ABSTRACT

ROCK, KYLIE DANIELLE. SexSpecific Effects of Firemast®650 on Placenta, the
Developing Brain, and BehavidqitUnder the direction dDr. Heather Patisall

Chemical flame retardants (FRs) are commonly applied to consumer products including foam
based furniture and infant products, textiles, and electronics. Widegprewoh exposure arevidence
of endocrine disruption have raised concerns regarding thégossiicity of these chemicals,
particularly on the developing brain. While certain mixtures, such as the polybrominated diphenyl ethers
(PBDESs), have been phasedt, due to known toxic effects, use of alternative FR mixtures have rapidly
increased. Femastet 550 (FM 550), which is composed of brominated and organophosphate (OP)
compounds, has become one of the most commonly used FRs in baby products and residential furniture,
yet we still know very little about its toxicity. Weentifiedevidence bendocrine disruption and sex
specific behavioral effects in rats exposed to FM 550 during development. Furthermore, we have shown
that components of FM 550 can be placentally and lactationally transferred to the developing offspring.
Throughout gestain, the placenta is a critical coordinator of fetal growth and development, including
neurodevelopment. Certain chemicals, including FRs, have been found to accumulate in placental tissue.
Given the important role the placenta plays in fetal programrtiiegstudies reported in this dissertation
were conducted ttest the hypothesis thplacental dysfunctiomay be a critical but underappreciated
mechanism by whicknvironmental chemicals, suchFRs induce changes in brain and behavior.

Wistar rat dara were exposed to a range of human relevant doses during the perinatal window (0O,
100, 300, and 100@g/day; GD 9 PND 21) for offpring behavioral assessmentdaring the
gestational window (0, 300, 100@/day; GD 9 18) toevaluateaccumulation ancholecular endpoints
in the placenta. Behavioral findings weexspecificwith males displayingncreasd anxietylike
behavior while females appeared to be hyperactivielacental accumulation of FM 550 was dose
dependent and in some cases (TBPH andF)Bexspecific, with high dose malessociated plac¢as

accumulatingnore than high dose femadessociated placentas.



We hypothesized that sémased placental accumulation would result inseecific changes in
placental function and ultimately le&alsex differences in neurodéepmental outcomes. gihg
untargeted (RNAseq and metabolomics) and targeted (6JR and neurotransmitter analysis)
approachesve conducted a thorough molecular investigation of these placévitdsple pathways
relevant to brain development wexiéeredby FM 550 exposure, such as endocrine, inflammatory, and
neurotransmitter sigaling pathways. Son@hanges were sespecific, including changes in serotonin (5
HT) that were observed in batihe placenta and fetal forebrain of female offsprimese findings
indicate that FM 550 has the potential to imd&etin developmertty altering normal placental functions
and highlights 8HT signaling between the placenta and brain as a potentialhalcamechanism.

Due to widespread use of the OPs (TPHP and ITPs), in complex mixtures like FM 550 or
individually as a FR plasticizer, and structural similarities to known neurotoxic chemicals (OP pesticides)
we wanted to compare and identify mechaniimas may be specifito the OPFRs in FM 550. Sinée
HT signaling was previously identified as a mechanism of interest, and the placenta syntHd3izes 5
needed for fetal forebrain development from GD 15, we adjusted our gestational exposure window.
Wistar rat dams were exposedatmixture of TPHP and ITPs during gestatfo®PHP and ITPs; 0, 500,
1000, and 200ég/day; GD 1- 14). Changes irthe length of EHTergic projections in the fetal brain, as
well as5-HT levelsand theexpressiorof genes@sponsible fothe transport, synthesis, and metabolism
of 5-HT in exposed placentas were obsertai time in male offspringQur findings highlight placental
5-HT disruption as a conceivable mechanism by which the OP components of FM 550hrapact

development and behavior in a sspecific manner.
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CHAPTER 1

Environmental Mechanisms of Neurodevelopmental oxicity
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Abstract

Purpose of Review With the incidence of neurodevelopmental disorders on the rise, it is imperative to identify and understand the
mechanisms by which environmental contaminants can impact the developing brain and heighten risk. Here, we repott on recent
findings regarding novel mechanisms of developmental neurotoxicity and highlight chemicals of concern, beyond traditionally
defined neurotoxicants.

Recent Findings The perinatal window represents a critical and extremely vulnetable period of time during which chemical insult
can alter the morphological and functional trajectory of the developing brain. Numerous chemical classes have been associated
with alterations in neurodevelopment including metals, solvents, pesticides, and, more recently, endocrine-disrupting com-
pounds. Although mechanisms of neurotoxicity have traditionally been identified as pathways leading to neuronal cell death,
neuropathology, or severe neural injury, recent research highlights alternative mechanisms that result in more subtle but conse-
quential changes in the brain and behavior. These emerging areas of interest include neuroendoctine and immune distuption, as
well as indirect toxicity via actions on other organs such as the gut and placenta.

Summary Understanding of the myriad ways in which the developing brain is vulnerable to chemical exposures has grown
fremendously over the past decade. Further progress and implementation in risk assessment is critical to reducing risk of

neurodevelopmental disorders.

Keywords Neurodevelopment - Neurotoxicity - Xenobiotic - Neuroendoctine - Neuroimmune

Introduction

Neurodevelopment begins as early as three weeks into gesta-
tion and continues through the neonatal period and puberty,
and, to some extent even spans into adulthood. The perinatal
period, in particular, embodies a unique window of suscepti-
bility during which the rudimentary structures of the central
nervous system (CNS) are formed and organized. During this
phase, intricate and coordinated signaling events control com-
plex processes such as cell proliferation, differentiation, mi-
gration, apoptosis, and synaptic pruning [1-3]. Such develop-

This article is part of the Topical Collection on Mechanisms of Toxicity

< Heather B. Patisaul
hbpatisa@ncsu.edu

Department of Biological Sciences, North Carolina State University,
Raleigh, NC 27695, USA

Center for Human Health and the Environment, North Carolina State
University, Raleigh, NC 27695, USA

mental plasticity is necessary for proper brain development
but also leaves the brain vulnerable to perturbation, as it is
highly responsive to both intrinsic and extrinsic stimuli
[4-6]. Therefore, exposure to environmental insults, such as
exogenous chemicals, during these sensitive developmental
periods can result in unwanted long-term or permanent chang-
es in brain form and function [7+, 8]. Because of the profound
and rapid change that occurs during this time, the gestational
and neonatal periods are critical windows of intense focus for
understanding how and to what degree exposute to contami-
nants can lead to permanent and life-long impacts on the brain
and behavior [9, 10].

Involuntary exposure to environmental toxicants can occur
through inhalation, ingestion, and dermal contact with con-
taminated air, food, watet, house dust, and soil [7+]. The de-
veloping fetus or newbotn frequently experiences higher ex-
posure levels than adults for several reasons. First, the fefus
and neonate are not as well protected as once believed, as
many contaminants have been shown to reach the fetus
through placental transfer [11+] or the developing newborn
in breast milk [12, 13]. Second, the metabolic enzymes

40 Springer
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responsible for detoxifying exogenous chemicals and the
blood brain barrier are not yet at their full functional capacities
[8, 14+, 15-18]. Energy demands are also much higher during
development. Therefore, relative to their body weight, the
very young have higher respiration rates and food consump-
tion, which can lead to higher exposures. Additionally, babies
and young children participate in behaviors that increase their
contact with contaminated media, including crawling and fre-
quent hand-to-mouth behaviors [7+, 9, 19]. With such a high
degree of vulnerability, due to uniquely high levels of expo-
sure and the extremely plastic nature of the developing brain,
it is imperative to understand how and what chemicals can
impact the developing brain in order to curtail risk of
neurodevelopmental disease.

Approximately 10-15% of infants born in the USA are
mpacted by neurodevelopmental disorders [20], which in-
clude impairments in the growth and development of the
brain, leading to disabilities in leamning, memory, and emo-
tion. With the incidence of these ailments on the rise [21], it
has become increasingly important to identify and understand
the mechanisms by which changes to the perinatal environ-
ment influences risk. Although genetic factors clearly contrib-
ute to these non-communicable disorders, the rapid rate of
increase signifies that some other, likely environmental, influ-
ences are also involved [13, 21, 22]. These include quality of
parental cate, nutrition, socioeconomniic status, and other cul-
tural factors, but also undoubtedly, pollution [13, 23, 24].

