2, or z ≥ 2 ). 

Upstream Regulator Activation z- p-value of overlap Target molecules in dataset 
score 

MYOD1 0.217 1.32E-05 ACACA,ACHE,ARNT,ATP2A1,BCL 
6,CDH15,HSPA4L,MYH7,MYOG,N 
PTX1,PFKM,TNNI2,TNNT1,TNNT3 

MEF2C -1.068 2.34E-03 ABRA,MYH6,MYH7,MYOG,MYO 
M1,MYOZ1 

FOXP1 2.70E-03 MYH6,MYH7,SOX4 
PDX1 (includes -1.342 4.50E-03 ACTG1,CKMT1A/CKMT1B,GCH1, 
EG:18609) GNG12,INSIG1,PPP2R2C,PTGER3, 

SCG2,TIPRL 
ATN1 6.14E-03 BCL6,EBF1,HMP19,MOBP,NPTX1, 

PRKCD,SOX11,SOX4 
DLX5 6.83E-03 ARX,SHH 
HINFP 1.01E-02 ATM,NPAT 
POU4F2 1.02E-02 EBF3,IRX4,SHH,SLC6A1 
GATA6 1.13E-02 BMP5,MYH6,MYH7,SLC9A3 

(includes EG:105243) 
SETDB1 1.16E-02 CADM2,CBLB,LMO3 
ZFHX3  1.38E-02 MYH7,MYOG 
GATA5 1.38E-02 MYH6,SLC9A3 (includes 

EG:105243) 
SMARCA2 1.53E-02 DCT,HES5,MYOG,PMEL 
PAX7 1.58E-02 EYA4,GCH1,LRFN5,Mei4,SEMA3E 
PAX3 1.85E-02 CLDN5,CYP1B1,DUSP2,LBX1,MY 

OG,PTGER3,RASSF2,SOX4,TSC22 
D1 

CTNNB1 -1.473 2.08E-02 ATM,CLDN5,COL4A6,CTNNA2,DC 
T,EMX2,KCNIP4,MAN2B1,MYOG, 
NPTX1,POU3F2,SHH,SLC1A2,SLC 
6A1,SOX11,SOX4,TSC22D1 

NKX2-3 -0.000 2.21E-02 ANKRD55,GCH1,GMPR,GNG12,HE 
S2,REEP1,RPL23,TNFRSF10D 

HCFC1 2.69E-02 SETD8 
Epbp 2.69E-02 EBF1 
NFAT (complex) 2.69E-02 CYGB 
Nectin 2.69E-02 MYOG 
TBPL2 2.69E-02 MYOG 
SPAST 2.69E-02 EMX2 
TSHZ3 2.69E-02 MYOG 
TAF3 (includes 2.69E-02 MYOG 
EG:100360100) 
POU6F1 2.69E-02 TMEM59 
SIX2 2.69E-02 MYOG 
PATZ1 2.69E-02 BCL6 
PAK1 2.69E-02 PFKM 
DDB1 2.69E-02 FMOD 
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HOXD12 2.69E-02 SHH 
MXD1 2.81E-02 BCL6,RBL2 (includes 

EG:100331892) 
MYF6  2.81E-02 ACACA,MYOG 
SIM1 (includes -2.138 2.92E-02 AOX1,GPX3,MYH6,MYH7,POU3F2 
EG:20464) ,RBL2 (includes 

EG:100331892),SHH,SMAD3 
SIRT2 3.38E-02 FNTA,PMVK 
ZFPM2 3.38E-02 MYH6,MYH7 
TFEC 3.98E-02 ATP2A1,DCT 
SMARCA4 -0.626 4.14E-02 ATP2A1,DCT,EBF1,LUM,MYOG,N 

RP1 (includes 
EG:18186),OLIG2,PMEL,TNNI2,TN 
NT3 

NANOG  4.21E-02 LBX1,NPTX1,OTP,PDCD4 
HAND2  4.62E-02 MYH6,SHH 
SND1 4.62E-02 KYNU,SOX4 
BRCA1 -2.000 1.24E-01 ASCL2,ATM,CYP1B1,RBL2 

(includes EG:100331892),SMAD3 
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CONCLUSION 


