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ABSTRACT

Bisphenol A (BPA) is a high volume production chemical and has been identified as an endocrine disruptor, prompting concern
that developmental exposure could impact brain development and behavior. Rodent and human studies suggest that early life
BPA exposure may result in an anxious, hyperactive phenotype but results are conflicting and data from studies using multiple
doses below the no-observed-adverse-effect level are limited. To address this, the present studies were conducted as part of the
CLARITY-BPA (Consortium Linking Academic and Regulatory Insights on BPA Toxicity) program. The impact of perinatal BPA
exposure (2.5, 25, or 2500mg/kg body weight (bw)/day) on behaviors related to anxiety and exploratory activity was assessed in
juvenile (prepubertal) and adult NCTR Sprague-Dawley rats of both sexes. Ethinyl estradiol (0.5mg/kg bw/day) was used as a
reference estrogen. Exposure spanned gestation and lactation with dams gavaged from gestational day 6 until birth and then
the offspring gavaged directly through weaning (n¼ 12/sex/group). Behavioral assessments included open field, elevated plus
maze, and zero maze. Anticipated sex differences in behavior were statistically identified or suggested in most cases. No
consistent effects of BPA were observed for any endpoint, in either sex, at either age compared to vehicle controls; however,
significant differences between BPA-exposed and ethinyl estradiol-exposed groups were identified for some endpoints.
Limitations of this study are discussed and include suboptimal statistical power and low concordance across behavioral tasks.
These data do not indicate BPA-related effects on anxiety or exploratory activity in these developmentally exposed rats.

Key words: bisphenol A, CLARITY, behavior, anxiety, exploratory activity, endocrine disruption, EDC, sexually dimorphic,
brain, BPA, plastic

Bisphenol A (BPA) is a high volume production industrial chemi-
cal now ubiquitous in the environment. It is the monomer for
polycarbonate plastics and epoxy resins and incorporated in nu-
merous products including food and beverage containers, food

can linings, medical devices, and thermal paper. In developed
countries, human exposure is nearly universal (Calafat et al.,
2008; Casas et al., 2013) and occurs primarily via contaminated
food and beverages (von Goetz et al., 2010) but may also occur

VC The Author 2015. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com

341

TOXICOLOGICAL SCIENCES, 148(2), 2015, 341–354

doi: 10.1093/toxsci/kfv163
Advance Access Publication Date: July 23, 2015
Research Article

,
,
http://www.oxfordjournals.org/


from handling thermal receipts and occupational exposures
(Ehrlich et al., 2014; Li et al., 2010). The EPA has set the reference
dose for chronic oral BPA exposure at 50 mg/kg body weight (bw)/
day (EPA, 1993). Average daily human BPA intake likely varies
with lifestyle and age (exposure was reportedly as high as
1.6 mg/kg bw/day among infants fed with polycarbonate bottles
containing BPA), but US intakes are estimated to be �34 ng/kg
bw/day (FAO/WHO, 2011; Lakind and Naiman, 2011). BPA has
been extensively evaluated for potential adverse effects, but re-
sults have been mixed, and consensus on the potential health
risks at human-relevant exposure levels has not been reached.
Because BPA has been shown to interfere with endogenous hor-
mone signaling and metabolism, the concern that exposure
could impact the development of hormone-sensitive tissues,
such as the brain, has garnered particular attention (Chapin
et al., 2008; FAO/WHO, 2011; NTP, 2008; Palanza et al., 2008;
Patisaul and Polston, 2008; Rosenfeld, 2012; vom Saal et al., 2007;
Wolstenholme et al., 2011a). While numerous studies have eval-
uated the potential for BPA to impact the brain and behavior,
data from studies specifically designed and conducted to be ap-
propriate for human risk assessment are extremely limited. The
present studies were conducted to fill that data gap.

Within the past decade, the National Toxicology Program
(NTP), World Health Organization (WHO), and Food and
Agricultural Organization (FAO) have expressed concern for ef-
fects on the brain and behavior (Beronius et al., 2010; Chapin
et al., 2008; FAO/WHO, 2011; FDA, 2012; NTP, 2008). Notably, the
WHO/FAO report highlighted concerns regarding the potential
for BPA exposure to increase anxiety (FAO/WHO, 2011) and rec-
ommended further investigation. Comprehensive risk assess-
ments and literature reviews have consistently identified
limited replication across animal studies and insufficient epide-
miological data as critical limitations (Beronius et al., 2010;
Rochester, 2013; Wolstenholme et al., 2011a). Subsequent epide-
miological and experimental animal studies have generated ad-
ditional data suggesting a link between heightened anxiety and
developmental BPA exposure (representative examples using
rats include [Goncalves et al., 2010; Jones et al., 2010; Patisaul
et al., 2012]) but indicating anxiogenic and other behavioral ef-
fects vary across age and sex. For example, work by us and
others in animal models has revealed that perinatal exposure to
BPA alters sociosexual (Farabollini et al., 2002; Wolstenholme
et al., 2013) and anxiety-related behaviors in rodents (including
non-traditional animal models, such as the prairie vole)
(Patisaul et al., 2012; Sullivan et al., 2014) and non-human pri-
mates (Nakagami et al., 2009) in sex and age specific manners.
Sex specific structural and molecular changes have been found
within key brain regions critical for the etiology of these behav-
iors, including the hypothalamus (Adewale et al., 2011; Patisaul
et al., 2006, 2007) and hippocampus (Leranth et al., 2008a,b), fur-
ther supporting the hypothesis that BPA can influence behav-
ioral systems. Other studies, however, have not found evidence
of anxiogenic effects (Viberg et al., 2011; Wolstenholme et al.,
2011b). Differences in study design including dose, exposure
window, species/strain, and diet likely contribute to literature
inconsistencies. Altered exploratory activity has also emerged
as a behavioral outcome of concern because epidemiological
studies have associated BPA exposure with hyperactivity in
children (Braun et al., 2011b; Harley et al., 2013; Perera et al.,
2012). Evidence for BPA-related hyperactivity in animal models
is limited and mixed, but heightened activity is suggested in
some publications (representative examples include [Anderson
et al., 2013; Kundakovic et al., 2013]). This study investigated
anxiety and activity-related behaviors in adolescent and adult

rats of both sexes following developmental (gestation through
lactation) exposure to low doses (2.5, 25, or 2500 mg/kg bw/day)
of BPA.

The experiments herein were conducted as part of the
CLARITY-BPA (Consortium Linking Academic and Regulatory
Insights on BPA Toxicity) program (Birnbaum et al., 2012; Schug
et al., 2013), a collaborative effort between academic and Federal
Government scientists, coordinated by the NTP, the National
Institute of Environmental Health Sciences (NIEHS), and the U.S.
Food and Drug Administration (FDA) National Center for
Toxicological Research (NCTR) to draw on the strengths of both
guideline and academic studies to fill data gaps and incorporate
research recommendations identified by the WHO and others
(EFSA 2015; Beronius et al., 2010; Chapin et al., 2008; FAO/WHO,
2011; FDA, 2012; NTP, 2008). These recommendations include
use of multiple, concordant assessments for anxiety and related
behaviors in laboratory animals (the WHO report specifically
suggested inclusion of the elevated plus and zero mazes [EPM
and ZM]), testing and comparing effects in both sexes, testing at
multiple ages, use of a low phytoestrogen diet, inclusion of a
reference estrogen, and evaluation of multiple BPA doses, par-
ticularly doses at or below the no-observed-adverse-effect level
(NOAEL) of 5 mg/kg bw/day. Thus, this program has the poten-
tial to identify novel endpoints and pathways sensitive to BPA
exposure at doses above and below the NOAEL.

Through a similar collaborative effort, using a different set
of animals, we previously showed that NCTR Sprague-Dawley
(NCTR-SD) rats dosed with BPA, over the same developmental
period as this study, exhibited altered estrogen receptor expres-
sion in hypothalamic structures fundamental for the manifesta-
tion of anxiety and related behaviors (Rebuli et al., 2014). The
brains for that study were collected from siblings of animals
used in an NCTR 90-day subchronic study (a study which pre-
ceded the CLARITY-BPA studies), which assessed the effects of
BPA on a wide range of non-neural endpoints including body
and organ weights, puberty onset, histopathology, sperm pa-
rameters, gene expression, and internal dosimetry across life
stages (Camacho et al., 2015; Churchwell et al., 2014; Delclos
et al., 2014). These results highlight the advantages of a multi-
agency research approach and provide support for the hypothe-
sis that developmental BPA exposure may result in anxiety and
exploratory-related behavioral changes.

For the present studies, exposure began to the dam on gesta-
tional day 6 (GD 6) and, following parturition, direct dosing of
pups proceeded through weaning (postnatal day 21 [PND21]) via
orogastric gavage. Direct dosing of pups was employed to cir-
cumvent the possibility of poor lactational transfer of BPA
(Doerge et al., 2010). In addition to the vehicle control, exposure
groups included 3 BPA doses (2.5, 25, 2,500 mg/kg bw/day) and
ethinyl estradiol (EE) as a reference estrogen. Anxiety and activ-
ity levels were assessed in juveniles and adults using the EPM
and the open field (OF). Adults were also tested using the ZM.
Neural endpoints will ultimately be assessed and reported.
Inclusion of a prepubertal cohort fills a critical gap in the exist-
ing literature regarding the impact of developmental BPA expo-
sure because most published data were obtained from adult
animals.

MATERIALS AND METHODS

This study is a component of the CLARITY-BPA program
(Birnbaum et al., 2012; Schug et al., 2013). Comprehensive study
design details are fully described in (Heindel et al., 2015) so only
applicable portions are summarized here. All procedures
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involving animals were approved in advance by the NCTR
Institutional Animal Care and Use Committee and conducted in
an Association for Assessment and Accreditation of Laboratory
Animal Care (AALAC)-accredited facility.

