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Abstract

DEVELOPMENTAL EXPOSURE TO DIESEL EXHAUST CAUSES AUTISM-LIKE

BEHAVIORAL, MOLECULAR, AND CORTICAL STRUCTURAL ALTERATIONS.
Yu-Chi Chang
Chair of Supervisory Committee:
Professor Lucio G. Costa, PharmD

Department of Environmental and Occupational Health Sciences

Escalating prevalence of autism spectrum disorders (ASD) in recent decades has triggered
increasing efforts in understanding the role played by environmental risk factors as a way to
address this widespread public health concern. Several epidemiological studies show
associations between developmental exposure to traffic-related air pollution and increased ASD
risk. The purpose of this project was to elucidate the neurotoxic mechanisms of developmental
exposure to traffic-related air pollution in mice. A series of experiments were performed to
determine whether developmental diesel exhaust (DE) exposure induces ASD-related
behaviors, and whether the neuroinflammatory pathway leading to dysregulation of reelin
expression was affected. C57BI/6J mice were exposed from GDO to PND21 to 250-300 pg/m?
DE or filtered air (FA) as control. DE-exposed mice exhibited deficits in all three of the hallmark
categories of ASD behavior: disrupted social interaction in the reciprocal interaction test and
social preference test, disrupted social olfactory and vocal communication, and increased
repetitive behavior. In brains of DE-exposed mice, increased levels of interleukin-6, increased
phosphorylation of STATS3, increased expression of DNMT1, and decreased expression of reelin

were found. Furthermore, cortical lamina organization was examined with



immunohistochemistry staining, and subtle but significant differences in the distribution pattern
of neurons expressing layer-specific markers were found. Additionally, increased PAX6, Tbr2,
and Thrl mRNA levels were found in brains of neonatal DE- exposed mice, suggesting early

promotion of the neurogenic pathway over preservation of neural progenitor cells’ self-renewal

ability, which is supported by our finding of decreased adult neurogenesis in the hippocampal

dentate gyrus of PND60 DE- exposed mice. Overall, these studies show that developmental DE

exposure, taken as a measure of traffic-related air pollution, causes behavioral,

biochemical/molecular and structural changes that resemble those present in ASD.
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Chapter 1

INTRODUCTION

1.1 Traffic Related Air Pollution
1.1.1 Traffic Related Air Pollution Exposure

Cities in Northeastern China, North India, and the Eastern Coast of the Arabian Peninsula have
the highest recorded annual average PM2.5 concentrations in the world, according to aggregated
data collected from 2008-2015 published on the World Health Organization (WHO) website (WHO,
2016). The same dataset also reported higher than 150 pg/m® annual average PM2.5
concentrations in urban areas in Iran, India and Saudi Arabia in 2012 and 2014, suggesting that
residents in these areas faced prolonged exposure to high levels of air pollution. In addition,
several studies have characterized seasonal effects on ambient PM2.5 concentrations in coastal
cities in China and in Mexico City and found positive correlation, with higher ambient PM2.5
concentration in winter months with a dryer and colder climate (Feng et al., 2018; Liu et al., 2018;

Morton-Bermea et al., 2018).

In urban areas where traffic-related air pollution is of major concern, a large portion of utility
vehicles, including those used for commercial cargo transportation and public transportation, as
well as some personal vehicles, are still operated on diesel fuel. For example, at least 1/3 of the
total road transport fuel consumption in the United Kingdom between 2010 and 2012 was diesel
fuel (Khan and Gregory, 2014). In addition, data collected in 2010 in Mexico City shows that diesel
exhaust (DE) has been estimated to contribute >35% of ambient PM2.5 (Calderén-Garciduefias
et al., 2015). A 2010 report by the Health Effects Institute (HEI) also indicated that diesel vehicles

contributed 32% of the PM2.5 mass in Los Angeles (Health Effects Institute, 2010). Indeed,



DEhas been ranked as the primary or secondary source of traffic-related air pollution (TRAP)
based on analysis of fixed-site air quality measurements collected in Baltimore and Los Angeles,
respectively (Riley et al., 2016; Tessum et al., 2018). In controlled laboratory exposure scenarios
researchers are often limited to one fuel source. DE would therefore be ideal for building a relevant
well controlled exposure model to study developmental health effects, considering that DE is a

substantial source of ambient PM.

1.1.2 Health Effects Associated with Developmental Air Pollution Exposure

1.1.2.1 Effect of Air Pollution Exposure on Pregnancy Outcome, Pulmonary Risk, and

Cardiovascular Risk

Air pollution exposure has been associated with adverse pregnancy outcomes including
decreased fetal growth, preterm birth, stillbirth, and preeclampsia in epidemiological studies
conducted in China, England, and the United States (DeFranco et al., 2016; Langrish et al., 2012;
Smith et al., 2017; Wang et al., 2018). In the past decade, health impacts from developmental
exposure to TRAP related to pulmonary and cardiovascular risk were extensively studied by many
researchers. Positive associations between prenatal / early life outdoor air pollution exposure and
asthma risk have been reported in populations in North America, Latin America, Caribbean, Asia,
and Europe (Ding et al., 2017; Glad et al., 2012; Gleason et al., 2014; Hulst et al., 2014; Orellano
et al.,, 2017; Pan et al., 2014; Yamazaki et al., 2015). In rodent models, prenatal exposure to
PM2.5 induces injury and elevated levels of IL-1, IL-6 and TNF-a in lung of offspring (Tang et al.,
2018). Exposure to ambient ultrafine particulates has been associated with increased
cardiovascular pathologies in humans (Brook et al., 2010). In rodent models, prenatal and early
life exposure to DE predisposes animals to later-onset cardiovascular disease (Liu et al., 2013;

Weldy et al., 2013).



1.1.2.2 Effect of Air Pollution Exposure on the developing CNS

Developmental exposure to TRAP has also been associated with a number of behavioral
disorders such as cognitive impairment, attention deficit disorders, and autism spectrum disorder
(ASD) in many epidemiological studies (Calderén-Garcidueiias et al.,, 2013; Calderdn-
Garciduefias et al., 2008; Guxens et al., 2016; Guxens et al., 2014; Kicinski et al., 2015; Yorifuiji
et al., 2016). In rodent models, exposure to air pollution during development has also been found
to affect CNS development, leading to altered brain structure morphology such as enlarged lateral
ventricles and decreased cortical volume (Allen et al., 2014; Bolton et al. , 2017; Calderdn-
Garciduefias et al., 2012). Elevated levels of inflammatory cytokines and activated microglia
morphology have been reported with developmental TRAP exposure in both in vivo and in vitro
animal studies, as well as in epidemiological studies (Allen et al., 2016; Calderén-Garciduefias et
al., 2013; Calderén-Garciduefias et al., 2016; Church et al., 2017; Roqué et al., 2016; Sunyer et

al., 2015)

1.2 Autism Spectrum Disorder (ASD)

According to the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-
5), autism spectrum disorders (ASD) represent a heterogeneous group of disorders characterized
by three behavioral domains: difficulties in social interactions, issues with verbal and nonverbal

communication, and repetitive behaviors (Autism Speaks Webpage, 2013).

1.2.2 Environmental Contribution to Autism Prevalence

According to a 2010 survey by the U.S. Centers for Disease Control and Prevention, autism
prevalence has been reported to be 1 in 68 for children in the United States, indicating a ten-fold
increase in the past 40 years. However, only a small subgroup of ASD cases can be attributed to
genetics alone (Torre-Ubieta et al., 2016), and environmental factors are believed to contribute

substantially to ASD etiology. Increased ASD risk has been associated with various environmental



exposures such as air pollution, heavy metals, organophosphorus insecticides, perinatal stress
and infectious agents (Allen et al., 2014; Becerra et al., 2013; Boksa, 2010; Careaga et al., 2017,
Costa et al., 2015; Kalkbrenner et al., 2014; Onore et al., 2014; Rossignol et al., 2014; Shelton et
al., 2012; Volk et al., 2013; Weber-Stadlbauer, 2017). Increasing prevalence in recent years could
be attributed to both broadening of diagnostic definition and increased exposure to environmental
toxicants. An epidemiological study conducted in California estimated that 26.4% of the increased
autism prevalence can be attributed to change in diagnostic practices between 1992 and 2005
(King and Bearman, 2009). Adding to the significance of environmental contribution to autism
etiology, an epidemiological study by Hallmayer et. al. (2011), looking at ASD association in
monozygotic and dizygotic twins, concluded that environmental components have a larger effect

than genetic components in predicting ASD outcome.

1.2.3 Autism animal models

Several genetic and inducible animal models exhibiting ASD-like behavioral phenotypes are used

in research.

1.2.3.1 Genetic Models of ASD

Two genetically homogenous inbred strains, BTBR T + tf/J and C58/J, are commonly used in
studies focusing on the genetic basis of ASD-like behavioral phenotypes. The BTBR T + tf/J strain
displays several ASD-like behavioral phenotypes, such as reduced sociability in adults, increased
repetitive grooming, and an unusual pattern of ultrasonic vocalizations (Amodeo et al., 2012;
Langley et al.,, 2014; Scattoni et al., 2011; Scattoni et al., 2013; Yang et al., 2012; Yang et al.,
2007). In the C58/J mouse strain increased repetitive behavior and impaired social interaction
were found (Blick et al., 2015; Moy et al., 2014). Mechanistic studies suggest that GABAg

receptors seem to play an important role in modulating the ASD-like behavioral phenotype in both



BTBR T + tf/J and C58/J strains, since treatment with selective GABAg receptor agonists reverses

the social deficits and repetitive behaviors (Silverman et al., 2015).

Many genetic polymorphisms associated with ASD have been identified in genome-wide
association studies, and transgenic mouse models were created from findings of these studies.
For example, many mutations in the SHANK3 genes have been identified in ASD patients
(Monteiro and Feng, 2017). In rodent models, mutations in SHANK2 and SHANKS genes both
lead to increased repetitive behavior, abnormal social behavior, and decreased vocalization

(Bozdagi et al., 2010; Lim et al., 2017; Won et al., 2012).

1.2.3.1 Maternal Immune Activation

Based on the observation that infection during pregnancy is associated with increased risk for
ASD, rodent models were developed by exposing prevent dams to either poly(l:C) or
lipopolysaccharide (LPS) to mimic viral or bacterial infection. In these animal models where the
maternal immune response was activated, elevated levels of interleukin-6 (IL-6) and of interleukin-
17a (IL-17a) have been shown to be sufficient in eliciting ASD-like behavior (Choi et al., 2016;
Samuelsson et al., 2006; Shin Yim et al., 2017; Smith et al., 2007). Subsequent studies revealed
that binding of IL-6 to its cognate receptor activates the kinase pathway involving Janus Kinase 2
(JAK?2) and Signal Transducer and Activator of Transcription 3 (STAT3) (Chang et al., 2005; Erta
etal., 2012; Hsiao and Patterson, 2011; Tsukada et al., 2015). In a recent study, prenatal maternal
immune activation has been shown to activate neurons in the S1DZ region of the somatosensory
cortex, leading to ASD-like behavioral changes in mice (Shin Yim et al., 2017), supporting the
idea that structural changes in the somatosensory cortex could be involved in ASD-like behaviors.
Additionally, prenatal LPS exposure has been shown to effect neurogenesis during neocortical

development (Tronnes et al., 2015).

1.2.4 Air Pollution as an Environmental Risk Factor for ASD



Developmental exposure to traffic-related air pollution (TRAP) has been associated with
increased ASD risk in many recent epidemiological studies conducted in North America and
Europe (Becerra et al., 2013; Suades-Gonzalez et al., 2015; Talbott et al., 2015; Volk et al., 2011;
Volk et al., 2013), as well as in Asia (Jung et al., 2013). A study by Roberts et al. (Roberts et al.,
2013) also reported increased ASD risk with diesel particulate exposure. Similarly, increased ASD
risk with TRAP has been reported in populations in Taiwan and in Pennsylvania (Jung et al., 2013;
Talbott et al., 2015). Studies by Volk et al. (Volk et al., 2013) in California, and by Raz et al. (Raz
et al., 2014), as part of the Nurses’ Health Study Il Cohort, indicated that the third trimester seems
to be the most susceptible period when examining the association between TRAP exposure and

ASD outcomes.

The few available animal studies also suggest a connection between developmental exposure to
air pollution and ASD. Mice exposed developmentally to high levels of DE patrticles exhibited
altered behavioral phenotypes, including effects on locomotor activity and repetitive behaviors
(Thirtamara et al., 2013). Mice exposed perinatally to ultrafine ambient particles exhibited
repetitive and impulsive behaviors, as well as ventriculomegaly, a brain structural morphological
change also reported in some ASD patients (Allen, et al., 2016; Allen et al., 2014). Additionally,
prenatal exposure of mice to low levels of DE or DE particles have been shown to result in altered

locomotor activity (Suzuki et al., 2010).

Our group has previously reported that acute DE exposure in adult mice causes
neuroinflammation and oxidative stress (Cole et al.,, 2016), and that microglia activation is
triggered by DE particles in a primary culture system (Roqué et al., 2016). Developmental DE
exposure in rodents has been shown to increase levels of pro-inflammatory cytokines in placenta,
fetal brain and fetal lung ( Auten et al., 2012; Bolton et al., 2012; Li et al., 2017b; Weldy et al.,

2013). Interestingly, IL-6, a cytokine identified as a key modulator of ASD-like behavior in rodent



studies (Choi et al., 2016; Samuelsson et al., 2006; Shin Yim et al., 2017; Smith et al., 2007), is
among the list of elevated cytokines elicited by developmental DE exposure in the brain (Auten

et al., 2012a; Bolton, et al., 2017; Bolton et al., 2012).

1.2.4 Reelin in ASD etiology

Reelin (RELN) is a secreted extracellular protein that has been known to modulate neuronal
migration and dendrite formation during CNS development. In adult mice, RELN has been shown
to play a role in synapse formation (D’Arcangelo, 2014; Levenson et al., 2008; Michetti et al.,
2014). Several lines of evidence suggest the importance of RELN'’s role in the pathogenesis of
ASD. First, decreased RELN levels have been reported in brains of ASD patients (D’Arcangelo,
2014). Second, mice haploid-deficient for RELN have been shown to exhibit some ASD-related
behavioral phenotypes (Michetti et al., 2014). Third, cortical disorganization has been reported in
both ASD patients and in RELN-deficient mice (Boyle et al., 2011; Stoner et al., 2014). Fourth,
differences in DNA methylation patterns within the RELN promoter were reported in ASD patients

(Grayson et al., 2006).