Collectively, the findings comprising this thesis demonstrated ERRγ-dependent 

neurobehavioral impairments associated with human-relevant BPA exposure levels, 

and predicted several putative downstream target genes and signaling pathways that 

may be involved in mediating these effects. The initial toxicity assays demonstrated 

that morphological abnormalities associated with waterborne BPA exposure, in 

addition to E2 and GSK4716 exposure, follow a classical, sigmoidal concentration-

response curve. Interestingly, the locomotor behavior endpoint associated with BPA 

concentrations below the NOAEC followed a non-monotonic, inverted U-shape, 

concentration-response curve. The observation of this phenotype confirmed that BPA 

is bioactive in embryos that otherwise appear normal, while the shape of the 

concentration-response curve identified a new phenotypic endpoint in a novel model 

system to be added to the collection of non-monotonic dose-response effects produced 

by developmental BPA exposure (Vandenberg et al. 2012). Specifically, 0.01 and 0.1 

µM exposure concentrations led to larval hyperactivity, while the lower concentration, 

0.001 µM, and higher concentrations, 1 and 10 µM, did not significantly alter larval 

locomotor activity. By including an assessment of tissue uptake associated with the 

waterborne exposure, we importantly correlated 0.1 µM exposure with a tissue dose of 

1 µg/kg, which is within the upper range of human exposures based on estimates of 

BPA intake by infants fed formula from polycarbonate bottles. Additionally, 0.1 µM is 

equal to the median urinary BPA concentration measured in infants hospitalized under 

NICU care (Calafat et al. 2009). 

Notably, both 0.1 and 1 µM embryonic exposure led to learning impairments 

in adult zebrafish. This is a key finding demonstrating that transient exposure during 

the critical period of embryogenesis led to lasting impairments evident 8 months after 

the initial exposure. This finding and the associated testing paradigm places the 

zebrafish model in a position for further investigations into the etiology of 

neurobehavioral disorders arising from early life-stage exposures. Two positive 

controls were used throughout this study to indirectly compare whether BPA acts 
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through ER or ERRγ activation. While the observance that 0.1 µM exposure to both 

positive controls elicited larval hyperactivity provided few clues as to the mode of 

action underlying BPA’s effects, it encouraged us to look more closely at the roles of 

these putative target receptors.  

Pathway analysis identified a suite of central nervous system genes whose 

early embryonic suppression, putatively through a CREB-dependent mechanism, may 

mediate 0.1 µM BPA-induced locomotor hyperactivity. Likewise, GSK4716 exposure 

was predicted to impact nervous system development. These findings indirectly 

supported our hypothesis that BPA impacts nervous system development through 

ERRγ activation, which was confirmed by the behavior experiments demonstrating 

that ERRγ mediates the BPA-induced larval hyperactivity phenotype. Furthermore, 

both 0.1 µM BPA and GSK4716 exposure were predicted to inhibit SIM1 activity and 

neuron migration, which are therefore putative links between BPA-induced ERRγ 

activation and the hyperactivity phenotype. Future studies to test these hypotheses 

should include analysis of SIM1 target gene expression and neuron migration in ERRγ 

versus SIM1 morphants, pending the design of an effective SIM1 morpholino. 

Additionally, the zebrafish model is well-suited to in vivo imaging of neuron 

migration, as several transgenic lines have GFP-expressing neurons (Lillesaar et al. 

2009; Park et al. 2000; Wen et al. 2008). Individual neurons can be tracked as an 

embryo grows, followed by immunohistochemistry for target proteins (e.g., SIM1) or 

in situ hybridization to measure spatiotemporal expression of Sim1 or other target 

genes. 

An important finding from the microarray analysis was that there were more 

similarities in gene expression changes and signaling pathways among the lower 

concentrations than between the lower and higher concentrations for BPA and E2. 