Animal Husbandry
Throughout the study, animal rooms were maintained at
23 6 3�C with a relative humidity of 50 6 20% and a 12:12 h light/
dark cycle. Food and water were available ad libitum. Dams and
preweaned pups were housed with lights on at 6:00 AM. Animals
were then moved at weaning to a different building with a
shifted light cycle (off at 11:00, on at 23:00) to accommodate
behavioral testing in the dark phase. The overall experimental
design and timeline is depicted in Figure 1. Housing and diet
were selected to minimize unintended exposure to BPA and
other endocrine disruptors. The diet was soy- and alfalfa-free
because these diets contain hormonally active compounds that
may be a confounder and obfuscate behavioral sex differences
and/or BPA-related effects (Patisaul et al., 2005, 2012; Thigpen
et al., 2007, 2013) (5K96-verified casein diet 10 IF, round pellets,
c-irradiated [catalog no. 1810069], Test Diets, Purina Mills,
Richmond, IN). Diet lots and other study materials were moni-
tored for BPA by liquid chromatography/mass spectrometry as
described previously (Delclos et al., 2014; Rebuli et al., 2014). As
detailed in Heindel et al. (2015), no assayed lot of diet contained
BPA above the protocol-specified limit of 5 ppb, no study materi-
als, including cage leachates, drinking water, and bedding
extracts, were found to have BPA detectable above the analyti-
cal method blank, and each lot of diet was further certified to
contain less than 1 ppm genistein and daidzein, and less than
0.5 ppm zearalenone and coumestrol.

Dose Preparation and Administration
Five dose groups (n¼ 12 per sex per group) were generated for
the studies reported herein vehicle, BPA 2.5, 25, and 2500 lg/kg
bw/day and EE 0.5 lg/kg bw/day (note: the full CLARITY-BPA
study has additional groups) (see Heindel et al., 2015). Dosing
began on GD 6 and terminated at weaning (PND 21).

Approximately 2 weeks prior to mating, female NCTR-SD
breeders were randomized to exposure groups stratified by
body weight to give approximately equivalent mean body
weights in each group. No sibling or first cousin mating was per-
mitted. Rats were mated in 5 loads (cohorts) spaced 4 weeks
apart. Animals for this study came from loads 4 and 5 (Fig. 1).
Mating was conducted as previously described (Delclos et al.,
2014), but solid-bottomed polysulfone caging with hardwood
chip bedding was used in place of wire bottom cages. Daily gav-
age dosing for dams was done immediately after body weight
collection (dose volume determined by that day’s body weight)
from GD 6 and continued until parturition began (neither dams

nor pups were dosed on the day of birth [PND 0]). Direct gavage
of the pups began on PND 1 after the litter was culled. For pups
younger than PND 5, the gavage needle did not enter the esoph-
agus. Pups were weighed and gavaged daily until PND 21 (wean-
ing). This preweaning part of the study was good laboratory
practices (GLP)-compliant.

BPA (CAS no. 80-05-7, TCI America, Portland, OR; catalog no.
B0494, Lot no. 111909/AOHOK [air-milled], �99.9% purity) and
EE (CAS no. 57-63-6, Sigma-Aldrich, St. Louis, MO; catalog no.
E4876, Lot no. 071M1492V, �99.9% purity) were prepared in
the vehicle, 0.3% aqueous carboxymethyl cellulose (Sigma-
Aldrich, St. Louis, MO; catalog no. C5013, Lot no. 041M0105V)
in water, and administered by gavage daily at a volume of 5 ml/
kg bw using a modified Hamilton Microlab ML511C
programmable 115 V pump (Hamilton Co., Reno, NV)(Lewis
et al., 2010).

Weaning and Transfer of Subjects
Offspring were weaned on PND 21, after their last daily gavage,
and tattooed on the tail with a unique identification number.
Animals used for this study were then transported to a different
building for housing and behavioral testing (termed “behavioral
building” in Fig. 1). The postweaning housing rooms were held
under identical environmental conditions as the preweaning
housing room described above, except for the light cycle (23:00–
11:00), to accommodate testing in the dark phase. Only pups
from litters with at least 9 live pups on PND 0 and a balanced
sex ratio at birth (no litter had more than a 4 pup sex difference
except for 2 litters in load 5, which had a 5 pup sex difference: 9
males and 4 females) were used in this study. Juvenile testing
began on PND 25, allowing the animals from PND 21 to PND 25
to habituate to the new building. Juvenile and adult test subjects
were siblings; that is, 1/sex/litter was assessed as juveniles and
another 1/sex/litter was assessed in adulthood. At weaning,
each subject was housed with 1 or 2 conspecifics (same-expo-
sure group, same-sex, same-age, non-siblings). Where needed,
treatment-naı̈ve “companion” rats were used to provide cage-
mates for those study subjects that could not be housed with a
conspecific (ie, those in which only 1 litter of that exposure
group was born on that day). No data were collected from these
“companion” rats.

Behavioral Testing
Rats were assessed either as juveniles on PND 25–27
(prepuberty) or at adulthood (Fig. 1) using a test battery selected
because the tasks have high predictive validity for anxiety and
generate corroborative results (Chadman et al., 2009; Walf and
Frye, 2007). Juveniles were assessed using the EPM and open
field (OF). Adults were first assessed for 7 consecutive days
using a Barnes Maze by another CLARITY-BPA consortium

FIG. 1. Methods timeline. Visual depiction of the experimental methods timeline including dosing and housing. Dam and pup gavages occurred in the core animal

facility (white arrows), and the experimental animals were transferred to a different animal facility on postnatal day (PND) 21 and acclimated to the new facility from

PND 21 to 25 for subsequent testing. Juveniles (gray arrow) were tested prior to puberty. Adults were tested in 2 groups (black arrows) and the time of behavioral testing

for each group is indicated.
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team, then on the EPM, OF, and ZM. Testing procedures con-
formed to commonly used standards previously reported and
used by us and others (Cao et al., 2013; Ferguson and Boctor,
2010; Ferguson et al., 2012; Hogg, 1996; Patisaul et al., 2012;
Pellow et al., 1985; Shepherd et al., 1994). Behavioral testing
rooms (each containing only 1 type of maze) contained a white
noise generator (producing �66 dB; Marpac Dohm, Rocky Point,
NC), and multiple apparatuses, half designated for males and
half designated for females. All apparatuses were cleaned with
70% ethanol after each testing session. Subjects were preas-
signed to an apparatus such that approximately equal numbers
of each exposure group were tested in each. When possible,
cagemates were tested on the same day, but if not feasible (eg,
when estrous cycle did not match testing protocol), cagemates
were tested in sequential sessions (days between testing of
cagemates ranged from 1 to 8). All assessments commenced
after housing room lights were off (approximately 11:00) and
were completed within 4 h. For testing, all subjects were trans-
ported to the nearby test room in their home cages on a rolling
cart and remained on the cart until testing. The hallway
between the housing room and test rooms was illuminated
with red light. The OF was a beam break assay (PAS-Open Field,
San Diego Instruments, San Diego, CA). All other tests were
video recorded from overhead cameras under dim red lighting
and analyzed from the video by TopScan software (Clever Sys
Inc., Reston, VA) by the NCSU research team. For all tasks, the
number of defecation events was counted because this behavior
is sometimes interpreted to indicate anxiety, but these data
were ultimately not used or analyzed because the majority of
animals did not defecate during testing. Animals were weighed
at the time of testing to look for signs of overt toxicity. As
expected, a significant effect of sex on body weight was
observed at both ages (P� .001 for both ages; data not shown)
with juvenile and adult males weighing more than same-age
females but exposure had no effect on body weight in either sex
at either age.

Juvenile testing spanned PNDs 25–27 to minimize the
likelihood that females would be tested after vaginal
opening (pubertal onset). For adult behavioral testing, subjects
from the 2 loads (4 and 5) were subdivided into testing intervals
for logistical reasons. Both sexes (beginning at PND 77 for half
of each load and PND 91 for the remainder) were handled
daily to become habituated to human contact. Because behavior
varies across the estrous cycle, monitoring and controlling for
estrous cycle to the best degree possible is crucial for decreasing
biological variability that could result from different estrous
cycle phases at the time of the assessment and ensuring testing
consistency (Anderson, 1940; Archer, 1975; Diaz-Veliz et al.,
1997; Frye et al., 2000; Mora et al., 1996; Patisaul et al., 2005).
Vaginal lavage began on PND 84 (for half of each load) or 98
(remaining animals) and continued daily until sacrifice.
Estrous cycle stage was assessed each morning (between 7:30
and 8:00, or 3–3.5 h before testing) via vaginal lavage.
Slides were categorized by 2 experienced testers blind to treat-
ment. Rats were tested on the EPM and ZM on the day they were
categorized to be in proestrus or any stage of estrus (early to
late). OF testing was conducted the day after EPM testing,
regardless of estrous stage. Thus, the testing sequence for
females was (1) EPM during proestrus or estrus, (2) OF on the
subsequent 2 days, and (3) ZM during proestrus or estrus. The
testing sequence for males was 4 consecutive days (ie, EPM, 2
days of OF, and ZM). Adult testing spanned 11 days maximally
from PND 97 (for half of the subjects) or PND 111 (for the
remainder).

Elevated plus maze. Juveniles (PND 25) and adults were
assessed for anxiety-like behavior during a 5-min test session
using 1 of 4 EPMs, as previously described (Ferguson and Berry,
2010). Briefly, each apparatus consisted of 4 connected
black Plexiglas arms, each 10 cm wide and 50 cm long, elevated
50 cm above the floor. Two arms were enclosed within 40 cm
walls (closed arms) and 2 arms had a short (8 mm) ledge around
the edge (open arms). Each subject was gently placed on the
central area facing the closed arm closest to the room wall, and
the home cage and rolling cart were moved outside the test
room.

Open field (OF). Juveniles (PNDs 26–27) and adults were assessed
for anxiety and locomotor activity during 2 30-min test sessions
(over 2 consecutive days) using 1 of 8 OF apparatuses as previ-
ously described (Ferguson et al., 2012). The clear Plexiglas arenas
(each 40� 40� 40 cm) had a 16� 16 photo beam detector around
the outside floor perimeter for detection of horizontal move-
ments and an elevated photo beam detector to measure vertical
activity. Opaque boards between adjacent apparatuses pre-
vented visual contact. Each subject was introduced to the front
left corner (same apparatus on both testing days).

