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Environmental exposure to exogenous agents during critical time points of development
may be associated with the onset of deleterious effects, including immune and neurological
disorders. Numerous studies have shown that exposure to bisphenol A (BPA) can disrupt myriad
biological systems. This research was focused on the immune and neurological impacts of
developmental exposure to BPA both with and without an acute exposure to lipopolysaccharide
(LPS) in adulthood. LPS exposure given around the time of learning “unmasks” developmental
deficits in learning and memory induced by exposure to an exogenous agent earlier in life. We
hypothesized that adult exposure to LPS would unmask BPA-induced developmental impacts to
hippocampal-dependent learning and memory of C57BL/6 offspring. In one set of experiments,
C57BL/6 female mice were exposed to 0, 25, 50, or 100 mg/kg of BPA in a corn oil vehicle by
gavage, beginning at pairing with males and ending at weaning of offspring. The F1 generation
were assessed on a Barnes maze at postnatal day 21 (PND21), 42, and 60. Splenic lymphocyte
immunophenotype was evaluated after behavioral testing.

The behavioral results from this study included high intra- and intertrial variability across
ages and between sexes. While this is not unusual for this type of behavioral measure,

significant differences between ages and dose groups did not conform to any observable patterns
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during acquisition learning. On the final reference day, exposure to BPA was associated with
more correct attempts in the Barnes maze. The fewest number of correct attempts was observed
in BPA-exposed females at PND60. Several significant differences in behavior were noted
among age groups, and indicate that as these C57BL/6 mice aged, they responded differently to
the same tasks. BPA exposure led to modified immune cell numbers at different doses and ages.
Overall, this study demonstrated that BPA could alter behavior, but no consistent patterns
emerged with regard to the effects of BPA dose or age at testing.

In another set of experiments, pregnant C57BL/6 female mice were exposed to 0, 0.4, or
50 mg/kg of BPA in a corn oil vehicle. The resulting offspring were assessed on a Barnes maze
at PNDG60, beginning 4 hours after a single challenge with LPS. Mice developmentally exposed
to different doses of BPA made more correct escape attempts than vehicle control animals; no
control groups outperformed BPA exposed groups on any behavioral measure. Control animals
injected with saline significantly outperformed LPS-challenged animals. Female animals were
88% faster at this visuospatial task than males. This is inconsistent with previously reported
studies where males outperform or perform equally with females on this type of evaluation.
BPA exposure could be associated with impaired spatial memory in males on this task. We also
reported significant changes to NK cell numbers, CD4+CD25+ T cell numbers in females and
alterations to 1gG in males and IL-4 in female mice. Overall, our findings suggest that
developmental BPA exposure, can alter learning and immune cell types but additional research

should be conducted to determine at which doses these alterations occur.
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CHAPTER ONE - GENERAL INTRODUCTION

1.1. Etiology of developmental disorders

Neurodevelopmental disorders refer to numerous diseases or diagnoses associated with
behavioral disturbances that are present from birth or with symptoms that develop at an early
age. These disorders are characterized by a combination of symptoms including deficits in
learning, communication challenges, mental and sometimes physical retardation or impairment.
Even though developmental disorders or their related symptoms have been reported since the
beginning of written history, the etiology for these disorders is not clearly understood.

One of the developmental disorder diagnoses is autism spectrum disorder (ASD). This
disorder is associated with complex neurodevelopmental symptoms including diminished social
interaction, deficits in verbal and non-verbal communication and repetitive or restricted interests
or patterns of behavior (Ashwood et al., 2008). While current research suggests a genetic link
for some of those that develop this disorder, other research indicates that those with ASD have
higher incidence rates of immunological alterations compared to the general public (Lyall et al.,
2014). Itis unclear what causes these immune changes, though a few genetic markers are linked
to both these immune alterations and other symptoms associated with the diagnosis. While these
abnormal immune responses exist in those with ASD it is unclear whether these immune changes
are the result of the diagnosis or if they play a role in the cause of behavioral symptoms.

Some theorize that alterations to the immune response could lead to inflammation and
autoimmunity, which could be the potential basis for some cases of ASD and potentially other

types of neurodevelopmental disorders (Ashwood et al., 2008). If the etiology of ASD or other



neurodevelopmental disorders is linked to immune dysfunction, it would be possible for
exposure to environmental xenobiotics to play a role in inducing or exacerbating immunotoxicity
and leading to downstream neurotoxicity (Ashwood and VVan de Water, 2004). The most likely
xenobiotic to play a role in immune-induced neurotoxicity would be a toxicant or combination of
agents that targeted receptors or signals important to both developing immune and central
nervous system (CNS) cells. This agent would be able to cross the placental barrier and alter
developing immune and nervous system cells, receptors, or signals, causing lifelong alterations
to the structure and plasticity of cells in the CNS (Ashwood and Van de Water, 2004).

The toxicant bisphenol A (BPA) is known to target both immune cells and CNS cells by
binding to estrogen receptors on these cell types (Brinton, 2009; Pierdominici et al., 2010; Huang
etal., 2014). This chemical readily crosses the placental barrier and is present in cord blood
samples and in amniotic fluid (Ikezuki et al., 2002; Domoradzki et al., 2004; Richter et al., 2007,
Nishikawa et al., 2010). These are the primary reasons why we chose to evaluate the effects of
developmental BPA exposure and why we are interested in both learning alterations and immune

changes in the same experimental model.

1.2. History of bisphenol A

BPA (4, 4’-isopropylidene-2-diphenol) was originally synthesized in 1891, by Russian
chemist Aleksandr P. Dianin, who combined phenol with acetone (Figure 1.1) in the presence of
an acid catalyst to produce the chemical (Rogers, 2014). BPA was then recreated in the 1930s
and was designed as one of several compounds with estrogenic activity but was overshadowed

by diethylstilbestrol, which showed stronger estrogenic activity (Dodds and Lawson, 1936;



Alonso-Magdalena et al., 2012). In the 1950s BPA was found to react with phosgene (carbonyl
chloride) to produced a clear hard resin known as polycarbonate plastic (Rogers, 2014).

Polycarbonate plastics have risen in popularity through the years for use in a wide variety of
products due to the fact that they are very durable and heat resistant. Polycarbonates are used in
microwavable dishes, and in a variety of safety equipment like sports visors and automotive
equipment due to its resistance to high impact collisions (Rogers, 2014). BPA is also used in the
food industry in the form of epoxy resins used to seal and coat the interior of canned goods in an
effort to increase the shelf life of goods (Rogers, 2014). Products like eyeglasses and
windshields use BPA because of its clarity and durability and it is used in composite papers
including some forms of currency due to its thermal and water resistance (Liao and Kannan,
2011; Hormann et al., 2014). Widespread popularity and diverse utility has lead to BPA
becoming one of the highest volume chemicals produced worldwide (Alonso-Magdalena et al.,
2012). Approximately five million metric tons of BPA are produced annually to create these
consumer products and as a result, this chemical has become a widespread pollutant that can be
detected in soil, water and dust samples around the world (Burridge, 2008; Loganathan and
Kannan, 2011; Liao et al., 2012; Michalowicz, 2014).

BPA is regarded by the U.S. Environmental Protection Agency (US EPA) as a reproductive,
developmental, and systemic toxicant in animal studies (Bisphenol A, 2011). Due to
reproductive and developmental risks, the Food and Drug Administration has banned the use of
BPA in products intended for children under the age of three, including bottles and sippy cups
after similar policy bans have limited this chemical’s use in a dozen states, in China, and in

Canada (Koch, 2012).






1.3. Routes of exposure and metabolism

The primary source of human BPA contact is believed to occur through ingestion of
contaminated food and beverages from polycarbonate containers or epoxy resins that leached
BPA into food stuffs (Kang et al., 2006b; Zalko et al., 2011; Donohue et al., 2013). Leaching of
BPA occurs with reuse or wear of polycarbonates. Heat and acidic or basic conditions used to
clean and sanitize these containers can accelerate hydrolysis of the ester bond in BPA monomers,
increasing the rate of BPA leaching into the food or beverages contained in BPA constructed
containers (Yu et al., 2011). Secondary dermal absorption is also possible as BPA is a lipophilic
compound and can be absorbed through the skin (Liao and Kannan, 2011; Michalowicz, 2014).
BPA is present in thermal paper used for tickets and cash register receipts. Dermal absorption is
increased after use of hand sanitizer, as may occur between contact with thermal paper source in
a restaurant and sanitizing hands prior to eating (Hormann et al., 2014).

BPA is readily metabolized in mammals and is rapidly cleared through first past hepatic
metabolism. Free BPA has a reported half life of 5.3 hours and can be predominantly cleared
from the human body in 24 hours (Volkel et al., 2002). BPA is primarily conjugated to create
BPA glucuronide that is no longer an estrogen receptor binding compound. BPA glucuronide is
primarily excreted in urine in humans and in feces in rats and mice (Figure 1.2). BPA
glucuronide can be broken back down into the active free BPA by beta glucuronidase, but BPA
is predominantly cleared before this takes place (\Volkel et al., 2002). During development the
placenta has a high rate of glucuronidation to clear BPA from circulation, but BPA that does pass
the placental barrier is not as rapidly metabolized by fetal metabolism as glucuronidation is

limited early in development. The predominant clearance in the fetus is through arylsulfatase C



to convert free BPA to BPA sulfate, which is a secondary metabolic pathway in adults (Kang et
al., 2006a). BPA sulfate is also considered an inactive BPA metabolite, as it is unable to bind to
estrogen receptors. Some BPA sulfate is converted back to free BPA by sulfo transferases, but
this cycle greatly reduces free BPA exposure in utero (Matsumoto et al., 2002).

BPA is metabolized to many other “non-active” metabolites as well, including BPA
diglucuronide, 5-hydroxy BPA, and 5-hydroxy BPA sulfate (Kang et al., 2006a). The number of
different conjugates has made it challenging to compare the serum or urine BPA levels to
determine the rate of BPA exposure. According to Vandenberg et al. (2010), a review of
biomonitoring studies reported a median range of 0.3-4 ng/ml of unconjugated BPA in serum
from men and women, but in order for Taylor and colleagues (2011) to reach these serum levels
in experimental rhesus monkeys, they had to administer a dose by oral gavage of 400 ug/kg, or
0.4 mg/kg, which is much higher than the estimated 1 pg/kg per day for human exposures. This
either means that humans are exposed to much higher concentrations of BPA per day than
originally estimated, or additional routes of exposure to BPA that would avoid rapid first pass

metabolism were overlooked (Taylor et al., 2011).

1.4. Study Aims

Previous studies on BPA exposure either during development or in adulthood demonstrated
altered learning or memory performance (Goncalves et al., 2010; Jasarevic et al., 2011; Xu et al.,
2013; Kumar and Thakur, 2014; Wang et al., 2014). Additionally, BPA was associated with
alterations to the immune system (Ohshima et al., 2007; Yan et al., 2008). However, no studies

have evaluated the effects of developmental BPA exposure subsequent outcomes in both the



nervous and immune systems simultaneously. Changes in both systems would indicate the
possibility for neuro-immune signaling that could be associated with altered brain development.
The present experiments tested the central hypothesis that developmental exposure to BPA
would be associated with changes to hippocampal-dependent performance on a test of
spatial learning and that those changes would be associated with developmental
immunotoxicity.

Chapter two addresses the first aim of my research to determine the effects of BPA on
neurological development by the evaluation of hippocampal-based learning and memory
and impacts on the immune system by assessing the immunophenotype of adaptive and
innate cells associated with maturation of the immune and nervous systems. This chapter
focuses on animals with resting immune systems and addresses these specific questions:

1. Will developmental BPA exposure alter C57BL/6 mice learning rate or behavior during

a visuospatial learning assessment?

2. Will developmental BPA exposure alter reference day behavior after the task has been

learned?

3. Does developmental BPA exposure produce dose-dependent effects on

immunophenotype?

4. What implications do these results have for understanding neurodevelopmental toxicity

or immunotoxicity of BPA?

Chapters three and four address research conducted to reassess learning and memory from
the first aim. Results from behavior testing are discussed in chapter three and changes to
immunophenotype are analyzed in chapter four. Animals in these studies received a lower dose

of BPA (400 pg/kg) that more closely fits with human exposure levels according to Taylor et al.



(2011). Chapter three evaluates BPA exposure during prenatal and postnatal periods and
alterations to hippocampal dependent performance on a test of spatial learning and memory once
the animals reached adulthood, PND60. Animals were assessed in a “double hit” model where
they were developmentally exposed to BPA and then given an acute exposure to
lipopolysaccharide (LPS) around the time of learning. LPS triggers an inflammatory response
via induction of the cytokine interleukin-1p that can interfere with memory formation (Bilbo et
al., 2005). We hypothesized that exposure to LPS would unmask BPA-induced developmental
impacts to hippocampal-dependent learning and memory. This chapter addressed the following
questions:

5. Will developmental BPA exposure alter C57BL/6 mice learning rate or behavior during

on a visuospatial learning assessment?

6. Will the use of a “double hit” model using LPS uncover different BPA dose effects?

7. What implications do these results have for understanding neurodevelopmental toxicity

with regard to developmental BPA exposure?
Chapter four addresses the other half of this study and reports on whether BPA exposure during
prenatal and postnatal periods would alter the innate or adaptive immune cell response to a
peripherally injected LPS challenge in adulthood.

The use of 0 mg/kg and 50 mg/kg dose groups across the initial pilot study and subsequent
experiments provided replicate data for comparing behavioral outcomes among these studies.
Statistical analysis of these replicates showed that within age, within sex, and within dose,
behavioral endpoints did not significantly vary from study to study. This replicate consistency

carried across all three studies.



Not all of my proposed aims were addressed by my research studies. Plans to measure
changes to hippocampal morphology were not completed after my attempts to optimize a Golgi
staining procedure failed. Brains for this assessment were removed at the conclusion of behavior
testing and fixed in paraformaldehyde. Initially, no staining was apparent after incubation with
silver nitrate. Adjustments were made to the protocol to incrementally increase staining time,
but even with a 3-fold increase in incubation time, the morphology of these cells, particularly

dendritic length and arborization, was not clear enough to measure for comparisons.



Figure 1.1. The chemical structure of Bisphenol A.
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Figure 1.2. Primary metabolic pathways for BPA.

12



sasedajsued) ojns

asepIuoanon|3 e3aq

v |ouaydsig
CEXE

apiuoandn|o
vda

y 4 .__w..m#.. ” &

uorjepIuoJoon|3

ajejIns vdg

) asejej[nsjhie

13



CHAPTER TWO - DEVELOPMENTAL BISPHENOL A EXPOSURE IN A C57BL/6
MOUSE MODEL INDUCES ALTERATIONS IN SPATIAL MEMORY AND

IMMUNOPHENOTYPE

2.1. Introduction

Thousands of children born each year will ultimately be diagnosed with a developmental
disorder that will drastically limit their capacity to learn, communicate, and function. Despite
decades of research, the etiology of these disorders is widely unknown. EXxposure to exogenous
agents during critical windows of development may impact brain development and alter the ways
that learning occurs. Early exposures may disrupt cell maturation, migration, differentiation, or
function, resulting in neural damage or lifelong changes in neural signaling.

Estrogen and androgen signaling regulates the development and function of numerous
physiological systems, including the central nervous system and the immune system (Weinstein
et al., 1984; Kubo et al., 2001; Nalbandian and Kovats, 2005; Brinton, 2009; McEwen et al.,
2012). Estrogen receptors have been identified on numerous cell types in both systems,
including microglia, astrocytes, and neurons in the CNS and on lymphocytes including T cells,
natural killer (NK) cells, and B cells (Brinton, 2009; Pierdominici et al., 2010; Huang et al.,
2014). Agents that interfere with endogenous signaling to these receptors and other receptors in
the endocrine system are commonly referred to as endocrine disruptors. By interfering with
endogenous signaling to these cells endocrine disruptors could induce changes that result in
long-term system limitations (Goto et al., 2007; Guo et al., 2010; Roy et al., 2012). Bisphenol A

(BPA; 4, 4’-isopropylidene-2-diphenol) is one of the most widely studied endocrine disrupting
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chemicals and has been shown to bind to estrogen receptors (ER) and disrupt endogenous
hormone signaling (Kuiper et al., 1998; Wetherill et al., 2007; Yu et al., 2011). More recently
new data has indicated a correlation between BPA exposure pathways independent of ER
binding, including epigenetic modulation of gene expression (Bromer et al., 2010; Yeo et al.,
2013). More research about these pathways is needed, but these initial reports indicate that the
mechanisms for BPA associated changes have not clearly been established.

BPA was initially used to mimic estrogen in a laboratory setting (Dodds and Lawson, 1936).
Now, due to its chemical structure, BPA is primarily used in the mass production of clear and
shatter resistant plastics used in computers, automobiles, food packaging and in epoxy resins for
lining metal food cans. Approximately five million metric tons of BPA are produced annually to
create these products and as a result, this chemical has become a widespread pollutant that has
been found in water and dust samples (Burridge, 2008; Loganathan and Kannan, 2011,
Michalowicz, 2014). The primary source of human BPA contact is believed to occur through
ingestion of contaminated food and beverages (Kang et al., 2006b; Zalko et al., 2011; Donohue
et al., 2013). Heat and acidic or basic conditions used to clean and sanitize these containers can
accelerate hydrolysis of the ester bond in BPA monomers, causing leaching of BPA into the food
or beverages contained in the plastics (Yu et al., 2011).