This observation supports the idea that shared phenotypes are manifestations of 

common signaling events, and underscores the need for cautious selection of exposure 

concentrations when molecular signaling endpoints are under consideration. The 

microarray data hinted at what appears to be a complicated mode of action involving 

crosstalk between ER and ERRγ signaling pathways. Also, we identified a previously 
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unconsidered signaling pathway, prothrombin activation, common to 0.1 µM BPA and 

E2, but not GSK4716, exposures. This pathway should be further investigated for its 

role in mediating the hyperactivity phenotype. This could be achieved by transiently 

knocking down prothrombin in BPA and E2-exposed embryos using a previously 

described morpholino (Day et al. 2004), followed by qRT-PCR to measure impacts on 

putative downstream target genes. 

This work is the first to identify behavioral effects in a fish from 

developmental bisphenol A exposure. It is also the first study to confirm a role for 

ERRγ in mediating BPA’s neurobehavioral effects in any animal model. These results 

from human-relevant BPA exposures help explain the widely documented in vivo 

effects of BPA, despite low binding affinity for nuclear ERs. ERRγ is an 

evolutionarily conserved vertebrate receptor and the developmental impacts of BPA in 

the zebrafish are an indication of hazard potential to vertebrates. They are also an 

important translational step toward knowing the hazard potential from human 

developmental exposure to BPA and yet unknown environmental ligands of ERRγ. 
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Table A-1. BPA studies conducted in aquatic models published between January 2007 and October 2012. 

Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Liu 2011 Abalone Trochophore development 
and metamorphosis 
completion 

methanol 12 hr and 96 
hr 

EC(50): 30.72 
and 1.02 

12 and 96 
hpf 

nonylphenol 

Zhou 2010 Abalone female Hepatopancreas protein 
expression, enzyme 
activity 

acetone 3 months 100 diallyl phthalate 

Zhou 2011 Abalone Embryo development 
including hatchability, 
malformation, 
metamorphosis of larvae;  
gene expression (PC1, 
CB, and CDK1) 

acetone 0.5 – 8 hpf 0.2, 2 and 10 
µg/ml 

3 or 8 hpf 

Ha 2008 Aquatic 
midge 

 hemoglobin content, gene 
expression, protein 
expression, oxidation 

acetone 24 hr 5, 50, 500 4th instar 
larvae 

nonylphenol, 
diglycidyl ether, 
benzo[a]pyrene, 
chlorpyriphos, 
paraquat 
dichloride, and lead 
nitrate 

Lee 2007 Aquatic 
midge 

both enzyme activities, growth 
and development, adult 
emergence 

24 hr 0.001, 0.01, 
0.1, 1, 10 

4th instar 
larvae or 
adult 

Ethinyl estradiol 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Martinez-
Guitarte 2012 

Aquatic 
midge 

 Non-coding RNA 
transcription: telomeric 
repeats, Cla repetitive 
elements and the SINE 
CTRT1 

ethanol 24 hr 3 mg/L 4th instar 
larvae 

BBP, Cd 

Martinez-Paz 
2012 

Aquatic 
midge 

 GST activation and 
CYP4G expression

 24 or 96 
hours 

0.5mg/L 24h
3mg/L 96h 

fourth instar 
larvae 

Tributyltin and 
nonylphenol 

Morales 2011 Aquatic 
midge 

Hsp70 activation 24 hrs 3 mg/L 4th instar 
larvae 

cadmium chloride 
(Cd), butyl benzyl 
phthalate (BBP), 
diethylhexyl 
phthalate (DEHP), 
4-nonylphenol 
(NP), ethinyl 
estradiol (EE), 
pentachlorophenol 
(PCP), tributyltin 
(TBTO) 

Park 2010 Aquatic 
midge 

 ERR expression acetone 24 or 96 hrs 5, 50, 500 4th instar 
larvae 

Nonylphenol, 
DEHP 

Planello 2008 Aquatic 
midge 

 Survival, Hsp70 and 
ecdysone receptor gene 
expression 

12-24 hr 3 mg/L (gene 
expression); 
9, 12 mg/L 
(survival) 

4th instar 
larvae 

Olsvik 2009 Atlantic cod Liver gene expression 
(CYP, GST, UGT, GSH-
Px and GR) 