For each of the 2 test days, activity was collected in 5-min
intervals and summed over the entire 30-min testing session
(total activity). Behaviors assessed were total distance traveled
(cm), average speed (cm/s), resting time (total time with no
activity for> 2 s), and time and entries into the center area
(defined as the central 20� 20 cm). An “entry” was defined as
consecutive breaking of 2 beams. PAS-Reporter (San Diego
Instruments, San Diego, CA) was used to convert the raw x,y
beam break data into the distance, speed, resting, and zone
data for statistical analyses.

Zero maze. Adults were assessed for anxiety-like behavior
during a 5-min session using 1 of 2 ZM apparatuses, constructed
to be consistent with those previously described (Cao et al.,
2013; Patisaul and Bateman, 2008; Shepherd et al., 1994).
Each maze consisted of 2 open arms (9.5 cm in width) and 2
closed arms (29.5 cm high walls), was 123 cm in diameter, and
elevated 75.5 cm above the floor. Each of the 2 open arm areas
had a 10 mm ledge around the edge (so as to be structurally sim-
ilar to the open arms of the EPMs). The subject was gently
placed onto an open arm facing a closed arm and left undis-
turbed for 5 min.

Summary of primary endpoints in the behavioral tasks. The
strongest indices of anxiety in these tasks are open arm activity
in the EPM and ZM (less¼heightened anxiety) and center
activity in the OF (less¼heightened anxiety) (Bailey and
Crawley, 2009; Gould et al., 2010). The most robust indices of
activity are closed arm exploration on the EPM and ZM and total
distance traveled in the OF (over the full 30-min task).
Habituation was assessed by comparing OF behavior across the
2 successive testing days (activity declines with experience)
(Bailey and Crawley, 2009; Gould et al., 2010). Results from all
assessed endpoints are presented in the tables and the most
commonly reported, salient endpoints for each testing appara-
tus depicted graphically.

Data decoding. All behavioral testing was completed and scored
blind to exposure group. The blinded raw data were submitted
to the NTP Chemical Effects in Biological Systems database. It
was then independently verified to account for all expected
data sets and data points, and “locked” such that data could not
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be altered. The NCSU researchers were then provided with the
exposure code for data analysis.

Statistical analysis. The statistical approach was developed to be
consistent with prior work and using published guidelines for
low-dose endocrine disrupting chemical studies with sample
sizes in this range (Haseman et al., 2001). Main effects and their
interactions were examined using ANOVA. A Fisher’s protected
least significant difference (LSD) was used as the post hoc test
(when main effects or interactions were identified). While the
Fisher’s protected LSD does not provide the strong family-wise
error control of alternative post hoc procedures, it was selected
over a more conservative approach to minimize risk of Type II
error (rejecting a meaningful effect). Because very few BPA
effects (versus vehicle control) were identified, controlling for
false positives was not considered of high concern, as doing so
would not impact data interpretation. All statistical analyses
were implemented in R (R Team, 2014) and adults and juveniles
were analyzed separately. For all endpoints, significance was
considered P� .05.

EPM data from 2 juvenile subjects (1 EE male and 1 BPA 2.5
female) and 1 adult vehicle control female were excluded from
analyses because they fell from the apparatus. One adult EE
male was excluded from the ZM analyses because it was an
extreme outlier (greater than twice the number of open arm
entries as the next highest data point for that sex and exposure
group). This exclusion did not affect the statistical identification
of any exposure effects. Four adult females (3 EE and 1 BPA 2.5)
could not be included in the analysis for the second OF day,
because the data collection software was not started. Because of
the reduced sample size for the adult female EE group on the
second OF test day, data from the second OF day were only used
to assess the impact of test day on the outcomes. Data from the
first OF day were analyzed in detail, graphed, and included in
the figures and tables. For consistency, the juvenile OF data
were approached the same way.

For EPM and ZM data sets, ANOVA models assessed effects
of sex, exposure, and exposure by sex interactions. Significant
main effects were followed up with a Fisher’s protected LSD post
hoc test. Because aspects of EPM and ZM behavior are sexually
dimorphic, if a main effect of sex was found for any endpoint on
that maze, all subsequent analyses for exposure-related effects
on that maze were made within sex. Additionally, confirmation
of known sex differences in the vehicle controls was considered
to be an indication that the test was robust, powered suffi-
ciently to detect a difference in the range of that effect size, and
properly conducted. As commonly seen with a sample size of
12/sex/exposure group, achieving normality in all residual dis-
tributions within a given endpoint ANOVA model was rare.
Because violations of this assumption tend to produce false pos-
itives and there were no consistent treatment-associated
effects, we did not differentially perform non-parametric tests
in cases where deviation from normality may have been
present. Rather, we applied a consistent modeling approach to
all endpoints across each maze type (Cohen et al., 2002).

OF data sets were analyzed in 2 ways: (1) for each endpoint
the data were summed over the entire 30-min session and ana-
lyzed and (2) behavior was also assessed in 5-min intervals (ie, a
separate ANOVA was conducted for each 5-min interval).
Breaking the 30-min session down into 5-min intervals allows
exploratory behavior to be assessed at different points across
the session as behavior changes with experience (Bailey and
Crawley, 2009; Goma and Tobena, 1978; Gould et al., 2010). The
first 5 min of the test are thought to give the most informative

general measures of anxiety (because novelty is highest). As the
test progresses, activity declines as the animal becomes familiar
with the arena; thus, differences in overall activity or center
area behavior during the final intervals could be reflective of
anxiety and/or exploratory behavior. Activity toward the end of
the 30-min task is thought to reach a steady state so behavior in
the final 5-min interval is considered to be the best indicator of
general (not driven by novelty stress) locomotion (Gould et al.,
2010). For both the 30 min and interval analyses, a 3-way
ANOVA was conducted to test for main effects of sex, exposure,
and test day (across the 2 days), and their interactions. Day 1
data were then further assessed using 2-way ANOVAs with sex
and exposure as factors. Significant main effects and interac-
tions were followed up with a Fisher’s protected LSD post hoc
test. All tables (including Supplementary Tables 1 and 2) report
P values for the F-test associated with each endpoint across all
factors tested.

Because effects were primarily negative, a post hoc power
analysis for a range of treatment effect sizes was performed to
evaluate possible risk of a Type II error (rejecting the null
hypothesis when an effect is present). To parameterize these
calculations, we used the experimental data (treatment group-
wise means and variances) from the adult male EPM measure of
time spent in the open arms. The power calculations were
implemented using the G*Power software (Faul et al., 2009), then
plotted using R.

Pairwise correlations between anxiety-related endpoints
were conducted to assess data concordance across the OF, EPM,
and ZM for the adult testing using methods similar to those
described for characterizing intermaze relationships (Padilla
et al., 2009).

RESULTS

Juveniles
In the EPM (Fig. 2), no significant main effect of exposure group
was found for any endpoint. Main effects of sex were identified
for 4 of 11 endpoints, females spent less time in the central area
(P� .015), exhibited more stretch attend postures (P� .001), had
a shorter latency to enter the open arms (P� .034), and traveled
more distance in the closed arms (P� .005). No significant inter-
action of sex and exposure was found for any endpoint.

OF data were first analyzed by assessing total behavior over
the entire 30-min session of the first testing day (Fig. 3). No sig-
nificant main effects of exposure were found for any of the 4
endpoints. In contrast, significant main effects of sex were iden-
tified for all endpoints: females traveled less (P� .006), rested
more (P� .009), made fewer center entries (P� .014), and spent
less time in the center (P� .011). No significant interaction of
sex and exposure was identified for any endpoint. Additionally,
there was no significant effect of test day on any endpoint.

To obtain greater detail about possible impacts on behavior
within the 30-min session, OF data from the first testing day
were independently analyzed in 5-min intervals
(Supplementary Table 1). Only the first day was analyzed to be
consistent with the approach used for the adults (reported
below) and because there were no significant effects of test day.
Briefly, main effects of sex were found in 11 of 24 interval analy-
ses, but no significant interaction of sex and exposure was iden-
tified. Main effects of exposure were identified in only 3 of 24
interval analyses (Supplementary Table 1). In the second 5-min
interval of the first day, the 2.5 and 25 BPA rats spent more time
resting than the vehicle controls (P� .003 and P� .001,
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FIG. 2. Juvenile elevated plus maze (EPM). A, ANOVA P-values for main effects of exposure, sex, and their interaction for each endpoint. Significant effects are bolded

and highlighted in gray and the direction of significant sex differences is indicated (M¼male; F¼ female). B, Time in the open arms did not differ by sex or across expo-

sure groups. C, Number of stretch attends was sexually dimorphic, with females performing more stretch attends than males. This sex difference was not statistically

significant in the vehicle controls or the bisphenol A (BPA) 2.5 groups. No effects of ethinyl estradiol (EE) or BPA were observed versus vehicle control. Distance traveled

on the open arms D, and number of open arm entries E, were not impacted by sex or exposure. Graphs depict mean 6 SEM. For all graphs, females are depicted in open

bars and males in striped bars. Sex differences within exposure group are indicated by &P� .05 and &&P� .01.

FIG. 3. Juvenile OF. A, ANOVA P-values for main effects of exposure, sex, their interaction, and test day for each endpoint. Significant effects are bolded and highlighted

in gray. Sex and test day differences are indicated (M¼male; F¼ female; 1¼first test day; 2¼ second test day). Distance traveled B, entries into the center C, and time

in the center D, differed by sex but did not differ across exposure groups. No effects of ethinyl estradiol (EE) or bisphenol A (BPA) were observed versus vehicle control.

Graphs depict mean 6 SEM. For all graphs, females are represented by open shapes and males by black, filled shapes. Each interval was 5 min; all graphs show results

from the first day of testing (data from the second day are not shown). Main effect of sex denoted by &P� .05 and &&P� .01.
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respectively). In the fourth interval, the BPA 25 group made
fewer center entries (P� .005) and spent less time in the center
(P� .003) than vehicle controls. Significant main effects of test
day were detected in only 2 of 24 instances.