With greater than 80,000 chemicals registered with the US
Environmental Protection Agency {EPA) for commercial use,
only a small fraction have been studied for their potential
neurotoxic properties [13, 25]. Although counts differ across
studies, about 200 chemicals are currently characterized as
neurotoxic to humans [13, 26]. Even less is known about
which of these chemicals are developmentally neurotoxic,
and none have been systematically screened for such propet-
ties before entering commercial use [27]. Accumulating epi-
demiological and experimental research has linked exposure
to several neurotoxic environmental contaminants including
lead, mercury, air pollution, and a variety of pesticides and
flame retardants with adverse consequences on brain develop-
ment and heightened risk of neurodevelopmental disease [ 7+,
19, 28s+]. In this review, we will focus on evidence of
xenobiotic-related mechanisms by which neurodevelopmental
damage may arise.

Defining Developmental Neurotoxicity

Neurotoxicity is defined by the US EPA as anadverse change
in structure and/or function of the central nervous system and/
ot peripheral nervous system measured at the neurochemical,
behavioral, neurophysiological, or anatomical levels [19, 29].
Classically, this culminates in cell death and a degree of

&) Springer

quantifiable pathology. Examples of well-characterized
neurotoxicants include lead, mercury, and organophosphate
(OP) pesticides such as chlorpyrifos (CPF) [13, 14].
Endocrine-disrupting chemicals (EDCs) were identified and
defined neatly 30 years ago, and have rapidly become of great
concem for their potential to impact the brain and behavior
[30, 31]. EDCs, characterized as natural or synthetic
chemicals that can interact with any aspect of hormonal sys-
tems [31, 32+], do not fit in the classical definition of
neurotoxicant in that they do not typically result in overt cell
death and neural pathology, but can have subtle but profound
effects on development, physiology, and behavior [33].
Similarly, neuroendocrine disruption has been described as
alterations in the structure or function of the neuroendocrine
system resulting from exposure to an exogenous chemical or
mixture [30]. For this review, “neurotoxicant” will be used as
an inclusive term defining any chemical that can impact the
developing brain and/or induce behavioral effects regardless
of mechanism.

The majority of chemicals recognized as neurotoxic genet-
ally fall into one of three broad groups, metals, solvents, and
pesticides [13]. Historically, the primary method of identify-
ing these neurotoxicants has been linking high-dose, often
unintentional or occupational, exposures with clinical symp-
toms and/or obvious pathologies in humans [13]. More recent-
ly, a suite of tools including in silico, animal and cell-based
models, has expanded the capacity to identify risk and possi-
ble mechanisms of action at much lower, environmentally
relevant, levels of exposure. A classic example is lead (Pb)
poisoning, which can lead to severe disability and death in the
case of high-dose exposure at any age, ot significant behav-
ioral and learning disabilities following early life, low-dose
exposure [13, 14]. Significantly, epidemiologic research has
revealed associations between Pb exposure and reduced intel-
ligence in children [13, 34-36] at doses that do not produce
clinical symptoms in adults. This highlights the importance of
critical periods of sensitivity, but also the recognition that
chemicals can impact the brain via multiple mechanisms. In
the case of Ph, these mechanisms include oxidative stress and
altered neurotransmitter systems, and two more recently de-
scribed modes of action: neuroendocrine and immune system
disruption {Table 1).

Mechanisms of Developmental Neurotoxicity
Oxidative Stress

Reactive oxygen species (ROS), such as superoxide anions and
hyrdroxyl radicals, can form through multiple mechanisms in
the brain, including induction of mitochondrial dysfunction,
redox cycling, and enzymatic bioactivation of substrates.
These processes occur under normal conditions and are even
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impairments

behaviors

memory
Cognitive

Behavioral
phenotype

microglia [52]

Activation of

Immune effects

in exposed dams
and their

Neuroendocrine
Hypothyroxinemia
offspring [51]

effects

Neurotransmitter

effects

Oxidative stress

effects

Species
Rat
Mouse

Windows

of exposure

Gestation and
lactation

Gestation

30.6 mg/kg
7.5 mglkg

17,102, ar
0.0075, 0.075,
0.75, ar

Chemical  Exposure level

name

This table is not meant to be exhaustive but instead contains representative examples from the rodent literature of each mechanism of neurotoxicity highlighted in this review. In some studies, multiple

outcomes were observed. For each chemical listed, there is an abundance of confirmatory evidence demonstrating developmental neurotoxicity in other species, including humans

NA not available

Table 1 (continued)
Chemical class

2
5

necessary for normal cell function. However, these processes
can become pathological when the balance between the produc-
tion and detoxification of ROS is shifted [53]. Epidemiology
studies as well as postmortem human brain proteomic,
transcriptomic, and metabolomic studies have revealed a strong
association between oxidative stress and neurotoxicity/altered
neurodevelopment [7+]. Exposure to xenobiotics can lead to an
abnormal buildup of ROS, which are then able to interact with
and damage macromolecules, such as DNA, RNA, lipids, and
proteins [34]. Ultimately, this can disrupt processes such as gene
expression and signal transduction which, consequently, im-
pedes norimal neurodevelopimental processes.

The brain is particularly vulnerable to oxidative stress be-
cause it s high in polyunsaturated fatty acids, which are easily
oxidized and has naturally high oxygen requirements. During
development, this susceptibility is even greater since the de-
veloping brain has a low level of antioxidant enzymes and an
even higher rate of oxygen consumption [35-57]. Oxidative
stress is the textbook mechanism of neurotoxicity, classically
defined, because chemically induced oxidative stress fre-
quently leads to neuronal cell death. Halogenated insecticides,
such as permethrin and dichlorvos, are prime examples of
chemicals that can disrupt ROS homeostasis and induce dele-
terious apoptosis [58-60]. Oxidative damage has also been
observed, in the developing brain, following exposure to the
OP pesticide CPF [41]. A large number of other environmen-
tal contaminants with other, sometimes more well character-
ized, modes of action have also been shown to induce oxida-
tive stress including Pb and bisphenol A (BPA) [7-].
Biochemical and molecular changes associated with ROS-
mediated oxidative stress following exposure to arsenic in-
clude reduced activity of mitochondrial complexes, decreased
protein synthesis, lipid peroxidation, and altered membrane
fluidity [61]. PCBs, which can induce oxidative stress, can
also alter neurotransmitter systems, and are consideted a clas-
sic example of an EDC. For these and other chemicals, the
overt toxicity induced by oxidative stress could be an undet-
lving factor for other consequential effects including impaired
neurotransmitter and neuroendocrine signaling and inflamma-
tion. Therefore, oxidative stress may be a key component of
neurotoxicity mechanisms.

Altered Neurotransmitter Systems

Early in embryonic and fetal development, prior to synaptic
development, neurotransmitters regulate numerous
neurodevelopmental processes. Disruption of these neuro-
transmitter systems has been associated with a variety of
neurodevelopmental disorders. Example relationships include
reduced dopamine (DA) and attention-deficit hyperactivity
disorder {ADHD), or hyperserotonemia and autism spectrum
disorder (ASD) [7+]. Therefore, disruption of neurotransmitter
systems during brain development could result in significant,
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long-term deficits in brain structure and function. One classic
example of neurotransmitter distuption is “cholinergic syn-
drome™ which results from exposure to OP pesticides such
as malathion, parathion, and CPF. In the same family as the
notorious nerve agents sarin and cyclosarin, OP pesticides
inhibit the enzyme acetylcholinesterase, resulting in
excitotoxicity as a result of CNS overstimulation due to
prolonged stimulation by acetylcholine. Adverse neurological
symptoms include headache, dizziness, confusion, blurred vi-
sion, slurred speech, and death [62]. Prolonged low-dose ex-
posure heightens risk of cardiovascular and respiratory dis-
ease, cancet, and premature birth. These chemicals can also
perturb other neurotransmitter systems. For example, CPF can
alter serotonin (5-HT) signaling. Developmental exposure to
CPF has been found to impact 5-HT, not by altering its deg-
radation, but by increasing its reuptake and the expression of
5-HT receptors, altering 5-HTergic synaptic function. Finally,
these CPF-induced alterations have been associated with
changes in 5-HT-dependent behaviors, such as leamning and
memory [63—66].