Changes in learning or memory performance are associated with BPA exposure (Goncalves
et al., 2010; JaSarevic et al., 2011; Xu et al., 2013; Kumar and Thakur, 2014; Wang et al., 2014).
Exposure to BPA can alter working memory on a variety of memory tasks including a Y maze
task and the Morris water maze (MWM) and alter expected sex-related differences in
performance (Carr et al., 2003; Tian et al., 2010; Kumar and Thakur, 2014). Jasarevi¢ and

colleagues (2011) reported that prenatal exposure to BPA was associated with a significant
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decline in spatial memory in male offspring when compared to controls. In this study, male and
female deer mice were evaluated with a modified Barnes maze at PND60 and male offspring
from control dams performed significantly better than control female offspring and male and
female offspring exposed to BPA during development. This indicates that BPA exposure
modified the cognitive performance of these mice to match the female mice in this study.

Several studies reported links between BPA exposure and alterations of cell morphology in
regions associated with learning and memory. The CA1 region of the hippocampus is associated
with learning tasks that test visual spatial memory. BPA administration leads to a significant
decrease in spine synapses in the CAL region of the hippocampus (MacLusky et al., 2005; Kunz
etal., 2011; Eilam-Stock et al., 2012). Nakamura (2006) studied developing brain tissue by
injecting BPA and bromodeoxyuridine (BrdU) into pregnant mice and compared BrdU labeled
cells after mice were born. BPA injections were associated with shifts in the morphology of the
neocortex where BrdU fluorescently labels new cell growth, were shown to increase in some
areas of the brain and decrease in others compared to control animals (Nakamura et al., 2006).
These studies indicate that BPA exposure was associated with changes in learning formation and
to neuronal cells in the regions of the brain associated with visuospatial learning.

Alterations to the immune system are also of interest because studies show that the immune
system plays an integral role in learning and memory (Ziv et al., 2006). Mouse models that lead
to a depletion of T and B cell populations through irradiation or due to specific knockouts have
been associated with poorer performance on the MWM and Barnes maze. Kipnis et al. (2004)
and later Brynskikh el al. (2008) demonstrated that performance on the MWM improved to
match controls only after isolated T cell populations were restored in these models.

Developmental exposure to BPA can lead to significant differences in T cell populations
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(Yoshino et al., 2004; Ohshima et al., 2007; Yan et al., 2008) but these previous studies designed
to address BPA related memory changes did not evaluate immune cell differences in their
models.

We hypothesized that developmental exposure to BPA would be associated with changes to
hippocampal dependent performance on a test of spatial learning and that those changes would

be associated with developmental immunotoxicity.
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2.2. Materials and Methods

2.2.1 Animals

Adult male (24-26 days old) and nulliparous female C57BL/6 mice (24-28 days old) were
purchased from Charles River Laboratories (Raleigh, NC) and delivered to the East Carolina
University (ECU) Brody School of Medicine (BSOM) animal facility (accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care). Initially, males were
housed singly and females were housed four to a cage and were allowed a 26 day acclimation
period. After acclimation, males and females were paired into breeder groups with one male and
two females per cage. Mice were housed in polycarbonate cages with corn cob bedding, soft
bedding material, a hiding tube, and a plastic climbing ring. All mice were maintained in a 23° +
3°C environment with 30-70% relative humidity, and given ad libitum access to both food (5P00
Prolab RMH 3000) and water. Animals were maintained in a 12 h light/dark cycle (light, 0730-
1930 hours; dark 1930-0730 hours). All experiments were conducted under protocols approved

by the Institutional Animal Care and Use Committee at ECU.

2.2.2 Dosing solution

Dosing solutions were prepared fresh once per week. The appropriate mg/kg concentrations
of BPA (Sigma Aldrich, St. Louis, MO, USA) were administered as 0.1 ml of dosing solution
per 10 g of body weight. Stock solutions contained 2.5, 5, or 10 mg/ml of BPA that had been

sonicated (Branson, 2510) until dissolved into corn oil (Sigma Aldrich, St. Louis, MO, USA).
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2.2.3 Treatment

Immediately prior to pairing, all mice were weighed and randomly distributed into dose
groups so that no individual group statistically differed by body weight. Starting on the date of
pairing with a breeder male, dams received either vehicle control (corn oil), 25 mg/kg, 50 mg/kg
or 100 mg/kg per day of BPA. One group of dams was also used as a negative control and was
weighed daily, but was not gavaged. Dams were weighed daily and given 0.1 ml of BPA or
vehicle control per 10 g of body weight per day via gavage until the weaning of pups on PND21,
except for the negative control group. Females > 24 g in body weight were considered pregnant
and housed separately from males and nonpregnant females. Males were removed and
euthanized when the second female in the cage reached > 24 g in body weight. Female and male

mice that failed to reproduce were removed from the study and euthanized.

2.2.4 Offspring

On PND1, litters were weighed, sexed and culled to three males and three females per dam.
When possible, litters with an insufficient number of male or female pups were backfilled with
extra pups of the same age from dams within the same dose group. Offspring were weighed once
per week until weaning at PND21. Weaned offspring were housed in same sex sibling groups
when possible (up to three animals per cage) and each cage was assigned a random number
identifier to blind researchers to dose and dam number. Offspring were given ear punches for

identification purposes. When possible, one male and one female from each litter were used for
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behavior and immune testing starting on PND21, then another pair on PND42, and again on

PNDGO.

2.2.5 Long-term spatial memory

The Barnes maze (Noldus Information Technology, Leesburg, VA, USA) isa 122 cm
diameter circular platform raised on a central support to 144 cm from the floor to deter animals
from leaping to the ground in efforts to escape. Forty 4.9 cm holes are bored through the
platform along the edge and are equally spaced with each other and the outer edge. A black
plastic escape box (21.4 cm x 5.4 cm x 8.5 cm) is positioned under one of the 40 holes in the
platform and in the same spatial location for the duration of experiments. The surface of the
maze is white and brightly lit by overhead lights, which serve as a negative reinforcer to
motivate mice to find and enter the dark escape box. The hole above where the escape box is
placed is designated as the “escape hole”.

The escape box was removed from the table and repositioned so that it was always in the
same location in reference to the visual cues in the room. Four large shapes were cut from

construction paper and adhered to walls for the duration of experiments. Other objects were

carefully noted to make sure they were always in the same place in the room (brooms, trash can,

curtain, and chair). A camera, door, and broom rack were also prominently visible in the room
and served as visual cues that the mice could use to orient themselves when the start box was
lifted. The platform and escape box were cleaned after every trial and the table was rotated 90

degrees after every cage was tested.
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During the acclimation period that began on PND21, PND42, or PNDG60, all animals were
placed in the center of the table, under an opaque cardboard start box for 10 seconds (s). When
the boxed was raised, mice were guided to the correct hole and placed in the escape box for two
minutes (m). Acquisition began two days after acclimation, which is the learning trial period of
the Barnes maze. Mice were placed under the start box in the center of the platform for 10 s, the
box was raised, and a mouse was allowed to explore the platform for three m (180 s). After three
m, or if a mouse entered the escape box, the trial ended and they spent one m in the escape box
before being returned to their home cage. If a mouse failed to enter the escape box within 180 s,
the observer guided the animal to the escape hole and made sure the animal entered the escape
box. During the trial, the amount of time to initially find the escape hole (latency) and the
amount of time until a mouse entered the escape box was measured. The number of primary
errors before locating the escape hole and the number of errors after finding the escape hole also
were recorded. Acquisition consisted of four trials on each of four days, with at least 15 m rest
between each trial for each mouse.

On the final day of testing a reference test was conducted. The escape box was removed
from the platform and mice were given a 90 s trial. The number of times a mouse poked its nose
into the escape hole, where the escape box had been, were recorded. Primary errors, total errors,

and latency were also recorded.

2.2.6 Locomotor activity

Overall locomotion was assessed in a clear, 43.18 cm square polypropylene open field

chamber where movement was assessed with autotracking software, Autotrack ATM3 4.65
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(Columbus Instruments, Columbus, OH, USA). Approximately 15 m after the final test on the
Barnes maze, mice were placed in the center of one of four identical open field chambers. Each

mouse was allowed 180 s to explore the open area and the distance traveled was recorded.

2.2.7 Flow Cytometry

Spleens from developmentally exposed offspring were homogenized and filtered into single
cell suspensions. Cells were washed and counted using Cellometer cell counting chamber slides
and Cellometer Auto 2000 software (Nexcelom Bioscience, Lawrence, MA). Acridine orange
(AO) and propidium iodide (PI) (Sigma Aldrich, St. Louis, MO) were used to stain and count
total cells and live cell numbers per sample. Cells were standardized to a concentration of 2 x
10° cells/mL in flow cytometry staining buffer and incubated with fluorescence-activated cell
sorting (FACS)buffer and anti-CD16/32 antibody along with anti-mouse CD3e-
Allophycocyanin (APC), CD4- Fluorescein isothiocyanate (FITC), and either CD8a-
Phycoerythrin (PE) or CD25-PE monoclonal antibodies (mAD) (eBioscience, Inc., San Diego,
CA). An additional cell sample for each animal was stained with anti-mouse CD45RB-FITC and
NKZ1.1-PE (eBioscience, Inc., San Diego, CA) and samples were allowed to incubate for 30
minutes in the dark at room temperature. Optimal concentrations of the antibodies and reagents
were determined in prior experiments as were isotype controls for color compensation. Stained
cells were analyzed using an Accuri C6 flow cytometer and software (BD Accuri Cytometers,
Ann Arbor MI) and 25,000 events were collected from each sample. Data reported as absolute
number of cells was calculated as the percent gated cells multiplied by the number of nucleated

cells counted by the Cellometer Auto 2000.
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2.2.8 Statistics

Statistical analyses were performed using SAS (SAS Institute, Cary, NC) and GraphPad
Prism 5 (GraphPad software, San Diego, CA) statistical analysis software. Repeated-measures,
two-way, and three-way analysis of variance (ANOVA) were used to analyze treatment and
treatment x gender interactions by trail. Individual post hoc comparisons were made using least
squares means t-tests when ANOVA indicated a statistically significant relationship (p<0.10 for
behavior tests, p<0.05 for all other analyzes). All data are presented as mean + standard error of
the mean (SEM) unless otherwise noted. Experimental “N” refers to the number of treated dams,
not offspring and all adult offspring in each treatment group were from a different treated dam.
Nested (hierarchical) ANOVA was also performed with dam as a nested variable to account for

potential litter effects.
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2.3. Results

2.3.1 General dam and litter observations

Numbers of male and female offspring per litter and total litter size did not vary with
dose (Table 2.1.). The terminal body weights of offspring did not significantly vary by dose at
any time point. Similarly, the number of pregnancies, litters delivered, and litters weaned did not

statistically differ based on dose.

2.3.2 Barnes maze

Primary latency for males and females during the acquisition stage at all three ages is
displayed in Figure 2.1. Significant differences among age groups and between the sexes
indicated that they should be analyzed separately. Intra- and intertrial variability was high across
ages and between sexes, which is not unusual for this type of behavioral measure. Occasionally,
significant differences were apparent between sexes or among ages when individual trials were
evaluated. However, these differences did not persist across all trials or by an observably
consistent pattern by trial days.

Recall on the Barnes maze task with the escape box removed is reported in Table 2.2.
Overall mice exposed to 50 mg/kg made more correct head pokes during the reference memory
day than the group exposed to 100 mg/kg or exposed to vehicle control. At all ages at least one
BPA exposed dose group had more head pokes than the vehicle control group. In PND60

females, none of the animals that received 100 mg/kg of BPA made a correct head poke during
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the reference test resulting in a group mean of 0 head pokes. This was significantly fewer
attempts to enter the correct hole than the 50 mg/kg group at PND60 and significantly fewer than
the number of attempts made by mice exposed to 100 mg/kg that were tested at PND21 or
PNDA42.

During the reference test, the average time for control mice (mean of 53.8 s) to locate the
correct escape hole was significantly longer than mice that had been exposed to 25 mg/kg (mean
of 37.7 s) or to 50 mg/kg (mean of 36.8 s). In animals exposed to 50 mg/kg, PND42 mice took
more time to locate the correct hole compared to the two other age groups.

Females, on average, made more primary errors than males on the final reference test.
PND60 animals made more primary errors than PND42 mice. The vehicle control mice at
PNDG60 made more errors compared to mice exposed to 25 or 50 mg/kg and the other age groups

(Table 2). Nested analysis on reference day variables did not yield any interactions to report.

2.3.3 Overall Activity

When evaluated at PND60, males moved a longer distance during a 180 s trial than the

PND21 mice (Figure 2.2.A). At PND42, female mice exposed to 100 mg/kg traveled a greater

distance than animals exposed to 50 mg/kg at that age (Figure 2.2.B).
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2.3.4 Splenic Immunophenotype

Natural Killer Cells. Splenic natural killer (NK) cell numbers are shown in Figure 2.3.
Overall, without considering treatment, male spleens had 10.5% more NK cells than females.
PND60 mice had more NK cells than mice at PND42. This age difference was most prominent
in animals exposed to 100 mg/kg of BPA in both males and females. No dose related differences
were noted for either sex or age group.

B Cells. Figure 2.4. shows the total CD45+ cell count for each treatment group. Female
offspring averaged 8.6% more CD45+ cells than males (not statistically significant). There was
an overall dose difference noted where mice exposed to 25 mg/kg had significantly higher
CDA45+ cell counts compared to mice exposed to 50 mg/kg.

T Cells. Splenic T cell CD4/CD8 subpopulations are reported in Table 2.3. Within the
CD4+CD8+ subpopulation, the vehicle control group had 26.7% more cells than the 100 mg/kg
group after multiplying the percent of gated cells by the total number of nucleated cells counted
in the spleen. Overall animals exposed to 50 mg/kg had lower CD4+CD8- and CD4-CD8- cell
populations than animals exposed to 25 mg/kg. Without considering treatment variations,
females had 21.9% more CD4+CD8+ than males. Several significant differences were also
noted in CD4/CD25 subpopulations (Table 2.4.). PND60 animals had higher numbers of
CD4+CD25+ compared to PND42 animals. However, PND60 animals had significantly fewer
CD4-CD25+ cells compared to PND42 animals. Females had significantly more CD4-/CD25-

cells than the males overall, but no other sex differences were noted in these cell subpopulations.
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TABLE 2.1. Reproductive outcomes for dams dosed with BPA via gavage from pairing with
males through weaning of offspring.

(mean + standard deviation)
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Not

0 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg Gavaged
pregnant/ total dosed 9/10 6/10 7/10 8/10 9/10
Litters delivered/pregnant 7/9 5/6 717 6/8 8/9
Male per litter 42+20 3.8+£0.8 40+1.7 24+2.1 36+13
Females per litter 2419 42+1.3 24+1.1 29%15 41+12
Litter size 6.7x25 8014 6417 53+£3.2 7.8+15
Offspring terminal body
weight (g)
PND21 142+15 13.1+1.8 13415 13.2+1.2 12115
PND42 205+ 2.7 215+3.0 21.4+2.8 19.6 +3.3 202+1.3
PND60 23.9+3.1 229+2.2 23.2+3.7 23.4+1.6 23.3%+2.6
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Figure 2.1. Primary latency: average amount of time for mice to reach the escape hole during the
acquisition phase. Numbers for males are represented in the left column and females on the

right. A, B: postnatal day (PND) 21; C, D: PND 42; E, F: PND60. Data are presented as mean *

standard error of the mean.
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TABLE 2.2. Recall on the Barnes Maze in Adult C57BL/6 Mice Developmentally Treated with

BPA. After acquisition training the escape box was removed and number of nose pokes in the

correct hole, time to reach the correct hole, and the number of errors prior to reaching the correct

hole were recorded for 90 seconds.