 3 weeks 50 Nonylphenol, 
PBDE-47 

Canesi 2007a Bivalve Hepatopancreas gene 
expression 

Injected, 
ethanol 
vehicle 

3, 15, 60ng/g 
dw tissue 

24 hr post-
injection 

E2 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Canesi 2007b Bivalve  hemocyte parameters: 
lysosomal membrane 
stability (LMS), 
phagocytosis, lysozyme 
release 

methanol Up to 1 hr 1, 5, 100 uM Adult E2, EE: 17alpha
ethynyl estradiol; 
MES: mestranol; 
NP: nonylphenol; 
NP1EC: 
nonylphenol 
monoethoxylate 
carboxylate; BP: 
benzophenone 

Hayashi 2008 Bivalve Bioaccumulation and 
metabolism 

N,N
dimethylfor 
mamide 

168 hr 9 adult 

Bjerrega 
ard 2008 

Brown trout both Bioaccumulation and 
metabolism (no 
significant effects 
observed for other 
endpoints) 

ethanol 0 – 63 dpf 50 ng/L Every 7 days 
from 0-63 
dpf 
(metabolism) 

E2 

Moens 2007 Carp Gene expression in liver ethanol 24 and 96 hr 2000 3 wks old 17 beta-estradiol, 
17 alpha 
ethinylestradiol 
nonylphenol 

Ha 2009 Daphnia Hemoglobin gene 
expression, reproduction, 
swimming inhibition, 
mortality 

acetone 24 hr, 24 hr 
– 21 days 

0.3, 3, 30 24 hrs for all 
endpoints 
except 
reproduction 
(offspring 
counted 
daily) 

nonylphenol (NP), 
benzo[a]pyrene 
(B[a]P), 
chloropyriphos 
(CP), paraquat 
dichloride (PQ), 
and lead nitrate 
(Pb) 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Jemec 2012 Daphnia Impact on antioxidant 
enzymes, GST and CAT, 
and lipid peroxidation; 
reproduction 

M4 Elendt 
media or 
water 

48h, 21d 1.7, 13.8 
mg/L 

6 days old 

Ankley 2010 Fathead 
minnow 

both ER and AR activation, 
nuptial tubercle 
formation, VTG synthesis 

water 14 days 10, 100 adult 17beta-trenbolone, 
cyproterone 
acetate, 17alpha
ethinylestradiol, 
triclocarban 

Mihaich 2012 Fathead 
minnow

 survival, growth, 
reproduction vtg 
expression, gonad 
histology 

164 days 1, 16, 64, 
160, and 640 

adult 

Staples 2011 Fathead 
minnow 

both Growth, reproduction, and 
vitellogenin 
concentrations 

diluted in 
water 

444 days 
over the 
course of 
three 
generations 

1, 16, 160, 
640 and 1,280 

All ages, 
multigenerati 
on 

Gagnaire 2009  Gastropods Vitellogenin-like and egg 
yolk-like protein 
expression 

acetone 14 and 28 
days 

1, 10, 100  Adult, 
juvenile, 
embryo 

TBT 

Hatef 2012a  Goldfish male Sperm motility/velocity, 
testosterone, 17B
estradiol, vitellogenin 
expression 

DMSO 10, 20, 30 
days 

0.6, 4.5, 11.0 
(and several 
concentration 
s between 2.7 
and 79.4) 

2-3 yr old 
adults 

Hatef 2012b Goldfish male ER, AR, vtg, aromatase 
mRNA expression in 
brain, liver, testes; sperm 
morphology and function

 up to 90 
days 

0.2, 20 adults 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Jordan 2012 Goldfish Proteins representing 
energy and lipid 
metabolism 

DMSO 10 days 1550 ng/L adults DEHP, 
nonylphenol 

Li 2012 Goldfish male Vtg induction ethanol 15 days 10-1000 ug/L juvenile 4-nonylphenol, 4-t
octylphenol, 2,4
dichlorophenol 

Toyoizumi 2008 Goldfish Blood: DNA single strand 
breaks, micronucleus 
frequency in tailfin and 
gills, VTG expression 

DMSO, IP 
injection 

96 hr 1 and 10 
mg/kg 

adult E2, dinitro-BPA 

Yin 2007 Goldfish (in 
vitro) 

 Immunotoxicity: 
lymphocytes and 
macrophage proliferation, 
macrophage respiratory 
burst 