Pyrethroids are now the most commonly used insecticides
in US homes, and exposure has been associated with altered
behavioral phenotypes, such as locomotor activity impair-
ments, impulsivity, and memory deficits [67-69]. The dopa-
minergic system has been identified as a potential target of
pyrethroid toxicity. Exposure to the pyrethroid deltamethrin
has been shown to result in increased uptake and release of
DA [70], increased expression of DA transporter {DAT) [69,
71, 72], and reduced expression of DA receptors [73]. DA cell
death in the substantia nigra ultimately culminates in
Parkinson’s disease, a disorder now well recognized to result
from a combination of biological and environmental factors
[74]. More common in men than women and strongly associ-
ated with proximity to agriculturally intense regions, height-
ened Parkinson’s disease risk is linked with several insecti-
cides including rotenone, permethrin, and organochlorine her-
bicides such as 2,4-D. The latter is of particular concern now
that the EPA has approved the use of 24-D resistant geneti-
cally modified crops in the USA, thereby all but guaranteeing
increased and widespread exposure via contaminated food
[75]. These examples highlight the exquisite sensitivity of
neurofransmitter systems to environmental chemicals and also
the diverse suite of detrimental outcomes of disruption on
neurodevelopment and brain aging.

Neuroendocrine Disruption

The organization of neural networks relies immensely on hor-
monal signaling. Numerous hormones, particularly steroid
hormones, play critical roles in brain cell differentiation, mi-
gration, synaptogenesis, and sex-specific organization of neu-
ral networks [33, 76-81]. They are therefore vulnerable to
endocrine disruption and EDCs. The most well-characterized

mechanisms of developmental neuroendocrine disruption in-
volve aregion of the brain known as the hypothalamus [82+],
with impacts on reproductive physiology and behavior as the
primary endpoints of concern [83]. The bulk of neuroendo-
crine distuption research has focused on distupted estrogen,
androgen, and thyroid hormone signaling at various levels of
the hypothalamic-pituitary-gonadal (HPG) axis and
hypothalamic-pituitary-thyroid (HPT) axis. Decades of work
has revealed that exposure to chemicals that target the HPG
and HPT axes can have significant impacts on the brain and
behavior, such as changes in sexually dimorphic brain mor-
phology, masculinization/feminization of neuroendocrine
pathways, and alterations in both reproductive and non-
reproductive behaviors [30, 47, 81, 82-, 84-87].
Neuroendocrine disruption can also occur outside the hypo-
thalamus and to other hormone systems including peptide
hormones such as GnRH, insulin, oxytocin (OT), vasopressin
(AVP), and kisspeptin. For example, exposure to afrazine, a
commonly used herbicide, has been found to inhibit the pre-
ovulatory leutinizing hormone (LH) surge and pulsatile re-
lease associated with reduced GnRH neuronal activity
[88-90]. OT and AVP have been found to be susceptible to
perinatal BPA and methoxyclor exposure, with observed
changes in the number of OT and AVP neurons and disruption
of associated behaviors [91, 92].

Significant progress has been made identifying potential
mechanisms of endocrine distuption and, similarly, develop-
mental neuroendocrine distuption, including changes in ste-
roid metabolism and biosynthesis, receptor degradation, DNA
methylation, and direct and indirect effects on steroid receptor
activity [33, 93]. For example, exposure to well-known EDCs,
such as PCBs and BPA, has been shown to alter circulating
hormone levels [94-97], gene expression [82, 98-105], and
nuclei volume in sexually dimorphic brain regions [106, 107].
In humans, developmental neuroendocrine distuption by these
chemicals and others such as dichlorodiphenyltrichloroethane
(DDT) and tributyltin (TBT) has been linked with cognitive
deficits, obesity and metabolic syndrome, loss of behavioral
sex differences, impaired fertility and reproductive function,
and behavioral deficits [31, 32++].

Although the hypothalamus has been the primary brain
region of EDC research focus, there is also evidence that
EDCs can impact extra-hypothalamic regions of the brain,
such as the hippocampus. The hippocampus plays an impor-
tant role in learning and memory, and its organization is reg-
ulated by estrogen, androgen, and thyroid hormones [82¢,
108]. Developmental processes, like neurogenesis and synap-
togenesis, have been shown to be particularly susceptible to
EDCs in the hippocampus. For example, exposure to BPA
over the perinatal period has been shown to reduce synaptic
density and maturation in the CA1 region of the hippocampus,
possibly as a result of changes in the expression of synaptic
proteins and glutamate receptors [109]. There is also evidence
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for developmental neuroendocrine disruption in other
hormone-sensitive regions including the amygdala, cortex,
and cerebellum [82+]. However, more work is needed to fur-
ther understand the vulnerability of underappreciated brain
regions to EDCs, and the functional consequences of EDC-
related changes to these regions.

Disruption of the stress axis, which encompasses the
hypothalamic-pituitary-adrenal (HPA) axis, by EDCs and en-
vironmental contaminants has not received as much attention
as the HPG and HPT axes. However, compelling evidence
indicates that stress can have significant impacts on the devel-
oping brain. The adolescent brain is particularly vulnerable to
stress, resulting in changes in brain organization and structure
such as altered dendritic pruning, changes in hippocampal
volume and function [110, 111], reductions in learning and
memory, depression, and increased participation in tisky be-
haviors such as smoking, unprotected sex, and drug use [112].
In the perinatal period, the HPA axis has been shown to be
sensitive to changes in maternal stress and circulating cortico-
sterone (CORTY) levels [113-115], with males being possibly
more vulnerable than females [116]. There is some evidence
that developmental exposure to PCBs can impact the HPA
axis, with reductions in cotticotropin-releasing hormone
(CRH), adrenocorticotropic hormone (ACTH), and circu-
lating levels of CORT, in juveniles and adults [117-119].
BPA has also been shown to have the potential to interact
with and disrupt the HPA axis. Perinatal exposure to BPA
alters CORT and ACTH secretion, and induces changes in
the expression of CRH and glucocorticoid receptor mRNA
in the adult rat brain [120].

Overall, our understanding of the neuroendocrine mecha-
nisms by which exposure to environmental contaminants, and
in particular EDCs, can impact the developing brain has seen a
lot of recent progress. However, more work is needed to better
understand mechanisms outside of estrogen, androgen, and
thyroid hormone signaling, and functional repercussions of
alterations in extra-hypothalamic regions of the brain.

Immune System Disruption

The mmune system is inextricably linked with the CNS and
plays a critical role in brain development and function [121].
With evidence of linkages between inflammation and neural
disorders rapidly growing, neuroimmune disruption has be-
come a hot topic in developmental neurotoxicity [122, 123].
Resident immune cells, such as microglia, along with astro-
cytes, produce inflammatory molecules, including cytokines
and chemokines, in response to injury or infection, but these
cells and their signaling molecules are also present under ho-
meostatic conditions [124, 125]. Classically, glia have been
characterized as the support cells for neurons but their role is
far more complex. For example, astrocytes are neuroprotec-
tive via maintenance activities such as buffering ion levels,

& Springer

regulating water balance, and modulating synaptic activity,
but also produce anti-inflammatory cytokines and
neurotrophins. Glia and cytokines have been shown to partake
in complex developmental processes, such as apoptosis, axo-
nal growth, formation and maintenance of synapses, and glial
cell migration and differentiation [126-130]. Astrocyte-
mictoglial interactions are essential to maintain innate CNS
immunity although much remains to be understood about the
nature of that relationship, particularly during development.
Exposure to infectious agents and subsequent activation of
either the maternal or fetal immune system has been associat-
ed with alterations in fetal brain development and increased
risk of neurodevelopmental disorders including ASD
[131-134]. Therefore, perturbations of the immune system
during critical windows of brain development could lead to
abnormal brain structure and function.

There is rapidly compounding evidence that a variety of
environmental contaminants can provoke an innate immune
response and/or alter its trajectory. Several groups have hy-
pothesized that environmental insults may impact the devel-
oping immune system, and result in long-term effects on brain
function by impacting normal colonization of the developing
brain by glial cell populations [125, 135, 136]. Microglia are
derived from the volk sac and take up residence in the CNS
very early in development, and have therefore become of par-
ticular interest in the context of immune disruption and brain
development [130]. It has previously been established that
microglia are hormone sensitive [137-139], indicating they
may be vulnerable to perturbation by EDCs. Changes in sex-
specific colonization of the brain by microglia have been ob-
served as a result of developmental exposure to BPA [48,
140+]. Although the functional significance of these findings
remains to be determined, other studies have shown that
changes in microglia colonization can impact synaptic remod-
eling [141]. Changes in signaling molecules produced by res-
ident immune cells have been observed in the absence of
activated microglia [142, 143], suggesting that other cells that
produce cytokines could be responsible for the observed
changes in immune response. Other glial cell populations that
are potential targets include astrocytes, oligodendrocytes, and
NG2 (oligodendrocyte progenitor) cells. Similar to microglia,
these glial cell types are hormone sensitive [144, 145] and
therefore warrant further investigation, as they may also be
vulnerable to perturbation by EDCs.