Adults
In the EPM, significant main effects of exposure group were
found for 5 of 11 endpoints, but post hoc testing did not indicate
that any BPA group was significantly different from the vehicle
group. Instead, BPA and/or vehicle groups were significantly dif-
ferent from the EE group (Fig. 4). EE and BPA 25 rats spent less
time on the closed arms than BPA 2500 rats (P� .001 and
P� .006, respectively). EE animals spent significantly more time
on the open arms than the vehicle control, BPA 2.5, and BPA
2500 groups (P� .05, P� .05, and P� .01, respectively). The
vehicle control and BPA 2.5 groups traveled more distance in
the closed arms than the EE group (P� .006 and P� .037, respec-
tively). EE and BPA 2500 groups traveled less distance in the cen-
ter than the BPA 25 group (P� .004 and P� .008, respectively).
The EE group entered the closed arms fewer times than the BPA
25 group (P� .008). Main effects of sex were identified in 6 of 11
endpoints, females spent more time in the open arms (P� .001),
less time in the center (P� .001), traveled more distance (closed
arms (P� .001), open arms (P� .001), and overall (P� .001), and
made more open arm entries (P� .007); effects consistent with
known sex differences in rat EPM performance. No significant

interactions of sex and exposure were identified for any
endpoint.

No significant main effects of exposure were found for any
OF endpoint when endpoints (day 1 only) were summed over
the entire 30-min session (Fig. 5). Main effects of sex were found
for all endpoints. Females traveled less distance overall
(P� .001), spent more time resting (P� .009), made fewer center
entries (P� .003), and spent less time in the center area
(P� .001). No significant interaction of sex and exposure was
found for any of those 4 day 1 endpoints. A significant main
effect of test day was also identified for every overall endpoint;
demonstrating that all groups habituated to the task. On the
first test day, rats (regardless of sex or exposure group) traveled
farther (P� .001), rested less (P� .001), made more center entries
(P� .001), and spent more time in the center area (P� .001).

Data from day 1 were then analyzed using separate ANOVAs
for each 5-min interval. No significant main effects of exposure
were identified in any interval (Supplementary Table 2). Main
effects of sex were found in 18 of 24 interval analyses
(Supplementary Table 2), confirming the behavioral sex differ-
ence detected in the full session analysis. No significant interac-
tions of sex and exposure were found. Comparing behavior in
each interval across days 1 and 2, significant main effects of test
day were found in 17 of 24 interval analyses (Supplementary
Table 2) confirming across-session habituation regardless of sex
or exposure.

FIG. 4. Adult elevated plus maze (EPM). A, ANOVA P-values for main effects of exposure, sex, and their interaction for each endpoint. Significant effects are bolded and

highlighted in gray. Sex and group differences are indicated (M¼male; F¼ female). B, Time in the open arms differed by exposure and sex. The ethinyl estradiol (EE)

group had a significantly longer time on the open arms than the vehicle group. Bisphenol A (BPA) 2.5 and 2500 groups differed significantly from the ethinyl estradiol

(EE) group, but not the vehicle controls. Sex differences were identified in the BPA 2.5 and 25 groups, but not in the vehicle controls. C, Number of stretch attends was

not impacted by sex or exposure. D, Distance traveled in the open arms was sexually dimorphic with females traveling farther. E, Open arm entries were not impacted

by exposure but were sexually dimorphic. This sex difference was only statistically significant in the BPA 2.5 group. Graphs depict mean 6 SEM. For all graphs, females

are depicted in open bars and males in striped bars. Group differences compared to the vehicle control group are indicated with *P� .05. Sex differences within expo-

sure group are indicated by &P� .05; &&P� .01; and &&&P� .001.
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In the ZM (Fig. 6), no significant main effect of exposure was
found for any endpoint. A main effect of sex was identified for 1
of the 7 endpoints and indicated that females performed fewer
stretch attends (P� .041). No significant interactions between
exposure and sex were identified for any ZM endpoint.

Correlation Between Outcome Measures
Linear correlation patterns between anxiety endpoints were
explored for the 3 adult testing arenas. The results are pre-
sented in Supplementary Figure 1. As expected, high empirical
correlations (r) were found between related outcome measures
within each apparatus (eg, measures of speed, time, and num-
ber of entries into a specific area or arm). This is reflected in the
groupings of significant results for individual outcomes
reported in all tables; however, lower than expected correla-
tions were found between related measures across the different
testing arenas (Supplementary Fig. 1), with the majority of
across-assessment correlations r< 0.15. For example, concord-
ance between time in the open ZM and EPM arms was a reason-
able r< 0.38, but number of entries into the respective arms was
poorly correlated at r< 0.066. Low concordance was observed in
all exposure groups (depicted in Supplementary Fig. 1), so the
overall effect was not impacted by exposure group.

Estimating Observed Effect Size of BPA and Detection Power
A subset of the experimental data was used to estimate the
observed effect size of treatment and the associated detection
power. The effect size, f, was defined as: f¼rm/r, where rm is
the standard deviation of the group means and r is the stand-
ard deviation within each group. Supplementary Figure 2 shows
the estimated power (the probability of rejecting a null hypothe-
sis given that it is truly false) for a range of effect sizes. The

effect size, f, was solved for plotting as g2, which is interpreted
here as “proportion of variance explained by exposure group.”
Thus, the range of effect sizes plotted in Supplementary Figure
2 represents effect sizes, g2, of 1% (f¼ 0.1) to 50% (f¼ 1). The data
used to generate these curves were based upon observed data
from the time in the open arms for adult males (vehicle and
BPA 2500 groups) in the EPM. This data set was chosen for this
analysis because main effects of exposure and sex were found
for some of the endpoints on the EPM, including time in the
open arms, and the variability was reasonably consistent across
all exposure groups (regardless of sex). For this behavioral
measure, our effect size was estimated as f¼ 0.37, which corre-
sponds to an estimated power of 58% using 60 total animals (12
rats per each of 5 groups). Under this effect size (considered
“moderate”), 95 total animals (19 rats per each of 5 groups)
would be required to achieve 80% power. Note that these esti-
mates do not account for any expected “ordering” of the treat-
ment groups. If notions of non-monotonicity in complex
behavioral responses were discarded, then alternative models
might achieve slightly higher power estimates—given that
other assumptions were held constant.

DISCUSSION

No systematic effects of BPA were observed on any endpoint
in juveniles or adults. In juveniles, statistically significant
effects of 2.5 and 25 mg/kg bw/day BPA were identified on a
few endpoints in the interval OF analysis but, overall, evidence
for BPA-related effects was minimal and inconsistent and
thus not interpreted to be indicative of a biologically meaningful
effect on either anxiety or activity. The reference estrogen,
EE, also had no meaningful effects on behavior compared with

FIG. 5. Adult OF. A, ANOVA P-values for main effects of exposure, sex, their interaction, and test day for each endpoint. Significant effects are bolded and highlighted in

gray. Sex and test day differences are indicated (M¼male; F¼ female; 1¼first test day; 2¼ second test day). Distance traveled B, entries into the center C, and time in

the center D, differed by sex, but did not differ across exposure groups. No effects of ethinyl estradiol (EE) or bisphenol A (BPA) were observed. Graphs depict

mean 6 SEM. For all graphs, females are represented by open shapes and males by black, filled shapes. Each interval was 5 min; all graphs show results from the first

day of testing (data from the second day are not shown). Main effect of sex denoted by && P� .01 and &&&P� .001.
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the vehicle controls. Significant differences between BPA-
exposed and EE-exposed groups were identified for several
endpoints; an outcome suggesting BPA and EE may not
have duplicative effects on behavioral tasks. Detection of
expected sex differences was interpreted to signify that tasks
were robust and sufficiently powered to identify these well-
established differences. Expected sex differences in EPM per-
formance (summarized in Simpson et al., 2012) were statistically
significant (main effect of sex in the ANOVA) or suggested for
most endpoints, but not consistently observed within the
vehicle (unexposed) control groups, and thus considered a
potential limitation. Sex differences in the OF were consistent
with what has previously been shown for the NCTR-SD strain
(eg, Boctor and Ferguson, 2010; Ferguson and Berry, 2010;
Ferguson et al., 2012) but opposite of what has historically been
reported across most rat strains (Frye et al., 2000; Gould et al.,
2010; Padilla et al., 2009; Valles, 1976). Sex differences on the ZM
were not observed. Suboptimal statistical power, low concord-
ance across behavioral tasks, and light cycle shift 4 days prior to
juvenile testing were identified as study limitations.
Subsequent studies using these animals will investigate the
possibility that BPA exposure induced morphological, molecu-
lar, or epigenetic changes in rat brain regions fundamental to
the coordination of these and other sexually dimorphic
behaviors.

Published data regarding BPA-related effects on anxiety in
juvenile rodents generally suggest anxiogenic activity, but avail-
able evidence is limited and sex-specific effects at this age are

conflicting (Wolstenholme et al., 2011a). For example, 2 mouse
studies published since the WHO assessment reported
increased anxiety-like behaviors in juvenile C57BL/6 J males, but
not in females (Cox et al., 2010; Matsuda et al., 2012), while
another study reported the opposite in CD1 mice (Gioiosa et al.,
2013). Two studies reported no effects on anxiety in juvenile
C57BL/6 J mice (Wolstenholme et al., 2011, 2013), while another
observed decreased anxiety in both sexes of ICL mice
(Nakamura et al., 2012). Heightened anxiety was found in BPA-
exposed juvenile Wistar rats (Patisaul et al., 2012); an effect
which was abrogated by soy diet, emphasizing that species,
strain, and diet are all factors which likely contribute to out-
come variability in the literature. Here, no effects of BPA were
detected on any OF endpoint in the juvenile cohort when data
from the 30-min sessions were assessed as a whole. In the inter-
val analysis, however, some mid-trial effects were observed.
Elevated overall time resting in the BPA 2.5 and 25 groups
(Supplementary Table 1) was detected in the second interval
(minutes 5–10 of the session). The BPA 25 group also displayed
fewer center entries and less time in the center during the
fourth interval. Although these results could potentially be
interpreted as suggestive of heightened anxiety and reduced
activity, mid-trial activity changes are more difficult to interpret
than those at the start or end of the task, and these sporadic
observations are likely due to chance and not indicative of a
meaningful impact of BPA on anxiety or activity. Similarly no
evidence of BPA-related effects was observed on EPM
performance.

FIG. 6. Adult ZM. A, ANOVA P-values for main effects of exposure, sex, and their interaction for each endpoint. Significant effects are bolded and highlighted in gray.