Note. Data are reported as the mean + standard deviation. p <0.10. N=4.
* Significantly higher than other doses

# Significantly higher than vehicle control in this age group
® Significantly higher than 25 mg/kg in this age group

¢ Significantly higher than 50 mg/kg in this age group

4 Significantly higher than 100 mg/kg in this age group

1 Significantly higher than other age groups

a Significantly lower than other age groups

® Significantly higher than same dose at PND21
"Significantly higher than same dose at PND42

9 Significantly higher than same dose at PND60
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Correct Attempts

Errors Prior to

BPA (mg/kg) Age Sex to Enter T ime to Find Reaching
to dam Prior Escape Hole
Escape Box Escape Hole
0 PND21 Male 20+34 51.3+4438 26+19
0 PND42 Male 13+13 63.0 £ 30.6 20125
0 PNDG60 Male 08+1.0 48.0 £ 35.3 7.3+11.3%%
25 PND21 Male 18+13 42.3+32.4 35+37
25 PND42 Male 4.3 +4.8* 36.0+37.4 1.0+0.8
25 PNDG60 Male 43 +3.8° 16.8 +19.2 28+19
50 PND21 Male 6.0 £ 5.0* 32.0+26.0 1.0+0.8
50 PND42 Male 08+1.0 77.0 + 22.2% 23122
50 PNDG60 Male 28128 415+42.8 20+23
100 PND21 Male 1.0+1.4 60.0 £ 35.4 28+25
100 PND42 Male 23122 445+ 35.5 2.3+3.9
100 PNDG60 Male 33+29 41.3+23.4 6.0+ 3.7
0 PND21 Female 18+2.4 46.5 +34.8 50+43
0 PND42 Female 28+3.1 52.5 + 39.0% 40+3.6
0 PNDG60 Female 15+13 61.3 + 26.3" 15+19
25 PND21 Female 15+13 70.0 + 19.6%¢ 5.3+2.6°
25 PND42 Female 1.3+19 345+ 37.7 6.3 + 3.6
25 PND60 Female 25+25 26.5+42.4 43+3.3
50 PND21 Female 6.0 + 3.4% 18.0+11.0 1.0+1.4
50 PND42 Female 40+18 178+ 7.1 33+15
50 PND60 Female 35+3.7° 34.3+37.8 3.8+3.9
100 PND21 Female 33+1.7° 43.0£23.3 38+15
100 PND42 Female 3.0+22° 108+ 2.1 1.8+15
100 PND60  Female 0.0 + 0.0a 90.0 + 0.0"% 7.3+3.4%
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Figure 2.2. Total distance traveled in an open field (cm) by mice developmentally exposed to

BPA over a 180 s trial. A) males B) females. Mean + standard deviation.
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Figure 2.3. Splenic natural killer (NK) cell numbers in offspring exposed to BPA during
development.

Mean + standard error of the mean. N=3-4. A) males B) females. Numbers were calculated by
multiplying the percent of gated cells by the total number of nucleated cells counted in the
spleen. No dose effects noted. PND60 animals had significantly higher NK counts compared to

PND42 mice at the same given dose.
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Figure 2.4. Splenic CD45RB+ cell numbers offspring exposed to BPA during development. A)
males B) females. Mean * standard error of the mean. N=3-4. Numbers were calculated by

multiplying the percent of gated cells by the total number of nucleated cells counted in the

spleen.
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TABLE 2.3. Splenic CD4/CD8 Lymphocyte Subpopulations in Adult C57BL/6 Mice

Developmentally Treated with BPA.

Note. Mean + standard error of the mean. Numbers were calculated by multiplying the percent
of gated cells by the total number of nucleated cells counted in the spleen. p <0.05. N=2-4.
All cells reported were gated as CD3+

* Significantly higher than other dose groups at that age.

**Significantly lower than 0 or 25 mg/kg at that age.

1 Significantly higher than the other age group
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BPA

(mg/kg) Age Sex CD4+/CD§- CD4+/CD85+ CD4-/CD86+ CD4-/CD86-
to dam (cells x 10°) (cells x 10°) (cells x 10°) (cells x 10°)
0 PNDA42 Male 12.2+3.8 29+0.6 7.7+0.8 1.5+0.2
0 PND60 Male 11.0+0.7 22+0.8 72+1.1 1.4+0.3
25 PNDA42 Male 11.3+14 25+0.6 6.6 +0.8 1.4+0.2
25 PND60 Male 10.6 £1.3 3.0+£0.6 7.0+£0.8 1.6+0.2
50 PNDA42 Male 11.7+3.1 3.0+£0.6 72+0.8 1.4+0.2
50 PND60 Male 10.2+1.8 24+0.6 72+0.9 1.5+0.3
100 PNDA42 Male 11.8+0.9 3.0+£0.6 6.9+0.8 1.5+0.2
100 PND60 Male 12.3+0.5 3.0+£0.6 7.7+0.8 1.9+0.2
0 PND42 Female 105+4.1 3.6+0.6 6.6 +0.8 1.8+0.2
0 PND60 Female 13.7+1.2 52+0.6 9.0+ 0.9} 22+0.3
25 PND42 Female 15.5+2.3* 41+0.6 9.2 £ 0.8*7 25+0.2*
25 PND60 Female 13.6+0.9 43+0.6 84+0.8 26+0.2
50 PND42 Female 10.2+2.6 3.9+0.6 6.0+0.8 1.6+0.2
50 PND60 Female 11.1+0.1 3.1+£0.8 70+1.1 1.9+0.3

100 PND42 Female 12.1+1.4 29+0.6 7.1+0.8 1.7+0.2
100 PND60 Female 125+2.3 1.8 + 0.6** 8.2+0.8 20+0.2
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TABLE 2.4.

Splenic CD4/CD25 Lymphocyte Subpopulations in Adult C57BL/6 Mice Developmentally
Treated with BPA.

Note. Mean + standard error of the mean. Numbers were calculated by multiplying the percent
of gated cells by the total number of nucleated cells counted in the spleen.

p <0.05. N=3-4.

All cells reported were gated as CD3+

* Significantly higher than other dose groups at that age.

# Significantly higher than vehicle control in this age group

® Significantly higher than 25 mg/kg in this age group

¢ Significantly higher than 50 mg/kg in this age group

4 Significantly higher than 100 mg/kg in this age group

T Significantly higher than the other age group at this dose
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BPA

(mg/kg) Age Sex CD4+/CD265- CD4+/CD2?+ CD4-/CD2§+ CD4-/CD2§-
to dam (cells x 10°) (cells x 10°) (cells x 107) (cells x 10°)
0 PNDA42 Male 121+1.2 41+0.6 83+34 8.9+1.0
0 PND60 Male 109+1.6 3.1+£0.9 47+48 83+14
25 PNDA42 Male 115+1.2 3.0+£0.6 6.0+3.4 78+1.0
25 PND60 Male 10.7+1.1 41+0.6 04+34 8.9+1.0
50 PNDA42 Male 11.6+1.6 45+0.6 13.7 + 3.4¢ 85+1.0
50 PND60 Male 9.7+1.3 47+0.7 72+39 84+1.1
100 PNDA42 Male 11.7+1.2 4.8 +0.6° 35+34 8.2+1.0
100 PND60 Male 119+1.2 6.3 +0.6% 38+34 94+1.0
0 PND42 Female 10.2+1.2 4.0+£0.6 73+34 84+1.0
0 PND60 Female 13.2+1.3 45+0.7 09+34 10.7+1.1
25 PND42 Female 15.3+1.2* 3.3+£0.6 32+34 11.2 +1.8%*
25 PND60 Female 13.3+1.2 5.4+ 0.6F 09+34 11.1+£1.0
50 PND42 Female 10.1+1.2 44+0.6 23+34 7.7+1.0
50 PND60 Female 11.2+1.6 50+0.9 3.3+48 9.3+14

100 PND42 Female 123+1.2 42+0.6 36+34 8.8+0.9
100 PND60 Female 11.3+1.2 7.1+0.6* 15+34 9.8+1.0
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2.4. Discussion

The etiology of developmental disorders remains unclear after decades of research as models
for many of these disorders have disparities in the symptoms and outcomes generated compared
to the human disease states they are modeling. One of these disorders, autism spectrum disorder
(ASD), has been linked to altered immune cell numbers and function. Many theorize that these
changes play a role in the etiology in subsets of ASD, but this theory has been difficult to test in
existing animal models (Ashwood et al., 2008). Additional data indicates that early-life exposure
to environmental toxicants could play a role in animal models of ASD (Hornig et al., 2004).
However, environmental toxicant-associated damage or modified endogenous signaling that
limits the development of the brain and/or the development of the immune system and would be
difficult to discover as deleterious effects would only appear downstream of the initial toxicant
damage. The toxicant BPA has been shown to target both immune cells and neurological cells
and could mediate the development and function of these cell types (Brinton, 2009; Pierdominici
et al., 2010; Huang et al., 2014). This study took the initial steps to uncover this possibility,
namely to see if developmental exposure to BPA would jointly affect both the immunophenotype
and cognitive performance of an exposed animal.

The objective of this study was to determine if BPA exposure would be associated with
alterations of hippocampal dependent spatial learning with concurrent changes to adaptive and
innate immune cell populations. Numerous studies have reported that adult or developmental
exposure to BPA alters performance on a variety of memory tasks but to date, none have also
looked for concurrent changes to the immune system (Eilam-Stock et al., 2012; Diaz Weinstein

et al., 2013; Kuwahara et al., 2013).
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The Barnes maze is a task that uses a rodent’s natural instinct to avoid open areas as
motivation to locate an escape point (Barnes, 1979; Barnes et al., 1989; Sunyer et al., 2007).
Overall, regardless of age at testing or BPA exposure, after repeated learning trials, all mice had
a significant reduction in the time it took to locate the correct escape hole. This outcome
suggests that this assessment tool was a reliable method to measure changes to spatial learning.
However, all of the mice, including vehicle controls, demonstrated high intra- and intertrial
variability across ages and between sexes. While this is not unusual for this type of behavioral
measure, additional studies will need to address this issue by increasing sample size in each
treatment group to reduce the impacts of this type of variability inherent to this testing paradigm.
This variability could be due to handling, tester differences, and proximity of testing to cage
changes, or other outside extraneous variables such as levels of noise in the corridor during
testing. While all testers were carefully trained and efforts were taken to reduce variability
among trials, the results indicate that although all mice learned, individual mice performed very
differently across trials and days of testing. Future studies will need to include a much larger
sample size to reduce the impact of these factors.

Increased sample size for this study presented a challenge as the Barnes maze is an
environmentally-sensitive assessment. The use of multiple mazes to test more mice would not
be ideal as it would be difficult to draw conclusions on mice tested in different rooms with
different visual stimuli and different handlers. Additionally, this is a time sensitive study that
compares mice at specific ages based on date of conception and birth, which is difficult to plan
or control. At times during this study, different mice were assessed on the Barnes Maze across

20 or more hours on a given day in order to adhere to the appropriate testing schedule. Future

44



studies will need to be selective in choosing doses and limiting independent variables so that the
same number of dams used in this study could yield higher numbers in future treatment groups.

Differences did emerge among groups on the final day of reference testing. Overall, animals
exposed to 50 mg/kg made more correct attempts to enter the escape hole than mice exposed to
100 mg/kg or vehicle controls. At all ages there was at least one BPA exposed group that had
significantly more correct attempts than the vehicle control. At PND60, none of the females
exposed to 100 mg/kg had a single correct attempt, nor did any of these animals locate the
correct hole during the reference test (Table 2.2.). These learning differences could indicate a
BPA-mediated alteration in memory formation that led to changes in performance on this task.

Significant age differences were noted in the time it took to initially find the correct escape
hole and on the number of primary errors which indicated that as these C57BL/6 mice aged, they
responded differently to the same memory challenge. It should be noted that PND60 equates to
young adulthood as this strain can live an average of approximately 2 years (PND730) and future
research should consider looking at aging effects after developmental BPA exposure.

The open field test was utilized to assess locomotor activity levels to control for changes to
motor behavior that could skew performance on the Barnes maze. At PND21 and PND42, male
mice developmentally exposed to 50 mg/kg moved significantly farther distances than animals
that received 25 mg/kg. At PND42, female mice exposed to 100mg/kg traveled farther in the
open field than animals exposed to 50 mg/kg at that age. Males in the vehicle control group
demonstrated an age difference where PND60 males moved farther than PND21 mice. Increased
locomotor activity could be associated with a reduction in search time and possibly an increase
in errors made on the Barnes maze as mice that move more may find the escape hole faster.

Several other studies have reported BPA effects on open field assessments though several of
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them reported that BPA exposure was associated in a decrease in locomotor behavior (Kubo et
al., 2003; Fujimoto et al., 2006; Goncalves et al., 2010; Diaz Weinstein et al., 2013). It should
be noted that BPA had not been associated with changes to overall locomotor behavior in pilot
work completed in preparation for this study. These differences again could be related to handler
effects or other unexpected and uncontrolled variables as they are inconsistent with the literature
and our previous findings.

Males have higher NK cell numbers and greater NK cell activity than females in both
rodent models and in human studies and our findings were consistent with these published results
(Hu et al., 1987; Roberts et al., 2001; Yovel et al., 2001; Klein, 2012). All males in this study,
regardless of treatment, had a 10.5% higher splenic NK cell count than their female siblings.

Sex differences in B cell populations were previously reported (Yurino et al., 2004; Fan et
al., 2014), but no such differences were observed in our CD45+ cell numbers. Mice exposed to
25 mg/kg had significantly higher CD45+ cell counts compared to mice exposed to 50 mg/kg.
This finding is consistent with Yurino et al., (2004) who also noted that BPA can modify B cell
numbers and activity.

Male mice in this study had significantly lower numbers of CD4+CD8+ T cells than females.
Amadori et al. (1995), reported similar results in human cells where serum CD4+ levels were
higher in women than in men. These differences have also been noted in rodent and primate
studies where sex hormones regulate CD4+ and CD8+ T cells. Females have higher rates of
cytokine signaling associated with these cells relative to males (Roberts et al., 2001; Hewagama
et al., 2009; Sankaran-Walters et al., 2013). Our observations for these sub-sets of T cells, like
the sex differences noted for NK cells, are consistent with published literature, indicating that

BPA exposure alone does not alter expected sex differences in these cell numbers.
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Dose-related changes to CD4+ helper T cell populations or functions have been reported
previously and our findings were consistent with these results (Lee et al., 2003; Sugita-Konishi et
al., 2003). Within the CD4+CD8+ subpopulation, the vehicle control group had 26.7% more
cells than the 100 mg/kg group after multiplying the percent of gated cells by the total number of
nucleated cells counted in the spleen. Mice exposed to 50 mg/kg had lower CD4+CD8- and
CDA4-CD8- cell populations than animals exposed to 25 mg/kg. Females had 21.9% more
CD4+CD8+ cells than males. Several significant differences were also noted in CD4/CD25
subpopulations (Table 2.4.). PND60 animals had higher numbers of CD4+CD25+ compared to
PND42 animals and PND60 animals had significantly fewer CD4-CD25+ cells compared to
PND42 animals. Females had significantly more CD4-/CD25- cells than did males. Outcomes
from BPA exposure in these cell subpopulations suggest that developmental BPA exposure can
alter T cell numbers in adulthood. Additional work should follow up on these cell population
differences to assess if they these changes in subpopulation numbers would affect clearance rates
of pathogens or alter the host response to an immune challenge.

We have shown that developmental BPA exposure can lead to modifications in a variety of
immune cell numbers that can differ across different doses and testing time points. This would
suggest that further work should be done to explore the nature of these differences. These data
suggest that it is not only critical to note the time point of toxicant exposure, but also the timing
of the endpoint assessment as we have demonstrated that animals will respond with significantly
different behavior based on when they are assessed.

BPA is a widely used chemical incorporated in products that most of us come into contact
with on a daily basis. The ubiquitous nature of this chemical could increase the risk of BPA as a

developmental toxicant. It is imperative that research models continue to consider the interplay
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between the central nervous system and the immune system as this neuro-immune crosstalk
could be the instrumental in the discovery and treatment of a host of developmental diseases in

the future.
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CHAPTER THREE - DEVELOPMENTAL BPA EXPOSURE IN A C57BL/6 MOUSE
MODEL INDUCES ALTERATIONS IN SPATIAL MEMORY AFTER LPS

CHALLENGE IN ADULTHOOD

3.2. Introduction

Endogenous steroid hormone signaling is pivotal to the timing and duration of development
in myriad physiological structures throughout the body, including the central nervous system
(Kubo et al., 2001; Brinton, 2009; McEwen et al., 2012). Endocrine disrupting agents that
mimic or interfere with this signaling can disrupt the development of an organism. One such
chemical, bisphenol A (BPA; 4, 4’-isopropylidene-2-diphenol) was initially used to mimic
estrogen in a laboratory setting (Dodds and Lawson, 1936). Now BPA is primarily used in the
production of clear and shatter resistant plastics for computers, automobiles, food packaging and
in epoxy resins used for lining metal food cans. Approximately five million metric tons of BPA
are produced annually to create these products and as a result, this chemical has become a
ubiquitous pollutant in our environment (Burridge, 2008).

The main source of human exposure to BPA is through contaminated food and beverages
(Kang et al., 2006b; Zalko et al., 2011; Donohue et al., 2013). Heat and acidic or basic
conditions used to clean and sanitize these containers can accelerate hydrolysis of the ester bond
in BPA monomers, causing leaching of BPA into the food or beverages contained in the plastics
(Yuetal., 2011). Despite a short half life of approximately 5.3 hours in humans, BPA has been
detected in the urine or serum of more than 90% of those tested in Japan, Canada, Germany, and

the United States (Volkel et al., 2002; Calafat et al., 2005; Genuis et al., 2012).



BPA is regarded by the U.S. Environmental Protection Agency (US EPA) as a reproductive,
developmental, and systemic toxicant in animal studies (Bisphenol A, 2011). Developmental
studies with BPA show that it will cross the placental barrier in mice and other experimental
animals and it can be detected in the serum of newborn human infants (Schonfelder et al., 2002;
Domoradzki et al., 2004; Nishikawa et al., 2010).