Numerous proinflammatory cytokines participate in im-
mune function; however, only a handful are believed to play
a particulatly critical role in the brain. These include IL-1f3,
IL-6, and TNFc. Upregulation of these inflammatory signals
has been observed in the hypothalamus, dentate gyrus of the
hippocampus, and amygdala following immune challenge and
may be associated with an increased risk for mood disorders
[146]. Stmilar to changes in microglial colonization, the ma-
jority of studies assessing alterations in cytokines in the
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developing brain use approaches that model infection such as
lipopolysaccharide (LPS) injections. These studies have pro-
vided a critical foundation from which effects related to exog-
enous chemicals can be compared, and crucial evidence show-
ing that activation of the maternal immune system can alter
fetal brain cytokines [143, 147]. Various exogenous
chemicals, such as phenols (e.g., BPA) and pesticides {e.g.,
CPF), have been shown to disrupt immune cells and the cyto-
kines they produce [148, 149], including during stages of
development [150, 151], with both increases and decreases
in inflammatory markers observed. There is some evidence
of altered neuroimmune response following exposure to ex-
ogenous chemicals; however, we are just beginning to further
elucidate these mechanisms and assess other immune-related
signaling molecules, such as chemokines. Although there is a
lot of interest in how distuption of the immune system can
impact the developing brain, more work is needed to under-
stand how chemical exposures stimulate an immune response
in the developing brain.

Indirect Toxicity

Neurotoxicity can also occur via insult outside of the brain
itself. The brain is linked to and influenced by many other
organs and organ systems in the body, such as the liver, kid-
neys, pancreas, and gastrointestinal tract. Communication
within the “brain-gut axis” for example is now recognized to
influence body weight, sleep, and risk of mood-related disor-
ders [152, 153]. Consequently, there is growing interest in
how disruption to the gut microbiome and inflammation of
peripheral tissues including the gastrointestinal tract might
impact brain development and behavior.

The placenta is the site of nufrient exchange between
mother and fetus, but it also provides critical support of
fetal growth through hormone and neurotransmitter pro-
duction. Not surprisingly, the placenta has been found to
play a unique and critical role in neurodevelopment and
dysfunction of the placenta can impact neurodevelopment
[11, 154]. There are several examples of stress-induced
inflammation leading to placental dysfunction and altered
neurodevelopment [155, 156]; however, almost no studies
have tested whether this type of response can occur from
exposure to exogenous chemicals. Furthermore, although
the placenta is meant to provide some protection for the
fetus, a variety of environmental contaminants, including
heavy metals, OPs, and flame retardants, have been shown
to reach the fetus by passing through the placenta [157,
158]. Growing evidence that contaminants can accumulate
in placental tissue [159-163] emphasizes the possibility
that the fetus may experience greater exposures than the
mother. Therefore, during the gestational window,
neurodevelopment can be impacted by direct toxicity to

the developing brain, but also, indirectly, via direct toxicity
to the placenta, leading to disrupted placental signaling
factors critical for brain development including neurotrans-
mitters and hormones. These are two examples of novel
targets of xenobiotics that may contribute to neurotoxic
effects of developmental exposures and thus warrant fur-
ther investigation.

Conclusions

There is a significant amount of evidence from experimen-
tal and epidemiological studies indicating that develop-
mental exposure to environmental contaminants can pro-
foundly impact neurodevelopmental endpoints and con-
tribute to neurodevelopmental disease risk. Because of
the dynamic nature of brain development, it is imperative
to recognize that exposure-related outcomes depend on the
developmental exposure window, and that effects observed
in children may not be observed in adults or only at much
higher dose levels. More research is needed to understand
the possibly unique vulnerabilities of the adolescent brain,
and the myriad of exposures this population experiences.

The number of chemical classes identified as neurotoxic
is alarming because it only continues to grow as more is
understood about how the brain is vulnerable to chemical
insult, and our regulatory system continues to fail to rem-
edy known high-risk chemicals, such as CPF, and replaces
compounds, such as BPA, with alternatives for which we
lack toxicity data but appear to be structurally and toxico-
logically similar (such as BPS and other bisphenol ana-
logs). The situation is further complicated by the reality
of multiple exposure routes and continuous exposure to
complex mixtures. Many neurotoxic chemicals have the
potential to elicit their effects through multiple modes of
action (Table 1), and these modes of action are likely to
overlap. The endocrine system has been shown to interact
with the immune system, by mediating gene transcription
of proinflammatory cytokines for example, and mediators
of the innate immune system can feedback on the brain and
regulate endocrine signaling [164]. Finally, although we
have made a great deal of progress in understanding the
mechanisms by which chemical insult directly impacts the
developing brain, it is critical for future efforts to take a
more systems approach and consider the possibility that
neurotoxicity might result from actions on other organs
such as the placenta. Disruption of these relationships
may represent a potentially critical but underappreciated
route of disrupted brain organization.
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CHAPTER 2

Sex Specific Placental Accumulation and Behavioral Effects of Developmental Firemaster 550

Exposure in Wistar Rats
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Firemaster® 550 (FM 550) is a commercial flame retardant mixture of brominated and
organophosphate compounds applied to polyurethane foam used in furniture and baby products. Due
to widespread human exposure, and structural similarities with known endocrine disruptors, concerns
have been raised regarding possible toxicity. We previously reported evidence of sex specific behavioral
effects in rats resulting from developmental exposure. The present study expands upon this prior
finding by testing for a greater range of behavioral effects, and measuring the accumulation of FM 550
compounds in placental tissue. Wistar rat dams were orally exposed to FM 550 during gestation (0, 300
or 1000 pg/day; GD 9 - 18) for placental measurements or perinatally (0, 100, 300 or 1000 pg/day; GD
9-PND 21) to assess activity and anxiety-like behaviors. Placental accumulation was dose dependent,
and in some cases sex specific, with the brominated components reaching the highest levels. Behavioral
changes were predominantly associated with a loss or reversal of sex differences in activity and anxiety-
like behaviors. These findings demonstrate that environmental chemicals may sex-dependently
accumulate in the placenta. That sex-biased exposure might translate to sex-specific adverse outcomes
such as behavioral deficits is a possibility that merits further investigation.

Chemical flame retardants (FRs) are commonly applied to consumer products, such as furniture and electron-
ics, to reduce flammability and delay their ignition. However, some FRs can migrate out of products over time,
resulting in widespread human exposure'. Exposure to polybrominated diphenyl ether (PBDE) FRs has long been
associated with behavioral and cognitive impairments in humans, including cognitive decrements and, possibly,
heightened risk of autism spectrum disorder ASD?~". As PBDEs have been phased out of use, they have rapidly
been replaced by other compounds and mixtures including alternative brominated compounds and organophos-
phate esters (OPEs)®. The potential health consequences of these compounds, particularly the OPEs, are not clear
but they are structurally similar to known neurotoxicants and neuroendocrine disruptors, raising concerns that
exposure may adversely impact brain development. The present studies were conducted to ascertain the degree
to which these replacement FRs accumulate in the placenta and impact sexually dimorphic non-reproductive
behaviors.

The alternative FR mixture known as Firemaster 550 (FM 550), is poised to be the most common flame
retardant used in baby products (e.g. car seats, mattresses, nursing pillows, etc.) and residential furniture! & FM
550 contains two brominated compounds, bis (2-ethylhexyl)-2,3,4,5-tetrabromophthalate (TBPH, also known
as BEH-TEBP) and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB, also known as EH-TBB), and several OPEs
including triphenyl phosphate (TPP also known as TPHP), and a mixture of isopropylated triarylphosphate iso-
mers (ITPs) (Fig. 1)°. Human exposure is believed to occur primarily via inhalation, or inadvertent ingestion

'Department of Biclogical Sciences, North Carolina State University, Raleigh, NC, 27695, USA. “Center for Human
Health and the Envircnment, North Carolina State University, Raleigh, NC, 27695, USA. *Nicholas School of the
Environment, Duke University, Durham, NC, 27708, USA. Correspendence and requests for materials should be
addressed to H.B.P. {email: hbpatisa@ncsu.edu)
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Figure 1. Chemical structure of the four FM 550 components. * = also known as TPP, EH-TBB, and BEH-
TEBP respectively. This figure is adapted from*.

of indoor dust'®!%. In the United States (US), house dust levels of FM 550 components are now equivalent to
the phased out PBDEs®. TBB and TBPH have been measured in house dust samples from the US and globally,
including the United Kingdom, Belgium, Iraq, and New Zealand at levels ranging from 3 to 15,030 ng/gg’ 1517
demonstrating their rapid deployment and extensive use. TBB and TBPH have also been found in breast milk,
blood, hair and fingernails'® ", TBB, for example, has been found in hair at levels ranging from 7.6-4540 ng/g'®.
Detection of replacement FRs, including TBB and TBPH, in atmospheric particles from the European Arctic and
in marine mammals {rom the South China Sea underscores their persistence and their potential for long term
transport and bioaccumulation®*-22,

The OPEs found in FM550 have also been used for decades in other applications, particularly as plasticizers.
TPHP in particular is a high production volume chemical (10-50 million Ibs/year) and is commonly applied
to polyvinyl chloride (PVC), circuit boards, hydraulic fluids, adhesives, rubbers, and other products. TPHP is
also present in nail polish and urinary levels of its primary metabolite rise following application®, suggesting
that exposure may also be occurring through personal care products. Given these exposure data and accruing
evidence of endocrine disruption, both of reproductive hormones™ ?* and thyroid hormones?, there is an urgent
need to investigate the toxicity and potential health effects of replacement FRs, including FM 550.