1.3 Developmental Preconditioning of Neurodegenerative Diseases

1.3.1 Evidence Associating Air Pollution Exposure with Increased Neurodegenerative Risk

Exposure to traffic-related air pollution has been shown to be associated with neurodegenerative
diseases in many human and animal studies (Block & Calderén-Garciduefias, 2009; Bolton et al.,
2014; Calderén-Garciduefias et al., 2016; Lilian Calderon-Garciduefias et al., 2013; Costa et al.,
2017; Lee et al., 2016; MohanKumar et al., 2008). A series of studies conducted by Calderon-
Garciduefias et al. in Mexico City reported oxidative stress and neuroinflammation, as well as
neuropathological hallmarks of Alzheimer’s and Parkinson’s diseases, such as amyloid beta42
(AB42) plaques, tau hyperphosphorylation with pre-tangles, and a-synuclein accumulation in
young adults exposed to TRAP during development (Calder6n-Garciduefias et al., 2012;

7



Calderdn-Garcidueias, 2013; Calderon-Garciduefias et al., 2016; Calderon-Garciduefias et al.,
2015). Childhood air pollution exposure has also been associated with cognitive effects, according
to studies conducted in Amsterdam and Boston (Suglia et al., 2008; van Kempen et al., 2012).
Additionally, developmental air pollution exposure has been associated with altered brain
structure; white-matter hyperintensities (WMHSs) have been found in 56% of healthy exposed
children compared to unexposed controls in a study conducted in Mexico City (Calderdn-
Garciduefias et al., 2008). In a study in mice, prenatal exposure to DE has been shown to
modulate expression levels of genes involved in neuronal differentiation and neurogenesis via
epigenetic modification (Tachibana et al., 2015). Previously, our group reported decreased levels
of adult neurogenesis in the hippocampal dentate gyrus (DG) of mice exposed to DE (Coburn et
al. 2018); of particular relevance is that impaired adult neurogenesis, especially in the
hippocampal region, has been implicated in Alzheimer’s disease (Abrous et al., 2005; Fuster-
Matanzo et al., 2012; Kent & Mistlberger, 2017; Maruszak et al., 2014; Toda & Gage, 2017; Zheng

et al., 2016).

1.3.2 Importance of Temporal Balance between Neurogenesis and Progenitor Self-Renewal in

the Pathogenesis of Neurodegenerative Diseases.

During CNS development, paired box 6 (PAX6), T-box brain 2 (Tbr2, also known as eomes), and
T-box brain 1 (Tbrl) were found to be expressed sequentially by radial glia, intermediate
progenitor cells, and postmitotic neurons, respectively (Englund et al., 2005). Adult neural
progenitor cells (NPCs) have been identified to be derived from a slowly dividing subpopulation
of embryonic NPCs, while the fast dividing NPCs are responsible for the peak of neurogenesis
during CNS development (Furutachi et al., 2015; Singh & Solecki, 2015). These findings suggest
that disrupted balance between self-renewal and differentiation of NSCs due to developmental
exposure to environmental toxicants could affect progression of both neurodevelopmental and

neurodegenerative disorders.



PAX6 has been shown to play an essential role in controlling the balance between neural stem
cell self-renewal and neurogenesis in both in vivo and in vitro models (Gan et al., 2014; Sansom
et al., 2009). In adult neurogenesis, similar progenitor cell types and temporal expression of the
PAX6 ,Tbr2 and Thrl cascade are also observed in both the subventricular zone (SVZ) and the
hippocampal subgranular zone (SGZ)(Brill et al., 2009; Hodge et al., 2008; Roybon et al.,
2009a,b). In PAX77 mice, a transgenic mouse line over-expressing PAX6, Tbr2 and Thbr1,
expression of these three genes was found to be positively regulated in fetal brain, and over-
production of Thr2-positive cells was observed at E12.5, followed by reports of microcephaly at
E14.5 (Sansom et al., 2009). These findings indicated that over-expression of PAX6 in a
transgenic model leads to increased neurogenesis, which compromises progenitor cell self-
renewal potential early in development. Additionally, Tbr2 has been reported to play an essential
role in regulating laminar fate during cortical genesis (Anca B Mihalas et al., 2016). In this thesis
project, we investigated the effect of developmental DE exposure on the PAX6, Thr2, and Thbrl
neurogenic pathway, as well as assessment of its potential consequences on cortical lamina

organization and adult neurogenesis.

1.4 Hypothesis and Specific Aims

Hypothesis: Exposure to traffic-related air pollution during the critical window of CNS

development contributes to both neurodevelopmental and neurodegenerative risks.

Aim 1: Assess behavioral endpoints relevant to ASD in mice developmentally exposed to

DE compared to FA control.

Aim 2: Elucidate molecular mechanisms underlying the mode of toxicity of DE exposure

in relation to its contribution to ASD etiology.

Aim 3: Examine changes in markers and histological effects associated with

neurodegenerative pathogenesis due to developmental DE exposure.



Chapter 2

PRELIMINARY BEHAVIORAL TESTING OF MICE EXPOSED

PRENATALLY TO DIESEL EXHAUST

2.1 Introduction

Autism spectrum disorder (ASD) represents a heterogeneous group of disorders characterized
by difficulties in social interaction, verbal/ nonverbal communication, and repetitive behaviors.
Epidemiological studies have shown that prenatal exposure to traffic related air pollution is
associated with an increase in risk for autism. While current air quality regulations have not taken
into consideration adverse CNS developmental effects, increasing prevalence and the chronic
nature of ASD makes air pollution an important public health issue to be addressed. To investigate
the effect of prenatal diesel exhaust exposure on behavior, a series of preliminary behavioral tests
were performed on C57BI/6J mice exposed to filtered air (FA) or diesel exhaust (DE) (250 pg/m?3)
prenatally, from embryonic day 0 (EO) to E19. Maternal behavioral assessment and pre-weaning
assessment of developmental milestones in the pups, including bodyweight gain, hair growth,
pinna detachment, and development of the righting reflex were done to rule out potential
confounder effects due to physical disability or lack of maternal care. Post-weaning behavioral
assessments included tests of social novelty, elevated plus, rotarod, catwalk, grip strength, pre-
pulse inhibition, and the Morris water maze. Overall, these preliminary results indicated a trend
toward decreased sociability and inability to distinguish social novelty in DE males. No difference
was detected in maternal care behaviors, grip strength, pre-pulse inhibition, nor pre-weaning

assessment of developmental milestones.

10



2.2 Methods
2.2.1 Timed mating and Exposure

C57BL/6J females at the age of 12 to 15 weeks old were mated with similarly aged males for one
night. Successfully mated females were identified the next morning by the presence of a vaginal
plug. Plug-positive females were randomly housed in cages supplied with diesel exhaust (DE) or
filtered air (FA) on EO. The exposure period started on EO and ended on E18, and mice were
exposed to DE for 6 hours a day and five days per week at the level of 250 ug/m? for particle
concentration. EO was designed to always start on a Monday to ensure consistent exposure. On
E18, at the end of the daily exposures, all pregnant dams were transferred into clean FA cages

until the pups reached weaning age (PND 21).

The exposure system connecting to the DE cages consisted of a Yanmar YDG5500 diesel
generator (EPA certified) and air dilution system with dynamic feedback control; maintaining
consistent exposure of 250 ug/m? in particle concentration (Fox et al., 2015). The UW Controlled
Exposure Laboratory’s Northlake Diesel Facility is described in more detail in Chapter 3, section

3.2.2.
2.2.2 Experimental Design

On PND3 two male and two female pups from each litter were tattoo marked and reserved for
behavioral testing. The runts (weight >15% lighter than their littermates) from each litter were
excluded from behavioral testing. One male and one female from each litter were then randomly
assigned into test group 1 and test group 2. Maternal behavior was monitored from PNDO to
PND3 for 30 minutes each day during the light cycle. Pre-weaning behavior assessment and body
weights were recorded starting from PND4. Post weaning behavioral tests started when the mice

were 3 weeks of age, in the following order:
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Group1

Phenolab

l

Social novelty

l

Catwalk

v

Grip strength

Group 2

Phenolab

l

Elevated plus

Rotarod

v

Morris Water Maze

Prepulse inhibition

Fig. 2.1 Behavioral testing order

2.2.3 Maternal Behavior

Maternal behavior  was  scored twice a day (8-10 AM and 8-10
PM) for 30 minutes from PNDO to PND2. During each scoring session, behaviors such as eating,
drinking, pup grooming, arch back feeding, blanket feeding, nest building, digging, and rearing
were scored every minute. The maternal behaviors were then stratified into behaviors that were
related to pup care (feeding, pup grooming, nest building) and behaviors that were not related to
pup care (eating, drinking, self-grooming, rearing). Quality of pup care was quantified as the
percentage of time the dam spent on activities relating to pup care during the 30-min scoring

session.

2.2.4 Pre-weaning Tests
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Righting reflex was measured every day from PND4 to PND9; the pups were flipped over belly
side up and the time required to resume normal position (all four feet on the ground) was

measured. Pup weight was measured on PND3, 4, 5, 6, 7, 8, 9, 12, 15, 18 and 21.

First appearance of external developmental milestones (pigmentation, pinna detachment, eye

opening, back fur, and belly fur) were recorded on a daily basis.

2.2.5 Phenotyper Cage

Three-week-old mice were housed individually in PhenoTyper cages (Noldus Inc.) for 72 hours.
Each PhenoTyper cage was lined with 1/8” corn cob bedding, and mice had free access to food
and water. The top unit of the PhenoTyper cage was equipped with an IR camera, allowing
tracking of the mouse in both light and dark cycle. Location, distance moved and velocity of the
mouse were collected automatically by the Ethovision XT software (Noldus Inc.). During the first
three hours, mouse activity was sorted into 10 minute bins and total distance moved and total
duration spent in different parts of the Phenotyper cage (center, thigmotaxis, shelter) were plotted
to show behavior in a novel environment. The rest of the 72-hr session was sorted into 3 hour

bins, with light/ dark cycle denoted.

2.2.6 Elevated Plus Maze

The elevated-plus maze measures anxiety exploration and activity levels in mice by taking
advantage of the innate tendency of mice to avoid open and elevated areas. The maze consisted
of a central square (5 x 5 cm), from which radiate four arms (5 x 30 cm). Two of the arms had
plexiglass walls (15 cm high) around the edge (closed arms), whereas the other two arms did not
have walls (open arms) but did have a 0.25 cm-high edge to prevent the mice from falling from
the maze. The maze was elevated 45 cm above the floor. Ethovision XT was used to track the
mouse and measure entries and duration in the center, open arms, and closed arms. At the

beginning of each trial mice were placed in the central square of the apparatus, facing an open
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arm. Mice were allowed to explore the apparatus for 5 minutes while data were being collected.
The apparatus was cleaned with 70% ETOH and allowed to be fully dried and ventilated before
testing of the next mouse. Anxiety behavior was quantified as the amount of time a mouse spent
in the closed arm compared to time spent in the open arm. Exploratory behavior was quantified
as the number of entries a mouse made into different compartments of the maze, number of head

dipping episodes, and number of times rearing.

2.2.7 Social novelty

Tests were performed as described by Moy SS et al. (2007) and Moy SS et al. (2004). These
tests assess sociability, the tendency to spend time with another mouse, and preference for social
novelty, including the ability to discriminate and choose between familiar and new mice. Driven
by their exploratory drive, mice have natural preference for novel individuals. The social behavior
apparatus is a rectangular, three-chambered plexiglass box with retractable doorways connecting
the three compartments. The two compartments on the side each contain a holding cup. The cups
are 11 cm high, composed of a solid 10.5 cm diameter bottom and stainless steel bars spaced at
1 cm intervals. The cups allowed non-aggressive tactile interaction and olfactory communication.
The chambers of the apparatus were cleaned with water, then 70% ethanol, and dried with paper

towels between each trial. The test was performed in a quiet room with light set to 100 lux.

The testing procedure consisted of three chronological phases: habituation, sociability, and social
novelty. In the habituation phase the test mouse was first placed into the middle chamber and
allowed to explore all three chambers freely for 10 minutes. During the habituation phase the
holding cups in the two side chambers were empty. Ethovision XT was used to track the test
mouse. At the end of the 10 min trial period, the test mouse was returned to its home cage. In the
sociability phase an age and gender matched novel C57BL/6J mouse (raised in a different
facility) was placed into one of the holding cups. The placement of the first novel mouse was
randomized and equally distributed between the two holding cups. The test mouse was then
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placed into the middle chamber and allowed to explore all three chambers freely for 10 minutes.
Ethovision XT was used for tracking of the mice and data analysis. Sociability was quantified as
the amount of time the test mice spent in proximity (i.e., inside the interaction zone within 5-cm
radius of the holding cup) to the holding cup containing the first novel mouse versus the empty
holding cup. In the social novelty phase, a second age and gender matched novel mouse was
added into the holding cup that was empty during the sociability phase. The test mouse was then
placed into the center chamber and allowed to explore all three chambers freely for 10 minutes.
The test mouse’s preference for social novelty was quantified by measuring time spent in the
interaction zone near the second novel mouse versus time spent in the interaction zone near the

familiar mouse.

2.2.8 Catwalk

CatWalk XT (Noldus Information Technology) was used to assess locomotion and gait. The
CatWalk XT walkway consisted of a black tunnel with glass walkway on which a mouse traverses
from one side of the glass plate to the other side. LED light is completely internally reflected inside
of the glass runway, except in areas where the animal makes contact with the glass surface. A
high speed camera mounted directly underneath the glass walkway recorded the walking pattern
and sent the videorecording to a computer for analysis using CatWalk XT software. The
experiment was performed in a quiet and darkened room, with red light. To eliminate interrupted
runs due to excretion and vertical exploratory behaviors, runs that took more than three seconds
to complete a total distance of 40 cm were ruled out. Three compliant runs were collected for
each mouse. Mean and SEM of the regularity index value (% of total footsteps that fall into a

pattern) were plotted for the four experimental groups.