Developmental exposure to BPA was associated with cognitive deficits in working and
spatial memory (Carr et al., 2003; Goncalves et al., 2010; Tian et al., 2010; Jasarevic et al.,
2011). Tian et al. (2010) demonstrated that BPA exposure during the prenatal and postnatal
periods resulted in significantly decreased working memory, as measured on a'Y maze, in the
exposed offspring. Carr et al. (2003) gave BPA and 17p-estradiol by gavage from postnatal day
1 (PND1) through PND14 to Fischer 344 male and female rats to assess offspring learning and
memory on the Morris water maze (MWM) and reported that control animals had a gender-
dependent pattern of learning acquisition where males performed better than the female controls
(Carr et al., 2003). However, rats exposed to BPA and 17-estradiol did not have this gender
difference (Carr et al., 2003). Carr et al. (2003) hypothesized that BPA can alter gender-
dependent patterns of learning.

Jasarevic et al. (2011) demonstrated that prenatal exposure to BPA led to a significant
decline in spatial memory in male offspring when compared to controls. In this study, male and
female deer mice were evaluated with a modified Barnes maze at PND60 and male offspring
from control dams performed significantly better than control female offspring and male and
female offspring developmentally treated with BPA (Jasarevic et al., 2011). Together these
studies demonstrate that BPA can change learning behavior in rodents that are exposed during

prenatal and postnatal development.
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The objective of this study was to determine if BPA exposure during prenatal and postnatal
periods would alter hippocampal dependent performance on a test of spatial learning and
memory once the animals reached adulthood PNDG60. A lipopolysaccharide (LPS) exposure
given around the time of learning has been shown to “unmask” developmental deficits in
learning and memory (Williamson et al., 2011). Animals were assessed in a “double hit” model
where they were developmentally exposed to BPA and then given an acute exposure to LPS
around the time of learning. LPS triggers an inflammatory response via induction of the
cytokine interleukin-1pB that can interfere with memory formation (Bilbo et al., 2005). We
hypothesized that exposure to LPS would unmask BPA-induced developmental impacts to

hippocampal-dependent learning and memory.
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3.3. Materials and Methods

3.3.1 Animals

Adult male (24-26 days old) and nulliparous female C57BI/6 mice (24-28 days old) were
purchased from Charles River Laboratories (Raleigh, NC) and delivered to the East Carolina
University (ECU) Brody School of Medicine (BSOM) animal facility (accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care). Initially, males were
housed singly and females were housed four to a cage and were allowed a 14 day acclimation
period. After acclimation, males and females were paired into breeder groups with one male
and two females per cage. Animals were housed in polycarbonate cages with corn cob bedding,
soft bedding material and a hiding tube. All mice were maintained in a 23° + 3°C environment
with 30-70% relative humidity, and given ad libitum access to both food (5P00 Prolab RMH
3000) and water. Animals were maintained in a 12 h light/dark cycle (light, 0730-1930 hours;
dark 1930-0730 hours). All experiments were conducted under protocols approved by the

Institutional Animal Care and Use Committee at East Carolina University.

3.3.2 Dosing solution

Dosing solutions were prepared fresh once per week. The appropriate mg/kg concentrations
of BPA (Sigma Aldrich, St. Louis, MO, USA) were administered as 0.1 ml of dosing solution
per 10 g of body weight. Stock solutions contained 0.04 or 5 mg/ml of BPA that had been

sonicated (Branson, 2510) until dissolved into corn oil (Sigma Aldrich, St. Louis, MO, USA).
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3.3.3 Treatment

Immediately prior to pairing, all mice were weighed and randomly distributed into dose
groups so that no individual group statistically differed by body weight. Starting on the date of
pairing with a breeder male, dams received either a vehicle control (corn oil), a low dose (0.4
mg/kg), or a high dose (50 mg/kg) of BPA. Dams were weighed daily and given 0.1 ml of BPA
or vehicle control per 10 g of body weight per day via gavage until the weaning of pups on
PND21. After a seven day period, males were separated from potentially pregnant mice. Male
mice were housed individually and paired back with female mice that did not become pregnant
after the initial pairing. After the final pairing, males were removed and euthanized when
females reached 24 g in body weight. Female and males that failed to reproduce were also

removed from the study and euthanized.

3.3.4 Offspring

On PND1, litters were weighed, sexed and culled to three males and three females per dam.
When possible, litters with an insufficient number of male or female pups were backfilled with
extra pups of the same age from dams within the same dose group. Offspring were weighed once
per week until weaning at PND21. Weaned offspring were housed in same sex groups from their
litter when possible (up to three animals per cage). Animals were allowed to remain in these

conditions until PNDGO.
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3.3.5 Immune challenge

Adult F1 male and female mice from each dose group were subdivided into two treatment
groups; one received an intraperitoneal (i.p.) injection of 0.01 ml sterile saline (Hospira Inc.,
Lake Forest, IL, USA); another received 0.25 pg/kg LPS (Escherichia Coli 0111:B4; Sigma-
Aldrich, Inc., St. Louis, MO, USA) suspended in sterile saline. This injection was given 4 hours

prior to starting the acquisition phase of testing on the Barnes maze, on PNDG63.

3.3.6 Long-term spatial memory

The Barnes maze (Noldus Information Technology, Leesburg, VA, USA) is a 122 cm
diameter circular platform raised on a central support to 144 cm from the floor to deter animals
from leaping to the ground in efforts to escape. Forty 4.9 cm holes are bored through the
platform along the edge and are equally spaced with each other and the outer edge. A black
plastic escape box (21.4 cm x 5.4 cm x 8.5 cm) was positioned under one of the 40 holes in the
platform and in the same spatial location for the duration of experiments. The surface of the
maze is white and brightly lit by overhead lights, which serves as a negative reinforcer to
motivate a mouse to find and enter the dark escape box. The hole above the escape box is placed
is designated as the “escape hole”.

The escape box was removed from the table and repositioned so that it was always in the
same location in reference to the visual cues in the room. Four large shapes were cut from
construction paper and adhered to the wall for the duration of the experiment. Other objects were

carefully noted to make sure they were always in the same place in the room (brooms, trash can,
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curtain, and chair). A camera, door, and broom rack were also prominently visible in the room
and served as visual cues that a mouse could use to orient themselves when the start box was
lifted. The platform and escape box were cleaned after every trial and the table was rotated 90
degrees after every cage was tested.

During the acclimation period that began on PNDG60, all animals were placed in the center of
the table, under an opaque cardboard start box for 10 seconds (s). When the boxed was raised, a
mouse was guided to the correct hole and placed in the escape box for two minutes (m).
Acquisition began two days after acclimation, which is the learning trial period of the Barnes
maze. Mice were placed under the start box in the center of the platform for 10 s, the box was
raised, and a mouse was allowed to explore the platform for three m (180 s). After 3 m, or if a
mouse entered the escape box, the trial ended and they spent one m in the escape box before
being returned to their home cage. If a mouse failed to enter the escape box within 180 s, the
observer guided the animal to the escape hole and made sure the animal entered the escape box.
During the trial, the amount of time to find the escape hole (latency) and the amount of time until
a mouse entered the escape box was measured. The number of primary errors before locating the
escape hole and the number of errors after finding the escape hole also were recorded.
Acquisition consisted of four days, with at least 15 m rest between each trial.

On the final day of testing a reference test was conducted. The escape box was removed
from the platform and a mouse was given a 90 s trial. The number of times a mouse poked its
nose into the escape hole, where the escape box had been were recorded. Primary errors, total

errors, and latency were also recorded.
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3.3.7 Locomotor activity

Overall locomotion was assessed in a clear, 43.18 cm square polypropylene open field
chamber where movement was assessed with autotracking software, Autotrack ATM3 4.65
(Columbus Instruments, Columbus, OH, USA). Approximately 15 m after the final test on the
Barnes maze, mice were placed in the center of one of four identical open field chambers. Each

mouse was allowed three m to explore the open area and the distance traveled was recorded.

3.3.8 Statistics

Initial analyses were performed using SAS (Cary, NC) and GraphPad Prism 5 (GraphPad,
San Diego, CA) statistical analysis software and included repeated-measures, two-way, and
three-way analysis of variance (ANOVA). Nested ANOVA was also performed with dam as a
nested variable to account for potential litter effects. Hypotheses tested included behavioral
outcomes as dependent variables and as independent variables, dose combination, repeated
measures for dose x trial effects, dose x sex interactions, dose x LPS-injection interaction, and
dose x sex x LPS-injection interactions. When test results indicated a statistically significant

effect (p<0.10), individual post hoc comparisons were made with t-tests.
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3.3. Results

3.3.1 General dam and litter observations

Dams exposed to 0.4 mg/kg of BPA had more male than female offspring (69% male)
when compared to dams receiving the vehicle control (46% male) (Table 3.1.). Terminal body
weight of dams did not significantly vary by dose. Similarly, the number of pregnancies, litter

size, litters delivered, and litters weaned did not statistically differ based on dose.

3.3.2 Barnes maze

Primary latency for males and females is displayed in Figure 3.1. Primary latency during
the acquisition phase did not differ for males (Figure. 3.1.A). Of the 16 trials, during the
acquisition phase, main effect of treatment on primary latency was detected for females on the
final trial on day four. The vehicle control females given a LPS injection took significantly more
time to locate and enter the escape hole compared to females given saline alone and females
exposed to 0.4 or 50 mg/kg of BPA (Figure 3.1.B).

The error rate did not differ significantly for males (Figure 3.2.A) based on
developmental BPA exposure or adult exposure to LPS. The error rate for females was
significantly different among groups on day 1 where LPS injected animals made fewer primary
errors than their saline controls. There was also a dose effect where the animals exposed to 0.4
mg/kg of BPA and given LPS as adults made more primary errors than both the 0 mg/kg and 50

mg/kg animals that also were given an injection of LPS (Figure 3.2.B). These differences were
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not observed in saline control animals, but these differences among treatment groups narrowed
and then disappeared over the subsequent acquisition days (Figure 3.2.B).

The total time that it took for animals to enter the escape box is presented in Figure 3.3.
There was an effect of treatment on total escape time during trial eight for males. Males from
the 50 mg/kg BPA group that had saline injected took 32.9% less time to enter the escape box
relative to the group injected with LPS and 28.5% less time than the 0.4 mg/kg group that had
saline injected (Figure 3.3.A). Additionally, males in the 0.4 mg/kg BPA group that had saline
injected and the group with LPS injected took significantly more time than male offspring in the
50 mg/kg exposure group exposed to either saline or LPS during trial ten.

During trials 14 and 16, males in the 50 mg/kg group with saline injected took
significantly less time to escape than the paired group with LPS injected. During the final trial of
acquisition, male vehicle controls took significantly more time than both of the BPA exposed
groups (Figure 3.3.A).

Females also showed significant treatment differences on the total time it took for them to
enter the escape box. On day three, during the first trial, both the 0.4 mg/kg and control groups
that were injected with saline took less time than the groups injected with LPS. Additionally,
animals exposed to the 0.4 mg/kg injected with saline, found and entered the escape box in less
time than animals exposed to 50 mg/kg and injected with saline (Figure 3.3.B). On the final day
of acquisition, a main effect of treatment was detected on trial four. Vehicle control animals
injected with saline took less time, overall, than control animals injected with LPS. In animals
injected with LPS, the 50 mg/kg group entered the escape hole in 60.5% less time than the

control animals injected with LPS.
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Table 3.2. depicts animal behavior during recall on the Barnes maze task with the escape
box removed. The number of correct head pokes differed between LPS and saline injected
animals, with saline animals averaging 6.0 head pokes into the correct hole during the test and
LPS injected animals averaging only 3.2 head pokes into the correct hole. Males exposed to 0.4
mg/kg and injected with saline had significantly fewer correct head pokes (mean of 4.25) than
males exposed to 50 mg/kg (mean of 9.25) and injected with saline. Females exposed to 0.4
mg/kg and injected with LPS had significantly more correct head pokes (mean of 6.0) than
females exposed to 0 mg/kg and injected with LPS (mean of 1.8) or to 50 mg/kg and injected
with LPS (mean of 3.4) (Table 3.2.).

On a test of recall, the time for females (mean of 17.7 s) to locate the correct escape hole
was significantly shorter than their male littermates (mean of 33.4 s). The time it took animals to
initially locate the correct escape hole differed between LPS and saline injected animals. Saline
injected animals took 19.5 s, on average to reach the hole during the test and LPS injected
animals took 34.5 s on average. Males exposed to 50 mg/kg and injected with LPS found the
escape hole 53.8% faster relative to males exposed to 0.4 mg/kg and injected with LPS. Females
exposed to 50 mg/kg and injected with LPS group were 42% faster than the vehicle control
group injected with LPS. There were no significant differences found in the number of primary
errors made that were associated with sex, LPS injection, or BPA exposure (Table 3.2.). No
significant interaction effects were noted for litter or testing order with nested analysis on

reference day performance.
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3.3 Overall Activity

No significant differences in open field distance traveled were noted in male (Figure 3.4.A) or in

female (Figure 3.4.B) mice due to treatment conditions.
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TABLE 3.1. Reproductive outcomes for dams dosed with BPA via gavage from pairing with

males through weaning of offspring.
Data are listed as mean + standard deviation

*Indicates a statistical (P<0.05) difference from the 0 mg/kg group.
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0 mg/kg BPA

0.4 mg/kg BPA

50 mg/kg BPA

Terminal body weight (g) 28.4+1.9 29.4+£1.3 29.0+ 2.0
Dams pregnant/ dams dosed 9/20 6/20 9/20
Litters delivered/dams pregnant 9/9 4/6 8/9
Male per litter 33+1.2 50+0.8* 45+21
Females per litter 39+13 23+ 1.3* 2617
Litter size 72+1.0 7.3+1.0 7.1+0.6
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Figure 3.1. Primary latency: average amount of time it took to reach the escape hole. Data for
16 trials were pooled into the four days of learning acquisition. Mean + standard error of the

mean. N=2-9. The 0 Saline Male group is not included as there was only an N of 1 that survived

for testing in this group.
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Figure 3.2. Primary errors: Average number of holes explored prior to finding the entrance to
the escape box. Data for 16 trials were pooled into the four days of learning acquisition. Mean +
standard error of the mean. N=2-9. The 0 Saline Male group is not included as there was only

an N of 1 that survived for testing in this group.
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Figure 3.3. Total time (in seconds): Average amount of time that it took for animals to enter the
escape box (maximum time allowed was 180 seconds per trial). Data for 16 trials were pooled
into the four days of learning acquisition. Mean + standard error of the mean. N=2-9. The 0

Saline Male group is not included as there was only an N of 1 that survived for testing in this

group.
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TABLE 3.2. Recall on the Barnes Maze in Adult C57BI/6 Mice Developmentally Treated with

BPA and LPS.

Note. Data are reported as the mean + standard deviation. p <0.10. N=2-9. The 0 Saline Male
group is not included as there was only an N of 1 that survived for testing in this group.

* Significantly lower than saline control

+ Significantly higher than other saline exposed BPA dose groups for males

** Significantly higher than other LPS exposed BPA dose group for males

*** Significantly lower than other LPS exposed control group for females
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Correct Attempts

Errors Prior to

BP:tA(\) (crlggn/kg) Treatment  Gender Eto Enter Pri-glrnlqieségp?:]ﬁdole Reaching
scape Box Escape Hole

0 LPS Male 26+£1.9 51.9+24.8 49+45
0.4 Saline Male 43+28 39.5+26.5 8.3+6.9
0.4 LPS Male 23123 60.5 + 29.5** 8.0+£6.0
50 Saline Male 9.3+£2.9} 13.0+£8.0 45+38
50 LPS Male 3.3+2.0* 326+16.0 40+34
0 Saline Female 6.3+£1.6 26.5+ 185 11.7+6.4
LPS Female 1.8+0.9* 35.4+20.1 41+53

0.4 Saline Female 6.5+25 9.0x+1.0 45+25
0.4 LPS Female 6.0+£2.0 128+6.1 25+£23
50 Saline Female 55+2.3 7.8+3.6 3.0x25
50 LPS Female 34+13 14.9 £ 9.8*** 1.8+£15
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Figure 3.4. Total distance traveled in the open field in cm over a 180 s trial. Mean * standard

deviation. No significant differences were noted for males (A) or females (B) in any treatment

group.
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3.4. Discussion

The endocrine disrupting qualities of BPA exposure during development with regard to
reproductive outcomes have been well established (Honma et al., 2002; Salian et al., 2011,
Calhoun et al., 2014; Mileva et al., 2014) However, BPA also is reported to induce neurotoxicity
(MacLusky et al., 2005; Xu et al., 2013; Yeo et al., 2013). The objective of this study was to
determine if BPA exposure would alter hippocampal dependent spatial learning and memory
behavior in adult animals exposed during development. This objective was based on studies by
other laboratories that demonstrated that adult or developmental exposure to BPA changes
performance on a variety of memory tasks including the avoidance of an area associated with
foot shock (Goncalves et al., 2010), spatial memory performance in food reward mazes
(Kuwabhara et al., 2013), performance on a modified Barnes maze (Jasarevic et al., 2011), or
changes in sexually dimorphic behavior in a Morris Water maze (Carr et al., 2003; Kuwahara et
al., 2013).