A purported no observed adverse effect level (NOAEL) has not yet been established for the full EM 550 mix-
ture but guideline reproductive, fertility, and developmental toxicity studies on a chemical mixture (CN-2065/
BZ-54) containing only TBB and TBPH established a NOAEL of 50 mg/kg/day. Testing of the full mixture is
important because that is what is used commercially, and thus how humans are exposed in their homes. In a
small-scale pilot study, we were the first to show that perinatal exposure to the full FM 550 mixture at levels far
below (100 or 1000 pg/kg/day) this NOAEL could sex-specifically disrupt anxiety-related behaviors in adult rats®.
Follow-up work has provided further evidence that FM 550 is a developmental neuroendocrine disruptor®®,
'The present studies build on this collective body of work by including a more comprehensive battery of behavioral
tasks to assess a greater range of non-reproductive behaviors in both sexes, and testing for behavioral outcomes
at two different ages (juvenile and adult).

We have recently shown that the brominated components can be placentally transferred in rats, with detect-
able levels in homogenized fetal tissue from dams exposed to 1000 g FM 550 over 10 days™, demonstrating the
potential for fetal brain exposure. It has subsequently been shown that PBDEs sex-specifically bioaccumulate in
human placenta™ suggesting the potential for sexually dimorphic placental FR exposures. The placenta is a signif-
icant source of hormones, monoamines and other factors which influence the developing brain®® suggesting that
this ephemeral but neuroactive organ may be a critical but underappreciated contributor to neuroendocrine dis-
ruption and other avenues of neurotoxicity by endocrine disrupting chemicals (EDCs). Thus, the present studies
also tested the hypothesis that placental accumulation of FM 550 components may be significant and sex specific.

Methods

Animals.  Animal care, maintenance, and experimental protocols met the standards of the Animal Welfare
Actand the U.S. Department of Health and Human Services “Guide for the Care and use of Laboratory Animals”
and were approved by the North Carolina State University (NCSU) Institutional Animal Care and Use Committee
(IACUC). A supervising veterinarian approved and monitored all procedures throughout the duration of the
project. For each aim, Wistar rats were obtained from Charles River (Raleigh, NC) and bred in house as described
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below in humidity-and-temperature controlled rooms, each with reversed 12 h:12hlight, dark cycles at 25°C and
45-60% average humidity at the Biological Resource Facility at NCSU. As in our prior studies™ **, and inaccord-
ance with recommended practices for EDC research?® 246 all animals were housed in conditions specifically
designed to minimize unintended EDC exposure including use of glass water bottles, soy-free diet (Teklad 2020,
Envigo), woodchip bedding and thoroughly washed polysulfone caging. Potential litter effects were accounted for
either in the experimental design (by testing only one animal per sex per group) or in the statistical analysis (by
including litter as a co-variate).

Experiment 1: Placental Accumulation of FM 550 Components.  Dosing Prep. A concentrated eth-
anol solution was prepared and coded in the Stapleton lab then transferred to the Patisaul lab where oral dosing
and subsequent testing was performed blinded. Each dosing solution (0 mg/ml, 20 mg/ml and 60 mg/ml) was
prepared using the appropriate amount of FM550 (Great Lakes Chemical; West Lafayette, IN) diluted in 100%
ethanol, stirred for 6h, then stored in amber bottles until use.

Animal Husbandry and Exposure.  Adult Wistar rats (n=48 females and 26 males) were paired and monitored
for the presence of a sperm plug, which was designated gestational day (GD) 0. The males were then removed and
the Dams housed individually. All paired females except one were successfully impregnated and a total of 24 were
used for the gestational exposure. Exposure was daily for 10 days and exclusively gestational (GD 9-18). At the
time of dosing 20 pl of each dosing sclution was pipetted onto % of a soy-free food treat pellet (chocolate flavored
AIN-76A Rodent Diet Test Tabs, Test Diet, Richmond, IN) as we have done previously*® resulting in three expo-
sure groups (to which animals were randomly assigned): 0 ug FM 550 (ethanol vehicle), 300 pg FM 550 (mid),
and 1,000 pg FM 550 (high). Consumption was monitored to ensure the dam ate the entire treat. Dams were not
dosed by individual weight but rather by the average weight of the females before they were impregnated (300g),
producing exposures of approximately 0, 1 and 3.3 mg/kg bw per day FM 550. Additional methodological details
regarding dosing and internal FM 550 exposure levels were published in a prior study using the same anmimals®.

Tissue Collection.  Sacrifice occurred on GD 18, four hours after final dosing. All dams and fetuses were weighed
and sacrificed by CO, asphyxiation and rapid decapitation. For all litters, the placentas from each pup were col-
lected and flash frozen. One placenta per sex per litter was used for the experiments reported herein. A sin-
gle paw was collected from each fetus in order to determine sex via PCR as previously described”. Paw DNA
was extracted using a DNeasy® Blood & Tissue Kit (Catalog # 69504; Qiagen), according to the manufacturer’s
instructions, and PCR amplification was then performed using primers for f-actin (forward, 5-AGC CAT GTA
CGT AGC CAT CC-3; reverse, 5-TGT GGT GGT GAA GCT GTA GC-3’) and the male specific SRY gene
(forward, 5-TAC AGC CTG AGG ACA TAT TA-3"; reverse 5'-GCA C'TT TAA CCC TTC GAT TGA-3") made
by Integrated DNA Technologies (Coralville, IA). Each PCR reaction was 50l and contained 1l of extracted
DNA (yielding a final concentration of 200 pg/pl), 1 pl of forward and reverse SRY (yielding a final concentration
of 0.5puM), 1 pl of forward and reverse B-actin (yielding a final concentration of 0.5uM), 251l Red Tag® Ready
Mix™ PCR Reaction Mixture (Product # R2523, Sigma), and 20l of water. Cycling parameters were: 1 cycle
95°C for 2 min, 35 cycles (95°C 1 min, 52°C 1 min, 72°C 1 min), and 1 cycle 72°C for 5 min. Finally, the PCR
products were electrophoresed on a 2% agarose gel, which contained ethidium bromide for imaging, for 70 min
at 50V.

Placental Analysis. 'TPHP, TBB, and TBPH were analyzed inhomogenized whole placenta (6 per sex per group)
according to our previously published methods® (see Supplemental Materials). [TPs were not quantified because
no pure, commercially available standard for any of the ITP isomers was available. Whole placentas (approximately
0.3-0.5g) were ground in 5g of sodium sulfate and extracted using sonication in dichloromethane. Gravimetric
analysis of a sub-sample of the extract was used to measure total lipid content of the tissue. No statistically sig-
nificant differences in lipid content were observed between dosing groups or sexes, and lipid content-averaged
0.80+ 0.26% across all placentas analyzed. Placental extracts were purified using Florisil® column chro-
matography, with TBB and TBPH eluted using hexane and TPHP eluted using ethyl acetate. Quantification
of TBB, TBPH, and TPHP was performed by GC/MS according to our previously published methodsh?
using the following standards: TBB and TBPH purchased from Wellington Laboratories and TPHP (99% pure)
purchased from Sigma-Aldrich. Internal standards used for quantification were *C-TBB, *C,-TBPH, and
C,5-TPHP purchased from Wellington Laboratories. Recovery standards used were °C,,-CDE 141 for TBB
and TBPH and d;; TPHP for TPHP also purchased from Wellington Laboratories. Recoveries of internal stand-
ards were 87.2 £8.3% for *C,-TBB, 84.7 & 13.9% for “*C,-TBPH, and 94.4 + 4.2% for 1*C, ;- TPHP. All samples
were blank corrected using the average of five laboratory blanks run alongside samples. Method detection limits
(MDLs) were determined using 3 times the standard deviation of the lab blanks, normalized to average placenta
mass extracted. Analyte concentrations are presented on a ng/g wet weight (ng/g ww) basis. All analyses were
done blinded to exposure group.