0.005, 0.05, 
5.4, 50, 500, 
1000 mg/L 

cells Estradiol, 
hydrocortisone 

Lee 2007 Kryptoleb
ius 
marmora
tus 

hermaph 
rodite 

Gene expression in liver DMSO 96 hrs 300, 600 μg/L juvenile 

Lee 2008a Kryptoleb
ius 
marmora
tus 

Hermaph 
rodite, 
secondar 
y male 

N-Ras oncogene 
expression 

DMSO 96 hr 600 Embryo (12 
dpf), 
juvenile, 
adult 

4-nonylphenyl 

Lee 2008b Kryptoleb
ius 
marmora
tus 

Hermaph 
rodite 

P53 expression 96 h 300 adult 4-nonylphenol, and 
4-tert-octylphenol 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Rhee 2009a  Kryptoleb
ius 
marmora
tus 

Hermaph 
rodite, 
secondar 
y male

 Choriogenin expression 96 hr 600 adult 17alpha estradiol, 
4-n
nonylphen 
ol, 4-tert
octylphen 
ol, 
tamoxifen 

Rhee 2011a  Kryptoleb
ius 
marmora
tus 

hermaph 
rodite 
and 
secondar 
y males 

Sex differentiation gene 
expression: dax1, dmrt1, 
mis, sf1, figlalpha, StAR 
and wt1 

DMSO 96 hr, juv: 6 
and 24 hrs 

600, 300 (juv) Adult, 
juvenile 

17beta-estradiol, 
tamoxifen 

Rhee 2011b  Kryptoleb
ius 
marmora
tus 

hermaph 
rodite 
and 
secondar 
y males 

Expression of O
methylguanine-DNA 
methyltransferase, p53, R
ras1, R-ras3, N-ras, c-fos 

24 and 96 hr 300, 600 Juvenile, 
adult 

17beta-estradiol, 
tamoxifen, and 4
tert-octylphenol  

Rhee 2010 Kryptoleb
ius 
marmora
tus 

Hermaph 
roditic 
fish 

Pituitary gonadotropins 
(GTHs), follicle 
stimulating hormone beta 
(FSH-beta), and 
luteinizing hormone beta 
(LH-beta) expression 

12 hr, 96 hr 300, 600 Juvenile, 
adult 

17beta-estradiol, 
tamoxifen 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Rhee 2009b  Kryptoleb
ius 
marmora
tus 

hermaph 
rodite 
and 
secondar 
y males 

R-ras1, R-ras2, R-ras3 
expression 

DMSO 96 hr 600 Measurement 
s at 0, 3, 6, 
12 and 24 h 
after 
exposure 

17-beta-estradiol 
(E2), tamoxifen, 4
n-nonylphenol 
(NP), 4-tert
octylphenol (OP) 

Rhee 2008 Kryptoleb
ius 
Marmora
tus 

hermaph 
rodite 
and 
secondar 
y males 

GnRHR expression DMSO 96 hr 600 4-tert-octylphenol, 
4-nonylphenol, 
17beta-estrodiol, 
Tamoxifen 

Yu 2008 Kryptoleb
ius 
 Marmora
tus 

 Glutathione S-transferases 
(GST) expression 

DMSO 24 hrs 300 Juvenile (12 
and 24 hrs 
post 
exposure) 
and adult 

nonylphenol (NP) 
and octylphenol 
(OP) 

Chen 2008 Medaka both Liver choriogenin 
induction 

methanol 7 days 100, 200 adult E2, 17alpha
ethinylestradiol, 4
nonylphenol, 

Huang 2011 Medaka mRNA expression in 
heart: Na(+)-K(+)-
ATPase, BMP4, COX-1, 
FGF8, GATA4, and 
NKX2.5, TNFalpha, 
IL1beta, SOD, and 
CCL11 

DMSO 2 dpf 
through 
embryonic 
period 

200 Embryo-
larvae 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Kamata 2011 Medaka male Liver expression: 
precursors of yolk protein, 
vitellogenin (vtg1 and 
vtg2), egg envelope 
subunit proteins, 
choriogenins (chgh and 
chgl) 

DMSO Includes 48 
hr 

0.5, 1, 2, 4 
mg/ml 

Adult 5-6 
mo. 