Sex and group differences are indicated (M¼male; F¼ female). B, Time in the open arms was not impacted by sex or exposure group. C, Number of stretch attends was

sexually dimorphic with females performing fewer stretch attends. No effects of ethinyl estradiol (EE) or bisphenol A (BPA) were identified. D, Distance traveled in the

open arms was not impacted by sex or exposure group. Graphs depict mean 6 SEM. For all graphs, females are depicted in open bars and males in striped bars. Sex dif-

ferences within exposure group are indicated by &&P� .01.
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Shifting the animals to a new building and reversing the
light cycle (to accommodate testing in the dark, when rats are
naturally most active) 4 days prior to testing is a potential con-
found of the juvenile testing. Disruption of circadian rhythm is
well recognized to alter behavioral patterns, including motor
behaviors (Silver and Kriegsfeld, 2014; Yamazaki et al., 2000),
and sensitivity is age dependent (Albani et al., 2015) and sexu-
ally dimorphic (Bailey and Silver, 2014). The testing window was
selected to maximize recovery time from the shift but also com-
plete assessment prior to pubertal onset.

There was no effect of test day on OF behavior in juveniles,
indicating no across-session habituation. This observation is
concordant with prior work in NCTR-SD rats (Ferguson et al.,
2012), but this age-dependent behavior typically emerges earlier
in SD rats (Bronstein et al., 1974; Laviola et al., 1988). Only some
sex differences were observed in the OF, but this finding is con-
sistent with prior work showing that sex differences do not fully
emerge until adulthood in rats (Masur et al., 1980; Slob et al.,
1986; Valles, 1976).

In adults, numerous prior studies using a variety of exposure
and testing paradigms have reported evidence of heightened
anxiety following developmental exposure to BPA at dose levels
approximate to the range used here (reviewed in Mileva et al.,
2014; Wolstenholme et al., 2011a). These effects have been
reported in both sexes across a variety of rodent species and
strains, eliminating naturally occurring sex differences in some
cases (examples from rats, mice, and prairie voles include
[Kundakovic et al., 2013; Matsuda et al., 2012; Patisaul et al., 2012;
Sullivan et al., 2014]). While the majority of available studies
reveal anxiogenic effects, decreased anxiety has been observed
in Long Evans rats (Jones and Watson, 2012), an effect the
authors attributed to heightened general activity and demascu-
linization. Anxiolytic effects have also been reported in ICR
mice exposed to 100 or 500 mg/kg bw/day from GD 7–PND 36
(Tian et al., 2010). Adult behavioral assessments in this study
revealed no BPA-related effects on the OF or ZM. On the EPM,
main effects of exposure were identified for several endpoints
(Fig. 4), but these effects were attributable to differences
between the BPA and EE groups. We have previously reported
differences between BPA and EE exposures (Cao et al., 2013;
Patisaul et al., 2012; Rebuli et al., 2014), and the present results
reinforce our prior conclusion that BPA does not act strictly like
an “estrogen” on the brain and behavior. Thus impacts on
behavior may occur via alternative mechanisms (Kinch et al.,
2015; Wolstenholme et al., 2011a; Yeo et al., 2013) and ongoing
studies assessing gene expression and methylation patterns in
the brains of the animals used here should inform on these
mechanisms.

Adult rat EPM behavior is typically sexually dimorphic, with
females in behavioral estrus more active and exhibiting
increased exploration of “high anxiety” areas (ie, open arms of
the EPM and ZM) than females in other estrous phases or males
(Anderson, 1940; Archer, 1975; Diaz-Veliz et al., 1997; Frye et al.,
2000; Mora et al., 1996; Patisaul et al., 2005). Although main
effects of sex were detected by ANOVA in the EPM (most impor-
tantly, for open arm entries and time on the open arms), with
the exception of distance traveled in the open arms, those dif-
ferences were not significant in the vehicle control groups lead-
ing to some concern about sensitivity and study power.
Behavioral sex differences were also not detected in the ZM. In
the OF, males were more active and more exploratory of regions
considered high anxiety than females. This sex difference was
robust but opposite of what is typically reported for rats, includ-
ing SD rats (Frye et al., 2000; Gould et al., 2010; Padilla et al., 2009;

Valles, 1976). Prior OF work in this SD strain at NCTR has consis-
tently found similar or no sex differences. (eg, Boctor and
Ferguson, 2010; Ferguson and Berry, 2010; Ferguson et al., 2012).
Absent and opposite behavioral sex differences in the NCTR-SD
rat population might possibly factor into why the results
reported here differ from prior BPA studies in rats.

Because the data were primarily negative, post hoc power cal-
culations were conducted to assess the potential for Type II
error (false negatives). For this analysis, male performance on
the EPM (vehicle and BPA 2500 groups) was used because this
was an endpoint for which a main effect of sex and exposure
were identified. A moderate power deficit, arising primarily
from the high interindividual variability observed on these
behavioral measures, was detected. Although the reliability of
the experiments was high, in terms of measures within subjects
and across test days, the possibility interindividual variability
obscured an exposure-related signal cannot be entirely ruled
out. A sufficiently powered study using these specific outcomes
and exposure groups would minimally require a sample size of
19/sex/exposure group (7 additional subjects/sex/exposure
group) to confidently rule out Type II error (Supplementary Fig.
2). This estimate is consistent with prior assertions that sample
sizes of approximately 10–20 animals per sex per group are min-
imally needed to overcome interindividual behavioral variabil-
ity in routine behavioral phenotyping (Chadman et al., 2009).
Post hoc power analyses have well-characterized limitations
(Levine and Ensom, 2001; Wagenmakers et al., 2014), and sample
sizes for this study were within range of, or exceeded, historical
norms for this laboratory and most others publishing on neuro-
behavioral effects of BPA. For example, EPA recommends a min-
imum of 10/sex/group for its guideline neurotoxicity studies
and the Organization for Economic Cooperation and
Development (OECD)’s guidance document recommends 10–20/
sex/group. Nonetheless, insufficient power may at least parti-
ally account for why the present results contrast with prior
work reporting evidence of heightened anxiety in developmen-
tally BPA-exposed animals.

Use of a battery of corroborative behavioral tasks with high
predictive and convergent validity (Chadman et al., 2009; Cryan
and Sweeney, 2011; Walf and Frye, 2007) was considered a
strength of this design. Diagnostic behaviors, including open
arm activity, are expected to be highly concordant across mazes
and thus equivalently predictive of behavioral state ([Cryan and
Sweeney, 2011] and as an example see Bell et al., 2014). In this
study, concordance between some EPM and ZM endpoints was
markedly low, suggesting that performance on 1 task was nei-
ther predictive nor reflective of performance on the other.
Percentage of time spent in the open arms (Supplementary Fig.
3) was consistently higher in the ZM than the EPM for both male
and female adults in all exposure groups, an effect consistent
with the idea that the ZM is a less aversive test than the EPM
(Braun et al., 2011a; Shepherd et al., 1994). Sequential testing
might have contributed to low concordance, as some studies
indicate that prior exposure to a novel environment increases
subsequent activity and open arm exploration, but we do not
believe this to be the case, because this effect is not consistently
observed (Pellow et al., 1985; Walf and Frye, 2007; Weiss et al.,
1998), and test order was carefully considered and within histor-
ical norms for behavioral phenotyping (Chadman et al., 2009).
Numerous prior studies have reported BPA-related effects in
rats (Patisaul and Bateman, 2008; Patisaul et al., 2012) and other
species in the EPM (Jasarevic et al., 2011, 2013; Luo et al., 2013;
Wolstenholme et al., 2011a) but, to our knowledge, the only prior
study using ZM to investigate BPA-related outcomes exposed
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the animals during adolescence (Luo et al., 2013), so appropri-
ately analogous historical data are unavailable for comparison.

The influence of gavage on behavioral performance is also a
potential concern. It is well known that perinatal stress can
remodel the stress axis; amplifying risk of abnormal stress-
responsivity, including heightened anxiety, and depressive-like
behavior in adulthood (Markham and Koenig, 2011; Russo et al.,
2012). In a related study, we showed that prenatal gavage alters
estrogen receptor expression in neonatal brain regions funda-
mental to stress and fear-learning, anxiety, and activity (Cao
et al., 2013). Gavage effects eclipsed those of BPA in several
instances, raising concerns that gavage itself may interact with
BPA exposure to induce molecular, cellular, neural, and behav-
ioral changes. Subsequent studies using their siblings, however,
found no differences between gavaged and naı̈ve controls
(same strain, same housing facility) on preweaning behavior, OF
activity, Barnes maze and water maze performance, novelty
preference, motor coordination, adolescent play, running wheel
activity, flavored solution intake, female sex behavior, manually
elicited lordosis, or circulating corticosterone levels measured
at weaning or adulthood (Ferguson et al., 2011, 2012, 2014).

CONCLUSIONS

The present studies represent a portion of the data obtained
under the CLARITY-BPA program (Birnbaum et al., 2012; Schug
et al., 2013). No compelling evidence of BPA-related effects on
anxiety or exploratory behavior was found in developmentally
exposed adult NCTR-SD rats, and only limited, inconsistent evi-
dence for heightened anxiety and activity was found in juve-
niles. Although it is perhaps parsimonious to conclude that
perinatal exposure to BPA levels below the NOAEL has little to
no impact on affective behaviors, limitations of this study
include lower than required statistical power to confidently rule
out Type II error, low maze concordance, incomplete statistical
identification of all expected behavioral sex differences, light
cycle reversal prior to juvenile testing, and potential stress-
related effects of gavage (pre- and postnatal) (Cao et al., 2013).
Importantly, power calculations are specific to the experiments
herein, and not intended nor anticipated to be indicative of
probable power levels for other endpoints in the CLARITY-BPA
program, particularly those for which effect size is greater, and
interindividual variability is anticipated to be lower. Subsequent
studies from other CLARITY-BPA projects will provide further
resolution on the potential effects of BPA by providing data on
other neural-related endpoints, both at the behavioral and
molecular levels, and a wealth of other organ systems and
outcomes.