2.2.9 Rotarod
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Motor coordination was assessed using the rotarod test. The rotarod apparatus from Med
Associates Inc. was composed of a rotating rod 3.2 cm in shaft diameter, 5.7 cm in lane width,
with five lanes separated by dividers 24.8 cm in height. When the mouse falls off the rotating drum,
it breaks a photobeam, installed at the bottom of each lane, to automatically record the amount
of time spent on the drum. All subjects were trained for 1 minute at 4 RPM before the onset of
testing. After the training session, the mice were returned back to their home cage to rest for 5
minutes. The rotarod was then set to accelerate from 3.5 to 35 RPM over a 5-min period for each
trial. A total of five trials were collected for each mouse, with 5 minutes of rest between trials.
Latency of falling from the rotarod was recorded. If the subject remained on the rotarod for the

entire duration of the trial (5 minutes) the maximum cutoff time was recorded.

2.2.10 Grip Strength

Grip strength was measured with a digital force gauge (Chatillon & Sons) positioned horizontally
with a metal grasping bar or mesh. The mouse was gently restrained by the tail, and allowed to
grasp the bar with its four limbs, then was steadily pulled (~1 inch/sec) away from the grasping
bar or mesh until the grip was broken. Three successive readings were taken for each mouse,

with 2 minutes inter-trial interval.

2.2.11 Pre-Pulse Inhibition

To measure acoustic startle response and to assess how pre-pulse stimuli mitigate the startle

response, the SR-Lab Prepulse system from San Diego Instruments was used.

The mouse was placed into a small cylindrical chamber (4 cm diameter, 10 cm length) that was
small enough to restrict movement, but large enough that the animal could still turn around within
it. The chamber was attached to a plexiglass platform that has a piezoelectric sensor mounted to
the bottom. This sensor measures the startle response to stimulus and sends a signal out to a

computer to record the data. This platform is placed in a soundproofed box with a 2" speaker
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mounted 15 cm above the cylindrical animal enclosure. The speaker is attached to the computer,
which is programmed to generate tones of varying volumes. Animals were placed into the
enclosure and allowed to habituate for 5 minutes while a background noise of 70 dB was produced.
Over the next 10-15 mm, 20-50 startling stimuli were presented through the speaker. These
stimuli consisted of three types: 1) pulse alone: 40 ms at 120 dB; 2) prepulse: 40 ms of prepulse
(2-10 dB over the background 70 dB) followed by a 40 ms pulse at 120 dB: and 3) no pulse: 40
ms of background sound (70 dB). These trials were presented in random order with 5-30 sec
between pulses (average intertrial interval was 15 sec). Both magnitude and delay of the startle

response were measured.
2.2.12 Morris Water Maze

This test evaluates spatial learning. The mouse was placed in a circular pool of water (120 cm
diameter, 25 cm deep) maintained at room temperature and made opaque by the addition of white
tempera paint. Visual cues (4A sized printouts of various shapes such as square, circle, star etc.)
were posted on the wall around the pool. Throughout the training process mice learn to use the
visual cues as reference for the location of submerged platform. In each trial the mouse was
allowed 60 seconds to locate the submerged platform. Ten seconds after locating the platform,
the mouse was removed, dried off and placed under a warm incandescent bulb. If the mouse did
not locate the platform after 60 seconds, a researcher gently guided the mouse on to the platform
for 10 seconds before removing and drying the mouse as described above. The latency to locate
the platform, as well as videorecording of the mouse during the entire trial, was measured. Further
analysis of video tracking results provided additional measurements, such as distance travelled
before reaching platform, travel speed, and percentage of time (out of 60 seconds) spent in the
guadrant containing the platform. For each test subject the trial was repeated 3 times per day with
30 minutes inter-trial period, for 6 days. On the 7" day the platform was removed and the subjects

were tested for retention 3 times, with a 30 min inter-trial period. To test for reversal learning, the
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platform was then moved to the opposite side of the tank, and testing was carried out as described
before, from day 8 to day 13. At the end of testing on day 13, the platform was made visible and
mice were tested once again for delay to reach platform; this control trial allowed researchers to

identify motivation issues which could confound the results.

2.3 Results

The findings from this pilot study focused on assessing baseline behavioral effects due to
prenatal-only exposure (EO-E18) of DE at the level of 250-300 pug/m3 particulate concentration.
Prenatal exposure at this level of DE did not have significant effects on locomotor activity, motor
balance, anxiety, startle response, gait, spatial learning and memory, reversal learning, or muscle
strength. Given that several epidemiological studies have indicated that the third trimester of
pregnancy appears to be the most susceptible to the effects of TRAP, we decided to extend the
exposure period in subsequent experiments from prenatal only exposure (EO to E18) to prenatal
and early life exposure (EO to PND21), as in the mouse, brain development corresponding to the
third trimester of pregnancy occurs early postnatally.In the following chapter behavioral findings

from prenatal and early life exposure to DE are described.
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2.3.1 Phenolab
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Fig. 2.2 Phenolab Results

A. Difference between FA and DE males in the first 3 hour was not significant. For the most part,
there were no differences in activity between FA-treated males (FA M) and DE-treated males (DE
M). However, right before the end of first dark cycle (18hr), DE Mshowed a significant increase
in locomotor activity compared to FA M (P<0.001). Statistical method: 2 way-ANOVA matched by
column (each row is a different time point) with Bonferroni posttest. B. No differences in activity

level were found in females due to DE exposure. N= 5-6
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2.3.2 Cat Walk
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Fig. 2.3 Cat Walk

Mean and SEM of the regularity index value (% of total footsteps that fall into a pattern) were
plotted for the four experimental groups: DE M (n=12), DE F (n=14), FA M (n=12), FA F (n=10).

No significant differences were found due to DE exposure or sex of mice.
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2.3.3 Elevated Plus Maze
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Fig. 2.4 Elevated Plus Maze

Subjects from all four experimental groups (DE M n=17, DE F n=16, FA M n=13, FA F n=11) were
tested on Elevated Plus Maze for anxiety related behavior. Prenatal DE exposure did not have

any significant effects on time spent in the open or closed arms.
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2.3.4 Rotarod
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Fig 2.5 Rotarod

Subjects from all four experimental groups (DE M n=17, DE F n=16, FA M n=13, FA F n=11) were

tested on the accelerating rotarod to test for gait coordination. Prenatal DE exposure did not have

any significant effect on latency to fall from the rotating rod.
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2.3.5 Grip Strength

0.20-
Cd FA
—
=4
@ 0.104
7y
2 0.05-
O]
0.00 T T
e )
> >
A\ QQ&
Gender

Fig 2.6. Grip Strength

Grip strength for all four paws was tested in all four experimental groups (DE M n=12, DE F n=12,

FA M n=9, FA F n=9) and combined measurements are plotted as mean +/- SEM. DE exposure

did not have any significant effects on grip strength.
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2.3.6 Morris Water Maze
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Fig 2.7 Morris Water Maze

Subjects in all four experimental groups (FA M n=8, DE M n=5, FA F n=8, DE F n=4) were
subjected to the following training schedule: training phase (6 days) >> probe phase (1 day) >>
reversal phase (6 days) in the Morris Water Maze, as a test for spatial learning and memory, as
well as repetitive / persistent behaviors in the reversal phase. No statistically significant
differences were found between DE and FA groups in time required to find the platform during

training (D) or reversal (F) phases, or in retention of the original platform location (E).
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2.3.7 Pre-Pulse Inhibition
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Fig 2.8 Pre-Pulse Inhibition

Startle response from all four experimental groups (FA M n=9, DE M n=11, FA F n=11, DE F
n=10) following various pulse stimuli were plotted as % PPI (pulse alone versus pre-pulses at
68dB, 71dB or 77dB given shortly before presentation of pulse). DE exposure did not have any

significant effects on startle amplitude, startle latency (not shown) or PPI.
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2.3.8 Three Chambered Social Preference Test
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Fig 2.9 Three Chambered Social Preference Test

A. Male mice exposed to either diesel exhaust (DE; n=14) or filter air control (FA; n=8) from EO
to E18 spent significantly more time in the chamber containing age and gender matched novel
mice compared to the chamber containing an empty wire cage (Two-way ANOVA with Bonferroni
posttest p<0.01, p<0.001). There were no significant differences between the DE-exposed mice
and the FA-exposed mice. B. Female mice exposed to DE or FA (DE; n=12, FA; n=10) spent
significantly more time in chamber containing age and gender matched novel mice than in
chamber containing empty wire cage (Two-way ANOVA with Bonferroni posttest p<0.01, p<0.001).
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There were no significant differences between the DE-exposed mice and the FA-exposed mice.
C,D No significant difference in ability to differentiate social novelty were found due to DE

exposure in mice of either sex. Each column represents mean = S.E.M.
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Chapter 3

PRENATAL AND EARLY-LIFE DIESEL EXHAUST EXPOSURE

CAUSES AUTISM-LIKE BEHAVIORAL CHANGES IN MICE

3.1 Introduction

Autism spectrum disorder (ASD) represent a heterogeneous group of disorders characterized by
three behavioral domains: difficulties in social interactions, issues with verbal and nonverbal
communication, and repetitive behaviors (Autism Speaks Webpage, 2013). According to a 2010
survey by the U.S. Centers for Disease Control and Prevention, autism prevalence has been
reported to be 1 in 68 children in the United States, indicating a ten-fold increase in the past 40
years. Only a small subgroup of ASD cases can be attributed to genetics alone (Torre-Ubieta et
al.,2016), and environmental factors are believed to contribute substantially to ASD etiology.
Increased ASD risk has been associated with various environmental exposures such as air
pollution, heavy metals, organophosphorus insecticides, perinatal stress and infectious agents
(Allen et al., 2014; Becerra et al., 2013; Boksa, 2010; Careaga et al., 2017; Costa et al., 2015;
Kalkbrenner et al., 2014; Onore et al., 2014; Rossignol et al., 2014; Shelton et al., 2012; Volk et
al., 2013; Weber-Stadlbauer, 2017). Increasing prevalence in recent years could be attributed to
both broadening of diagnostic definition and increased exposure to environmental toxicants. An

epidemiological study conducted in California estimated that 26.4% of the increased autism
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prevalence can be attributed to change in diagnostic practices between 1992 and 2005 (King and
Bearman, 2009). Adding to the significance of environmental contribution to autism etiology, an
epidemiological study by Hallmayer et. al. (Hallmayer et al., 2011), looking at ASD association in
monozygotic and dizygotic twins, concluded that environmental components have a larger effect

than genetic components in predicting ASD outcome.

Traffic-related air pollution (TRAP) is a widespread environmental concern, especially in densely
populated areas such as Central America and South and East Asia (Pandis et al., 2014). High
exposure levels of particulate matter (PM >100 pg/m®) over extended periods have been
commonly experienced by populations living in these areas (Brook et al., 2010). Air pollution is a
mixture of several components, including gases, organic compounds, metals, and ambient PM.
The sources of particulate air pollution, and hence its composition, can vary greatly from region
to region, and diesel exhaust (DE) is an important, but not the only, component. In urban areas
where traffic-related air pollution is of particular concern, a large proportion of utility vehicles
operate on diesel fuel, including vehicles used for public transportation or transportation of
commercial cargo, as well as many personal passenger vehicles. For example, at least 1/3 of the
total road transport fuel consumption in the United Kingdom between 2010 and 2012 was due to
consumption of diesel fuel (Khan and Gregory, 2014). In addition, data collected in 2010 in Mexico
City showed that diesel exhaust (DE) has been estimated to contribute >35% of ambient PM2.5
(Calderén-Garcidueias et al., 2015). It should be also mentioned that new filtration technologies
which are being increasingly utilized, significantly reduce the release of PM. However, such
measures may not be available or used in all parts of the world, leading to high PM2.5 levels from

DE and other sources.

Developmental exposure to TRAP has been associated with increased ASD risk in many recent

epidemiological studies conducted by research groups in North America and Europe (Becerra et
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al., 2013; Guxens et al., 2016; Roberts et al., 2013; Suades-Gonzalez et al., 2015; Volk et al.,
2013, 2011). Two studies by Volk et. al. (Volk et al., 2013, 2011) reported that children exposed
to higher levels of TRAP due to residential proximity to busy roadways are at a higher risk of
developing ASD. Another study by Roberts et al. (Roberts et al., 2013) also reported increased
ASD risk with diesel particulate exposure. Similarly, increased ASD risk with TRAP has also been
reported in populations in Taiwan and in Pennsylvania (Jung et al., 2013; Talbott et al., 2015).
Epidemiological studies conducted as part of the Nurses’ Health Study Il Cohort revealed the
strongest association between ASD risk and TRAP when exposure occurred during late gestation
and the neonatal period (Raz et al., 2014; Raz et al., 2017; Volk et al., 2013, 2011). The third
trimester brain growth spurt has been identified as a particularly vulnerable period of brain
development in studies focused on developmental neurotoxicity of alcohol. In rodent models
hippocampal seizures, depression, and persistent cognition effects were found when ethanol
exposure occurred during this peak period of brain growth (Bonthius et al., 2001; Xu et al., 2018).
On arelated note, air pollution exposure has been shown to cause a decrease in cortical thickness
and lateral ventricular size in rodent models (Allen et al., 2014; Bolton et al., 2017), suggesting
that this period of intense brain growth in the third trimester may be an important window of
vulnerability for neurodevelopmental toxicity related to TRAP as well. In rodents, this window of
particularly robust brain growth extends into the postnatal period (Ikonomidou, 2010; Semplea et

al., 2013).

The few available animal studies also suggest a connection between developmental exposure to
air pollution and ASD. Mice exposed developmentally to high levels of DE particles exhibited
altered behavioral phenotypes, including effects on locomotor activity and repetitive behaviors
(Thirtamara et al., 2013). Mice exposed perinatally to ultrafine ambient particles exhibited
repetitive and impulsive behaviors, as well as ventriculomegaly, a brain structural morphological

change also reported in some ASD patients (Allen et al., 2016, 2014). Additionally, prenatal
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exposure of mice to low levels of DE or DE particles have been shown to result in altered
locomotor activity (Suzuki et al., 2010). While epidemiological studies suggest an association
between elevated air pollution and ASD, it is difficult to control for several potential confounders,
and controlled-exposure animal studies have so far provided information only on a subset of
autism related behavior phenotypes. The purpose of the present study was to conduct a more
thorough evaluation of ASD-related behavioral endpoints, upon developmental exposure of mice

to environmentally-relevant levels of DE under a controlled exposure setting.