E2 

Lee 2012 Medaka GnRH expression and 
embryonic development 
(transgenic reporter fish) 

DMSO 5 hpf until 
hatching 

0.1, 1, 10, 
100 ng/ml 

embryos NP, E2 

Ramakrishnan 
2008 

Medaka both embryonic development, 
hatching,  and 
reproductive maturation 

ethanol Embryo (5 
hpf) to hatch 

200 Embryo 

Sun 2009 Medaka male plasma vitellogenin 
(VTG) induction 

acetone 14 days 100, 500, and 
2500 

adult E2, NP, and binary 
mixtures 

Debenest 2010 Micro-
crustaceans  

Acute lethality DMSO 24 hr 1 – 100 mg/L 
(risk reported 
based on 
effective 
concentration 
s), 
statistically 
significant?? 

 Tetra- (B4BPA), 
tri- (B3BPA), di- 
(B2BPA) and 
monobromobisphe 
nol 
A (B1BPA) 

Cnidarian  Acute sublethality 
indicated by morphology 
changes 

96 hr 

Rainbow 
trout (in 
vitro) 

Esterase activity of fresh 
primary trout hepatocytes, 
acute cytotoxicity 

48 hr 

Gibert 2011 Zebrafish mortality, morphological 
effects, otolith defects 

DMSO 5-48 hpf 5, 10, 25, 70, 
100 µM 

1 or 2 dpf thyroid hormone, 
17-ss-estradiol, ICI 
182,780, bisphenol 
F, bisphenol E, 
bisphenol C 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Xenopus Otolith development 48 hrs 
(stages 18 – 
40) 

5, 10 uM 
(significance 
not reported) 

Stage 45 

Liu 2007 Daphnia Mortality, development, 
mobilization 

Includes 8.91 
mg/L (EC50) 

48, 72, 96 
hpf 

TBBPA 

Zebrafish  Mortality, development, 
hatching 

Includes 9.06, 
2.90 mg/L 
(significance 
not clear from 
abstract) 

Mihaich 2009 Aquatic 
midge 

 Mortality methanol 96 hr Significance 
not noted 

Snail both Mortality 96 hr 5, 10, 50 
mg/L 

90 days post 
hatch (sub
adult) 

Rotifer Rate of population growth 48 hr 3.8 and 7.5 
mg/L 

All stages 

Amphi-pod both reproduction (based on 
cumulative young 
produced per female) 

Chronic 
8 days to 
maturity 

1.5 mg/L All stages 

Park 2009 Daphnia Mortality, DNA damage acetone 24 hr (7-8 
days old) 

0.3, 3, and 30 8 days old nonylphenol 

Aquatic 
midge 

24 hr 5, 50 and 500 4th instar 
larvae 

Park 2007 Daphnia Tail moment (Comet 
assay) 

 24 hrs 0.009, 0.088 
µM 

Neonates 
<24 hrs old 

NP, bis(2
ethylhexyl) 
phthalate (DEPH), 
paraquat dichloride 

Aquatic 
midge 

 Tail moment (Comet 
assay) 

 0.015, 0.147, 
1.47 µM 

Villeneuve 2012 Zebrafish both plasma VTG expression none 4 days 10,100 adult 
Fathead 
minnow 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Aluru 2010 Rainbow 
trout 

 development, growth and 
stress performance in 
juveniles, mRNA 
expression of growth 
hormone, IGF-1 and IGF
2 and their receptors 

ethanol 3 hr oocyte 
exposure 

30 and 100 
µg/ml 

Periodically 
up to 156 
dpf, then 400 
dpf 

Bjerregaard 2007 Rainbow 
trout 

 Plasma vitellogenin 
expression, uptake and 
metabolism 

Oral dosing 12 days 9.3, 13, 19, 
24, 25 mg/kg  

adult 

Petersen 2010 Rainbow 
trout 
(In vitro)

 vitellogenin (Vtg) 
production in primary 
culture of hepatocytes  

mixtures 17beta-estradiol, 
estrone, estriol, 
diethylstilbestrol, 
musk ketone, 4
tert-octylphenol, 
o,p'-DDT, 
dibenzothiophene, 
and mixtures 