We chose the Barnes maze to measure spatial learning and memory of developmentally
exposed C57BI/6 mice. The Barnes maze is an acceptable task for assessing spatial reference
memory in mice that uses mild aversive stimuli to reduce confounding behavior caused by
increased stress (Sunyer et al., 2007; Brynskikh et al., 2008; Patil et al., 2009; Kennard and
Woodruff-Pak, 2011). All of our mice, regardless of exposure had a significant reduction in the
time it took to locate the correct escape hole across trials during the acquisition period, these
results indicate that this task was a reliable method to determine the impacts of developmental

BPA exposure on spatial learning and memory.
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Several significant differences were noted during learning trials and on the final reference
day between the BPA exposed animals and control animals. During several learning trials, BPA
exposed animals took significantly less time to find the correct escape hole when compared to
control animals. Additionally, on a test of recall, mice developmentally exposed to BPA made
more correct attempts to exit than control animals. These learning differences could indicate a
BPA mediated endocrine alteration in memory formation that led to a change in performance on
this task. While no clear pattern emerged that would indicate a difference in performance
between the 0.4 and the 50 mg/kg exposed animals, it should be noted that at no time did the
control animals significantly outperform the BPA exposed animals on any measure taken during
this study.

Many studies report that male animals typically have a tendency to perform better than
female animals in tests of spatial learning (Berger-Sweeney et al., 1995; Roof and Stein, 1999;
Carr et al., 2003; Rajab et al., 2014) However, this sexually dimorphic behavioral difference is
not readily apparent in the mouse studies, where males and female animals typically perform at
or near the same level (Jonasson, 2005). In this study, female animals located the correct escape
hole 88.7% faster than male animals, which is surprising considering what is expected based on
the known sex difference in this task, even for mice where the data for sex differences are less
compelling. Endocrine disrupting chemicals, including phthalates and BPA, are known to cause
a variety of non-reproductive sexual-dependent differences in development, behavior, and
disease prevalence (Weiss, 2002). BPA is an estrogen mimicking compound and estrogen plays
an integral role in neurological development (Wu et al., 2009). In male mice, an early postnatal
surge of testosterone is thought to be required for brain masculinization (McCarthy, 2009). Part

of this process involves the conversion of testosterone to estrogen by aromatase enzymes.
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Estrogen is therefore the hormone required for brain masculinization. Wu and colleagues (2009)
demonstrated that female mice had masculinized brains and behavior after exposure to
testosterone or estrogen shortly after birth. If BPA binds to estrogen receptors in the brain
during this period of development, this could potentially disrupt endogenous signaling in both
the male and female brains and potentially change, “masculinize” or “hypermasculinize” the
structures in the brain associated with spatial learning and memory. Although we did not
evaluate steroid hormone concentrations, these regions of the brain, or other indicators of sexual
development, the results of the Barnes maze task suggest that exposed female animals found the
escape hole more rapidly than their similarly-exposed male counterparts. Therefore, BPA
exposure induced a sex difference in this behavioral task that was not apparent in male and
female control animals and that was opposite to what is commonly observed when male and
female animals are compared. In harmony with our results, Xu and colleagues (2010)
demonstrated that BPA impaired the spatial memory of male, but not female mice after an 8-
week exposure during adolescence.

Williamson and colleagues utilized a model where effects of neonatal bacterial infection
were only observed when accompanied by a secondary immune challenge of LPS later in life
(Williamson et al., 2011). The neonatal infection caused lifelong changes to the immune system
response that could only be seen after LPS challenge. This two hit model was used to
demonstrate that the immune system plays an important part in learning and memory. The LPS
injection given around the time of learning was shown to “unmask” these developmental deficits
in learning and memory (Williamson et al., 2011). In our study, animals also were assessed in a
“double hit” model where they were developmentally exposed to BPA and then given an acute

exposure to LPS around the time of learning. LPS triggers an inflammatory response, in part, via
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induction of the cytokine interleukin-1f (IL--1B), which has been shown to interfere with
memory formation (Bilbo et al., 2005). Bilbo and her colleagues demonstrated that neonatal
infection with E. coli changed cell morphology in the hippocampus and had impacts on memory
in the two hit model that incorporated the peripheral LPS injection given around the time of
learning (Bilbo et al., 2005). However, the dose used needed to be low, as higher doses of LPS
exposure alone have been associated with behavioral changes such as lethargy, reduced eating
and fever that can affect memory abilities (Shaw et al., 2001; Rudaya et al., 2005; Sparkman et
al., 2005). Therefore, we hypothesized that exposure to a low dose of LPS would unmask BPA-
induced developmental impacts to hippocampal-dependent learning and memory. Instead, mice
that received saline only were 76.9% faster at finding the correct escape hole relative to mice that
received an injected of LPS regardless of BPA dose. Previous studies of the effects of LPS
exposure on behavior demonstrated that the resultant production of proinflammatory cytokines
(IL-1B, IL-6 and TNFa) exert effects on the hippocampus that disrupt memory formation when
given prior to initial learning (Sparkman et al., 2005; Williamson et al., 2011). Although the
dose of LPS that we injected was very low (0.25 ug/kg), it may have been sufficient to induce an
immune response that produced a difference between the LPS and saline injected animals.
Additionally, developmental BPA exposure may alter pathways in the hippocampus that are
unaffected by LPS exposure. Future studies with the behavioral task used by Bilbo et al. (2005)
and Williamson et al. (2011) will help to determine if the ability of LPS to “unmask” previous
developmental deficits is applicable to different toxicants.

To our knowledge, this study is the first to investigate the effects of developmental exposure
to BPA on spatial learning performance that concurrently assesses LPS immune effects. This

model helps to conceptualize real world toxicant exposure as we are all faced with low level
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exposure to a variety of environmental toxicants on a daily basis through polluted air and water.
We demonstrate here that developmental exposure to BPA only had mild effects on learning
acquisition and did not impair the ability of C57BI/6 mice in a dose related fashion on the final
recall tests. Some evidence from prior studies demonstrated adverse BPA effects on special
learning tasks using different animal models or mouse strains (Carr et al., 2003; Goncalves et
al., 2010; Xu et al., 2010), whereas other studies did not report BPA induced changes (Ryan and
Vandenbergh, 2006; Nakamura et al., 2012). BPA exposure can elicit changes to cells in the
hippocampus and other brain regions associated with spatial memory and learning (MacLusky et
al., 2005; Nakamura et al., 2006; Hajszan and Leranth, 2010; Eilam-Stock et al., 2012; Inagaki et
al., 2012). Future behavioral testing of BPA effects should incorporate tracking software to
measure the distance traveled and other behavior parameters to detect more subtle changes to
spatial learning such as search strategy or animal mobility as measured by distance traveled
during the test. The results of this study suggest that developmental exposure to oral doses of
BPA did not compromise the spatial learning ability in this particular experimental model.
However, BPA has been reported to pose an endocrine mediated risk during development and
should continue to be studied in models that assess its endocrine effects in the presence of other

environmentally persistent endocrine mediated neurotoxicants.

77



CHAPTER FOUR — IMMUNOLOGICAL RESPONSE TO DEVELOPMENTAL BPA
EXPOSURE IN A C57BL/6 MOUSE MODEL AFTER LPS CHALLENGE IN

ADULTHOOD

4.1 Introduction

The development and functionality of the immune system is regulated by endogenous steroid
hormone signaling (Weinstein et al., 1984; Nalbandian and Kovats, 2005; Klein et al., 2010).
Estrogen receptors are found on numerous lymphocytes including T cells, natural Killer (NK)
cells, and B cells (Pierdominici et al., 2010; Huang et al., 2014). Endocrine agents that mimic or
interfere with endogenous signaling to these receptors could disrupt the development of a healthy
immune system (Goto et al., 2007; Guo et al., 2010; Roy et al., 2012). Bisphenol A (BPA; 4, 4’-
isopropylidene-2-diphenol) is one of the most widely studied endocrine disrupting chemicals and
will bind to estrogen receptors and disrupt endogenous hormone signaling (Kuiper et al., 1998;
Wetherill et al., 2007; Yu et al., 2011).

The majority of human exposure to BPA is widely held to occur through the ingestion of
contaminated food and beverages (Kang et al., 2006b; Schecter et al., 2010) with secondary
dermal exposure to contaminated thermal papers and through dust inhalation (Biedermann et al.,
2010; Liao and Kannan, 2011; Loganathan and Kannan, 2011). BPA is readily inactivated by
conjugation reactions to form BPA-glucuronide and BPA-sulfate in the human liver; metabolites
that do not bind to estrogen receptors (Taylor et al., 2011). Although this chemical also has a
short half life of approximately 5 hours, it can be detected in the urine or serum of more than

90% of those tested in developed countries (Volkel et al., 2002; Calafat et al., 2005; Genuis et



al., 2012; Tharp et al., 2012). Developmental studies demonstrate that BPA will cross the
placental barrier in mice and other experimental animals and it has been detected in the serum of
newborn human infants, which indicates that it can reach and possibly affect development
(Ikezuki et al., 2002; Schonfelder et al., 2002; Domoradzki et al., 2004; Nishikawa et al., 2010).
Several studies have reported that developmental exposure to BPA is associated with
immune alterations. Yan and colleagues (2008) demonstrated that developmental BPA exposure
could induce persistent immunological effects that lasted into adulthood. BALB/c mice dams
were given drinking water containing 1, 10, or 100 nM of BPA during pregnancy and lactation.
Male offspring that were prenatally dosed with 100 nM of BPA showed a decrease in
CD4+CD25+ T cells (Yan et al., 2008). These offspring were then challenged with an infection
of Leishmania major in their hind paw. Mice developmentally exposed to 100 nM of BPA
demonstrated significantly more foot pad swelling and had a significantly limited rise in
CD4+CD25+ T cells after infection when compared to control animals (Yan et al., 2008).
Yoshino and co-workers orally exposed DBA/1J dams to 0.3 or 3 mg/kg of BPA for 17 days
after the pairing with sires (Yoshino et al., 2004). Offspring were immunized with hen egg
lysozyme (HEL) as an immune challenge to evaluate differences among mice developmentally
exposed to BPA and control animals that did not receive HEL immunizations. The Thl
cytokine, interferon-y (IFN-y) and the Th2 cytokine, interleukin-4 (IL-4) were both increased in
BPA-exposed animals in response to HEL when compared to controls (Yoshino et al., 2004).
Additionally, expression of splenic lymphocytes were examined and CD3+CD4+ and
CD3+CD8+ cells were increased in mice prenatally exposed to BPA. This laboratory reported
that the up-regulation of these immune responses was a lifelong change to the immune systems

of these animals (Yoshino et al., 2004). Ohshima and colleagues (2007) demonstrated that
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developmental BPA exposure in ovalbumin-specific T-cell receptor trans-genic (OVA-TCR-TQ)
mice led to diminished numbers of CD4+CD25+FoxP3+ T cells in response to ovalbumin
(OVA). Splenic lymphocytes from the BPA exposed offspring produced more IL-4 and IL-13
and less IFN-y cytokines relative to control offspring (Ohshima et al., 2007). These
developmental immunotoxicity studies of BPA indicate that BPA modifies lymphocyte
responses to immune challenges in these animals. Exposure to BPA or other endocrine
disruptors could alter the development of the immune system and lead to compromised host
defenses throughout the life span. Given the complex nature of immune signaling and function,
even subtle changes to the natural signaling pathways could reduce ability to fight off infection,
or impair the immune system from distinguishing between attacking cells and endogenous cell
types (Roy et al., 2012).

The objective of this study was to determine whether or not BPA exposure during prenatal
and postnatal periods would alter the innate or adaptive immune cell response to a peripherally
injected lipopolysaccharide (LPS) challenge in adulthood. Animals were assessed in a “double
hit” model where they were developmentally exposed to BPA and then given an acute exposure
to LPS. LPS triggers a pro-inflammatory response via induction of interleukin-1p, TNFa, and
regulation of these cytokines by induction of anti-inflammatory 1L-10 (Shaw et al., 2001; Henry
et al., 2009). LPS induces fever and sickness behaviors including lethargy and decreased social
interaction in higher doses (Shaw et al., 2001). We hypothesized that a global immune challenge
of low dose LPS in adulthood would unmask BPA-induced developmental alterations to the

adaptive and innate immune response to this immune challenge.
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4.2. Materials and Methods

4.2.1 Animals

Adult nulliparous female (24-28 days old) and male (24-26 days old) C57BI1/6 mice were
purchased from Charles River Laboratories (Raleigh, NC) and delivered to the East Carolina
University (ECU) Brody School of Medicine (BSOM) animal facility (accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care). Males were housed
singly and females were housed four to a cage for an initial 14 day acclimation period. After
acclimation, males and females were paired into breeder groups with one male and two females
per cage. Animals were housed in polycarbonate cages with corn cob bedding, soft bedding
material and a hiding tube. All mice were maintained in a 23° + 3°C environment with 30-70%
relative humidity, and given ad libitum access to both food (5P00 Prolab RMH 3000) and water.
Animals were maintained in a 12 h light/dark cycle (light, 0730-1930 hours; dark 1930-0730
hours). All experiments were conducted under protocols approved by the Institutional Animal

Care and Use Committee at East Carolina University.
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4.2.2 Dosing solution

Dosing solutions were prepared fresh once each week. The appropriate mg/kg
concentrations of BPA (Sigma Aldrich, St. Louis, MO, USA) were administered as 0.1 ml of
dosing solution per 10 g of body weight. Stock solutions contained 0.04 or 5 mg/ml of BPA that
had been sonicated (Branson, 2510) until dissolved into corn oil (Sigma Aldrich, St. Louis, MO,

USA).

4.2.3 Treatment

Immediately prior to pairing, all mice were weighed and randomly distributed into dose
groups so that no individual group statistically differed by body weight. Starting on the date of
pairing with a breeder male, dams received either a vehicle control (corn oil), a low dose (0.4
mg/kg), or a high dose (50 mg/kg) of BPA. Dams were weighed daily and given 0.1 ml of BPA
or vehicle control per 10 g of body weight per day via gavage until the weaning of pups on
PND21. After a seven day period, males were separated from potentially pregnant mice. Male
mice were housed individually and paired back with female mice that did not become pregnant
after the initial pairing. After the final pairing, males were removed and euthanized when
females reached 24 g in body weight. Female and males that failed to reproduce were removed

from the study and euthanized.
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4.2.4 Offspring

On PND1, litters were weighed, sexed and culled to three males and three females per dam
when possible or litter size was reduced to a maximum of 6 pups. When available, litters with an
insufficient number of male or female pups were backfilled with extra pups of the same age from
dams within the same dose group. Offspring were weighed once per week until weaning at
PND21. Weaned offspring were housed in same sex groups from their litter when possible (up
to three animals per cage). Animals were allowed to remain in these conditions until immune

challenges at PND42 or during a learning trial starting at PND60.

4.2.5 Immune challenge

Adult F1 male and female mice from each dose group were subdivided into two treatment
groups; one received an intraperitoneal (i.p.) injection of 0.01 ml sterile saline (Hospira Inc.,
Lake Forest, IL, USA); another received 0.25 pg/kg LPS(Escherichia Coli 0111:B4; Sigma-
Aldrich, Inc., St. Louis, MO, USA) suspended in sterile saline. For PND 42 animals this
injection was given 4 hours prior to euthanasia. The injection was given 4 hours prior to starting
behavior testing on PND63 for a different study in older animals. Euthanasia and spleen removal

occurred on PND68.
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4.2.6 Flow Cytometry

Spleens from developmentally exposed offspring were homogenized and filtered into single
cell suspensions. Cells were washed and counted using Cellometer cell counting chamber slides
and Cellometer Auto 2000 software (Nexcelom Bioscience, Lawrence, MA). Cells were
standardized to a concentration of 2 x 10° cells/mL in flow cytometry staining buffer and
incubated with fluorescence-activated cell sorting (FACS) buffer and anti-CD16/32 antibody
along with anti-mouse CD3e- Allophycocyanin (APC), CD4- Fluorescein isothiocyanate (FITC),
and either CD8a- Phycoerythrin (PE) or CD25-PE monoclonal antibodies (mADb) (eBioscience,
Inc., San Diego, CA). An additional cell sample for each animal was stained with anti-mouse
CD45RB-FITC and NK1.1-PE (eBioscience, Inc., San Diego, CA) and samples were allowed to
incubate for 30 minutes in the dark at room temperature. Optimal concentrations of the
antibodies and reagents were determined in prior experiments as were isotype controls for color
compensation. Stained cells were analyzed using an Accuri C6 flow cytometer and software
(BD Accuri Cytometers, Ann Arbor MI) and 25,000 events were collected from each sample.
Data reported as absolute number of cells is calculated as the percent gated cells multiplied by

the number of nucleated cells counted by the Cellometer Auto 2000.