3.2 Methods

3.2.1 Animals and Overall Study Design

All animal experiments were approved by the University of Washington Institutional Animal Care
and Use Committee, and performed according to the National Research Council Guide for the
Care and Use of Laboratory Animals, as adopted by the National Institutes of Health. C57BL/6J
mice of both sexes (Jackson Laboratory, Bar Harbor, ME) were housed in University of
Washington centralized vivaria under specific pathogen free (SPF) conditions, on a 12 hour
light/dark cycle. Mice were housed in Allentown housing racks using 42cm (L) X 42cm (W) X
20cm (H) acrylic cages supplied with water bottles, food hoppers, cotton nestlets, and acrylic huts.
Air (HEPA-filtered room air or diluted DE as described below) was provided to individual cages
via the air circulation system in the Allentown racks. Before and during pregnancy and throughout
the preweaning period, mice were provided with breeder chow (Picolab irradiated mouse diet
5085; Labdiet, St. Louis, MO). After weaning, mice were provided with standard rodent chow
(Picolab irradiated rodent diet 5053; Labdiet, St. Louis, MO). Before the onset of the experiments,
mice were acclimated for at least one week, with daily handling, to the vivarium at the UW

Controlled Exposure Laboratory’s Northlake Diesel Facility.
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The overall study design, including the exposure and behavioral testing timelines is shown in Fig.
3.1. Pregnant dams and pups were exposed to DE (250-300 pg/m?® PM concentration) for 6 hours
per day and five days per week (Monday — Friday) from embryonic day 0 (EO) to postnatal day
(PND) 21, as detailed below. The exposure period was based on epidemiological studies in
humans showing that traffic-related air pollution exposure during all three trimesters of pregnancy
and during the first 9 months of infants’ life is associated with increased ASD risk (Guxens et al.,
2016; Raz et al., 2017; Volk et al., 2011; Volk et al., 2013). The exposure duration was designed
to cover key neurodevelopmental events happening during this window of susceptibility, which in
mice equates to the period from EO to PND21 (Semplea et al., 2013). For exposure of pregnant
dams and pups, female mice (10-13 wk-old) were time-mated with males (3 females per breeding
cage) on Sunday evenings, and vaginal plugs were checked the next morning before the Monday
onset of the weekly exposures. Mice with confirmed vaginal plugs were removed from the
breeding cage on EO (on the morning of vaginal plug confirmation) and housed individually in
cages in either the FA or DE housing racks for the duration of pregnancy, parturition, and until
weaning of the litter. The use of Sunday timed mating ensured that EO always occurred on a
Monday, and that parturition (PNDQ) would occur on a Saturday or Sunday. This ensured the
same developmental exposure periods for all mice (i.e., all dams were exposed on the same
gestational days: EO-4, E7-11, & E14-18), and that DE exposure would not occur while mice were
giving birth. On PND3, litters were culled to 5 pups, with two male and two female pups from each
litter selected randomly for behavioral testing. Excess pups were euthanized by decapitation on
PND3, and runts (weight >15% lighter than their litter mates) were excluded from the study. Mice
for behavioral testing were tattoo-marked on their paw pads on PND3, and were weighed
individually each day throughout the preweaning period. On PND21, after the last DE exposure,
mice were weaned and transferred to standard Allentown housing racks (two same-sex mice per
cage) for the duration of the post-weaning behavioral testing period.

3.2.2 Diesel Exhaust (DE) Exposures
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DE exposures were carried out in the UW Controlled Exposure Laboratory’s Northlake Diesel
Facility (Fox et al., 2015; Gould et al., 2008). DE was generated from a single-cylinder Yanmar
diesel generator engine (YDG5500), fueled with standard highway-grade number 2 diesel fuel
obtained from local fuel distributors, and operated under ~70% electrical load. DE passed from
the generator exhaust through a two-step dilution system, with continuous dynamic control of the
fine particulate matter (PM2.5) concentration, allowing maintenance of a constant exposure level
at 250-300 ug/m® PM monitored with an in-cage nephelometer. Diluted DE was delivered through
a ductwork system to the air intake of an Allentown mouse housing rack, which distributed the
diluted DE evenly to all of the cages in the rack. Control mice were exposed to filtered air (FA) in
a separate Allentown housing rack located in the same facility, which supplied HEPA-filtered room
air to the cages via its ventilation system. Chemical composition and patrticle size characterization
of the DE generated in this facility has been described previously in detail (Fox et al., 2015; Weldy
etal., 2013; Yin et al., 2013). Briefly, under identical conditions to those used in the current study,
particle size characterization, as measured by gravimetric analysis using a micro orifice uniform
deposit impactor (MOUDI) demonstrated a median diameter for in-cage particles of 77 nm, while
the count median diameter was 87 nm, indicating a large portion of DE particles in the ultrafine
size range (Yin et al.,, 2013). The mass fraction of particle-bound poly-cyclic aromatic
hydrocarbons (PAH) was 20 ng/ug PM2.5, with a ratio of organic carbon to elemental carbon
mass concentration of 0.10. Under these conditions, the concentrations of oxides of nitrogen in
the DE were 1800 ppb NOx and 60 ppb NO,, carbon monoxide concentration was 2 ppm, and
carbon dioxide concentration was 1000 ppm. Additional characterization of the elemental content
of the DE is described in Fox et al. 2014, Weldy et al. 2013, and Yin et al. 2013 (Fox et al., 2015;
Weldy et al., 2013; Yin et al., 2013). DE exposures for the current study were performed under
identical conditions, and real-time particle concentrations were measured continuously using an
in-cage nephelometer, with fine-tuning of the exposure level throughout each exposure by manual
adjustment of the electrical load (2.0 — 2.5 Kw) and/or air flow.
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3.2.3 Behavioral Testing

Behavioral tests were selected based on relevance to the three diagnostic domains of autism
spectrum disorder (Chang et al., 2017). Deficit in social interaction was assessed by the social
preference test and reciprocal interaction test. Vocal and olfactory communication deficits were
assessed by neonatal ultrasonic vocalization (USV) recording, and by the olfactory habituation
test. Persistent/repetitive behavior was assessed by the marble burying test and the T-maze
spontaneous alternation test. To avoid interference associated with multiple testing, animals
undergoing behavioral tests were separated into two testing groups as shown in Fig. 3.1: one
male and one female from each litter were randomly assigned to each of the two behavioral testing
groups, and subsequent tests performed on the same subjects were separated by at least one
week. To assess pregnancy outcome, litter size, sex distribution and duration of pregnancy were
recorded for each litter. Pre-weaning assessments, including righting reflex, neonatal USVs and
body weights were recorded starting from PND4. Post-weaning behavioral testing was conducted
beginning at 6 weeks of age, using the same animals tested during the pre-weaning period. At
the conclusion of behavioral testing (10-wk), mice were euthanized by CO2 asphyxiation followed

by cervical dislocation.

Maternal behavior was scored from PNDO to PND2, once per day for 30-min, between 6:00 —

10:00 AM. During each scoring session, behaviors such as eating, drinking, pup grooming, arch-
back feeding, blanket feeding, nest building, digging, and rearing were scored every minute. The
maternal behavior was stratified into behaviors that were related to pup care (feeding, pup
grooming, nest building) and behaviors that were not related to pup care (eating, drinking, self-
grooming, rearing). Quality of pup care was quantified as the percentage of time the dam spent

on activities relating to pup care during the 30 min scoring session.
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Righting reflex was measured on PND4-9 and PND12; the pups were placed on a flat clean paper
towel dorsal side down, and latency to resume righting position (all four paws on the ground) was
measured. Each trial was allowed a maximum of 30 sec to complete. Mice acquiring the reflex

were retested on all subsequent days.

Open field test. Each mouse was placed into a clean 42cm (L) X 42cm (W) X 20cm (H) acrylic

cage with no bedding for 30 min and was video-recorded (Microsoft LifeCam HD-6000). Locations
of subjects were tracked with Ethovision XT 11 (Noldus Information Technology, Leesburg, VA -
USA) to assess anxiety response in a novel environment. Time spent in the periphery area
(thigmotaxis) versus center area (20 X 20 cm) was measured automatically by the Ethovision

software.

Social preference test. The social preference test was conducted using a three chambered social

approach apparatus, a clear acrylic box consisting of three same-sized chambers (20 cm x 40 cm
x 22 cm) with small openings in the dividing walls that allowed the subject to access all three
chambers without restriction. A metal-wire holding cup for the novel and familiar mice was placed
in each of the side chambers. The testing procedure consisted of three chronological phases:
habituation, sociability, and social novelty (Chang et al., 2017). Supplemental Fig. 3.1 illustrates
the arena setup for the sociability and social novelty phases. In the habituation phase the test
mouse was placed into the middle chamber and allowed to explore all three chambers freely for
10 min. In the sociability phase, an age- and gender-matched novel C57BL/6J mouse was placed
into one of the holding cups. Sociability was quantified as the amount of time the test mouse spent
in proximity (inside of the interaction zone, within a 5 cm radius from the holding cup) to the holding
cup containing the first novel mouse versus the time spent in proximity to the empty holding cup.
In the social novelty phase, a second age- and gender-matched novel mouse was added into the

holding cup that had been empty during the sociability phase. The preference of the test mouse
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for social novelty was quantified by measuring time spent in the interaction zone near the second

novel mouse versus time spent in the interaction zone near the now-familiar mouse.

Reciprocal Interaction between the test subject and an age- and sex-matched socially naive

C57BL/6J stimulus partner was assessed (Chang et al., 2017). Test and naive mice were
individually housed for an hour before being introduced to each other in a clean standard housing
cage for 10 min. A Microsoft LifeCam HD-6000 camera was used for video recording. Total social
contact, including sniffing (nose—nose, anogenital, body), push—play behavior, following, rearing,

and huddling was scored manually by a researcher blinded to the experimental groups.

Olfactory habituation to social odors. For olfactory communication, sniffing response toward

different olfactory cues with and without social valence was assessed (Chang et al., 2017). Mice
were housed individually for an hour before testing began. Olfactory cues were prepared in the
following concentrations: distilled water, almond extract (McCormick, Hunt Valley, MD; 1:100
dilution), banana flavoring (McCormick, Hunt Valley, MD; 1:100 dilution), pooled male urine (from
age-matched C57BL/6J mice at 1:100 dilution), and pooled female urine (from age-matched
C57BL/6J mice at 1:100 dilution). For presentation, 10 pl of olfactory stimuli were applied onto
filter paper taped inside of polystyrene weigh boats (VWR, Radnor, PA; 4.1 x 4.1 x 0.8 cm) and
placed on top of the wire cage-top for 2 min before replacing with the next olfactory stimulus.
During each 2 min presentation period, test-mouse behavior was video-recorded (Microsoft,
LifeCam HD-6000). Number of sniffs and duration of sniffs were scored manually from the video-

recording by two different researchers who were blinded to the treatment groups.

Neonatal isolation-induced ultrasonic vocalization. To assess neonatal vocal communication,

ultrasonic vocalizations (USV) were recorded for 5 min from PND6 mice isolated from their dam
and littermates inside of a 250 ml glass beaker and surrounded by a sound-attenuating box, with
an electrical heating pad (Sunbeam 731-500) maintaining temperature at 22-25°C. USVs were
recorded with the UltraVox system from Noldus Information Technology (Leesburg, VA, USA).
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Frequency and duration of calls were quantified in ten call categories: 1) complex, 2) two-
components, 3) upward, 4) downward, 5) chevron, 6) short, 7) composite, 8) frequency-steps, 9)
flat, and 10) unstructured calls, as shown in Supplemental Fig. 3.3, using the UltraVox software
provided by Noldus inc. (Leesburg, VA, USA). Characteristic criteria for each call category are

described in Scattoni et al., 2009 (Scattoni et al., 2009).

Marble burying test. Repetitive digging was assessed by placing the mouse into a clean standard

sized housing cage (484 sg. cm) filled with shaved aspen bedding 5 cm in depth then topped with
12 marbles (1.58 cm in diameter ) evenly spaced in a 3 X 4 grid. A clear acrylic ceiling with
ventilation holes was used to prevent mice from climbing out of the cage during testing. Digging
activity was video-recorded for 30 min (Microsoft, LifeCam HD-6000); number of buried marbles
(>2/3rd covered) were scored every 5 min from video footage by a researcher blinded to exposure
(Chang et al., 2017). The cage and acrylic ceiling were cleaned with 70% ethanol then refilled
with new bedding material; marbles were washed with soap, rinsed with water and 70% ethanol

and dried for subsequent trials.

T maze spontaneous alternation test. To assess repetitive behaviors and/or working memory,

each subject was placed into a T-shaped maze (consisting of three black plexiglass 30 X10 cm
arms joined by a 10 X 10 cm center) with the nose pointing away from the center, and was allowed
to choose between right and left goal arms throughout a 15-trial session. Once a mouse entered
a particular goal arm, it was restricted in that goal arm for 30 sec before being returned back to
the starting position for the next trial of testing. Subjects that failed to enter a goal arm within 2
min were disqualified from testing. The whole testing procedure was video recorded (Microsoft,
LifeCam HD-6000) and scored manually. Spontaneous alternation rate was calculated as the ratio

between the alternating choices and total number of choices (Chang et al., 2017).

3.2.4 Statistical Analysis
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Statistical analyses were performed using GraphPad Prism software (GraphPad Software Inc.,
La Jolla, CA). For most measures, statistical significance was determined by two-way ANOVA
using exposure and sex as independent variables, with the Bonferroni correction for multiple
comparisons. For the marble burying test, statistical significance was determined by two-way
ANOVA with repeated measures, using the Bonferroni correction. For the olfactory habituation
test, differences in the initial responses to odor presentation were analyzed by two-way ANOVA
with Bonferroni correction, whereas habituation (i.e., the decrease in response with repeated
presentation of the olfactory cue) was determined for each of the four groups (DE male, FA male,
DE female, FA female) by one-way ANOVA with repeated measures, using Dunn’s test for
multiple comparisons. For the three chambered social preference test, time spent in the ‘N1’
versus ‘empty’ chambers (for the social approach phase) or ‘N1’ versus ‘N2’ chambers (for the
social novelty phase) were compared within each of the four groups by one-way ANOVA with the
Bonferroni correction. Values of p<0.05 were considered statistically significant. Results are

expressed as the mean £ SEM.