Liu 2012 Rare 
minnow

 Gonad gene expression: 
STAR, CYP11A1, 3beta
HSD, CYP17A1 

DMSO 7 days 5, 15, 50 adult EE2 

Wang 2012 Rare 
minnow 

Foxl2 expression DMSO 3 days 1 nM Juvenile, 37 
dpf 

EE2, NP 

Wang 2010 Rare 
minnow

 Aromatase expression 
(cyp19a1a and cyp19a1b) 

DMSO 3 days 0.1, 1, 10 nM juveniles EE2, NP 

Wu 2012 Rare 
minnow 

Zona pellucid gene 
expression in ovary  

DMSO 3 days 0.1, 1 and 
10nM 

21 day 
juveniles 

EE2, NP 

Correia 2007 Sea bass Vitellogenin induction in 
blood plasma 

methanol 14 days EC10: 9 
EC50: 77.94 

juvenile E2, EE2, and 
mixtures 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Ozlem 2008 Sea urchin fertilization, larval 
malformations, 
developmental arrest, and 
embryonic/larval 
mortality 

DMSO Sperm and 
egg 
exposure 

300-3500 Embryo/larv 
ae 

Forbes 2008 Snail  fecundity, egg 
hatchability, and juvenile 
growth, with an emphasis 
on reproduction 

6 months 0.1, 1, 25, and 
640  

Larvae, 
juveniles 

Li 2008 Snail both glutathione S-transferase 
(GST) and total 
glutathione in the gills 
and digestive glands 

ethanol 0, 2, 7, 15 
days 

1, 10, 50 and 
100 

adults  

Sanchez-
Arguello 2012 

Snail  Mortality, malformations, 
hatching, micronucleus 
induction 

DMSO 21 days 10, 5, 2.5, 1.5 
mg/L 

24 h and 96 h 
eggs/embryo 
s 

benzo(a)pyrene, 
fluoxetine, 
Vinclozolin 

Stange 2012 Snail female ER expression DMSO 28 days 40 adult 17alpha
ethinylestradiol, 
17alpha
methyltestosterone 

Vincent-Hubert 
2012 

Snail DNA strand 
breaks/genotoxicity 

acetone 24 h, 8 days 10, 50 Adults, 
embryos, 
neonates, F1 
generation 

Cd 

Jolly 2009 Stickle
back 
(In vitro)

 Spiggin production 
(produced in kidney in 
response to androgenic 
stimulation) 

Significant at 
high doses: 
2.3 (and 
others?) 

Kidney cell 
primary 
culture 

E2, NP 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Baba 2009 Xenopus Notch signaling 
indicators: gamma
secretase, tumor necrosis 
factor alpha converting 
enzyme, expression of 
Pax6, Sox2, FoxD3. 
Morphology (axis, eye, 
pigment, etc), 

ethanol Stage 10.5 
(early 
gastrula 
stage) to 45 
(early 
tadpole 
stage) 

20 µM Neurula 
stage, 26 
(early tailbud 
stage), st. 36 
(later tailbud 
stage), and 
45 

Fini 2009 Xenopus Uptake and 
biotransformation

 72 hr 1, 10 
uM 

tadpoles Radiolabeled BPA 

Fini 2007 Xenopus endogenous thyroid 
hormone production 

ethanol 0.01 and 0.1 
uM 

stage NF-45 
embryos 

TBBPA, 
methimazole, NH3, 
sodium perchlorate, 
iopanoic acid 

George 2008 Xenopus Aster formation methanol 40 minutes 1, 10 µM embryos 
Heimeier 2009  Xenopus T(3)-induced intestinal 

remodeling, microarray 
DMSO 4 days 0.1, 10 uM premetamorp 

hic tadpoles 
Imaoka 2007 Xenopus Morphology and gene 

expression: SOX2, nrp1, 
myoD, SOX17a, PAX6, 
ESR1 

DMSO Stage 10.5 50 uM Stage 35 

Chan 2012 Zebrafish hypothalamic-pituitary
thyroid (HPT) axis gene 
expression 

DMSO 96 hr 10 – 75% of 
8.04 mg/L 

Larvae, 
embryo 

BDE-47, TBBPA 

Chow 2012 Zebrafish vtg1 expression, hatching, 
mortality 

DMSO 96 hr 10-75% of 
EC50 (5.25 
mg/L) and 
LC50 (8.04 
mg/L) 