Experiment 2: Behavioral Consequences of Developmental FM 550 Exposure.  Animal
Husbandry and Exposure.  Adult Wistar rats (n=41 females and 26 males) were obtained, maintained, and bred
as described in Experiment 1. Ofthe 41 females paired with males, 7 failed to conceive and therefore excluded
from the study. Oral exposure to the dam via food treat occurred daily from GD 9 through postnatal day (PND)
21 as described above resulting in four exposure groups: vehicle, 100 pg FM 550 (low), 300 ug FM 550 (mid),
and 1,000 FM 550 (high). Assignment to exposure groups was random. Dams were dosed by an average group
weight of 300 g, producing the same exposures as described in experiment one with the addition of the 100 ug FM
550 group. Litters were standardized to 10 (5:5 sex ratio whenever possible) on PND 1, with a total of 8 litters in

|7:7118| DOI1:10.1038/541598-017-07216-6

18



the controel group and 7 litters in each of the treatment groups. Six dams did not give birth to 10 pups, with the
smallest litter containing 5 pups. These smaller litters were equally and randomly distributed across all exposure
groups and thus not exposure-related. On PND 21, pups were weaned and distributed into paired (groups of 2,
occasionally 3, same exposure groups) same sex littermate cages and housed in the same conditions as the Dams
to ensure socialization. Over the course of the study, nine of the offspring had seizures and were excluded from
the study; and 3 developed severe malocclusions requiring early euthanasia. The overall seizure rate for this study
was 4%, which is higher than the reported spontaneous seizure rate for this strain of rat at 1.5%. Notably, the
seizure rates were highest in the low and mid dose FM 550 groups with 13.2% and 7.5% incidence of seizures,
respectively but only 2.5% in the unexposed controls and 0% in the high dose FM 550 group. Incidence was too
low to conduct meaningful statistical comparisons. Seizures at the low dose were split evenly between males and
females while seizures were only observed in males for the control and mid dose groups.

Behavior Testing.  Animals were assessed for general activity and anxiety-related behavior as juveniles or as
adults (no animals were tested at both ages) using standard procedures (see Supplemental Materials for more
detail). For all tests except the running wheel, animals were transported down a short hallway to a nearby testing
room on a covered rolling cart and tested after a short acclimation period, as we have done previously®® %,
Testing was conducted within the first 4 hours of the dark cycle, recorded, and subsequently analyzed by TopScan
software (Clever Sys Inc., Reston, VA) by observers blinded to exposure group. The running wheel task was pet-
formed inthe home cages and thus the animals were not transported.

Juvenile testing spanned PNDs 24-28 to ensure females would be tested prior to vaginal opening (pubertal onset 5.
The same juvenile rats, one per sex per litter, were tested in two apparatuses: light/dark box (L/D; control: 109,
78, low: 79, 83, mid: 99, 83, high: 99, 648) and open field (OF; control: 82,78, low: 79, 78, mid: 79, 63, high: 79,
58) using well-established methods as previously described by us and others’*. Two main endpoints were used
to assess anxiety-like behavior in the L/D box: latency to enter the light side and the number of entries made into
the light side within the 10 minute testing period. The light portion of the L/D box was illuminated by two 40-W
clip lamps placed above the apparatus. For the juvenile OF test, testing was conducted under red light (approx.
40 lux). Anxiety-like behavior was assessed via number of center entries, duration in the center, and latency to
enter the center. Activity was assessed via total distance traveled. For this measure, distance data was collected
in five minute intervals, and summed over the entire 30 minute testing session (total activity). For each animal,
area under the curve (AUC) over the 30-minute test was also calculated. Apparatuses were thoroughly cleaned
between trials.

Adults (PND 110-120) animals were tested using L/D box (Control: 82, 143, low: 149, 128, mid: 79, 113,
high: 149, 78) and then elevated plus maze (EPM; PND 185-192; control: 159, 198, low: 179, 198, mid: 13%,
198, high: 219, 123) for 10 and 5 minutes, respectively (detailed in Supplementary Materials). L/D behavior was
assessed as described for the juveniles using animals which had not undergone juvenile testing (two adult animals
per sex per litter). All adult offspring were tested on the EPM because none had prior exposure to this apparatus
as juveniles (experience confounds testing performance). EPM endpoints included number of open arm entries,
duration in open arms, and dutation in closed arms in order to evaluate anxiety-like behavior. EPM testing was
conducted under red light. Running EPM under red light enhances exploratory behavior in a sex specific manner,
with anxiety particularly decreased in females'® *. During EPM testing the camera malfunctioned for two 300 g
(mid) FM 550 animals (1 male and 1 female). An additional 15 animals, 10 females and 5 males, fell off the maze
and were therefore excluded from the analyses. Adult females were tested in estrus (as determined by vaginal
cytology* because that is the phase at which the sex difference in maze activity is most pronounced®. Vaginal
cytology was performed two hours before behavioral testing and was started two weeks prior to behavior in order
to establish that cycles were normal and ensure animals were acclimated to the process. Adult L/D box, OF and
EPM were recorded using a video camera suspended over the apparatuses. Video analysis was performed by a
researcher blind to the treatment groups using TopScan software (Clever Sys Inc., Reston, VA). Video scoring
was validated by hand by a second blinded observer using the program Stopwatch (courtesy of David A. Brown,
Center for Behavioral Neuroscience, Emory University) as described previously®. Potential litter effects were
controlled for inthe statistical analysis (described below).

All adults (PND 160-170; control: 179, 213, low: 209, 198, mid: 179, 188, high: 229, 1383) were then tested
for novelty response and activity by placing a running wheel in their home cage (see Supplementary Materials
for more details). VitalView software (STARR Life Sciences Corp., Oakmont, PA) was used to record wheel revo-
lutions over the course of 63hours for each cage starting at 14:00. Once data collection was finished, revolutions
over the three days were binned into 1-hour intervals for analysis. Dark phase day 1 behavior was considered
indicative of response to a novel stimulus while dark phase behavior on days 2 and 3 was considered indicative of
general activity. Potential litter effects were controlled for in the statistical analysis (described below).

Statistical Analysis. 'The statistical approach was designed in accordance with published guidelines regarding
low dose endocrine disrupting chemical studies with equivalent sample sizes* and similarly designed studies
conducted by our lab*. Litter effects were controlled for by either testing only one animal per sex per litter (pla-
cental deposition and juvenile L/D box and OF) or including the litter as a co-variate in the analysis (all adult
behavioral analyses). Statistical analysis was performed using Graphpad Prism version 6 (La Jolla, CA). Statistical
significance was set at o< 0.05. The placenta data were first evaluated by two-way ANOVA with exposure and sex
as main factors; Fisher’s protected Least Significant Difference (LSD) was used as the post-hoc test when appro-
priate. A Grubbs outlier test was performed but none were identified. Any values that were below the method
detection limit (MDL) were set as MDL/2 for statistical analyses*.

The behavioral data were first approached by comparing the unexposed males and females using a student’s
one-tailed t-test, to check for sex differences, as we have done previously for similar studies*. Detection of
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expected sex differences (in adult EPM and L/D box) was considered validation that the testing paradigm worked
properly and was sufficiently robust to detect well-established sex differences. The data for those groups were
then evaluated within sex by one-way ANOVA (juvenile behavior tasks) or ANCOVA (adult behavior tasks) with
exposure as the factor and litter as the co-variate. For endpoints that were not found to be sexually dimorphic,
the data were analyzed similarly with sex and exposure as factors and the litter as the co-variate when appropriate
(adult behavior tasks). No effect of litter was found for any endpoint except number of entries in the light side
of the adult L/D box (F (3, 23) =7.107, p < 0.01). Because no litter effects were detected for any other endpoint,
this single litter effect was interpreted to be spurious. Prior to assessment of main effects, outliers (no more
than one per group per endpoint; 3 total from juvenile L/D box, 1 from adult EPM and 3 from adult running
wheel) were identified using a Grubbs test and removed. Removal did not affect overall results or conclusions.
Significant main effects and/or interactions were followed up by one-way ANO VA with Fisher's protected LSD as
the post-hoc test. While the Fisher’s protected LSD does not provide strong family-wise error control compared
to other post-hoc procedures, it was selected over more conservative options to minimize risk of Type-II error
(rejecting a meaningful effect) and to be consistent with what we have done previously*.