3.3 Results

3.3.1 The effect of diesel exhaust on preghancy outcome and pre-weaning behaviors

For this study 13 FA- and 14 DE-exposed litters were generated over 12 overlapping exposure
cohorts. Both DE- and FA- exposed pups were born in similar litter size and sex ratio (Fig. 3.2A).
There were no significant differences in pup weights (Fig. 3.2B), and the appearance of the
righting reflex was the same for both DE- and FA-exposed pups (Fig. 3.2C, 3.2D). Monitoring
maternal behavior at PNDO-2 revealed no significant differences in time spent on pup-care

activities such as grooming, nursing, and nest building between dams exposed to DE or FA (Fig.
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3.3). Inthe open field test (Supplemental Fig. 3.2A, 3.2B), no significant differences were found

in locomotor activity or thigmotaxis, a possible indicator of anxiety and/or exploratory drive.

3.3.2 The effect of diesel exhaust on social behavior

In the social preference test, sociability and the ability to detect and remember social novelty were

assessed using a three-chambered social approach apparatus. In the sociability phase, DE- and
FA-exposed mice of both sexes demonstrated a significant preference for spending time in the
chamber containing the novel mouse, compared to the empty chamber (Fig. 3.4A). The ability to
differentiate social novelty was assessed by measuring time spent in the chamber containing a
second novel mouse (N2) vs. time spent in the chamber containing the now-familiar mouse (N1).
DE-exposed female mice showed no preference between the novel and familiar mice, whereas
DE-exposed males and FA-exposed mice of both sexes demonstrated a clear preference for the

novel mouse compared to the familiar mouse (Fig. 3.4B).

The reciprocal interaction test allows assessment of intrinsic social behavior with an age- and

sex-matched social partner in an unrestricted setting. During the 10-min interaction period, DE-
exposed males spent significantly less time on interactive sniffing with the novel social partner,
as compared to FA-exposed males (Fig. 3.5). No differences were found in interactive sniffing
between DE-exposed and FA-exposed females; there was a tendency towards decreased

interactive sniffing in the DE-exposed females, but the difference was not statistically significant.

3.3.3 The effect of diesel exhaust on communication

Vocal communication was assessed by recording isolation-induced neonatal ultrasonic

vocalizations (USV) at PND6. DE-exposed males emitted significantly fewer USV calls compared

to FA-exposed males (Fig. 3.6A). DE-exposed females also tended to emit fewer USV calls than
FA-exposed females, but the difference was not statistically significant (Fig. 3.6A). USVs were
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also categorized into nine USV categories as described by Scattoni et. al. (Scattoni et al., 2008)
(see Supplemental Fig. 3.3 for examples of each call category from the current study). Since the
number of calls in specific USV categories could be confounded by inter-individual differences in
the total number of calls, the number of calls from each USV category was normalized to the total
number of calls emitted by the same subject (number of calls emitted by each pup in specific USV
category/total number of USV calls). DE-exposed mice of both sexes emitted significantly fewer
‘frequency-step’ calls compared to the FA-exposed mice (Fig. 3.6B). DE-exposed males and
females also emitted significantly more ‘unstructured’ calls compared to the FA-exposed mice
(Fig. 3.6C). Increased emission of unstructured USV calls has also been reported in genetic

mouse models of autism (Ey et al., 2013; Scattoni et al., 2011).

In the olfactory habituation test (Fig. 3.7A, 3.7B), olfactory communication was assessed by

guantifying sniffing responses elicited by repeated presentations of two non-social olfactory cues
(almond and banana) and a social olfactory cue (sex-matched urine). During the first presentation
of same-sex urine, DE-exposed female mice (Fig. 3.7B), but not males (Fig. 3.7A), showed a
significant decrease in sniffing response compared to the FA-exposed animals. A habituation
response in the olfactory test was reflected as a decreasing level of interest in subsequent
repeated presentations of the same odor. Repeated presentation of non-social olfactory cues
elicited a significant habituation response in all experimental groups, as expected, indicating
unaffected olfactory function in the DE-exposed mice (Fig. 3.7A, B). DE-exposed mice of both
sexes failed to habituate to the repeated presentation of same-sex urine, whereas FA-exposed

males and females showed a significant habituation response (Fig. 3.7A, B).

3.3.4 The effect of diesel exhaust on repetitive behavior

In the T-maze spontaneous alternation test (Fig. 3.8), the number of repeated entries into the

same goal arm by each mouse was scored as a measurement of repetitive behavior over 15 trials.
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DE-exposed mice of both sexes exhibited a significant increase in the number of repeated entries
compared to FA-exposed mice of the same sex (Fig. 3.8). Mice that failed to choose a goal arm
within the 2-min trial period were retested at a later time, and were removed from the test if they
failed to choose a goal arm on the subsequent trial. A total of 6 mice (1 FA male, 2 FA females,

and 3 DE females) were excluded using this criterion.

The marble burying test (Fig. 3.9A, 3.9B) also demonstrated increased repetitive behavior

associated with developmental DE exposure. For this test, the number of buried marbles was
counted over a 5-min period as a proxy measurement for repetitive digging. In both sexes, DE-
exposed mice buried more marbles than FA-exposed control mice of the same sex (Fig. 3.9A,

3.9B).

3.4 Discussion

To our knowledge, this is the first detailed and comprehensive assessment of behavioral
phenotypes relevant to all three characteristic domains of autism (difficulties in social interaction,
communication deficiency, and increased repetitive behaviors) in mice exposed developmentally
to an environmentally relevant level of DE (250-300 ug/m?).The level of DE exposure used in the
current study falls into the “very unhealthy” and “hazardous” air quality index (AQI) categories
(U.S. Environmental Protection Agency, 2015). These levels are not uncommon in cities such as
Beijing, New Delhi, and Mexico City. Based on air quality data collected between April 2008 and
March 2014 from a monitor installed at the U.S. Embassy in Beijing, air quality fell within the range
of our exposure level about 20% of the total 2,028 days surveyed (Ma, Wayne and Chen, 2014).
Satellite monitoring data revealed that populations in some cities in South and Southeast Asia
have been receiving prolonged exposure of >100 ug/m?*of PM2.5 (Shi et al., 2018; van Donkelaar

et al., 2014).
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Quiality of maternal care has been known to have long-lasting effects on pup behavior; specifically,
maternal neglect has been shown to lead to increased anxiety and hyperactivity behaviors
(George et al., 2010). The interpretation of behavioral testing results could be confounded by
differences in locomotor activity, anxiety response, and other factors that may arise from these or
other developmental defects. To assess the effects of DE exposure on maternal care behavior
and subsequent consequence on pup anxiety, maternal care behavior and pup behavior in the
open field test were assessed. No differences were observed in quality of maternal care or pup
anxiety in the open field. Litter size, sex distribution, and pup weights did not differ between DE-
and FA-exposed mice. Righting reflex also showed no differences between DE-exposed and FA-
exposed animals. Altogether, these findings suggest that locomotor activity, anxiety / exploratory
drive, and developmental deficits due to the maternal care environment played a minimal role, if

any, in confounding the interpretation of behavioral testing results.

To assess the sociability domain, the three-chambered social preference test and the reciprocal
interaction test were conducted. Exposure to DE did not affect sociability in the three chambered
social preference test, as indicated by the preference of both DE-exposed mice and FA-exposed
mice for the novel mouse over the empty chamber. However, in the social novelty phase, DE-
exposed females showed no preference when presented with a choice between the novel and
familiar mice, suggesting inability to differentiate social novelty. Inability in differentiating social
novelty has also been reported in C3H/HeJ, AKR/J, A/J, and 129S1/SvimJ mouse strains, which
have been reported to exhibit autism-like behavioral traits (Kim et al., 2017; Moy et al., 2007).
Related to the fact that autism is a spectrum of disorders with a wide range of variation in severity
and type of behavioral traits, we suspect that the inability to differentiate social novelty but not
social preference, as shown in DE- exposed females represents a more subtle but specific type
of social deficit with recognizable functional implications. In the reciprocal interaction test, DE-
exposed males exhibited significantly decreased social sniffing behaviors compared to FA-
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exposed males, and females showed a similar trend, though it was not statistically significant.
Decreased male—male social sniffing has also been reported in the BTBR mouse strain and in
Shank3+/- transgenic mice, which are considered good mouse models of ASD (Bozdagi et al.,
2010; Scattoni et al., 2013). Our results with these two tests suggest the presence of sex
differences in the effect of DE on specific types of social behavior. While DE-exposed females
exhibited a deficit in social novelty in the three-chambered social preference test, DE-exposed
males exhibited a more robust phenotype in the reciprocal interaction test, where they showed a
deficit in interactive sniffing episodes with same-sex mice. This difference in responding to social
contexts provided by the two tests can likely be attributed to innate behavioral differences

between male and female C57BL/6J mice.

For the communication domain, neonatal isolation-induced USVs and olfactory habituation were
used to assess vocal and olfactory communication, respectively. Mouse pups emit USVs with
frequency ranges from 30 to 90 kHz (Branchi et al., 2006). Neonatal vocal repertoires similar to
those observed in DE-exposed mice in the current study have also been detected in the reelin+/-
and the BTBR T+tf/J mouse models of ASD during the early developmental period (De Felice et
al., 2015; Ju et al., 2014; Kirsten et al., 2012; Romano et al., 2013; Scattoni et al., 2009, 2008).
DE-exposed male pups showed a significant decrease in the total number of emitted USV calls,
compared to FA males, and DE-exposed females showed a similar but not statistically-significant
trend. A decreased number of USV calls has also been reported in the maternal immune activation
(lipopolysaccharide treated) autism mouse model (Kirsten et al., 2012). Sonographic patterns
have been commonly analyzed in rodent models for detailed assessment of the types of calls
emitted (Brudzynski et al., 1999; Chang et al., 2017; Michetti et al., 2014; Scattoni et al., 2009,
2008, 2011). Nine call categories have been identified as the typical vocalization repertoire
(Brudzynski et al., 1999; Chang et al., 2017; De Felice et al., 2015; Michetti et al., 2014; Romano
et al., 2013; Scattoni et al., 2009, 2008, 2011; Wohra et al., 2013)(See also Supplemental Fig.
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3.3); DE-exposed males and females emitted fewer calls of the frequency-step call category
compared to FA-exposed mice. A similar shift in call-category preference has been reported in
genetic autism models, such as the BTBR T+tf/J and reelin mutant mouse (Michetti et al., 2014;
Scattoni et al., 2011), as well as mice exposed developmentally to chlorpyrifos (De Felice et al.,
2015). In the current study, there were also a greatly increased number of unstructured USV calls
in DE-exposed males and females. Unstructured calls are broken/deformed calls within the
mouse pup’s frequency range, but which could not be recognized to fall in any of the nine call
categories. Unstructured calls have also been reported in the BTBR T+tf/J mouse autism model
(Scattoni et al., 2011). While a large portion of the calls emitted by the DE-exposed mice in our
study were unstructured calls, a few FA-exposed mice also produced unstructured calls, though
they were very rare (1-2 unstructured calls in the 5 min recording session), and not all FA-exposed
mice emitted them. Since naive B6 females have also been reported to produce small numbers
of unstructured calls (Scattoni et al., 2011), unstructured calls in other published studies may have
been present but overlooked, due to their rarity in control animals. In future studies, measuring
unstructured USV calls could be a robust tool for assessing vocal communication deficits;
however, additional research is needed to confirm that unstructured calls reflect a true
communication deficit, as opposed to their representing an additional category of USV that is

used for a specific type of communication.

In the olfactory habituation test, olfactory responses toward repeated presentations of social and
non-social olfactory cues were measured; under typical situations, naive mice would show
decreasing interest with repeated presentations of the same scent, indicating habituation. The
olfactory habituation test is also commonly used to assess olfactory communication in various
autism mouse models (Bozdagi et al., 2010; Silverman et al., 2011; Silverman et al., 2010; Yang
et al., 2012). In our experiments, while mice from all experimental groups habituated to the
repeated presentation of the two non-social odors (banana, almond); only FA-exposed mice were
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able to habituate toward social odors (sex- and age-matched pooled urine). These findings
provide evidence that the inability of DE-exposed male and female mice to habituate to social
odors is not due to loss of olfactory function, since DE-exposed animals of both sexes were able

to habituate to non-social odors.

To assess the repetitive domain, the T-maze spontaneous alternation test and marble burying
test were conducted. The T-maze has been used frequently to assess hippocampal dependent
spatial memory under a variety of testing protocols (Crawley, 2012; Deacon and Rawlins, 2006;
Lainiola et al., 2014). In the T-maze spontaneous alternation protocol used in the current study,
mice were allowed to explore freely within the T-maze and repetitive behavior was assessed by
measuring repeated entries into the same goal arm in subsequent trials (Deacon and Rawlins,
2006; Favre et al., 2015; Kirsten et al., 2012; Wrenn et al., 2003). Our data showed significant
increases in the number of repeated entries by DE-exposed mice of both sexes, comparing to
FA-exposed control mice; this result is consistent with findings reported in the maternal immune
activation model and valproic acid-exposed model of autism (Favre et al., 2015; Kirsten et al.,
2012). Repeated arm entries in the T-maze might be interpreted as a deficit in spatial working
memory. However, our finding that repetitive behavior was also increased in the marble-burying
test suggests that the T-maze results are best interpreted as an increase in repetitive behavior.
The marble buying test has been used to assess repetitive behavior in rodent models of autism
as well as in models of obsessive-compulsive disorder (Amodeo et al., 2012; Angoa-Pérez et al.,
2013; Deacon, 2006; Moy et al., 2014; Reiner et al., 2016; Wurzman et al., 2015). In the marble
buying test, evenly spaced marbles serve as a proxy measurement for repetitive digging behavior;
with increased repetitive digging more marbles will be buried. Our results show that DE-exposed
males and females buried marbles more quickly and buried more marbles in the 30 min testing

period, compared to FA-exposed control mice. As increased repetitive behavior in male and
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female DE-exposed mice were found in both of these independent tests, it is likely that

developmental DE exposure affects repetitive behavior.