FUNDING

This study is part of the NIEHS CLARITY-BPA Consortium
supported by NIEHS grant U011ES020929 to H.B.P., and the
animal portion of this study is supported by NIEHS
Interagency Agreement AES12013 (FDA IAG 224-12-0003).
This study was also supported by NIH P42ES005948 and NIH
R01ES19604 to D.M.R.

ACKNOWLEDGMENTS

The authors would like to thank K. Barry Delclos at NCTR for
his support with the organization and conception of this and
other CLARITY-BPA projects, FaYin Li at Clever Sys, Inc. for

his programming guidance, Sherry Lewis and Michelle M.
Vanlandingham at NCTR for their critical contribution to the
planning, implementation, and conduct of the CLARITY-BPA
core study that provided the animals for the behavior stud-
ies, Charles D. Law for his assistance and support at NCTR
throughout the behavioral testing process, and the Priority
One animal care staff at NCTR. We are also grateful to Sandra
Losa-Ward for assisting with the literature search and John
Panos at NCTR, who assisted with the open field data sum-
maries. A particular acknowledgement is owed to Sherry A.
Ferguson at NCTR for her invaluable assistance and direction
during the experimental design and data collection process.
Additionally, her insights during the course of manuscript
preparation were especially helpful and significant.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.

REFERENCES
Adewale, H. B., Todd, K. L., Mickens, J. A., and Patisaul, H. B.

(2011). The impact of neonatal bisphenol-A exposure on sex-
ually dimorphic hypothalamic nuclei in the female rat.
Neurotoxicology 32, 38–49.

Albani, S. H., Andrawis, M. M., Abella, R. J., Fulghum, J. T., Vafamand,
N., and Dumas, T. C. (2015). Behavior in the elevated plus maze
is differentially affected by testing conditions in rats under and
over three weeks of age. Front. Behav. Neurosci. 9, 31.

Anderson, E. E. (1940). The sex hormones and emotional behav-
ior: I. The effect of sexual receptivity upon timidity in the fe-
male rat. Pedagogical Semin. J. Genet. Psychol. 56, 149–158.

Anderson, O. S., Peterson, K. E., Sanchez, B. N., Zhang, Z.,
Mancuso, P., and Dolinoy, D. C. (2013). Perinatal bisphenol A
exposure promotes hyperactivity, lean body composition,
and hormonal responses across the murine life course.
FASEB J. 27, 1784–1792.

Archer, J. (1975). Rodent sex differences in emotional and related
behavior. Behav. Biol. 14, 451–479.

Bailey, K. R., and Crawley, J. N. (2009). Anxiety-related behaviors
in mice. In Methods of Behavior Analysis in Neuroscience, 2nd ed.
(J. J. Buccafusco, Ed.). CRC Press, Boca Raton, FL.

Bailey, M., and Silver, R. (2014). Sex differences in circadian tim-
ing systems: Implications for disease. Front. Neuroendocrinol.
35, 111–139.

Bell, R., Duke, A. A., Gilmore, P. E., Page, D., and Begue, L. (2014).
Anxiolytic-like effects observed in rats exposed to the ele-
vated zero-maze following treatment with 5-HT2/5-HT3/5-
HT4 ligands. Sci. Rep. 4, 3881.

Beronius, A., Ruden, C., Hakansson, H., and Hanberg, A. (2010).
Risk to all or none? A comparative analysis of controversies
in the health risk assessment of Bisphenol A. Reprod. Toxicol.
29, 132–146.

Birnbaum, L. S., Bucher, J. R., Collman, G. W., Zeldin, D. C.,
Johnson, A. F., Schug, T. T., and Heindel, J. J. (2012).
Consortium-based science: The NIEHS’s multipronged, col-
laborative approach to assessing the health effects of bisphe-
nol A. Environ. Health. Perspect. 120, 1640–1644.

Boctor, S. Y., and Ferguson, S. A. (2010). Altered adult locomotor
activity in rats from phencyclidine treatment on postnatal
days 7, 9 and 11, but not repeated ketamine treatment on
postnatal day 7. Neurotoxicology 31, 42–54.

REBULI ET AL. | 351

 (ER)
; Ferguson
, etal
.,
-
-
-
atisaul
Additional funding from
eif
http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfv163/-/DC1
http://toxsci.oxfordjournals.org/
http://toxsci.oxfordjournals.org/


Braun, A. A., Skelton, M. R., Vorhees, C. V., and Williams, M. T.
(2011a). Comparison of the elevated plus and elevated zero
mazes in treated and untreated male Sprague-Dawley rats:
Effects of anxiolytic and anxiogenic agents. Pharmacol.
Biochem. Behav. 97, 406–415.

Braun, J. M., Kalkbrenner, A. E., Calafat, A. M., Yolton, K., Ye, X.,
Dietrich, K. N., and Lanphear, B. P. (2011b). Impact of early-
life bisphenol A exposure on behavior and executive func-
tion in children. Pediatrics 128, 873–882.

Bronstein, P. M., Neiman, H., Wolkoff, F. D., and Levine, M. J.
(1974). The development of habituation in the rat. Anim.
Learn. Behav. 2, 92–96.

Calafat, A. M., Ye, X., Wong, L. Y., Reidy, J. A., and Needham, L. L.
(2008). Exposure of the U.S. population to bisphenol A and
4-tertiary-octylphenol: 2003-2004. Environ. Health. Perspect.
116, 39–44.

Camacho, L., Basavarajappa, M. S., Chang, C. W., Han, T., Kobets,
T., Koturbash, I., Surratt, G., Lewis, S. M., Vanlandingham, M.
M., Fuscoe, J. C., et al. (2015). Effects of oral exposure to bisphe-
nol A on gene expression and global genomic DNA methyla-
tion in the prostate, female mammary gland, and uterus of
NCTR Sprague-Dawley rats. Food Chem. Toxicol. 81, 92–103.

Cao, J., Rebuli, M. E., Rogers, J., Todd, K. L., Leyrer, S. M., Ferguson,
S. A., and Patisaul, H. B. (2013). Prenatal bisphenol A exposure
alters sex-specific estrogen receptor expression in the
neonatal rat hypothalamus and amygdala. Toxicol. Sci. 133,
157–173.

Casas, M., Chevrier, C., Hond, E. D., Fernandez, M. F., Pierik, F.,
Philippat, C., Slama, R., Toft, G., Vandentorren, S., Wilhelm,
M., et al. (2013). Exposure to brominated flame retardants,
perfluorinated compounds, phthalates and phenols in
European birth cohorts: ENRIECO evaluation, first human
biomonitoring results, and recommendations. Int. J. Hyg.
Environ. Health. 216, 230–242.

Chadman, K. K., Yang, M., and Crawley, J. N. (2009). Criteria for
validating mouse models of psychiatric diseases. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 150B, 1–11.

Chapin, R. E., Adams, J., Boekelheide, K., Gray, L. E., Jr., Hayward,
S. W., Lees, P. S., McIntyre, B. S., Portier, K. M., Schnorr, T. M.,
Selevan, S. G., et al. (2008). NTP-CERHR expert panel report on
the reproductive and developmental toxicity of bisphenol A.
Birth Defects Res. B Dev. Reprod. Toxicol. 83, 157–395.

Churchwell, M. I., Camacho, L., Vanlandingham, M. N., Twaddle,
N. C., Sepehr, E., Delclos, K. B., Fisher, J. W., and Doerge, D. R.
(2014). Comparison of life-stage-dependent internal dosime-
try for bisphenol A, ethinyl estradiol, a reference estrogen,
and endogenous estradiol to test an estrogenic model of ac-
tion in Sprague-Dawley rats. Toxicol. Sci. 139, 4–20.

Cohen, J., Cohen, P., Stephen, G. W., and Aiken, L. S. (2002).
Applied Multiple Regression/Correlation Analysis for the
Behavioral Sciences, 3rd ed. Lawrence Erlbaum Associates, Inc
10 Industrial Avenue Mahwah, NJ 07430.

Cox, K. H., Gatewood, J. D., Howeth, C., and Rissman, E. F. (2010).
Gestational exposure to bisphenol A and cross-fostering af-
fect behaviors in juvenile mice. Horm. Behav. 58, 754–761.

Cryan, J. F., and Sweeney, F. F. (2011). The age of anxiety: Role of
animal models of anxiolytic action in drug discovery. Br. J.
Pharmacol. 164, 1129–1161.

Delclos, K. B., Camacho, L., Lewis, S. M., Vanlandingham, M. M.,
Latendresse, J. R., Olson, G. R., Davis, K. J., Patton, R. E.,
Gamboa da Costa, G., Woodling, K. A., et al. (2014). Toxicity
evaluation of bisphenol A administered by gavage to Sprague
Dawley rats from gestation day 6 through postnatal day 90.
Toxicol. Sci. 139, 174–197.

Diaz-Veliz, G., Alarcon, T., Espinoza, C., Dussaubat, N., and Mora,
S. (1997). Ketanserin and anxiety levels: Influence of gender,
estrous cycle, ovariectomy and ovarian hormones in female
rats. Pharmacol. Biochem. Behav. 58, 637–642.

Doerge, D. R., Vanlandingham, M., Twaddle, N. C., and Delclos, K.
B. (2010). Lactational transfer of bisphenol A in Sprague-
Dawley rats. Toxicol. Lett. 199, 372–376.

EFSA (2015). EFSA panel on food contact materials, enzymes, fla-
vourings and processing acids (CEF). EFSA J. 13, 3978.

Ehrlich, S., Calafat, A. M., Humblet, O., Smith, T., and Hauser, R.
(2014). Handling of thermal receipts as a source of exposure
to bisphenol A. JAMA 311, 859–860.

EPA (1993). Bisphenol A, Integrated Risk Information System.
Available at: http://www.epa.gov/ncea/iris/subst/0356.htm.
Accessed March 18 2014.

FAO/WHO (2011). Toxicological and health aspects of bisphenol
A: Report of Joint FAO/WHO Expert Meeting and Report
of Stakeholder Meeting on Bisphenol A. In World
Health Organization. http://whqlibdoc.who.int/publications/
2011/97892141564274_eng.pdf

Farabollini, F., Porrini, S., Della Seta, D., Bianchi, F., and Dessi-
Fulgheri, F. (2002). Effects of perinatal exposure to bisphenol
A on sociosexual behavior of female and male rats. Environ.
Health. Perspect. 110(Suppl. 3), 409–414.