Over the course of a long test, such as OF, behavior changes with experience and habituation*>*"-**. The first
5-min of this test are considered novel for the animal, and thus provides the most salient information about
anxiety-related behaviors. As the test animal habituates, it becomes less active in the arena and typically reaches
a steady state by the final 5-min of this task. As a result, activity towards the end of the task is thought to be best
representative of general activity*>*’. Thus, juvenile OF data was analyzed using three approaches: (1) for each
endpoint the data were totaled over the full 30 min testing period and compared, (2) distance traveled was ana-
lyzed by binning the data into 5-min intervals and a separate ANOVA was run for each bin, and (3) area under
the curve (AUC) was calculated for distance traveled in order to evaluate overall activity over the 30-min test.

Activity wheel data was binned into 1-hour intervals over the course of the dark cycle in which animals had
wheel access (8hours on day 1 and 12hours on days 2 and 3). For each light phase, AUC was calculated to
assess overall activity during that light cycle. As with the other behaviors, expected sexually dimorphic responses
between female and male controls were verified using student’s one-tailed t-test. Additionally, sex differences were
compared for each 1-hour interval during the first 8hours of activity using two-way repeated measures ANOVA
and Fisher’s protected LSD. The data were then analyzed as described above using ANCOVA and Fisher’s pro-
tected LSD.

For all behavioral measures, ANOVA and ANCOVA effect size was determined by calculating an Eta squared
(n?), effects of which are defined as small at 0.01, medium at 0.06, and large at 0.14. In cases where a main effect
did not reach statistical significance but effect size was large or medium, an unprotected LSD was runto further
characterize group differences. Protected and unprotected LSD effect size was calculated by Cohers d, effects of
which are defined as small at 0.2, medium at 0.5, and large at 0.81°C.

Results

Accumulation of FM 550 Components in Placenta. The brominated components (TBB and TBPH)
accumulated in the placenta to a greater degree than TPHP, with TBB levels being the highest of the three compo-
nents measured (Fig. 2). Dose dependent placental accumulation was observed for TBB and TBPH but sex-spe-
cific effects varied. TPHP also showed a dose dependent increase but only in male-associated placentas. TBB
accumulation differed by exposure group (F (2, 30) =67.59, p < 0.0001; 7 = 0.81), but not sex and there was no
significant interaction (Fig. 2A). TBB concentrations averaged 21.2 % 3.6 ng/g ww in female-associated placentas
and 25.3+ 4.8 ng/g ww in male-associated placentas in the mid dose exposure groups, and 86.1 £ 15.9 ng/g ww
in female-associated placentas and 105.5+ 12.5 ng/g ww in male-associated placenta in the high dose exposure
groups. Mean TBB concentrations in the unexposed controls were below the method detection limit (MDL) of
0.6 ng/g ww. For TBPH, a significant effect of exposure (F (2, 30) =278.6, p < 0.0001; 4’ =0.95) and sex (F (1,
30)=4.54, p <0.04; > =0.01) was observed, but there was no significant interaction (Fig. 2B). A significant effect
of sex on TBPH accumulation was found in the high dose group with levels significantly higher in male placentas
(p=0.01; d=0.96). Mean placental TBPH levels were 8.9 + 0.5 ng/g ww for females and 10.8 + 1.2 ng/g ww for
males in the low dose exposure groups, and 26.8 4 1.3 ng/g ww in female-associated placenta and 31.5 + 2.4 ng/g
ww in male-associated placenta in the high dose exposure groups. Average TBPH concentrations were below the
MDL of 0.5 ng/g ww for both female and male placentas from the control group.

Placental TPHP levels were close to the MDL in all three groups, and each group had individuals with levels
below the MDL of 1.5 ng/g ww (Fig. 2C). All of the control animals, 2/6 females and 3/6 males in the mid dose
group, and 4/6 females and 1/6 males in the high dose had TPHP levels below the MDL. Two-way ANOVA
revealed a significant effect of exposure (F (2, 30) =5.3, p <0.01; 2 =10.19) and sex (F (1, 30)=5.7, p<0.0%
1% =0.10), as well as a significant interaction (F (2,30)=4.4, p < 0.02; n2=0.15). A dose dependent increase in
TPHP was only detected in placentas associated with male fetuses with levels in the high dose males averaging
6.542.02 ng/g ww and levels in the high dose females averaging 1.07 £ 0.55 ng/g ww (p < 0.0007; d=1.38). These
high dose averages include MDL/2 values, as even at the highest dose used, levels were < MDL for some animals.
Fetal levels from this same experiment (same animals) were reported in a prior study and, summarized in Fig. 2D
along with offspring levels following lactational transfer (from an accompanying study using different animals)*.
For all compounds examined, placental levels were appreciably higher than fetal levels.

Juvenile Behavior. Juvenile L/D box behavior was not sexually dimorphic and exposure had no main effect
on females (Fig. 3). In males, however, latency to enter the light side was significantly altered by exposure (F (3,
23)=3.092, p < 0.05; "= 0.28) with high dose males taking significantly less time to enter the light box compared
to unexposed controls (p < 0.03; d=0.97; Fig. 3A). Although not statistically significant, the ANOVA results were
suggestive of an exposure effect onlight side entries (F (3, 23)=2.646, p=0.07; ¢ = 0.25; Fig. 3B). Because the
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Figure 2. Accumulation of TBB, TBPH, and TPHP in placental tissue following gestational exposure to FM
550. Dose dependent accumulation of TBB, TBPH and TPHP (ng/g wet weight) was observed (A-C). Sex
specific accumulation was statistically significant at the highest dose for TPHP and TBPH, with males having
higher levels than females (B and C). The table (D) summarizes previously published data from our prior,
related study, showing the degree to which each component was able to accumulate in fetal and pup tissues
following gestational or lactation exposure, respectively (adapted from™). Closed circles represent females and
open squares represent males. The method detection limit for TBB (0.6 ng/g wet weight), TBPH (0.5 ng/g wet
weight), and TPHP (1.5 ng/g wet weight) are depicted by a dotted line. For each dose n=6, a and b denotes
statistically significant exposure effects, within each sex, while ¢ denotes significant sex differences (*** and
B8hp < 0.0001; °p < 0.05; “p < 0.01; “p < 0.001). Graphs depict mean +/— SEM.

effect size was large, an unprotected LSD was run to further examine potential group differences. High dose males
made significantly more entries into the light box compared to control males (p < 0.04; d =0.88), with a large
effect size. Time in the light side was not impacted by sex or exposure (Fig. 3C).

Juvenile OF behavior was not sexually dimorphic and, similar to the L/D box, no effects of exposure were
observed in females (Fig. 4). In males, a significant effect of exposure was identified for latency to enter the
center (T (3, 20) =4.380, p < 0.02; 1> = 0.40), with high dose males taking longer to enter the center than controls
(p £0.02; d=1.13; Fig. 4A). Distance traveled also appeared to be impacted by exposure but the effect did not
reach statistical significance (F (3, 21) = 2.667, p = 0.07; > = 0.27; Fig. 4B). Since effect size was large, an unpro-
tected LSD was run to further evaluate effect of exposure on distance traveled. The unprotected LSD revealed
increased exploration and activity in low and high dose males compared to controls (p < 0.02 and p < 0.05;
d=1.16 and 0.89) both of which were found to have large effect sizes. Distance traveled was also binned into
5-min intervals for comparison (Fig. 4E). As expected, the amount of activity decreased over time. For male off-
spring the apparent differences in distance traveled were significantly greater than controls at 15 and 30 minutes
(F (3,21) =3.456, p <0.03; 1 =0.33; F (3, 21) = 4.335, p < 0.02; 1* = 0.38). At these two time points low dose
males traveled significantly more than controls (p < 0.008 and p < 0.003; d = 1.29 and 1.59). No effect of exposure
was found in the binned analysis for females. No effect of exposure was found for number of entries into or time
spent in the center of the OF (Fig. 4C and D).