Association between ASD related behavioral phenotypes and developmental ambient particulates
exposure have also been recently assessed in different rodent models. A study recent conducted
by Li et. al. (Li et al., 2017b) in Sprague-Dawley rats exposed by intranasal instillation to ambient
PM2.5 (2 or 20 mg/kg body weight) from PND 8 to 22, revealed decreased number of neonatal
USV calls and inability to differentiate social novelty in exposed rats, in agreement with our
findings. However, this study did not find deficits in social olfactory communication and increased
repetitive behaviors, at difference with what we found. While highlighting the importance of critical
windows of susceptibility during development, the differences between our findings and those of
Li et al.(2017b) suggest that exposure to a complex mixture of air pollution (such as DE) rather
than solely to ambient particulates, may represent a most relevant variable. Indeed, while several
studies have shown that particles may have neurotoxic properties (Hartz et al., 2008; Larner et
al., 2017; MohanKumar et al., 2008; Win-Shwe and Fujimaki, 2011), other components of DE may
contribute to its developmental neurotoxicity. Another recent study by Church et. al. (Church et
al., 2017) in B6C3F1 mice exposed to ambient PM2.5 (135.8 mg/m?) during the whole gestational
period and up to PND10 found a behavioral phenotype similar to what reported in the present

study, e.g. a decreased interactive sniffing response, and increased repetitive grooming behavior.

In recent years several large-scale epidemiological studies have shown associations between
exposure to TRAP and increased risk of ASD (Costa et al., 2017; Roberts et al., 2013; Suades-
Gonzalez et al.,, 2015; Volk et al., 2011). As mentioned in the introduction, exposure to
concentrated ambient ultrafine particles (UFP) during development causes lateral ventricle
dilation, a predictor of poor neurodevelopmental outcome that has been associated with autism
and schizophrenia (Allen et al., 2014, 2016). Prenatal DE exposure also causes motor
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coordination, impulsive behavior and monoaminergic systems in various brain regions in mouse

models (Suzuki et al., 2010; Yokota et al., 2013).

In the present study, DE exposure was conducted throughout gestation and the pre-weaning
period. This exposure period was chosen based on epidemiological studies in humans showing
that traffic-related air pollution exposure during all three trimesters of pregnancy and during the
first 9 months of infants’ life is associated with increased ASD risk (Guxens et al., 2016; Raz et
al.,, 2017; Volk et al.,, 2013, 2011). The exposure period was designed to cover key
neurodevelopmental events happening during this window of susceptibility, which in mice equates
to EO to PND21 (Semplea et al., 2013). The current study does not address the relative
importance of DE exposure during the gestational versus postnatal periods for producing effects
on ASD-related behaviors. It would be of great interest to better define windows of DE
susceptibility during development, and to ascertain mechanisms of specific CNS effects that occur
during specific developmental events. Of some relevance to this are our unpublished findings
from a preliminary pilot study that mice exposed only during the gestational period tended not to
show effects on social behavior, repetitive behavior in the Morris Water Maze reversal task, or

various other neurobehavioral measures.

It is not clear whether the neurobehavioral consequences of DE exposure were due to direct
effects on the CNS, e.g., by translocation to the olfactory bulb, or to indirect effects arising from
ingestion of DE particles or from peripheral inflammation, e.g., of the lungs. In the current study,
the route of exposure to DE clearly changed once the pups were born, as they began to breathe
on their own and to inhale the DE directly. Indeed, developmental DE exposure of rodents has
been shown to increase levels of pro-inflammatory cytokines in placenta, fetal brain and fetal lung,
including studies done in the same facility and under the same conditions used in the current
study (Fox et al., 2014; Cole et al., 2016; Weldy et al., 2013; Roqué et al., 2016). Our group
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previously reported that acute DE exposure in adult mice causes neuroinflammation and oxidative
stress in multiple brain regions (Roqué et al., 2016; Coburm et al., 2018) . DE particles, a primary
component of TRAP, have also been reported to activate microglia both in vitro and in vivo
Further, developmental exposure to DE particles has been shown to increase inflammatory
cytokines and alter microglia morphology in a toll-like receptor 4 (TLR4) dependent manner
(Bolton et al., 2017). TLR4 has been shown to play a critical role in the maternal immune activation
mouse model of autism, in which prenatal infection-induced activation of TLR4, and subsequent
elevation of the key inflammatory cytokines IL6 and IL17a, are responsible for autistic-like
behavior observed in pups (Hsiao et al., 2011, 2013; Smith et al., 2007). These findings suggest
that DE exposure during perinatal development may activate pathways involved in maternal
immune activation. The heterogeneous nature and escalating prevalence of ASD presents a

complex and pressing public health challenge that warrants further mechanistic studies.

3.5 Figures
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Fig. 3.1. Experimental Design
C57/BL6J mice were timed mated and exposed to 250-300 pg/m?® of DE or FA from EO to PND21
for 6/day and 5 days/week. Pre-weaning developmental assessment started on PND3. Behavioral

assessment focusing on three characteristic domains of ASD started when the mice were 6 weeks

old.
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Fig. 3.2. Pre-weaning Developmental Assessment

(A) Number of male, female, and total pups from each litter. No significant differences in sex
distribution or number of pups per litter were found between FA and DE groups (B) Pup weight
(averaged weights of the 2 same-sex pups from each litter) measured from PND3 to PND21. No
significant differences in pup weight between different experimental groups were found. Righting
reflex response was measured in males (C) and females (D) from PND4-12. No significant
difference in righting response time (sec) between DE exposed and FA control mice were found
in either sex (Two-way ANOVA with Bonferroni correction). FA M n=13, DE M n=14, FA F n=12,

DE F n=13.
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Fig. 3.3. Maternal Care Behavior

Amount of time spent by dams on behaviors related to caring for pups (pup grooming, nursing,
nest building, sitting with pups) were recorded in 1 min intervals for 30 min each day during the
first three days of pups’ life. No differences were found between FA and DE dams (Two-way

ANOVA with Bonferroni correction). FA N= 13, DE N=14.
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Fig. 3.4. Three Chambered Social Preference Test

In the sociability phase of three chambered social preference test (A), sociability was assessed
by measuring cumulative time spent by test mice in chamber containing novel mice (N1) vs. empty
chamber. There were no differences between FA-exposed and DE-exposed mice; both FA and
DE-exposed mice of both sexes exhibited preference toward novel mice over empty setup
(*p<0.05, **p<0.01, **p<0.001; One-way ANOVA with Bonferroni correction). In the social novelty
phase (B); cumulative time spent by test mice in the chamber containing the novel mouse (N2)
vs. familiar mouse (N1) was measured. DE-exposed female mice showed no preference between
novel vs. familiar mice, while FA-exposed mice of both sex and DE-exposed males preferred the
novel mouse over the familiar mouse (*p<0.05, **p<0.01; One-way ANOVA with Bonferroni

correction). FA M n=14, DE M n=13, FA F n=13, DE F n=13.
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Fig. 3.5. Reciprocal Interaction Test

Interactive sniffing duration during reciprocal interaction was plotted in as mean + SEM. Males
exposed to DE exhibited less interactive sniffing compared to FA-exposed control males
(**p<0.01; Two-way ANOVA with Bonferroni correction). DE-exposed female mice also showed
a trend of decreased interactive sniffing that was not statistically significant. FA M n=11, DE M

=13, FA F n=10, DE F n=13
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Fig. 3.6. Neonatal USV Calls

Neonatal ultrasonic vocalizations (USV) on PNDG6. Total number of calls (A) emitted during the 5-
min isolation period. Males exposed to DE emitted fewer USV calls compared to FA-exposed
control males (*p<0.05; Two-way ANOVA with Bonferroni correction). (B) Frequency-step calls
normalized to total number of calls by the same pup). DE-exposed mice of both sex produced
fewer frequency-step calls compared to same-sex FA-exposed controls. (Male: **p<0.01; Female:
*p<0.05; Two-way ANOVA with Bonferroni correction) (C) Unstructured calls normalized to total
number of calls by the same pup. DE-exposed mice of both sex emitted far more unstructured
USV calls compared to same sex FA-exposed controls. (***p<0.001; Two-way ANOVA with
Bonferroni correction) FA M n=16, DE M n=12, FA F n=16, DE F n=12. (See Supplemental Fig.

3 for examples of each type of USV call).
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Fig. 3.7. Olfactory Habituation test

In the olfactory habituation test, sniffing responses elicited by repeated presentations of non-
social odors (almond and banana) or social odor (same sex urine) were analyzed in males (A)
and females (B). For the initial presentation of same-sex urine (Ul), FA-exposed female mice
showed a significantly higher number of sniffing bouts, nearly twice the number of bouts seen in
the DE-exposed females (# p<0.05; Two-way repeated-measures ANOVA, with Bonferroni
correction). Habituation response was measured as a decreasing humber of sniffing responses
with repeated presentations of the same odor. DE-exposed mice of both sexes were unable to
habituate to repeated presentation of same-sex urine, a social odor, while FA-exposed control
mice of both sexes showed significant habituation toward same-sex urine. (*p<0.05; **p<0.01,;
***p<0.001; One-way repeated-measures ANOVA, with Dunn's multiple comparison test). Graph

plotted as mean + SEM; FA M n=9, DE M n=10, FA F n=8, DE F n=7.
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Fig. 3.8. Repetitive Entries in T-maze spontaneous alternation test
Repeated entries in the T-maze spontaneous alternation test (mean + SEM; n = 9-14). DE-
exposed mice of both sex made significantly more repeated entries than FA-exposed mice of the

same gender (**p<0.01; Two-way ANOVA with Bonferroni correction).
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Fig. 3.9. Marble Burying Test
For the marble burying test, the number of buried marbles was scored in five minutes intervals
and plotted as mean + SEM (n = 11-15). Number of marbles buried by males (A) and females
(B) were plotted separately. DE-exposed mice of both sexes buried more marbles than FA-
exposed control mice (Female *p= 0.0250; Male *p=0.0263; Two-way repeated-measures

ANOVA with Bonferroni correction).
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3.6 Appendix
3.6.1 Supplemental Information

A

B

Interaction zone

®

Interaction zone

Interaction zone

Interaction zone i

Supplemental Figure 3.1 Three chambered social preference test set up

2b

A. Sociability phase set-up: to test for sociability, one sex and age matched novel mouse (N1)
was randomly placed into a metal holding cup while the test mouse was allowed to explore all
three chambers freely. B. Social-novelty phase set-up: after the sociability phase an additional
sex and age matched novel mouse (N2) was placed in the empty metal holding cup while the

test mouse was allowed to explore all three chambers freely.
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Supplemental Figure 3.2 Open Field Test
In the open field test, anxiety response was assessed by time spent in center vs. perimeter of
the open field (2a). Locomotor activity was measured by total distance traveled during the open
field test (2b). No significant differences were found in both assessments. FA M n=13, DE M

n=14, FA F n=12, DE F n=13
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Supplemental Figure 3.3 Pup USV call categories

Representative call patterns of all nine call categories are depicted in supplemental figure 3. In

the left panel two examples of unstructured calls emitted by DE exposed pups are provided. All

USV calls depicted here were emitted by PND6 pups.
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Chapter 4

PRENATAL AND EARLY LIFE DIESEL EXHAUST EXPOSURE
DISRUPTS CORTICAL LAMINA ORGANIZATION: EVIDENCE
FOR A REELIN-RELATED PATHOGENIC PATHWAY INDUCED

BY INTERLEUKIN-6

4.1. Introduction

The escalating prevalence of autism spectrum disorder (ASD) in recent years has prompted
research in understanding the role played by environmental risk factors in the etiology of the
disease. The most recent prevalence rate for ASD in the United States has been reported to be
1 in 68, indicating a ten-fold increase in the past 40 years (Christensen et al., 2016). Although
increasing prevalence may be attributed to broadening of diagnostic definition, the contribution of
environmental risk factors cannot be discounted. Indeed, an epidemiological study conducted in
California estimated that 26.4% of the increased autism prevalence can be attributed to change
in diagnostic practices between 1992 and 2005 (King and Bearman, 2009). However, in support
of the significance of environmental contributions to autism etiology, an epidemiological study
looking at ASD association in monozygotic and dizygotic twins concluded that environmental
components have an even larger effect than genetic components in predicting ASD outcome

(Hallmayer et al., 2011).

Of all the environmental risk factors associated with ASD, air pollution exposure is the most
ubiquitous, affecting a large number of individuals, especially in densely populated areas in

Central America and in South and East Asia (Pandis et al., 2016; van Donkelaar et al., 2014).
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High exposure levels of particulate matter (PM >100 pg/m?) over extended periods have been
commonly experienced by populations living in these areas (Brook et al., 2010). Developmental
exposure to traffic-related air pollution (TRAP) has been associated with increased ASD risk in
many recent epidemiological studies conducted in North America and Europe (Becerra et al.,
2013; Suades-Gonzalez et al., 2015; Talbott et al., 2015; Volk et al., 2011; Volk et al., 2013), as
well as in Asia (Jung et al., 2013). Two epidemiological studies conducted as part of the Nurses’
Health Study Il Cohort indicated that exposure to TRAP during the third trimester resulted in the
strongest association of ASD outcome comparing to earlier trimesters (Raz et al., 2015; Volk et
al., 2013), while another study found robust association with early-life exposure (Raz et al., 2017).
Converging evidence from animal studies (reviewed in Costa et al. 2017) support the hypothesis

that TRAP may represent an important contributor to ASD etiology.