Faul, F., Erdfelder, E., Buchner, A., and Lang, A. G. (2009).
Statistical power analyses using G*Power 3.1: Tests for
correlation and regression analyses. Behav. Res. Methods 41,
1149–1160.

FDA (2012). Bisphenol A (BPA): Use in food contact application. In
(F. a. D. Administration, Ed.). http://www.fda.gov/down-
loads/Food/IngredientsPackagingLabeling/FoodAdditivesIng
redients/UCM424011.pdf

Ferguson, S. A., and Berry, K. J. (2010). Chronic oral treatment
with isotretinoin alters measures of activity but not anxiety
in male and female rats. Neurotoxicol. Teratol. 32, 573–578.

Ferguson, S. A., and Boctor, S. Y. (2010). Cocaine responsiveness
or anhedonia in rats treated with methylphenidate during
adolescence. Neurotoxicol. Teratol. 32, 432–442.

Ferguson, S. A., Law, C. D., Jr., and Abshire, J. S. (2011).
Developmental treatment with bisphenol A or ethinyl estra-
diol causes few alterations on early preweaning measures.
Toxicol. Sci. 124, 149–160.

Ferguson, S. A., Law, C. D., and Abshire, J. S. (2012).
Developmental treatment with bisphenol A causes few alter-
ations on measures of postweaning activity and learning.
Neurotoxicol. Teratol. 34, 598–606.

Ferguson, S. A., Law, C. D., and Kissling, G. E. (2014). Developmental
treatment with ethinyl estradiol, but not bisphenol A, causes al-
terations in sexually dimorphic behaviors in male and female
Sprague Dawley rats. Toxicol. Sci. 140, 374–392.

Frye, C. A., Petralia, S. M., and Rhodes, M. E. (2000). Estrous cycle
and sex differences in performance on anxiety tasks coincide
with increases in hippocampal progesterone and 3alpha,5al-
pha-THP. Pharmacol. Biochem. Behav. 67, 587–596.

Gioiosa, L., Parmigiani, S., Vom Saal, F. S., and Palanza, P. (2013).
The effects of bisphenol A on emotional behavior depend
upon the timing of exposure, age and gender in mice. Horm.
Behav. 63, 598–605.

Goma, M., and Tobena, A. (1978). Reliability of various measures
obtained in open-field test. Psychol. Rep. 43, 1123–1128.

Goncalves, C. R., Cunha, R. W., Barros, D. M., and Martinez, P. E.
(2010). Effects of prenatal and postnatal exposure to a low
dose of bisphenol A on behavior and memory in rats. Environ.
Toxicol. Pharmacol. 30, 195–201.

352 | TOXICOLOGICAL SCIENCES, 2015, Vol. 148, No. 2

http://www.epa.gov/ncea/iris/subst/0356.htm
http://whqlibdoc.who.int/publications/2011/97892141564274_eng.pdf
http://whqlibdoc.who.int/publications/2011/97892141564274_eng.pdf


Gould, T. D., Kovacsics, D. T., and C. E. (2010). The open field test.
In Mood and Anxiety Related Phenotypes in Mice (Todd D. Gould,
Ed.). Humana Press, New York City, NY.

Harley, K. G., Gunier, R. B., Kogut, K., Johnson, C., Bradman, A.,
Calafat, A. M., and Eskenazi, B. (2013). Prenatal and early
childhood bisphenol A concentrations and behavior in
school-aged children. Environ. Res. 126, 43–50.

Haseman, J. K., Bailer, A. J., Kodell, R. L., Morris, R., and Portier, K.
(2001). Statistical issues in the analysis of low-dose endo-
crine disruptor data. Toxicol. Sci. 61, 201–210.

Heindel, J. J., Newbold, R. R., Bucher, J. R., Camacho, L., Delclos, K.
B., Lewis, S. M., Vanlandingham, M., Churchwell, M. I.,
Twaddle, N. C., McLellen, M., et al. (2015). NIEHS/FDA
CLARITY-BPA research program update. Reprod. Toxicol. 58,
33–44.

Hogg, S. (1996). A review of the validity and variability of the ele-
vated plus-maze as an animal model of anxiety. Pharmacol.
Biochem. Behav. 54, 21–30.

Jasarevic, E., Sieli, P. T., Twellman, E. E., Welsh, T. H., Jr.,
Schachtman, T. R., Roberts, R. M., Geary, D. C., and Rosenfeld,
C. S. (2011). Disruption of adult expression of sexually se-
lected traits by developmental exposure to bisphenol A. Proc.
Natl. Acad. Sci. U S A 108, 11715–11720.

Jasarevic, E., Williams, S. A., Vandas, G. M., Ellersieck, M. R., Liao,
C., Kannan, K., Roberts, R. M., Geary, D. C., and Rosenfeld, C.
S. (2013). Sex and dose-dependent effects of developmental
exposure to bisphenol A on anxiety and spatial learning in
deer mice (Peromyscus maniculatus bairdii) offspring. Horm.
Behav. 63, 180–189.

Jones, B. A., Shimell, J. J., and Watson, N. V. (2010). Pre- and post-
natal bisphenol A treatment results in persistent deficits in
the sexual behavior of male rats, but not female rats, in
adulthood. Horm. Behav. 59, 246–251.

Jones, B. A., and Watson, N. V. (2012). Perinatal BPA exposure demas-
culinizes males in measures of affect but has no effect on water
maze learning in adulthood. Horm. Behav. 61, 605–610.

Kinch, C. D., Ibhazehiebo, K., Jeong, J. H., Habibi, H. R., and
Kurrasch, D. M. (2015). Low-dose exposure to bisphenol A
and replacement bisphenol S induces precocious hypotha-
lamic neurogenesis in embryonic zebrafish. Proc. Natl. Acad.
Sci. U S A 112, 1475–1480.

Kundakovic, M., Gudsnuk, K., Franks, B., Madrid, J., Miller, R. L.,
Perera, F. P., and Champagne, F. A. (2013). Sex-specific epigenetic
disruption and behavioral changes following low-dose in utero
bisphenol A exposure. Proc. Natl. Acad. Sci. U S A 110, 9956–9961.

Lakind, J. S., and Naiman, D. Q. (2011). Daily intake of bisphenol
A and potential sources of exposure: 2005-2006 National
Health and Nutrition Examination Survey. J. Expo. Sci.
Environ. Epidemiol. 21, 272–279.

Laviola, G., Renna, G., Bignami, G., and Cuomo, V. (1988).
Ontogenetic and pharmacological dissociation of various
components of locomotor activity and habituation in the rat.
Int. J. Dev. Neurosci. 6, 431–438.

Leranth, C., Hajszan, T., Szigeti-Buck, K., Bober, J., and MacLusky,
N. J. (2008a). Bisphenol A prevents the synaptogenic response
to estradiol in hippocampus and prefrontal cortex of ovariec-
tomized nonhuman primates. Proc. Natl. Acad. Sci. U S A 105,
14187–14191.

Leranth, C., Szigeti-Buck, K., Maclusky, N. J., and Hajszan, T.
(2008b). Bisphenol A prevents the synaptogenic response to
testosterone in the brain of adult male rats. Endocrinology
149, 988–994.

Levine, M., and Ensom, M. H. (2001). Post hoc power analysis: An
idea whose time has passed? Pharmacotherapy 21, 405–409.

Lewis, S. M., Lee, F. W., Ali, A. A., Allaben, W. T., Weis, C. C., and
Leakey, J. E. (2010). Modifying a displacement pump for oral
gavage dosing of solution and suspension preparations to
adult and neonatal mice. Lab. Anim. (NY) 39, 149–154.

Li, D., Zhou, Z., Qing, D., He, Y., Wu, T., Miao, M., Wang, J., Weng,
X., Ferber, J. R., Herrinton, L. J., et al. (2010). Occupational ex-
posure to bisphenol-A (BPA) and the risk of self-reported
male sexual dysfunction. Hum. Reprod. 25, 519–527.

Luo, G., Wei, R., Niu, R., Wang, C., and Wang, J. (2013). Pubertal
exposure to bisphenol A increases anxiety-like behavior and
decreases acetylcholinesterase activity of hippocampus in
adult male mice. Food Chem. Toxicol. 60, 177–180.

Markham, J. A., and Koenig, J. I. (2011). Prenatal stress: Role in
psychotic and depressive diseases. Psychopharmacology (Berl)
214, 89–106.

Masur, J., Schutz, M. T., and Boerngen, R. (1980). Gender differ-
ences in open-field behavior as a function of age. Dev.
Psychobiol. 13, 107–110.

Matsuda, S., Matsuzawa, D., Ishii, D., Tomizawa, H., Sutoh, C.,
Nakazawa, K., Amano, K., Sajiki, J., and Shimizu, E. (2012).
Effects of perinatal exposure to low dose of bisphenol A on
anxiety like behavior and dopamine metabolites in brain.
Prog. Neuropsychopharmacol. Biol. Psychiatry. 39, 273–279.

Mileva, G., Baker, S. L., Konkle, A. T., and Bielajew, C. (2014).
Bisphenol-A: Epigenetic reprogramming and effects on re-
production and behavior. Int. J. Environ. Res. Public Health 11,
7537–7561.

Mora, S., Dussaubat, N., and Diaz-Veliz, G. (1996). Effects of
the estrous cycle and ovarian hormones on behavioral indi-
ces of anxiety in female rats. Psychoneuroendocrinology 21,
609–620.

Nakagami, A., Negishi, T., Kawasaki, K., Imai, N., Nishida, Y.,
Ihara, T., Kuroda, Y., Yoshikawa, Y., and Koyama, T. (2009).
Alterations in male infant behaviors towards its mother by
prenatal exposure to bisphenol A in cynomolgus monkeys
(Macaca fascicularis) during early suckling period.
Psychoneuroendocrinology 34, 1189–1197.

Nakamura, K., Itoh, K., Dai, H., Han, L., Wang, X., Kato, S.,
Sugimoto, T., and Fushiki, S. (2012). Prenatal and lactational
exposure to low-doses of bisphenol A alters adult mice be-
havior. Brain. Dev. 34, 57–63.