4.2.7 Enzyme-linked immunosorbent assay (ELISA)

Immunoglobulin G (IgG) and Interleukin 4 (IL-4) were measured by ELISA kit
(eBioscience, San Diego, CA, USA) following the manufacturer’s recommended procedure. In

the assay 96-well plates were coated with monoclonal antibody with specificity for 1gG or IL-4
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and incubated overnight. The coated plates were washed 2 times with wash buffer between
steps. Capture specific antibodies were detected using horse radish peroxidase (HRP)
conjugated isotype specific anti-mouse antibodies and incubated at room temp for two hours.
The developed color was measured by a microplate reader (BioTek Instruments, Inc., Winooski,

VT, USA). The concentration of 1gG and IL-4 was determined by the standard curve.

4.2.8 Statistics

Statistical analyses were performed using SAS (SAS Institute, Cary, NC) and GraphPad
Prism 5 (GraphPad software, San Diego, CA) statistical analysis software. Analysis of variance
(ANOVA) was used to analyze treatment and treatment x gender interactions. Individual post
hoc comparisons were made using least squares means t-tests when ANOVA indicated a
statistically significant relationship (p<0.05). All data are presented as mean + standard error of
the mean (SEM) unless otherwise noted. Experimental “N” refers to the number of treated dams,
not offspring and all adult offspring in each treatment group were from a different treated dam.
Nested (hierarchical) ANOVA was also performed with dam as a nested variable to account for

potential litter effects.
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4.3. Results

4.3.1 General dam and litter observations

Dams exposed to 0.4 mg/kg of BPA gave birth to more male offspring (69% male) when
compared to dams receiving the vehicle control (46% male) (Table 4.1.). The terminal body
weights of dams that received BPA by gavage daily did not significantly vary by dose.
Similarly, the number of pregnancies, litter size, litters delivered, and litters weaned did not

statistically differ based on dose.

4.3.2 Splenic Immunophenotype

Natural Killer Cells. Splenic natural killer (NK) cell numbers in PND68 offspring are
shown in Figure 4.1. Male mice exposed to 0.4 mg/kg of BPA had 53.4% more NK cells after
LPS injections relative to vehicle control animals and 43% relative to animals exposed to 50
mg/kg BPA (Figure 4.1.A). These dose related differences in female mice were similar to the
differences seen in males. Animals exposed to 0.4 mg/kg had more splenic NK cells after LPS
injections relative to either the 0 or 50 mg/kg groups that also received LPS. Overall, male
spleens had 18.1% more NK cells than females at PND68. However, none of these differences
were noted in PNDA42 littermates (Figure 4.2.).

B Cells. Figure 3 shows the total CD45+ cell count for each treatment group. Female

offspring averaged 16.3% more CD45+ cells than males (not statistically significant). There
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were no noted differences based on sex, dose, or LPS injections for CD45+ cells in either PND68
(Figure 4.3.) or PND42 mice (Figure 4.4.).

T Cells. Splenic T cell CD4/CD8 subpopulations (Table 4.2.) did not differ by LPS
exposure or BPA dose. However, CD4+/CD8-, CD4+/CD8+ and CD4-/CD8+ cells were
increased from 20 to 24% in females relative to their male littermates. No sex-related differences
were observed in the CD4-/CD8- cell subpopulation in PND68 animals. Sex differences in cell
numbers were not observed in PND42 animals (data not shown). T cell CD4/CD25
subpopulations are reported in Table 4.3. Female animals exposed to 50 mg/kg BPA and then
LPS injected had 33.4% less CD4+/CD25+ cells than vehicle controls that also received LPS.
Female offspring had significantly more CD4+/CD25- cells than the males overall, but no other

sex or dose related differences were noted in these cell subpopulations.

4.3.3 Serum Cytokines

Serum 1gG levels were 29.3% lower in males that were exposed to 50 mg/kg of BPA and
injected with LPS relative to control mice that had also been injected with LPS (Figure 4.5.).
These IgG levels also were significantly lower (34.2%) relative to animals exposed to 0.4 mg/kg.
These dose differences were not noted in males that had received saline injections or in any of
the female mice.

IL-4 was also measured in serum. Female mice exposed to 50 mg/kg and injected with
LPS mg/kg had significantly higher levels of IL-4 than females exposed to 0.4 mg/kg (56.5%) or
to 0 mg/kg (70.0%) that had also received LPS injections (Figure 4.6.). No other sex or dose

related differences were noted in IL-4 levels.

87



TABLE 4.1 Reproductive outcomes (mean * standard deviation) for dams dosed with BPA via
gavage from pairing with males through weaning of offspring.

*Indicates a statistical (P<0.05) difference from the 0 mg/kg group.
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0 mg/kg BPA

0.4 mg/kg BPA

50 mg/kg BPA

Terminal body weight (g) 28.4+1.9 29.4+£1.3 29.0+ 2.0
Dams pregnant/ dams dosed 9/20 6/20 9/20
Litters delivered/dams pregnant 9/9 4/6 8/9
Males per litter 33+1.2 5.0+£0.8* 45+21
Females per litter 39+13 23+ 1.3* 2617
Litter size 72+1.0 7.3+1.0 7.1+0.6
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Figure 4.1. Splenic natural killer (NK) cell numbers in PND68 offspring exposed to BPA during
development.

Mean = standard error of the mean. N=2-9. Numbers were calculated by multiplying the percent

of gated cells by the total number of nucleated cells counted in the spleen. Both male and female
animals exposed to 0.4 mg/kg of BPA had higher NK cell numbers in response to LPS injections
when compared to animals that received 0 or 50 mg/kg. The 0 mg/kg BPA, saline injected male

group was not included as it had N = 1.
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Figure 4.2. Splenic natural killer (NK) cell numbers in PND42 offspring exposed to BPA during
development.

N=5-6. Numbers were calculated by multiplying the percent of gated cells by the total number of
nucleated cells counted in the spleen. The 0.4 mg/kg group was not included as it had N = 1.

This age group of mice received LPS injections 4 hours prior to euthanasia.
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Figure 4.3. Splenic CD45RB+ cell numbers from PNDG68 offspring exposed to BPA during

development.
Mean + standard error of the mean. N=2-9. Numbers were calculated by multiplying the percent
of gated cells by the total number of nucleated cells counted in the spleen. The 0 mg/kg BPA,

saline injected male group was not included as it had N = 1.
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Figure 4.4. Splenic CD45RB+ cell numbers from PND42 offspring exposed to BPA during
development.

Mean = standard error of the mean. N=5-6. Numbers were calculated by multiplying the percent
of gated cells by the total number of nucleated cells counted in the spleen. The 0.4 mg/kg group
was not included as it had N = 1.  All of these animals received LPS injections 4 hours prior to

euthanasia.
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TABLE 4.2. Splenic CD4/CD8 Lymphocyte Subpopulations in Adult PND68 C57BI/6 Mice

Developmentally Treated with BPA and LPS.

Note. Data are reported as mean = standard error of the mean. Numbers were calculated by
multiplying the percent of gated cells by the total number of nucleated cells counted in the
spleen. p < 0.05. N=2-9. The 0 mg/kg BPA, saline injected male group was not included as it

had N = 1. All cells reported were gated as CD3+
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BPA

(mg/kg) to Treatment  Sex CD4+/CD§- CD4+/CD%+ CD4-/CD86+ CD4-/CD87-
dam (cells x 10°) (cells x 10°) (cells x 10°) (cells x 10%)
0 LPS Male 74+1.1 4.2+0.9 56+0.8 3.3+05
0.4 Saline Male 8.4+20 28+15 6.3+1.4 3.2+0.9
0.4 LPS Male 7620 2615 59+14 3.1+0.9
50 Saline Male 9.1+£17 45+13 59+1.2 34+08
50 LPS Male 6.8+ 1.3 36x10 52+09 3.2+0.6

Saline  Female 10.2+2.0 6.9+15 69+1.4 3.8+£0.9

LPS Female 10.6+1.3 6.0+ 1.0 7609 4.3+0.6

0.4 Saline  Female 11.8+3.4 32%+26 8.1+24 44+16
0.4 LPS Female 11.4%20 3.7x15 85x14 43+£0.9
50 Saline Female 88%1.7 53+1.3 58+1.2 35+0.8
50 LPS Female 8.6+1.3 54+10 6.3+0.9 3.9+0.6
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TABLE 4.3. Splenic CD4/CD25 Lymphocyte Subpopulations in Adult PND68 C57BI/6 Mice
Developmentally Treated with BPA and LPS.

Note. Data are reported as mean = standard error of the mean. Numbers were calculated by
multiplying the percent of gated cells by the total number of nucleated cells counted in the
spleen. p < 0.05. N=2-9. The 0 mg/kg BPA, saline injected male group was not included as it
had N = 1.All cells reported were gated as CD3+

*Significantly lower than LPS exposed control group for females
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BPA

(mg/kg) to Treatment  Sex CD4+/CD265- CD4+/CD2§+ CD4-/CD2&2+ CD4-/CD275-
dam (cells x 10°) (cells x 10°) (cells x 107) (cells x 10%)
0 LPS Male 7.4+£1.2 40+£05 6.6+£15 39+0.6
0.4 Saline Male 8.1+1.38 2.3+0.8 48+22 3.7+0.9
0.4 LPS Male 75+1.38 2.6+0.8 51+£22 3.7+0.9
50 Saline Male 85+1.38 2.8+0.8 6.3+£22 41+09
50 LPS Male 7.1+14 3.1+£0.6 49+17 3.7£0.7

Saline  Female 9.7%2.1 36%£0.9 50+£2.6 45+1.0

LPS Female 10.7+14 53+0.6 82+1.7 51+£0.7

0.4 Saline Female 9.1%+25 3611 52+3.2 40+1.2
0.4 LPS Female 11421 3.6%£0.9 78126 51+£1.0
50 Saline Female 9.2%+1.8 3.1+08 6.0+£22 41+09
50 LPS Female 8913 3.5+0.6* 7.7+16 4.3+0.6
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Figure 4.5. Total serum 1gG levels in PND68 offspring exposed to BPA during development.
Mean + standard error of the mean. N=2-4. Males exposed to 50 mg/kg of BPA had lower serum
IgG after LPS injections when compared to animals that received 0 or 0.4 mg/kg. The 0 mg/kg

BPA, saline injected male group was not included as it had N = 1.
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Figure 4.6. Total serum IL-4 levels in PNDG68 offspring exposed to BPA during development.
Mean + standard error of the mean. N=2-4. Female offspring exposed to 50 mg/kg of BPA had
lower serum IL-4 after LPS injections when compared to females that received 0 or 0.4 mg/kg.

The 0.4 mg/kg group was not included as it had N = 1.
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4.4. Discussion

In this study, we observed several significant alterations in the immune response of BPA and
LPS exposed animals. In brief, we saw significant changes associated with BPA exposure in NK
cell numbers, CD4+CD25+ cell numbers for female offspring, and in serum total 1gG and IL-4
levels. We also observed several sex differences, with male offspring having greater numbers of
NK cells and females having a higher number of CD4+ helper T cells and cytotoxic CD8+ T
cells. The objective of this study was to evaluate adaptive and innate immunophenotypic
alterations in adult animals that were developmentally exposed to BPA. Our hypothesis was that
we would only be able to observe these alterations by challenging the adult immune system with
a pathogen. Our hypothesis was built on evidence by Bilbo et al., (2005) that early-life exposure
to agents that perturb the developing immune system are more likely to be uncovered when the
mature immune system is “asked” to respond to an immunological challenge.

The immune system functions properly when complex combinations of cell signals and
cellular actions occur in response to invading foreign substances. Even slight changes to the
balance of cellular responses or cytokine signaling could reduce the body’s ability to fight
infections or induce tissue damage associated with hyperresponsivity (Roy et al., 2012). Signals
from the endocrine system regulate the immune system and toxicants that perturb endogenous
hormone signaling can alter the ability of the immune system to function throughout the lifespan,
ultimately increasing the risk for numerous later-life diseases (Roberts et al., 2001; Klein et al.,
2010; Roy et al., 2012; Vom Saal and Welshons, 2014).

Our results indicate that male and female mice developmentally exposed to 0.4 mg/kg of

BPA had significantly higher splenic NK cell counts than mice exposed to 50 mg/kg or vehicle
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controls. However, this was only observed in animals that were given an LPS challenge as
adults at PND 68. NK cells play a vital cytotoxic role in the innate immune system by targeting
tumor and pathogen infected cells without the need for specialized antigen markers to identify
the infecting organism (Raulet, 2004; Wu et al., 2012). NK cell numbers and activation levels
respond to mild stressors and to endogenous hormone signaling during the menstrual cycle
(Yovel et al., 2001). Therefore, in our system, exposure to BPA may have interfered with
developmental hormone signaling, leading to changes in the NK cellular responses to immune
challenges in the next generation of mice.

When considering immunological phenotypes, numerous reported sex differences exist,
typically showing that females have a more robust response to infections and a higher incidence
of autoimmune diseases (Weinstein et al., 1984; Verthelyi, 2001; Marriott and Huet-Hudson,
2006). This more robust response is linked to higher numbers and greater activity of a variety of
different cell types, many of which correspond to the findings in this study. However NK cells
are the one cell type that differs from this trend. Males have been shown to have higher NK cell
numbers and greater activity than females in both rodent models and in human studies (Hu et al.,
1987; Roberts et al., 2001; Yovel et al., 2001; Klein, 2012). All males in this study, regardless of
treatment, had higher splenic NK cell counts than their female siblings, which is consistent with
published literature. However, exposure to BPA did increase NK cell counts for animals that
were exposed to 0.4 mg/kg of BPA compared to the other sex-matched dose groups.

Male mice in this study had significantly lower numbers of CD4+CD8- and CD4-CD8+ T
cells than females. This is similar to a report on human cells by Amadori et al. (1995), where
serum CDA4+ levels were higher in women than in men. These differences have also been noted

in rodent and primate studies where sex hormones regulate CD4+ and CD8+ T cells. Females
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have higher numbers of these cells and associated cytokine signaling relative to males (Roberts
et al., 2001; Hewagama et al., 2009; Sankaran-Walters et al., 2013). Our observations for these
sub-sets of T cells, like the sex differences noted for NK cells, are consistent with published
literature, indicating that BPA exposure alone does not alter sex expected differences in these
cell numbers.

In our study, the female C57BL/6 mouse expressed higher numbers of splenic CD4+ and
CD8+ cell types after an LPS challenge, but no dose-related differences associated with BPA
expose alone were noted. Others reported dose-related changes to CD4+ helper T cell
populations or functions after different immune challenges, but these changes were not present in
this study after a LPS challenge (Lee et al., 2003; Sugita-Konishi et al., 2003). Our results
indicate that females respond differently to LPS, as expected, but BPA exposure alone did not
alter LPS-induced changes to helper or cytotoxic T cell responses later in life.

Female mice exposed to 50 mg/kg of BPA had lower splenic CD4+CD25+ cell counts and
higher serum concentrations of IL-4 in response to a LPS challenge compared to females in the
vehicle control group. These findings are similar to those reported by Yan and colleagues
(2008), who demonstrated that prenatal and adult BPA exposure was associated with a decrease
in CD4+CD25+ T cells and a dose-dependent increase in IL-4 levels in male offspring. It should
be noted that Yan et al. (2008) only looked at responses of male offspring. BPA exposure was
associated with increased IL-4 signaling in a variety of different immune challenge studies (Lee
et al., 2003; Tian et al., 2003; Yoshino et al., 2004; Ohshima et al., 2007). These cell and
cytokine changes indicate that developmental BPA exposure can alter T cell function in

adulthood, thus altering host response to infections and other immune challenges.
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We measured a significant decline in serum total 1gG in adult male mice exposed to 50
mg/kg of BPA compared to those exposed to 0.4 mg/kg or vehicle controls, but only in males
that had received the LPS challenge. 1gG should rise in response to LPS challenges; this low
concentration of IgG in male mice exposed to 50 mg/kg of BPA could indicate an overall lower
immune response in this group, but we were unable to discern if this was associated with a
particular cell type.

Differences in B cell populations are correlated with sex (Yurino et al., 2004; Fan et al.,
2014), but no such differences were observed in our CD45RB+ cell numbers. BPA has been
reported to modify B cell numbers and activity (Yurino et al., 2004) however, similarly to the
results of Sugita-Konishi et al. (2003), we did not see BPA dose-related differences in B cell
numbers.