PM, a component of diesel exhaust (DE), is known for its ability to cross cellular membranes and
cause oxidative damage Our group has previously reported that acute DE exposure in adult mice
causes neuroinflammation and oxidative stress (Cole et al., 2016) as well as provided evidence
for microglia activation triggered by DEP treatment in a primary culture system (Roqué et al.,
2016). Developmental DE exposure in rodents has been shown to increase levels of pro-
inflammatory cytokines in placenta, fetal brain and fetal lung ( Auten et al., 2012; Bolton et al.,
2012; Lietal., 2017b; Weldy et al., 2013). Elevated levels of interleukin-6 (IL-6) and of interleukin-
17a (IL-17a) have been shown to be sufficient in eliciting ASD-like behavior in offspring from
maternal immune activated (MIA) dams, subjected to lipopolysaccharide or poly (I:C) treatment
to mimic bacterial or viral infection during pregnancy (Choi et al., 2016; Samuelsson et al., 2006;
Shin Yim et al., 2017; Smith et al., 2007). Binding of IL-6 to its cognate receptor activates the
kinase pathway involving Janus kinase 2 (JAK2) and Signal Transducer and Activator of
Transcription 3 (STAT3) (Chang et al.,, 2005; Erta et al.,, 2012; Hsiao and Patterson, 2011;

Tsukada et al., 2015). Activated STAT3 forms homodimers that translocate into the nucleus,
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where they bind to DNA and act as transcription factors (Hsiao and Patterson, 2011; Parker-Athill
and Tan, 2010; Tsukada et al., 2015). The expression of DNA methyltransferase 1 (DNMT1) has
been shown to be modulated by STAT3 (MuhChyi et al., 2013; Zhang et al., 2005). DNMT1 is
abundantly expressed in both developing and adult mammalian brains (Inano et al., 2000;
Robertson et al., 1999; Veldic et al., 2004), and is responsible for both de novo methylation and
maintenance of DNA methylation patterns. DNMT1 has been shown to bind directly to, and to
exert epigenetic alterations at the reelin (RELN) promoter region (Kundakovic et al., 2009). Indeed,
treatment with a DNMT inhibitor results in a dose-dependent increase of reelin expression in an
in vitro model (Kundakovic et al., 2007). In brains of individuals with other neurodevelopmental
disorders (e.g. schizophrenia or bipolar disorder), over-expression of DNMT1 and increased
binding of DNMT1 to the RELN promoter have been observed (Dong et al., 2015). Also, in
temporal cortex of ASD patients, methylation sequencing of the RELN gene promoter revealed

opposite methylation patterns compared to non-ASD individuals (Lintas et al., 2016).

RELN is a secreted extracellular protein that has been known to modulate neuronal migration and
dendrite formation during CNS development. In adult mice, RELN has been shown to play a role
in synapse formation (D’Arcangelo, 2014; Levenson et al., 2008; Michetti et al., 2014). Several
lines of evidence suggest the importance of RELN’s role in the pathogenesis of ASD. First,
decreased RELN levels have been reported in brains of ASD patients (D’Arcangelo, 2014).
Second, mice haploid-deficient in RELN have been shown to exhibit some ASD-related behavioral
phenotypes (Michetti et al., 2014). Third, cortical disorganization has been reported in both ASD
patients and in RELN-deficient mice (Boyle et al., 2011; Stoner et al., 2014). Fourth, differences
in DNA methylation patterns within the RELN promoter were reported in ASD patients (Grayson
et al., 2006). Given RELN’s involvement in organizing cortical structural architecture (Boyle et al.,

2011), we decided to investigate cortical laminar organization in the somatosensory cortex using
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the cortical layer-specific markers RELN and calretinin. In the adult cortex, RELN is expressed
mostly by Cajal-Retzius cells in cortical layer | and also by some GABAergic interneurons in
layers Il through VI (Impagnatiello et al., 1998; Pesold et al., 1998). Calretinin is a calcium-binding
signaling protein, expressed in a subpopulation of GABAergic interneurons in layers Il/lll and IV
(Gonchar, 2008). A recent study showed that activation of neurons in the S1DZ region of the
somatosensory cortex leads to ASD-like behavioral changes in mice (Shin Yim et al., 2017),
supporting the idea that structural changes in the somatosensory cortex could be involved in ASD-

like behaviors.

We have reported previously that developmental DE exposure caused deficits in all three of the
hallmark categories of ASD behavior, i.e. social interaction in the reciprocal interaction and social
preference tests, social olfactory and vocal communication, and repetitive behavior (Chang et al.
2018). While other studies have also reported subsets of ASD-like behavior changes, such as
repetitive/ impulsive behavior and social deficits upon developmental exposure to air-pollution or
PM (Allen et al.,, 2016; Church et al.,, 2017; Li et al., 2017; Thirtamara et al., 2013), the
environmentally relevant level of DE exposure (250-300 pg/m?®) used in our study appeared to
produce a more robust behavioral phenotype (Chang et al. 2018). Given that developmental DE
exposure has been shown to cause ASD-like behavioral changes (Thirtamara et al. 2013; Chang
et al. 2018), and an increase in neuroinflammation (Bolton et al., 2017; Bolton et al., 2012), in this
study we investigated a potential mechanistic pathway which would link DE exposure to a
neuroinflammatory response, sequentially leading to dysregulation of RELN expression, resulting

in disorganization of cortical lamina.
4.2 Methods

4.2.1. Animals and Exposure
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Two month-old male and female C57BL/6J mice were obtained from the Jackson Laboratory (Bar
Harbor, ME) and housed in the University of Washington Northlake Diesel Exposure Facility under
specific pathogen free conditions on a 12-hour light/dark cycle in an Allentown caging system
(Allenton, NJ, USA) supplied with filtered air, and free access to water and food. The overall study
design is shown in Fig. 4.1. Following one week of acclimation, each male was paired with two
females for timed mating. Evidence of a vaginal plug served as confirmation of successful mating,
and mated females were considered to be at embryonic day (E)O upon identification of vaginal
plug and were randomly selected to be individually housed in cages supplied with either diluted
DE or filtered air (FA) from gestational day 0 (GDO) to postnatal day 21 (PND21). DE exposure
was carried out for six h/day and five days/week at the level of 250-300 ug/m? of PM2.5
concentration, corresponding to a time weighted hourly average of 35.71- 44.64 pug/m3. DE was
generated on site from a Yanmar YDG5500 diesel generator fueled with standard highway-grade
number two diesel fuel obtained from local fuel distributors and operated under load. Generated
DE then passed through a two-step dilution system with dynamic control of fine particulate matter
(PM2.5), maintaining constant exposure level at 250-300 pg/m3. Chemical composition and
particle size characterization of the diesel exhaust have been previously described in detail (Fox
et al., 2015; Gould et al., 2008). During the exposure period, mice in both groups (DE or FA) were
housed in the same room under identical conditions, subjected to the same noise level and light
cycle. All animal experiments were consistent with the National Research Council Guide for the
Care and Use of Laboratory Animals, as adopted by the National Institutes of Health, and were

approved by the University of Washington Institutional Animal Care and Use Committee.

4.2.2. Tissue Collection

Five pregnant dams from each exposure group were euthanized with CO; at E16.5. Placenta and
matching fetal tails were snap-frozen in liquid nitrogen and stored at -80°C for cytokine evaluation
by ELISA and sex genotyping, respectively. At PND3, PND21, and PND60, pups born to DE- and
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FA- exposed dams were euthanized by CO; narcosis followed by cervical dislocation. At PND3
whole brain samples were rapidly dissected and snap-frozen in liquid nitrogen, then stored at -80

‘C for quantitative real-time PCR (QRT—PCR) and Western-blot analysis. At PND21 and PND60,

the cerebral cortex was rapidly dissected and snap-frozen in liquid nitrogen then stored at -80°C.
Additionally, five animals/group/sex were euthanized by CO; narcosis followed by cervical
dislocation at PND60, and transcardially perfused with 10 ml of phosphate buffered saline (PBS)
followed by 10 ml of 4% paraformaldehyde. Brains were then carefully removed from the skull,
placed into 4% paraformaldehyde at 4°C overnight for additional fixing, then cryoprotected in 30%
sucrose at 4°C until the brains sank to the bottom of the tube. After cryoprotection, brains were
hemisected and embedded in Tissue-Tek* CRYO-OCT cutting compound (Fisher Scientific,
Pittsburgh, PA) with midline facing the bottom of the standard size Cryomold® (25 x 20 x 5 mm,
Sakura Finetek, Netherlands) to ensure a consistent sectioning angle. The embedded brains were

stored at -80°C for later immunohistochemical analysis.

4.2.3. Quantitative Real-time gPCR

Levels of mRNA of IL6, DNMT1, DNMT3a, DNMT3b, DNMT3I, and RELN were measured by
gRT-PCR after normalization to the housekeeping gene GAPDH (encoding glyceraldehyde-3-
phosphate dehydrogenase) in whole brain samples from DE- or FA- exposed PND3 pups. RELN
levels were also measured in cortical samples from PND21 and PND60 mice. RNA was extracted
by blending frozen brain samples in TRIzol reagent (Thermo Fisher Scientific, Rockford, IL) with
a tissue homogenizer followed by chloroform extraction and washing with 70% ethanol according
to standard procedures. RNA was further purified with the GeneJET RNA purification kit (Thermo
Fisher Scientific Inc., Rockford, IL) according to the RNA clean-up protocol provided in the Kit.

Quiality and concentration of RNA isolates were confirmed by NanoDrop (Thermo Fisher Scientific
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Inc., Rockford, IL) measurements (260/280 ratio >1.8, 260/230 ratio between 2.0 -2.2). Reverse
transcription was done using the iScript cDNA Synthesis kit (Biorad; Hercules, CA) with 1 pg of
RNA per 20 ul reaction. The iTag™ Universal SYBR® Green One-Step Kit (Biorad; Hercules, CA
was used for signal detection during real-time quantitative PCR on a Bio-Rad CFX384 Real-Time
PCR Detection System (Biorad; Hercules, CA) with IL6, DNMT1, DNMT3a, DNMT3b, DNMR3I,
RELN, and GAPDH primers adapted from the primer data base (Wanget. al., 2012), as shown in
Supplemental Table 1. Relative mRNA expression of target genes was normalized to the
housekeeping gene GAPDH, relative expression (ddCq) was calculated according to Haimes &
Kelley (2010), and expression in DE exposed animals was compared with control animals of the

same sex. GAPDH expression was not affected by DE treatment.

4.2.4. Measurement of IL-6 levels by ELISA

IL-6 protein levels were measured in E16.5 placentas using the MDS V-PLEX Plus ELISA kit
(MesoScale Discovery, Gaithersburg, MD, USA). Briefly, tissue was quickly homogenized and
sonicated on ice in Cell Lysis buffer (10 mM HEPES; 150 mM NacCl; 1 mM CaCl2; 0.5 mM MgCl2;
10 pg/ml leupeptin; 10 pg/ml aprotinin; 1 mM PMSF; 50 mM NaF) supplemented with complete
mini protease inhibitor cocktail tablets (Sigma-Aldrich; St. Louis, MO) according to the
manufacturer’s directions. Total protein content was measured using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL), and protein concentrations in all samples were
adjusted to 10 ug/pl with cell lysis buffer. 25 ul of homogenate of equal protein concentration/well
was loaded and run in triplicate according to the manufacturer’s instructions. The electro-
chemiluminescent signal was visualized using SECTOR S 600 (MesoScale Discovery,

Gaithersburg, MD, USA).

4.2.5 Measurement of phosphorylated STAT3 (Tyr705) and total STAT3 by Western Blot
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In brief, frozen brain tissue was homogenized on ice in RIPA buffer (10 mM Tris, pH 7.4, 100 mM

NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate)
supplemented with complete mini protease inhibitor cocktail tablets and PhosSTOP phosphatase
inhibitor cocktail tablets (both from Sigma-Aldrich; St. Louis, MO) using a glass Potter-Elvehjem
homogenizer. The protein content of each sample was determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, Rockford, IL). 35 pg of protein were loaded into pre-cast gels
(10% Bis-Tris gels) and electro-transferred onto a polyvinylidene difluoride (PVDF) immunoblot
membrane (0.45 pm). After transfer, membranes were cut to isolate the 86kDa bands for STAT3
and p-STAT3 from the 43kDa bands for $-actin. The membranes were blocked with 5% (w/v) non-
fat milk for 1 h. The top portion of the membranes were incubated with a rabbit anti-Phospho-
Stat3 (Tyr705) antibody (1:500; Catalog #9145; Cell Signaling Technology, Danvers, MA) and
horseradish peroxidase-conjugated anti-rabbit secondary antibody (1:1000; Catalog No.7074;
Cell Signaling Technology, Danvers, MA). The bottom portion of the membranes were incubated
with a mouse anti-B-actin antibody (1:1000 ; Catalog No. 554022; BD Pharmingen, San Jose, CA)
and a horseradish peroxidase-conjugated anti-mouse polyclonal secondary antibody (1:1000;
Catalog No. 554002; BD Biosciences, San Jose, CA). The membranes were developed with a
chemiluminescent substrate (ECL kit from Thermo Scientific, Waltham, MA). The top portion of
the membranes were stripped with Restore™ Western Blot Stripping Buffer and re-blocked with
5% non-fat milk before incubating with a rabbit anti-Stat3 antibody (1:2000; Catalog #12640 ; Cell
Signaling Technology, Danvers, MA) followed by a horseradish peroxidase-conjugated anti-rabbit
secondary antibody (1:1000; Catalog #7074; Cell Signaling Technology, Danvers, MA), then were
developed as described above. Band intensity was measured by densitometry using ImageJ
(provided by the National Institutes of Health), and the intensity of the bands was normalized to

B-actin content.

4.2.6 Immunohistochemical Analysis of Cortical Lamina Organization
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Brains from PND60 mice embedded in optimum cutting temperature (OCT) compound (Sakura
Finetek USA ; Torrance, CA) were cut sagittally at 10-12 pm starting 2000 um away from midline,
and the somatosensory cortex region was sampled at 200um intervals for five serial sets. The
sections were direct-mounted on glass slides and air dried before being stored at -80°C.
Immunohistochemistry was performed as previously described (Englund et al., 2005). The
following primary antibodies were utilized at the indicated dilutions: mouse anti-RELN (1:1000;
EMD Millipore, MAB5364); rabbit anti-Calretinin (1:2000; Swant, CR 7697); Alexa Fluor 488-
conjugated or 568-conjugated goat anti-mouse or rabbit IgG (Thermo Fisher Scientific, 1:600).
The nuclear counterstain DAPI (4’,6-diamidino-2-phenylindole) (Sigma, St. Louis, MO) was used
to label DNA following the manufacturer’s instructions, after incubation with primary and
secondary antibodies. Brains from five animals in each experimental group were processed and
analyzed, and 3-5 sections/brain were collected. Digital immunofluorescence images were
obtained on a Zeiss Axio Imager Z1. In each image, the cortical depth (distance between ventricle
and pia mater), was divided into 10 evenly-spaced bins, with bin 1 positioned nearest to the pia
mater. Fluorescent-labeled cells were counted in each of the 10 bins and the area of each bin
was measured using Adobe Photoshop, with the researcher blinded to the experimental groups.
Cell density in each bin was calculated by dividing the total area of the bin by the total number of

cells.