Adult Behavior. Latency to enter the light box was evaluated, but the results should be interpreted with
caution because the expected sex difference was not observed when a one-tailed t-test was run to compare the
female and male control group (Fig. 5A). In females, there was a significant effect of exposure on latency to enter
the light box (F (3, 35) = 3.503, p <0.03; 1’ =0.23). An unprotected LSD revealed that mid dose females took
significantly longer than control females to enter the light box (p << 0.02; d =0.85) (Fig. 5A). As expecled, adult
L/D box behavior was sexually dimorphic with females making more light side entries and spending more time in
the light side (p < 0.01 and 0.02; d=1.18 and 1.02; Fig. 5). No effect of exposure was observed for either endpoint
or sex (Fig. 5B and C).

On the EPM there was a significant effect of sex, as anticipated, for both number of entries and time spent in
the open arms of the arena (p < 0.05 and 0.002; d=0.63 and 1.15; Fig. 6). No main effect of exposure was found
for either endpoint in females. In males, although not quite statistically significant, an exposure effect was sug-
gested for number of open arm entries (F (3,58) = 2.617, p=0.06; /= 0.12; Fig. 6A). The v/’ of this endpoint was
found to be medium, therefore an unprotected LSD was run and revealed that mid dose males entered the open
arms less than controls (p <0.02; d=0.62). A significant main effect of exposure was found for time spent in open
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Figure 3. Effects of perinatal FM 550 exposure an juvenile behavior in the light dark box (L/D). No significant
effect of sex was observed between control males and females for any of the L/D box measurements. In females,
there was no significant effect of exposure for any of the abserved endpoints. In males, latency to enter the

light box was significantly reduced and light box entries were significantly increased at the highest dose (A and
B), while no significant effect of exposure was observed for duration in the light box (C). White bars indicate
control groups, light gray low dose, dark grey mid dose, and black high dose. Graphs depict mean + SEM

(*p < 0.05).

arms (F (3, 56) = 3.23, p < 0.03; ? = 0.15; Fig. 6B). Mid dose males spent significantly less time in open arms than
control males (p < 0.03; d=0.58). No effect of exposure was found for closed arm activity in either sex (Fig. 6C).

All three days of running wheel testing revealed the expected large sex difference in activity'™*' with females
running significantly more than males (p < 0.0001; d = 3.36, 2.1, and 2.1 for days 1-3 respectively; Fig. 7). As
expected, the acrophase for all animals was during the dark cycle, which is when nocturnal animals, like rats, are
naturally more active®’. No main effect of exposure on activity was found on any of the three days for males. There
was however a significant effect of exposure on activity for females on all three days (F (3, 70) = 2.803, p < 0.05;
12 =0.10; F (3, 70) = 5.205, p < 0.003; 1> =0.18; F (3, 68) =2.777, p < 0.05; > =0.11 respectively). Although
not quite statistically significant, on day one low dose females were more active than control females (p = 0.06;
d=0.46; Fig. 7A). On days two and three low dose females were significantly more active compared to control
females (p <0.002 and 0.008; d=0.79 and 0.66 respectively; Fig. 7B and C). Activity wheel data was also binned
into 1hr intervals in order to examine the relationship in activity over the course of the dark cycle (Fig. 7D).
Similar to the averaged data, control females were significantly more active than control males over the entire
8hr period of the first day (F (1, 36)=94.76, p < 0.0001; n’=0.41). As expected the binned analysis showed a
decreasing trend in activity over time for all groups. Activity in the light cycle was minimal, as expected, and no
group differences were detected, confirming no disruption of sleep/activity patterns.

Discussion

This study reveals, for the first time, that FM 550 components can accumulate in placental tissue, with some
evidence that levels are higher in placentas associated with male fetuses. For both sexes, placental deposition did
not differ by uterine position (data not shown). Placental accumulation was dose-dependent for all three com-
pounds tested, and the magnitude of accumulation was greater for the brominated components than the organ-
ophosophate TPHP, likely due to the greater metabolism of TPHP. Disruption of normal placental function due
to chemical exposure has gained interest as studies have shown that the placenta plays a significant role in fetal
programming™’~*. Our findings support the emerging hypothesis that the placenta may be a critically important
target organ via which gestational exposure to FM 550 and other fire retardants could sex-specifically disrupt the
fetal environment™. This study also extends and supports our prior report that perinatal exposure to FM 550 can
affect anxiety-related behaviors in adult rats™. Behavioral outcomes in the present study varied to some degree
across sex, age and task, but were generally indicative of heightened anxiety in males and hyperactivity in females.
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Figure 4. Effects of perinatal FM 550 exposure on juvenile behavior in the open field (OF). No significant effect
of sex was observed between control males and females for any of the OF measurements. In females, there was
no significant effect of exposure for any of the observed endpoints. In males, latency Lo enter the center was
significantly increased for high dose males and distance traveled was significantly elevated for bath low dose
and high dose males (A and B). No significant effect of exposure for time in center or center entries (C and

D). Distance traveled was binned into 5 minute intervals to evaluate the pattern of locomotor activity over the
30 minute test (E}. No exposure-related effects were detected. White bars indicate control groups, light gray low

dose, dark grey mid dose, and black high dose. Graphs depict mean + SEM (*p < 0.05).

These results provide further evidence that perinatal exposure to FM 550 at levels below a purported NOAEL of
50 mg/kg/day, can impact neurodevelopment in a sex-specific manner.

When collectively considered with our prior study, the data reveal that the brominated components of FM
550, although capable of fetal transfer, accumulate to a greater degree in placenta”. Conversely, while TPHP
dose-dependently accumulated in placenta, levels were low and not detectable in fetal tissues (Fig. 2). These
observations are not entirely unexpected given what is currently known about the metabolism of these com-
pounds. TPHP is rapidly metabolized® but TBB is metabolized more slowly, with peak levels of its primary
metabolite, 2,3,4,5-tetrabromobenzoic acid (ITBBA}, appearing in urine of rats 3hrs after exposure!”. TBPH
appears to be recalcitrant to metabolism®® %, at least in rats. The other organophosphate ester “component” of FM
550 was nat assessed because an authentic standard for isopropylated triarylphosphate isomers (ITPs) was not
commercially available, and thus not readily conducive to quantification. Here, we tested the full mixture because
it is used commercially and thus how humans are exposed, but ongoing work by us and others is concurrently
exploring the possible toxicity and modes of action of the individual components™ 2,

Although the placenta plays an important role in regulating the fetal environment™, relatively few studies have
examined the capacity for environmental contaminants, including FRs, to bioaccumulate in placental tissues, let
alone if deposition can be sex specific™ % The data reported herein are consistent with the recent observation
that PBDE levels are higher in human placental tissues from boys than girls®. Rat placental levels of FM 550
components appeared to have a sex bias, with accumulation of TPHP and TBPH significantly greatest in males.
By contrast, fetal levels did not appear to be sexually dimorphic but were likely too low to meaningfully test this
possibility (Fig. 2D). Especially in instances where tissue levels were below or close to the limit of detection in the
fetus and/or the placenta, higher exposures would be needed to provide full resolution in terms of possible sex
differences in bioaccumulation, and the relationships between placental and fetal levels. Because we used whole
placenta for these studies, it is not possible to determine if accumulation occurred on the maternal side, fetal side,
or both. Establishing the degree to which accumulation occurs specifically within the maternal and fetal placental
compartments will be the focus of subsequent studies. Additionally, information about FM 550 components in
human placenta is unavailable at this time.

For the behavioral studies, the rats were exposed across gestation and also lactation because we have previ-
ously established that milk can be a significant source of exposure and thus could impact neonatal brain devel-
opmenlz”. Lactational transfer, particularly of the brominated components, appears to be more efficient than
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Figure 5. Effects of perinatal FM 550 exposure on adult behavior in the light dark box (L/D). In females,
latency to enter the light box was significantly increased at the middle dose (A}. As expected, a significant
difference between male and female controls was observed for both number of entries in the light box and
time spent in the light box (B and C; “p < 0.01 and °p < 0.05). In males, no significant effect of exposure was
observed for any of the L/D box measurements. White bars indicate control groups, light gray low dose, dark
grey mid dose, and black high dose. Graphs depict mean - SEM (¥p < 0.05).
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Figure 6. Effects of perinatal FM 550 exposure on adult behavior in the elevated plus maze (EPM). A significant
difference between male and female controls was observed in both open arm entries and time in open arms

(A and B; p <0.05). In females, there was no significant effect of exposure for any of the observed endpoints.

[n males, open arm entries and time spent in the open arms was significantly reduced at the mid dose (A and

B). No significant effect of exposure was observed for time in the closed arms (C). White bars indicate control
groups, light gray low dose, dark grey mid dose, and black high dose. Graphs depict mean -+ SEM (*p < 0.05).
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