By utilizing a double-hit model of developmental BPA exposure combined with a later life
immune challenge (i.e., LPS), we were able to assess changes attributable to two challenges in
the same animal model. We showed that developmental BPA exposure can lead to modifications
in a variety of immune cell responses that can change how organisms respond to an immune
challenge later in life. BPA is a widely used chemical and could pose a risk as a developmental
toxicant as it is detectable in the serum of 96% of pregnant women (Woodruff et al., 2011). Itis
imperative that research models include BPA and other endocrine disruptors to determine if
exposure impacts bacterial and viral immune responses. We demonstrated that developmental
BPA exposure changes how male and female animals respond to an immune challenge in
adulthood, which suggests that lifelong changes to the immune system can be induced by early-

life exposure to BPA.
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CHAPTER FIVE - GENERAL DISSCUSSION AND SUMMARY

The overall objective of this research was to improve our understanding about the impact that
developmental BPA exposure has on visuospatial learning behavior and on the general
immunophenotype in these same animals. Specifically, this research allowed us to conclude
that: a) Developmental BPA exposure was associated with alterations of learning behavior
compared to controls. However, these changes were not consistently related to dose and
responses changed between sex and the age of the mice when evaluated. b) Exposure to BPA
alone did not alter expected sexual dimorphisms in immune cell populations. ¢) LPS exposure
can influence changes to learning on the Barnes maze.

The Barnes maze was utilized as the learning task for mice in all of these studies and our
results clearly indicate that as the learning trials progress, the time to find the escape hole
shortens. This consistent pattern occurred for almost all of the animals and indicates that we
properly utilized this task to evaluate hippocampal-dependent learning and memory. The task is
based on the innate nature of the species being tested. Mice and rats prefer darker environments
and enclosed areas compared to open, brightly lit areas (Barnes et al., 1989). Prey species will
spontaneously search for a way to leave an environment where they are exposed in favor of an
enclosed space (Jasarevic et al., 2011). In chapters 2 and 3 we examined the outcomes of BPA
exposure on adult offspring that were exposed to BPA during in utero and lactational contact
with dams. The performance for all of these animals indicated that they were motivated to
search for escape from the circular table top from the first day of testing as mice used most of

their time searching around the table top for a way to escape that environment.



The principal objective of this research was to test for impacts of exposure to BPA. Chapter
two discusses the learning and immune outcomes of developmental BPA exposure. This study
included behavioral results with high intra- and intertrial variability across ages and between
sexes. While this is not unusual for this type of behavioral measure, significant differences
between ages and dose groups did not conform to any observable patterns during acquisition
learning. On the final reference day, exposure to BPA was associated with more correct attempts
at entering the escape hole in the Barnes maze. The fewest number of correct attempts was
observed in BPA-exposed females at PND60. Several significant differences in behavior were
noted among age groups, which indicate that as these C57BL/6 mice aged, they responded
differently to the same tasks.

This study included both positive and negative control groups in an effort to provide a
control reference for comparisons. The negative control group was a group of mouse dams that
were handled and weighed everyday but were never subjected to gavage. This would control for
any changes resulting in this technique without regard to the chemical being gavaged. A positive
control group was planned to mimic fetal alcohol syndrome to provide an animal model where
developmental exposure to a toxicant produced both cognitive and immunological changes for
comparison. Dams subjected to ethanol gavage either died, resorbed their litters, or cannibalized
their pups so that no positive control offspring survived to undergo behavioral testing or
immunophenotyping. Had a positive control group been available, additional germane
comparisons could have been made to the BPA offspring endpoints and outcomes which would
have strengthened our findings.

Chapters three and four covered experiments where offspring were assessed on a Barnes

maze at PNDG60, beginning 4 hours after a single challenge with LPS. Mice developmentally
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exposed to different doses of BPA made more correct escape attempts than vehicle control
animals. During this set of experiments, no control groups outperformed BPA exposed groups
on any behavioral measure. These results indicate an association between BPA exposure and
better memory performance on the Barnes maze in C57BL/6 mice.

Control saline-injected animals significantly outperformed LPS-challenged animals which
would indicate that even low dose exposure to LPS could alter learning and behavior with this
mouse model on the Barnes maze. We had hoped that dual exposure to BPA and LPS would
“unmask” differences among dosing groups, but no clear pattern emerged that would indicate
that either 0.4 or 50 mg/kg exposed mice would perform differently to the other group.

In these experiments female animals in general were 88% faster at this visuospatial task than
males. This is inconsistent with previously reported studies and our prior findings where males
outperform or perform equally with females on this type of evaluation. BPA, as an endocrine
disrupting agent could potentially alter endogenous signaling in both the male and female brains
and potentially change, “masculinize” or “hypermasculinize” the structures in the brain
associated with spatial learning and memory. Although we did not evaluate steroid hormone
concentrations, these regions of the brain, or other indicators of sexual development, our results
suggest that exposed female animals found the escape hole more rapidly than their similarly-
exposed male counterparts. Therefore, BPA exposure induced a sex difference in this behavioral
task that was not apparent in male and female control animals and that was opposite to what is
commonly observed when male and female animals are compared. BPA exposure could be
associated with impaired spatial memory in males on this task. This research demonstrated that
BPA could alter learning behavior, but no consistent patterns emerged with regard to the effects

of BPA dose or age at testing. Overall, our findings suggest that developmental BPA exposure,
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can alter learning and immune cell types but additional research should be conducted to
determine which doses cause these alterations.

We also reported significant changes to NK cell numbers, CD4+CD25+ T cell numbers
in females and alterations to 1gG in males and IL-4 in female mice. BPA exposure led to
modified immune cell numbers at different doses and ages. BPA exposure in our research did
not alter expected sex differences in immune phenotype. Outcomes from BPA exposure in these
cell subpopulations suggest that developmental BPA exposure can alter T cell numbers in
adulthood. Additional work should follow up on these cell population differences to assess if
these changes in subpopulation numbers would affect clearance rates of pathogens or alter the
host response to an immune challenge.

We have shown that developmental BPA exposure leads to modifications in a variety of
immune cell numbers that can differ across different doses and testing time points. This would
suggest that further work should be done to explore the nature of these differences. These data
suggest that it is not only critical to note the time point of toxicant exposure, but also the timing
of the endpoint assessment as we have demonstrated that animals may have significantly
different immune numbers based on their age.

Future testing should look for correlations between immune and learning outcomes to
determine if measurable changes in immune parameters predict learning delays or disability. We
ran simple linear regression models individually comparing documented behavior and immune
cell numbers in our mice. Using immune variable outcome did not generate any prediction
models that would significantly predict behavior variation on either primary latency or the
correct number of head pokes recorded on the final day of behavior testing. Figure 5.1

represents the best prediction model generated and demonstrates that the number of NK cells is a
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poor predictor of primary latency on the Barnes maze. While there were not any useful models
generated, this does not indicate that immune system modifications could not predict or be
associated with learning changes, but that this model of comparing changes in C57BL/6 adult
mouse immune cell numbers to learning behavior outcomes was ineffective at finding any

significant patterns of prediction.

114



Figure 5.1. Simple Linear Regression Between Primary Latency and NK cell numbers

Note: Primary latency = 19.636 + 113 *10" NK cells

115



116

c.mw .m.h—__. Q.m—. m.N—__. Q.Q—__.
1 | _ _
+ R . _.___.,_
+ i :
+ N kS . - )
+ + |
+ + + L + +
| .
| + etz
l—l + l—l IIII.I.IIIIlI.IIIIII.IIIII m
||n.-.|||n.-..-_ul._l.| a
T i m.
|-t-|-t-|-..t--£ + + U..._
I—I lll.llllll.llllll.llll.l.lllll. n—l I n# ﬁ
?--t--ut--ut---- | m
[ | _._._
n
| N
[ o
+ ﬁ_m -__...
L
o
1]
+ m
08
+ + + | )
- 001

sisA|euy uoissaibay



REFERENCE LIST
(2011) Bisphenol A (BPA) Action Plan Summary, in, Environmental Protection Agency.
available 14 November 2014 at

http://www.epa.gov/oppt/existingchemicals/pubs/actionplans/bpa.html

Alonso-Magdalena P, Ropero AB, Soriano S, Garcia-Arevalo M, Ripoll C, Fuentes E, Quesada |
and Nadal A (2012) Bisphenol-A acts as a potent estrogen via non-classical estrogen

triggered pathways. Mol Cell Endocrinol 355:201-207.

Amadori A, Zamarchi R, De Silvestro G, Forza G, Cavatton G, Danieli GA, Clementi M and
Chieco-Bianchi L (1995) Genetic control of the CD4/CD8 T-cell ratio in humans. Nat

Med 1:1279-1283.

Ashwood P, Enstrom A, Krakowiak P, Hertz-Picciotto I, Hansen RL, Croen LA, Ozonoff S,
Pessah IN and Van de Water J (2008) Decreased transforming growth factor betal in
autism: a potential link between immune dysregulation and impairment in clinical

behavioral outcomes. Journal of neuroimmunology 204:149-153.

Ashwood P and Van de Water J (2004) Is autism an autoimmune disease? Autoimmun Rev

3:557-562.

Barnes CA (1979) Memory deficits associated with senescence: a neurophysiological and

behavioral study in the rat. J Comp Physiol Psychol 93:74-7104.

Barnes CA, Eppich C and Rao G (1989) Selective improvement of aged rat short-term spatial

memory by 3,4-diaminopyridine. Neurobiol Aging 10:337-341.



Berger-Sweeney J, Arnold A, Gabeau D and Mills J (1995) Sex differences in learning and
memory in mice: effects of sequence of testing and cholinergic blockade. Behav Neurosci

109:859-873.

Biedermann S, Tschudin P and Grob K (2010) Transfer of bisphenol A from thermal printer

paper to the skin. Anal Bioanal Chem 398:571-576.

Bilbo SD, Levkoff LH, Mahoney JH, Watkins LR, Rudy JW and Maier SF (2005) Neonatal
infection induces memory impairments following an immune challenge in adulthood.

Behav Neurosci 119:293-301.

Brinton RD (2009) Estrogen-induced plasticity from cells to circuits: predictions for cognitive

function. Trends Pharmacol Sci 30:212-222.

Bromer JG, Zhou Y, Taylor MB, Doherty L and Taylor HS (2010) Bisphenol-A exposure in
utero leads to epigenetic alterations in the developmental programming of uterine
estrogen response. The FASEB journal : official publication of the Federation of

American Societies for Experimental Biology.

Brynskikh A, Warren T, Zhu J and Kipnis J (2008) Adaptive immunity affects learning behavior

in mice. Brain Behav Immun 22:861-869.

Burridge E (2008) Bisphenol A: product profile, in p Chemical Profile. available 14 November
2014 at

http://www.icis.com/resources/news/2008/10/13/9162868/chemical-profile-bisphenol-a/

118



Calafat AM, Kuklenyik Z, Reidy JA, Caudill SP, Ekong J and Needham LL (2005) Urinary
concentrations of bisphenol A and 4-nonylphenol in a human reference population.

Environ Health Perspect 113:391-395.

Calhoun KC, Padilla-Banks E, Jefferson WN, Liu L, Gerrish KE, Young SL, Wood CE, Hunt
PA, Vandevoort CA and Williams CJ (2014) Bisphenol a exposure alters developmental

gene expression in the fetal rhesus macaque uterus. PLoS One 9:e85894.

Carr R, Bertasi F, Betancourt A, Bowers S, Gandy BS, Ryan P and Willard S (2003) Effect of
neonatal rat bisphenol a exposure on performance in the Morris water maze. J Toxicol

Environ Health A 66:2077-2088.

Diaz Weinstein S, Villafane JJ, Juliano N and Bowman RE (2013) Adolescent exposure to
Bisphenol-A increases anxiety and sucrose preference but impairs spatial memory in rats

independent of sex. Brain Res 1529:56-65.

Dodds EC and Lawson W (1936) Synthetic oestrogenic agents without the phenanthrene

nucleus. Nature 137.

Domoradzki JY, Thornton CM, Pottenger LH, Hansen SC, Card TL, Markham DA, Dryzga MD,
Shiotsuka RN and Waechter JM (2004) Age and dose dependency of the
pharmacokinetics and metabolism of bisphenol A in neonatal sprague-dawley rats

following oral administration. Toxicol Sci 77:230-242.

Donohue KM, Miller RL, Perzanowski MS, Just AC, Hoepner LA, Arunajadai S, Canfield S,

Resnick D, Calafat AM, Perera FP and Whyatt RM (2013) Prenatal and postnatal

119



bisphenol A exposure and asthma development among inner-city children. J Allergy Clin

Immunol 131:736-742.

Eilam-Stock T, Serrano P, Frankfurt M and Luine V (2012) Bisphenol-A impairs memory and

reduces dendritic spine density in adult male rats. Behav Neurosci 126:175-185.

Fan H, Dong G, Zhao G, Liu F, Yao G, Zhu Y and Hou Y (2014) Gender differences of B cell
signature in healthy subjects underlie disparities in incidence and course of SLE related

to estrogen. J Immunol Res 2014:814598.

Fujimoto T, Kubo K and Aou S (2006) Prenatal exposure to bisphenol A impairs sexual
differentiation of exploratory behavior and increases depression-like behavior in rats.

Brain Res 1068:49-55.

Genuis SJ, Beesoon S, Lobo RA and Birkholz D (2012) Human elimination of phthalate
compounds: blood, urine, and sweat (BUS) study. ScientificWorldJournal 2012:615068-

615068.

Goncalves CR, Cunha RW, Barros DM and Martinez PE (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.

Goto M, Takano-Ishikawa Y, Ono H, Yoshida M, Yamaki K and Shinmoto H (2007) Orally
administered bisphenol A disturbed antigen specific immunoresponses in the naive

condition. Biosci Biotechnol Biochem 71:2136-2143.

120



Guo H, Liu T, Uemura Y, Jiao S, Wang D, Lin Z, Narita Y, Suzuki M, Hirosawa N, Ichihara Y,
Ishihara O, Kikuchi H, Sakamoto Y, Senju S, Zhang Q and Ling F (2010) Bisphenol A in
combination with TNF-alpha selectively induces Th2 cell-promoting dendritic cells in

vitro with an estrogen-like activity. Cell Mol Immunol 7:227-234.

Hajszan T and Leranth C (2010) Bisphenol A interferes with synaptic remodeling. Front

Neuroendocrinol 31:519-530.

Henry CJ, Huang Y, Wynne AM and Godbout JP (2009) Peripheral lipopolysaccharide (LPS)
challenge promotes microglial hyperactivity in aged mice that is associated with
exaggerated induction of both pro-inflammatory IL-1beta and anti-inflammatory 1L-10

cytokines. Brain Behav Immun 23:309-317.

Hewagama A, Patel D, Yarlagadda S, Strickland FM and Richardson BC (2009) Stronger
inflammatory/cytotoxic T-cell response in women identified by microarray analysis.

Genes Immun 10:509-516.

Honma S, Suzuki A, Buchanan DL, Katsu Y, Watanabe H and Iguchi T (2002) Low dose effect
of in utero exposure to bisphenol A and diethylstilbestrol on female mouse reproduction.

Reprod Toxicol 16:117-122.

Hormann AM, VVom Saal FS, Nagel SC, Stahlhut RW, Moyer CL, Ellersieck MR, Welshons
WV, Toutain PL and Taylor JA (2014) Holding Thermal Receipt Paper and Eating Food
after Using Hand Sanitizer Results in High Serum Bioactive and Urine Total Levels of

Bisphenol A (BPA). PLoS One 9:110509.

121



Hornig M, Chian D and Lipkin W1 (2004) Neurotoxic effects of postnatal thimerosal are mouse

strain dependent. Mol Psychiatry 9:833-845.

Hu C, Scorza Smeraldi R, Radelli L, Fabio G, Vanoli M and Zanussi C (1987) Age- and sex-

dependent changes in natural Killer cell activity. Boll Ist Sieroter Milan 66:289-296.

Huang PC, Li WF, Liao PC, Sun CW, Tsai EM and Wang SL (2014) Risk for estrogen-
dependent diseases in relation to phthalate exposure and polymorphisms of CYP17A1

and estrogen receptor genes. Environ Sci Pollut Res Int.

Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y and Taketani Y (2002) Determination of bisphenol A
concentrations in human biological fluids reveals significant early prenatal exposure.

Hum Reprod 17:2839-2841.

Inagaki T, Frankfurt M and Luine V (2012) Estrogen-induced memory enhancements are
blocked by acute bisphenol A in adult female rats: role of dendritic spines. Endocrinology

153:3357-3367.

Jasarevic E, Sieli PT, Twellman EE, Welsh TH, Schachtman TR, Roberts RM, Geary DC and
Rosenfeld CS (2011) Disruption of adult expression of sexually selected traits by

developmental exposure to bisphenol A. Proc Natl Acad Sci U S A 108:11715-11720.

Jonasson Z (2005) Meta-analysis of sex differences in rodent models of learning and memory: a

review of behavioral and biological data. Neurosci Biobehav Rev 28:811-825.

122



Kang JH, Katayama Y and Kondo F (2006a) Biodegradation or metabolism of bisphenol A: from

microorganisms to mammals. Toxicology 217:81-90.

Kang JH, Kondo F and Katayama Y (2006b) Human exposure to bisphenol A. Toxicology

226:79-89.

Kennard JA and Woodruff-Pak DS (2011) Age sensitivity of behavioral tests and brain

substrates of normal aging in mice. Front Aging Neurosci 3:9-9.

Kipnis J, Cohen H, Cardon M, Ziv Y and Schwartz M (2004) T cell deficiency leads to cognitive
dysfunction: implications for therapeutic vaccination for schizophrenia and other

psychiatric conditions. Proc Natl Acad Sci U S A 101:8180-8185.