Embryos, 
larvae 

endosulfan, 
heptachlor, 
methoxychlor and 
tetrabromobisphen 
ol A 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Chung 2011 Zebrafish Brain aromatase 
expression 

DMSO 72-96 hpf 1, 5, 10 uM 
(significance 
not reported) 

96 hpf E2, triclocarban 

Duan 2008 Zebrafish Mortality, development ethanol 8-72 hpf EC50 and 
LC50 < 25 
mg/L 

24, 32, 72 
hpf 

Pentachlorophenol 
and joint effects 
(BPA+PCP) 

Duan 2010 Zebrafish microarray 0-8 dpf 0.5, 1.5 and 
4.5 mg/L 

8 dpf 

Gorelick 2011 Zebrafish ER activation in various 
organs as seen by GFP 
reporter expression 

ethanol 1 or 3 days 0.23 – 2.3 
mg/L 
(statistics not 
reported for 
BPA) 

1 or 3 dpf DES, 17_
ethynylestradiol 
(EE), PPT, DPN, 
genistein, 
enterolactone, 
4-nonylphenol, 
methoxychlor, 
4,4_-DDT, 
and atrazine 

Kausch 2008 Zebrafish Male Microarray (and qRT-
PCR), liver gene 
expression, including 
VTG

 11 days 1000, 2000 adults E2, genistein 

Keiter 2012 Zebrafish Males Vtg expression, survival, 
growth, fecundity, 
fertilization rate, 
histological alterations 

water 180 days 10, 200, 400 Adults and 
juveniles 
(F3), 3 
generations 

PFOS and 
PFOS+BPA 

McCormick 2011 Zebrafish Embryonic development, 
hatching, mortality 

DMSO 3 hpf – 7 dpf 2.5, 5, 10, 
and 20 mg/L 

7 dpf BPA MME, and 
BPA DME 
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Reference Model Sex Endpoints Vehicle Exposure 
Duration 

Concentratio 
ns Tested 
(µg/L, unless 
noted) 

Age at 
Collection 

Other Chemicals 
Tested 

Lam 2011 Zebrafish Embryonic development, 
neuron branching, 
neuromasts, 
vascularization, global 
gene expression 
(microarray) 

ethanol 3 hpf – 7 dpf 50, 500, 
5000, 1500, 
4500 

7 dpf E2, mefenamic acid 

Muncke 2007 Zebrafish MolDarT assay, VTG 
expression 

ethanol 0 – 120 hpf 10, 15 uM 120 dpf E2, EE2, NP, 
atrazin, 
Cyproconazol 

Pelayo 2012 Zebrafish Effect of T3 on gene 
expression (i.e., does BPA 
alter the effect?) 

DMSO 72 hrs Up to 4 mg/L 48 hpf 
embryos 

Saili 2012 Zebrafish both Embryonic development, 
mortality, larval 
locomotor activity, adult 
learning 

DMSO 8-58 hpf or 
8-120 hpf 

0.01, 0.1, 1 
µM 

5 dpf, 8 
months 

E2, GSK4716 

Terrien 2011 Zebrafish Thyroid function 
visualized by a GFP 
promoter; TR-alpha, TR-
beta, TSH, GR and MR 
expression 

ethanol 24 or 48 hrs 0.1, 0.5, 10, 
50, 100 uM 

24 hpf 
embryos 

T3, TRIAC, NH(3) 
or NaClO(4) 

Wu 2011 Zebrafish Oxidative stress markers DMSO 4 – 168 hpf 0.1, 1, 10, 
100, 1000 
ug/L 

7 dpf NP and mixture 

Notes: 
 If left blank, the information required was either not applicable or not available 
 Citations are arranged in alphabetical order based on the model common name (or genus if commonly used) 

o Studies with >1 model organism are alphabetized under “Multiple” 
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