NTP (2008). NTP-CERHR monograph on the potential human re-
productive and developmental effects of bisphenol A. In
(Vol. 08-5994). NIH. http://ntp.niehs.nih.gov/ntp/ohat/
bisphenol/bisphenol.pdf.

Padilla, E., Barrett, D., Shumake, J., and Gonzalez-Lima, F. (2009).
Strain, sex, and open-field behavior: Factors underlying the
genetic susceptibility to helplessness. Behav. Brain. Res. 201,
257–264.

Palanza, P., Gioiosa, L., vom Saal, F. S., and Parmigiani, S. (2008).
Effects of developmental exposure to bisphenol A on brain
and behavior in mice. Environ. Res. 108, 150–157.

Patisaul, H. B., and Bateman, H. L. (2008). Neonatal exposure to
endocrine active compounds or an ERbeta agonist increases
adult anxiety and aggression in gonadally intact male rats.
Horm. Behav. 53, 580–588.

Patisaul, H. B., Blum, A., Luskin, J. R., and Wilson, M. E. (2005).
Dietary soy supplements produce opposite effects on anxiety
in intact male and female rats in the elevated plus-maze.
Behav. Neurosci. 119, 587–594.

Patisaul, H. B., Fortino, A. E., and Polston, E. K. (2007). Differential
disruption of nuclear volume and neuronal phenotype
in the preoptic area by neonatal exposure to genistein and
bisphenol-A. Neurotoxicology 28, 1–12.

REBULI ET AL. | 353

http://ntp.niehs.nih.gov/ntp/ohat/bisphenol/bisphenol.pdf
http://ntp.niehs.nih.gov/ntp/ohat/bisphenol/bisphenol.pdf


Patisaul, H. B., Fortino, A. E., and Polston, E. K. (2006). Neonatal
genistein or bisphenol-A exposure alters sexual differentia-
tion of the AVPV. Neurotoxicol. Teratol. 28, 111–118.

Patisaul, H. B., and Polston, E. K. (2008). Influence of endocrine
active compounds on the developing rodent brain. Brain Res.
Rev. 57, 352–362.

Patisaul, H. B., Sullivan, A. W., Radford, M. E., Walker, D. M.,
Adewale, H. B., Winnik, B., Coughlin, J. L., Buckley, B., and
Gore, A. C. (2012). Anxiogenic effects of developmental
bisphenol A exposure are associated with gene expression
changes in the juvenile rat amygdala and mitigated by soy.
PLoS One 7, e43890.

Pellow, S., Chopin, P., File, S. E., and Briley, M. (1985). Validation
of open:closed arm entries in an elevated plus-maze
as a measure of anxiety in the rat. J. Neurosci. Methods 14,
149–167.

Perera, F., Vishnevetsky, J., Herbstman, J. B., Calafat, A. M., Xiong,
W., Rauh, V., and Wang, S. (2012). Prenatal bisphenol A expo-
sure and child behavior in an inner-city cohort. Environ.
Health. Perspect. 120, 1190–1194.

Team R. (2014). R: A Language and Environment for Statistical
Computing. Vienna, Austria http://cran.r-project.org/doc/
manuals/fullrefman.pdf.

Rebuli, M. E., Cao, J., Sluzas, E., Delclos, K. B., Camacho, L., Lewis,
S. M., Vanlandingham, M. M., and Patisaul, H. B. (2014).
Investigation of the effects of subchronic low dose oral
exposure to bisphenol A (BPA) and ethinyl estradiol (EE) on
estrogen receptor expression in the juvenile and adult
female rat hypothalamus. Toxicol. Sci. 140, 190–203.

Rochester, J. R. (2013). Bisphenol A and human health: A review
of the literature. Reprod. Toxicol. 42, 132–155.

Rosenfeld, C. S. (2012). Effects of maternal diet and exposure
to bisphenol A on sexually dimorphic responses in
conceptuses and offspring. Reprod. Domest. Anim. 47(Suppl. 4),
23–30.

Russo, S. J., Murrough, J. W., Han, M. H., Charney, D. S., and
Nestler, E. J. (2012). Neurobiology of resilience. Nat. Neurosci.
15, 1475–1484.

Schug, T. T., Heindel, J. J., Camacho, L., Delclos, K. B., Howard, P.,
Johnson, A. F., Aungst, J., Keefe, D., Newbold, R., Walker, N. J.,
et al. (2013). A new approach to synergize academic and
guideline-compliant research: The CLARITY-BPA research
program. Reprod. Toxicol. 40, 35–40.

Shepherd, J. K., Grewal, S. S., Fletcher, A., Bill, D. J., and Dourish,
C. T. (1994). Behavioural and pharmacological characterisa-
tion of the elevated “zero-maze” as an animal model of anxi-
ety. Psychopharmacology (Berl) 116, 56–64.

Silver, R., and Kriegsfeld, L. J. (2014). Circadian rhythms have
broad implications for understanding brain and behavior.
Eur. J. Neurosci. 39, 1866–1880.

Simpson, J., Ryan, C., Curley, A., Mulcaire, J., and Kelly, J. P.
(2012). Sex differences in baseline and drug-induced behav-
ioural responses in classical behavioural tests. Prog.
Neuropsychopharmacol. Biol. Psychiatry 37, 227–236.

Slob, A. K., Huizer, T., and Van der Werff ten Bosch, J. J. (1986).
Ontogeny of sex differences in open-field ambulation in the
rat. Physiol. Behav. 37, 313–315.

Sullivan, A. W., Beach, E. C., Stetzik, L. A., Perry, A., D’Addezio, A.
S., Cushing, B. S., and Patisaul, H. B. (2014). A novel model for
neuroendocrine toxicology: Neurobehavioral effects of BPA

exposure in a prosocial species, the prairie vole (Microtus
ochrogaster). Endocrinology 155, 3867–3881.

Thigpen, J. E., Setchell, K. D., Kissling, G. E., Locklear, J., Caviness,
G. F., Whiteside, T., Belcher, S. M., Brown, N. M., Collins, B. J.,
Lih, F. B., et al. (2013). The estrogenic content of rodent diets,
bedding, cages, and water bottles and its effect on bisphenol
A studies. J. Am. Assoc. Lab. Anim. Sci. 52, 130–141.

Thigpen, J. E., Setchell, K. D., Padilla-Banks, E., Haseman, J. K.,
Saunders, H. E., Caviness, G. F., Kissling, G. E., Grant, M. G.,
and Forsythe, D. B. (2007). Variations in phytoestrogen con-
tent between different mill dates of the same diet produces
significant differences in the time of vaginal opening in CD-1
mice and F344 rats but not in CD Sprague-Dawley rats.
Environ. Health. Perspect. 115, 1717–1726.

Tian, Y. H., Baek, J. H., Lee, S. Y., and Jang, C. G. (2010). Prenatal
and postnatal exposure to bisphenol A induces anxiolytic be-
haviors and cognitive deficits in mice. Synapse 64, 432–439.

Valles, F. P. (1976). Age factors in sex differences in open-field
activity of rats. Anim. Learn. Behav. 4, 457–460.

Viberg, H., Fredriksson, A., Buratovic, S., and Eriksson, P. (2011).
Dose-dependent behavioral disturbances after a single neo-
natal Bisphenol A dose. Toxicology 290, 187–194.

vom Saal, F. S., Akingbemi, B. T., Belcher, S. M., Birnbaum, L. S.,
Crain, D. A., Eriksen, M., Farabollini, F., Guillette, L. J., Jr., Hauser,
R., Heindel, J. J., et al. (2007). Chapel Hill bisphenol A expert panel
consensus statement: Integration of mechanisms, effects in ani-
mals and potential to impact human health at current levels of
exposure. Reprod. Toxicol. 24, 131–138.

von Goetz, N., Wormuth, M., Scheringer, M., and Hungerbuhler, K.
(2010). Bisphenol A: How the most relevant exposure sources
contribute to total consumer exposure. Risk. Anal. 30, 473–487.

Wagenmakers, E. J., Verhagen, J., Ly, A., Bakker, M., Lee, M. D.,
Matzke, D., Rouder, J. N., and Morey, R. D. (2014). A power fal-
lacy. Behav. Res. Methods.

Walf, A. A., and Frye, C. A. (2007). The use of the elevated plus
maze as an assay of anxiety-related behavior in rodents. Nat.
Protoc. 2, 322–328.

Weiss, S. M., Wadsworth, G., Fletcher, A., and Dourish, C. T.
(1998). Utility of ethological analysis to overcome locomotor
confounds in elevated maze models of anxiety. Neurosci.
Biobehav. Rev. 23, 265–271.

Wolstenholme, J. T., Goldsby, J. A., and Rissman, E. F. (2013).
Transgenerational effects of prenatal bisphenol A on social
recognition. Horm. Behav. 64, 833–839.

Wolstenholme, J. T., Rissman, E. F., and Connelly, J. J. (2011a).
The role of Bisphenol A in shaping the brain, epigenome and
behavior. Horm. Behav. 59, 296–305.

Wolstenholme, J. T., Taylor, J. A., Shetty, S. R., Edwards, M.,
Connelly, J. J., and Rissman, E. F. (2011b). Gestational expo-
sure to low dose bisphenol A alters social behavior in juve-
nile mice. PLoS One 6, e25448.

Yamazaki, S., Numano, R., Abe, M., Hida, A., Takahashi, R., Ueda,
M., Block, G. D., Sakaki, Y., Menaker, M., and Tei, H. (2000).
Resetting central and peripheral circadian oscillators in
transgenic rats. Science 288, 682–685.

Yeo, M., Berglund, K., Hanna, M., Guo, J. U., Kittur, J., Torres, M.
D., Abramowitz, J., Busciglio, J., Gao, Y., Birnbaumer, L., et al.
(2013). Bisphenol A delays the perinatal chloride shift in cor-
tical neurons by epigenetic effects on the Kcc2 promoter.
Proc. Natl. Acad. Sci. U S A 110, 4315–4320.

354 | TOXICOLOGICAL SCIENCES, 2015, Vol. 148, No. 2

http://cran.r-project.org/doc/manuals/fullrefman.pdf
http://cran.r-project.org/doc/manuals/fullrefman.pdf