Klein SL (2012) Immune cells have sex and so should journal articles. Endocrinology 153:2544-

2550.

Klein SL, Jedlicka A and Pekosz A (2010) The Xs and Y of immune responses to viral vaccines.

Lancet Infect Dis 10:338-349.

Koch W (2012) FDA officially bans BPA, or bisphenol-A from baby bottles, in USA Today,
Gannett Co. Inc. available 25 November 2014 at
http://usatoday30.usatoday.com/money/industries/food/story/2012-07-17/BPA-ban-baby-

bottles-sippy-cups/56280074/1

123



Kubo K, Arai O, Ogata R, Omura M, Hori T and Aou S (2001) Exposure to bisphenol A during
the fetal and suckling periods disrupts sexual differentiation of the locus coeruleus and of

behavior in the rat. Neurosci Lett 304:73-76.

Kubo K, Arai O, Omura M, Watanabe R, Ogata R and Aou S (2003) Low dose effects of
bisphenol A on sexual differentiation of the brain and behavior in rats. Neurosci Res

45:345-356.

Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, van der Burg B and
Gustafsson JA (1998) Interaction of estrogenic chemicals and phytoestrogens with

estrogen receptor beta. Endocrinology 139:4252-4263.

Kumar D and Thakur MK (2014) Perinatal Exposure to Bisphenol-A Impairs Spatial Memory
through Upregulation of Neurexinl and Neuroligin3 Expression in Male Mouse Brain.

PL0S One 9:€110482.

Kunz N, Camm EJ, Somm E, Lodygensky G, Darbre S, Aubert ML, Huppi PS, Sizonenko SV
and Gruetter R (2011) Developmental and metabolic brain alterations in rats exposed to
bisphenol A during gestation and lactation. International Journal of Developmental

Neuroscience 29:37-43.

Kuwahara R, Kawaguchi S, Kohara Y, Cui H and Yamashita K (2013) Perinatal exposure to
low-dose bisphenol A impairs spatial learning and memory in male rats. J Pharmacol Sci

123:132-1309.

124



Lee MH, Chung SW, Kang BY, Park J, Lee CH, Hwang SY and Kim TS (2003) Enhanced
interleukin-4 production in CD4+ T cells and elevated immunoglobulin E levels in
antigen-primed mice by bisphenol A and nonylphenol, endocrine disruptors: involvement

of nuclear factor-AT and Ca2+. Immunology 109:76-86.

Liao C and Kannan K (2011) Widespread occurrence of bisphenol A in paper and paper

products: implications for human exposure. Environ Sci Technol 45:9372-9379.

Liao C, Liu F, Guo Y, Moon HB, Nakata H, Wu Q and Kannan K (2012) Occurrence of eight
bisphenol analogues in indoor dust from the United States and several Asian countries:

implications for human exposure. Environ Sci Technol 46:9138-9145.

Loganathan SN and Kannan K (2011) Occurrence of bisphenol A in indoor dust from two
locations in the eastern United States and implications for human exposures. Arch

Environ Contam Toxicol 61:68-73.

Lyall K, Ashwood P, Van de Water J and Hertz-Picciotto | (2014) Maternal immune-mediated
conditions, autism spectrum disorders, and developmental delay. J Autism Dev Disord

44:1546-1555.

MacLusky NJ, Hajszan T and Leranth C (2005) The environmental estrogen bisphenol a inhibits

estradiol-induced hippocampal synaptogenesis. Environ Health Perspect 113:675-679.

Marriott | and Huet-Hudson YM (2006) Sexual dimorphism in innate immune responses to

infectious organisms. Immunol Res 34:177-192.

125



Matsumoto J, Yokota H and Yuasa A (2002) Developmental increases in rat hepatic microsomal
UDP-glucuronosyltransferase activities toward xenoestrogens and decreases during

pregnancy. Environ Health Perspect 110:193-196.

McCarthy MM (2009) The Two Faces of Estradiol: Effects on the Developing Brain. The

Neuroscientist 15:599-610.

McEwen BS, Akama KT, Spencer-Segal JL, Milner TA and Waters EM (2012) Estrogen effects
on the brain: actions beyond the hypothalamus via novel mechanisms. Behav Neurosci

126:4-16.

Michalowicz J (2014) Bisphenol A--sources, toxicity and biotransformation. Environ Toxicol

Pharmacol 37:738-758.

Mileva G, Baker SL, Konkle AT and Bielajew C (2014) Bisphenol-A: epigenetic reprogramming

and effects on reproduction and behavior. Int J Environ Res Public Health 11:7537-7561.

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 behavior. Brain

Dev 34:57-63.

Nakamura K, Itoh K, Yaoi T, Fujiwara Y, Sugimoto T and Fushiki S (2006) Murine neocortical
histogenesis is perturbed by prenatal exposure to low doses of Bisphenol A. J Neurosci

Res 84:1197-1205.

126



Nalbandian G and Kovats S (2005) Estrogen, Immunity & Autoimmune Disease. Current

Medicinal Chemistry - Immunology, Endocrine & Metabolic Agents 5:85 <last_page> 91.

Nishikawa M, Iwano H, Yanagisawa R, Koike N, Inoue H and Yokota H (2010) Placental
transfer of conjugated bisphenol A and subsequent reactivation in the rat fetus. Environ

Health Perspect 118:1196-1203.

Ohshima Y, Yamada A, Tokuriki S, Yasutomi M, Omata N and Mayumi M (2007)
Transmaternal exposure to bisphenol a modulates the development of oral tolerance.

Pediatric research 62:60-64.

Patil SS, Sunyer B, Hoger H and Lubec G (2009) Evaluation of spatial memory of C57BL/6J and
CD1 mice in the Barnes maze, the Multiple T-maze and in the Morris water maze. Behav

Brain Res 198:58-68.

Pierdominici M, Maselli A, Colasanti T, Giammarioli AM, Delunardo F, VVacirca D, Sanchez M,
Giovannetti A, Malorni W and Ortona E (2010) Estrogen receptor profiles in human

peripheral blood lymphocytes. Immunol Lett 132:79-85.

Rajab E, Alganbar B, Naiser MJ, Abdulla HA, Al-Momen MM and Kamal A (2014) Sex
differences in learning and memory following short-term dietary restriction in the rat. Int

J Dev Neurosci 36:74-80.

Raulet DH (2004) Interplay of natural killer cells and their receptors with the adaptive immune

response. Nat Immunol 5:996-1002.

127



Richter CA, Birnbaum LS, Farabollini F, Newbold RR, Rubin BS, Talsness CE, Vandenbergh
JG, Walser-Kuntz DR and vom Saal FS (2007) In vivo effects of bisphenol A in

laboratory rodent studies. Reprod Toxicol 24:199-224.

Roberts CW, Walker W and Alexander J (2001) Sex-associated hormones and immunity to

protozoan parasites. Clin Microbiol Rev 14:476-488.

Rogers K (2014) bisphenol A (BPA) (chemical compound), in Encyclopaedia Britannica.
available 14 November 2014 at

http://www.britannica.com/EBchecked/topic/681559/bisphenol-A-BPA

Roof RL and Stein DG (1999) Gender differences in Morris water maze performance depend on

task parameters. Physiol Behav 68:81-86.

Roy A, Bauer SM and Lawrence BP (2012) Developmental exposure to bisphenol A modulates
innate but not adaptive immune responses to influenza A virus infection. PLoS One 7 (6):

e38448. doi:10.1371/journal.pone.0038448.

Rudaya AY, Steiner AA, Robbins JR, Dragic AS and Romanovsky AA (2005)
Thermoregulatory responses to lipopolysaccharide in the mouse: dependence on the dose

and ambient temperature. Am J Physiol Regul Integr Comp Physiol 289:1244-1252.

Ryan BC and Vandenbergh JG (2006) Developmental exposure to environmental estrogens

alters anxiety and spatial memory in female mice. Horm Behav 50:85-93.

128



Salian S, Doshi T and Vanage G (2011) Perinatal exposure of rats to Bisphenol A affects fertility

of male offspring--an overview. Reprod Toxicol 31:359-362.

Sankaran-Walters S, Macal M, Grishina I, Nagy L, Goulart L, Coolidge K, Li J, Fenton A,
Williams T, Miller MK, Flamm J, Prindiville T, George M and Dandekar S (2013) Sex
differences matter in the gut: effect on mucosal immune activation and inflammation.

Biol Sex Differ 4:10.

Schecter A, Malik N, Haffner D, Smith S, Harris TR, Paepke O and Birnbaum L (2010)

Bisphenol A (BPA) in U.S. food. Environ Sci Technol 44:9425-9430.

Schonfelder G, Wittfoht W, Hopp H, Talsness CE, Paul M and Chahoud | (2002) Parent
bisphenol A accumulation in the human maternal-fetal-placental unit. Environ Health

Perspect 110:703-707.

Shaw KN, Commins S and O'Mara SM (2001) Lipopolysaccharide causes deficits in spatial
learning in the watermaze but not in BDNF expression in the rat dentate gyrus. Behav

Brain Res 124:47-54.

Sparkman NL, Martin LA, Calvert WS and Boehm GW (2005) Effects of intraperitoneal
lipopolysaccharide on Morris maze performance in year-old and 2-month-old female

C57BL/6J mice. Behav Brain Res 159:145-151.

Sugita-Konishi Y, Shimura S, Nishikawa T, Sunaga F, Naito H and Suzuki Y (2003) Effect of
Bisphenol A on non-specific immunodefenses against non-pathogenic Escherichia coli.

Toxicol Lett 136:217-227.

129



Sunyer B, Patil S, Hoger H and Lubec G (2007) Barnes maze, a useful task to assess spatial

reference memory in the mice.

Taylor JA, Vom Saal FS, Welshons WV, Drury B, Rottinghaus G, Hunt PA, Toutain PL, Laffont
CM and VandeVoort CA (2011) Similarity of bisphenol A pharmacokinetics in rhesus
monkeys and mice: relevance for human exposure. Environ Health Perspect 119:422-

430.

Tharp AP, Maffini MV, Hunt PA, VandeVoort CA, Sonnenschein C and Soto AM (2012)
Bisphenol A alters the development of the rhesus monkey mammary gland. Proceedings

of the National Academy of Sciences of the United States of America 109:8190-8195.

Tian X, Takamoto M and Sugane K (2003) Bisphenol A promotes IL-4 production by Th2 cells.

International archives of allergy and immunology 132:240-247.

Tian Y-H, Baek J-H, Lee S-Y and Jang C-G (2010) Prenatal and postnatal exposure to bisphenol

a induces anxiolytic behaviors and cognitive deficits in mice. Synapse 64:432-439.

Vandenberg LN, Chahoud I, Heindel JJ, Padmanabhan V, Paumgartten FJ and Schoenfelder G
(2010) Urinary, circulating, and tissue biomonitoring studies indicate widespread

exposure to bisphenol A. Environ Health Perspect 118:1055-1070.

Verthelyi D (2001) Sex hormones as immunomodulators in health and disease. Int

Immunopharmacol 1:983-993.

130



Volkel W, Colnot T, Csanady GA, Filser JG and Dekant W (2002) Metabolism and kinetics of
bisphenol a in humans at low doses following oral administration. Chem Res Toxicol

15:1281-1287.

VVom Saal FS and Welshons WV (2014) Evidence that bisphenol A (BPA) can be accurately
measured without contamination in human serum and urine and that BPA causes

numerous hazards from multiple routes of exposure. Mol Cell Endocrinol.

Wang C, Niu R, Zhu Y, Han H, Luo G, Zhou B and Wang J (2014) Changes in memory and
synaptic plasticity induced in male rats after maternal exposure to bisphenol A.

Toxicology 322:51-60.

Weinstein Y, Ran S and Segal S (1984) Sex-associated differences in the regulation of immune

responses controlled by the MHC of the mouse. J Immunol 132:656-661.

Weiss B (2002) Sexually dimorphic nonreproductive behaviors as indicators of endocrine

disruption. Environ Health Perspect 110 Suppl 3:387-391.

Wetherill YB, Akingbemi BT, Kanno J, McLachlan JA, Nadal A, Sonnenschein C, Watson CS,
Zoeller RT and Belcher SM (2007) In vitro molecular mechanisms of bisphenol A action.

Reprod Toxicol 24:178-198.

Williamson LL, Sholar PW, Mistry RS, Smith SH and Bilbo SD (2011) Microglia and memory:

modulation by early-life infection. J Neurosci 31:15511-15521.

131



Woodruff TJ, Zota AR and Schwartz JM (2011) Environmental chemicals in pregnant women in

the United States: NHANES 2003-2004. Environ Health Perspect 119:878-885.

Wu MV, Manoli DS, Fraser EJ, Coats JK, Tollkuhn J, Honda S, Harada N and Shah NM (2009)

Estrogen masculinizes neural pathways and sex-specific behaviors. Cell 139:61-72.

Wu X, Chen Y, Sun R, Wei H and Tian Z (2012) Impairment of hepatic NK cell development in

IFN-gamma deficient mice. Cytokine 60:616-625.

Xu X, Liu X, Zhang Q, Zhang G, Lu Y, Ruan Q, Dong F and Yang Y (2013) Sex-specific effects
of bisphenol-A on memory and synaptic structural modification in hippocampus of adult

mice. Horm Behav 63:766-775.

Xu X-h, Zhang J, Wang Y-m, Ye Y-p and Luo Q-qg (2010) Perinatal exposure to bisphenol-A
impairs learning-memory by concomitant down-regulation of N-methyl-D-aspartate

receptors of hippocampus in male offspring mice. Horm Behav 58:326-333.

Yan H, Takamoto M and Sugane K (2008) Exposure to Bisphenol A prenatally or in adulthood
promotes T(H)2 cytokine production associated with reduction of CD4CD25 regulatory T

cells. Environ Health Perspect 116:514-519.

Yeo M, Berglund K, Hanna M, Guo JU, Kittur J, Torres MD, Abramowitz J, Busciglio J, Gao Y,
Birnbaumer L and Liedtke WB (2013) Bisphenol A delays the perinatal chloride shift in
cortical neurons by epigenetic effects on the Kcc2 promoter. Proc Natl Acad Sci U S A

110:4315-4320.

132



Yoshino S, Yamaki K, Li X, Sai T, Yanagisawa R, Takano H, Taneda S, Hayashi H and Mori Y
(2004) Prenatal exposure to bisphenol A up-regulates immune responses, including T

helper 1 and T helper 2 responses, in mice. Immunology 112:489-495.

Yovel G, Shakhar K and Ben-Eliyahu S (2001) The effects of sex, menstrual cycle, and oral
contraceptives on the number and activity of natural killer cells. Gynecol Oncol 81:254-

262.

Yu C, Tai F, Song Z, Wu R, Zhang X and He F (2011) Pubertal exposure to bisphenol A disrupts

behavior in adult C57BL/6J mice. Environ Toxicol Pharmacol 31:88-99.

Yurino H, Ishikawa S, Sato T, Akadegawa K, Ito T, Ueha S, Inadera H and Matsushima K
(2004) Endocrine disruptors (environmental estrogens) enhance autoantibody production

by B1 cells. Toxicol Sci 81:139-147.

Zalko D, Jacques C, Duplan H, Bruel S and Perdu E (2011) Viable skin efficiently absorbs and

metabolizes bisphenol A. Chemosphere 82:424-430.

Ziv'Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, Cohen H, Kipnis J and Schwartz M
(2006) Immune cells contribute to the maintenance of neurogenesis and spatial learning

abilities in adulthood. Nat Neurosci 9:268-275.

133



APPENDIX A

ANIMAL CARE AND USE COMMITTEE APPROVAL LETTER



,_\|\ IT| East Carolina University.

Animal Care and
Use Commitee

212 Ed Warren Life
Sciences Building June 1 2, 20 1 3

East Carolina University

Greenville, NC 27834 Jamic DCW]“. PhD
252.744-2a36 office  D€partment of Pharmacology
252-744-2355 fax Brody 6S-10

ECU Brody School of Medicine

Dear Dr. DeWitt:

The Amendment to your Animal Use Protocol entitled, “Effects of Endocrine Disrupting
Compounds on Immune and Nervous System Development in Mice”, (AUP #W227) was
reviewed by this institution’s Animal Care and Use Committee on 6/12/13. The following
action was taken by the Committee:

"Approved as amended"
**Please contact Dale Aycock prior to any hazard use

A copy of the Amendment is enclosed for your laboratory files. Please be reminded that
all animal procedures must be conducted as described in the approved Animal Use
Protocol. Modifications of these procedures cannot be performed without prior approval
of the ACUC. The Animal Welfare Act and Public Health Service Guidelines require the
ACUC to suspend activities not in accordance with approved procedures and report such
activities to the responsible University Official (Vice Chancellor for Health Sciences or
Vice Chancellor for Academic Affairs) and appropriate federal Agencies.

Sincerely yours,

: 8%&&

Susan McRae, Ph.D.
Chair, Animal Care and Use Committee

SM/jd

enclosure
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