4.2.7 Statistical analyses

Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc.; San
Diego, CA, USA). Differences in IL-6 levels in placenta between DE- and FA- exposed groups
were determined by Student’s T- Test. mRNA levels of gene of interest (IL-6, DNMTs, reelin) and
STAT3-phosphorylation measured in PND3 were analyzed by two-way ANOVA followed by

Bonferroni post hoc comparison to test the effect of exposure and potential sex differences. For
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immunohistochemistry, the two-tailed Student’s T- Test was used to assess differences in cell

density between FA and DE brains of the same sex in each bin.

4.3. Results

4.3.1 Developmental DE exposure increases IL-6 expression

Elevated levels of the pro-inflammatory cytokine IL-6 were found in neonatal (PND3) pup brains
and in placentas (E16.5) from mice exposed to DE. Neonatal brains from DE-exposed PND3 pups
of both sexes showed significantly increased levels of IL-6 MRNA compared to FA-exposed mice
of the same sex and age (Fig. 4.2A), when normalized to the housekeeping gene GAPDH (p<0.05;
two-way ANOVA with Bonferroni posttest). There were no differences in GAPDH expression
between DE- and FA-exposed animals (not shown). In E16.5 placenta IL-6 protein levels,
measured by ELISA, were significantly increased by DE exposure (Fig. 4.2B) (p<0.05; two tailed

T-test with Welch'’s correction).

4.3.2 Developmental DE exposure activates STAT3 through phosphorylation at Tyr705

STAT3 and phospho-STAT3 (Tyr705) were measured by Western blot analysis in whole brain
lysates from PND3 pups to assess the extent of STAT3 activation. After normalizing to (B-actin,
phospho-STAT3 (Tyr705) immuno-blotting revealed increased band intensity for phospho-STAT3
in DE- exposed mice compared to FA control animals of the same sex (Fig. 4.3A), while no
differences were found in total STAT3 levels (Fig 4.3B). This finding indicates increased STAT3
activation by phosphorylation at residue Tyr705 at PND3, during the early postnatal period of

developmental DE- exposure.

4.3.3 Developmental DE exposure is associated with increased DNMT1 expression

To assess the expression of DNMTs [known to be modulated by STAT3 (Huang et al., 2016;

Zhang et al., 2005)], gPCR analysis was conducted with RNA samples isolated from PND3 whole
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brains. Relative expression of the target genes DNMT1, DNMT3a, DNMT3b, DNMT3l were
normalized to the housekeeping gene GAPDH. Expression of DNMT1 increased significantly in
brains of DE- exposed mice (Fig. 4.4A). Other DNMTSs, i.e. DNMT3a, DNMT 3b, DNMT 3lI, also
showed trends of increasing expression due to DE exposure when compared to same-sex control
animals, but of these three, only DNMT3b expression levels in males showed a statistically
significant increase (Fig. 4.4C). There were no differences in GAPDH expression between DE-

and FA-exposed animals (not shown).

4.3.4 Developmental DE exposure is associated with long-lasting decreased RELN expression in

brain

Since DNMT1 has been shown to down-regulate RELN expression (Kundakovic et al., 2009; Noh
et al., 2005), the increased DNMT1 expression in DE-exposed mice may decrease levels of RELN
MRNA. At PND3, a significant decrease in RELN mRNA levels was found in whole brain samples
of DE-exposed mice compared to same-sex control mice (Fig. 4.5A). Similarly, in cerebral cortex
of PND21 (Fig. 4.5B) and PND60 (Fig. 4.5C) mice, RELN mRNA levels showed a decreasing

trend with DE exposure, which was statistically significant in PND60 males (Fig. 4.5C).

4.3.5. Developmental DE exposure is associated with disorganization of cortical lamina

RELN is known as a critical player in guiding the process of neuronal migration during cortical
development (D’Arcangelo, 2014; Franco et al., 2011; Jossin & Cooper, 2011; Reiner et al., 2015),
and disrupted cortical organization has been reported in RELN deficient “reeler” mice (Boyle et
al., 2011). Immunohistochemical analysis was performed with the lamina-specific markers RELN
and calretinin to examine cortical organization in PND60 brains of mice exposed to either DE or
FA during development. Significant differences were seen in the cortical distribution of both

RELN- and calretinitin-positive cells. The distribution of RELN-positive cells revealed ectopic
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clusters of cells in deeper layers of the cortex in both DE- exposed males (clusters located in bin
4, 6, 7 and 8; Fig. 4.6C) and females (clusters located in bin 5, 6, 7, and 9; Fig. 4.6D), with the
cell clusters located outside of the marker’s normal destined distribution, as seen in FA control
animals of the same sex (e.g., for males, compare Fig. 4.6A,B). When comparing cell density in
all sampled areas (all 10 bins combined) no significant difference in RELN+ cell density was found
between DE- and FA- exposed mice, indicating that the average density of RELN+ cells across

all cortical layers was not affected by DE exposure.

The distribution of calretinin-positive cells in DE-exposed mice also showed higher cell density
clusters in deeper layers of cortex in both DE- exposed males (clusters located in bin 5 and 7; Fig.
4.7C) and females (clusters located in bin 7 and 9; Fig 4.7D), as compared to FA control animals
of the same sex. Again, when comparing cell density across all sampled areas (all 10 bins
combined) no significant difference in calretinin+ cell density was found between DE- and FA-
exposed mice. Thus, immunohistochemistry analysis revealed statistically-significant cortical
disorganization in DE- exposed males and females, with both markers presenting clusters of cells
in deeper layers within the somatosensory cortex, suggesting neurons were under-migrated

during corticogenesis in the DE-exposed mice.

4.4 Discussion

Positive associations between developmental TRAP exposure and increased risk for ASD have
been reported by several epidemiological studies (Becerra et al., 2013; Suades-Gonzalez et al.,
2015; Talbott et al., 2015; Volk et al., 2011; Volk et al., 2013). Various animal studies have also
reported ASD-like behavioral changes due to air-pollution exposure during development (Church
etal., 2017; Lietal., 2017; Thirtamara et al., 2013; Chang et al., 2018). We have previously found
that developmental exposure to DE (from GDO to PND21) causes behavioral changes in all three
characteristic domains of ASD, i.e. an increase in repetitive behavior, disrupted verbal and
olfactory communication, and social behavior deficits (Chang et al., 2018). However, possible
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mechanisms underlying the developmental effects of air pollution and their potential roles in ASD
are still unknown. Exposure to ambient ultra-fine particles (UFP) has been reported to induce
inflammation and microglial activation leading to ventriculomegaly and excitatory/inhibitory
imbalance (Allen et al., 2016). Prenatal DE exposure has been shown to cause toll-like receptor
4-dependent microglial activation, as well as astrocyte activation in mice (Bolton et al., 2017; Li
et al., 2017). In the present study, we hypothesized a possible pathway that may lead from
neuroinflammation to cortical laminar disorganization, a morphological alteration observed in
brains of autistic patients as well as in the MIA mouse model of autism (Choi et al., 2016; Stoner

et al., 2014).

The proposed pathway (Fig. 4.8) supported by our data involves DE exposure inducing an
inflammatory response and increasing IL-6 levels (Allen et al., 2016; Bolton et al., 2017; Li et al.,
2017), leading to activation of the JAK2/ STAT3 pathway and upregulation of DNMT1 (Hsiao and
Patterson, 2011; Parker-Athill and Tan, 2010; Tsukada et al., 2015). Since increased levels of
DNMT1 have been shown to promote DNA methylation, causing downregulation of RELN
expression (Kundakovic et al., 2007; Kundakovic et al., 2009), we hypothesized that RELN
expression would be reduced, and this in turn would cause disruption of the process of neuronal
migration leading to long-lasting cortical laminar disorganization (Boyle et al., 2011). This
mechanistic hypothesis was tested systematically in the present study. As expected, we observed
an increase of IL-6 protein levels in E16.5 placenta (Fig 4.2B), and of IL-6 mMRNA expression in
PND3 neonatal whole brain (Fig 4.2A). Other studies have also reported increased levels of IL-6
in placenta and fetal brain caused by developmental DE exposure in mice (Auten et al., 2012;
Bolton et al., 2012; Fujimoto et al., 2005), although the latter studies utilized higher concentration
of DE particles. A recent study reported significant up-regulation of IL-17a in serum and in
mononuclear cells isolated from placenta after induction of inflammatory response with Poly (I:C)

injection (a MIA model) (Choi et al. 2016). The same study also showed that the increase in IL-
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17a was IL-6 dependent, as IL-6 is a key factor for TH17 cell differentiation (Choi et al., 2016).
We attempted measuring protein levels of IL-17a in E16.5 placenta samples by ELISA, but the
results were inconclusive, as most samples were under the detection limit (data not shown). Since
IL-17a is produced by a small population of differentiated TH17 cell, in future studies measuring
expression levels of IL-17 a receptor subunit A (IL-17Ra) may be a more robust and reliable
approach in characterizing the inflammatory response associated with ASD-like behavioral

phenotypes.

In agreement with our hypothesis, we found that developmental DE exposure induced STAT3
activation as evidenced by the increased levels of phosphorylation at residue tyrosine 705, a
phosphorylation site known to be activated by JAK2 (Chang et al., 2005), while levels of total
STAT3 were unaffected (Fig. 4.3A, 4.3B). Downstream of JAK2/STAT3 we found upregulation of
DNMT1 (Fig. 4.4A), which is known to be modulated by STAT3 (MuhChyi et al., 2013; Zhang et
al., 2005). We also found significant increases of DNMT3b expression in DE-exposed males (Fig.
4.4C), and non-significant trends of increased expression levels of other DNMTs (4a, 4l) in
response to DE exposure. Increased expression of DNMT1 has been reported in lungs of
C57BL/6 mice exposed to concentrated ambient PM2.5 at a level of 5.5X10° particle/ cm?
(Soberanes et al., 2012). In mice prenatally exposed to 73.61 ug/m?of ambient PM2.5 for 5 h/day,
increased expression of DNMT1, DNMT3a, and DNMT3b were detected in adult heart samples
(Tanwar et al., 2017). The finding of an increased expression of DNMT1 in the brain suggested
potential alterations of DNA methylation in DE-exposed neonatal pups. In particular, DNMT1 has
been shown to modulate the expression of RELN, an important neurodevelopmental signaling
molecule, by directly binding and modifying DNA methylation status at the RELN promoter region
(Kundakovic et al., 2007; MuhChyi et al., 2013; Zhang et al., 2005). As expected, RELN mRNA
levels in brains of PND3 pups were significantly decreased upon developmental DE exposure

(Fig. 4.5A). Since epigenetic modifications often result in long-lasting effects on gene expression,
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we also measured RELN mRNA levels at two later ages (PND21 and PND60) and found that
decreased RELN expression was sustained into adulthood (Fig. 4.5C). Decreased RELN
expression (D’Arcangelo, 2014) and differential DNA methylation patterns within the RELN
promoter (Grayson et al., 2006) have both been found in ASD patients compared to control

individuals.

To investigate whether developmental DE exposure may induce structural abnormalities in the
cerebral cortex as observed in ASD (Stoner et al, 2014a), we carried out an
immunohistochemical analysis of cortical laminar organization in somatosensory cortex of PND60
mice. Specifically, we determined the distribution of cells expressing cortical lamina-specific
markers RELN and calretinin in different cortical layers. Structural abnormalities in the S1DZ
region of the somatosensory cortex have been found to play an important role in modulating
autism-like behavior (Shin Yim et al., 2017). In cerebral cortex of control mice, RELN is mostly
localized in layer | and more sparsely in layers Il through VI (Impagnatiello et al., 1998; Pesold et
al., 1998). We found a larger proportion of RELN positive cells concentrated within layers IV and
V in brains of both male and female mice developmentally exposed to DE, while the total number
of RELN+ cells in FA- or DE- exposed animals was not statistically different. In contrast, calretinin
is typically expressed in GABAergic interneurons localizing in layers Il/lll and IV (Gonchar, 2008),
and this was confirmed by our findings in cerebral cortex of FA-exposed mice (Fig. 4.7).
Developmental DE exposure caused changes in the distribution of calretinin-positive cells, which
were localized in layers V and VI at significantly higher cell density compared to control mice of
the same sex (Fig. 4.7). Although the level of cortical disorganization found in DE- exposed mice
is mild compared to findings in mouse models of ASD (Boyle et al., 2011; Choi et al., 2016), our
results parallel reports of small patches of disorganization found in prefrontal cortex of adolescent

ASD patients (Stoner et al., 2014b). Considering that disruption of developmental events elicited
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by a pervasive environmental toxicant such as air pollution would have long-lasting effects in
organizational structure of the brain, the public health implication suggested by our finding is
rather striking. Two possible scenarios can be considered that could result in dislocalized RELN+
and calretinin+ cells: disruption in neuronal migration, and/ or disruption in the fate of neuronal
differentiation. Further histological assessment with markers involving neurogenesis and
differentiation (e.g. PAX6, Tbr2, and Tbrl) (Englund et al., 2005; Mihalas and Hevner, 2017)

would be helpful to distinguish between the two possibilities.

The association between air pollution and increased ASD risk has been reported by many
epidemiological studies and by a number of animal studies, yet mechanistic studies supporting
these findings are just starting to emerge. We have found that developmental exposure to DE
elicited neuroinflammation, triggering JAK2/ STAT3 pathway activation, resulting in decreased
expression of RELN which leads to long-term changes in cortical lamina organization. The
biochemical and histological changes observed in developmentally DE exposed mice parallel
findings in ASD patients. Future studies are much warranted not only to gain further
understanding in how gene-environment interaction modulates ASD, to improve protection for

vulnerable populations, and for exploring other potential mechanisms.

4.5 Figures
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Experimental design

PND60
gPCR: reelin
IHC: reelin, calretinin

EO PND3 PND21

Start exposure gPCR: IL-6, DNMTs, reelin End exposure
Western blot: STAT3, p-STAT3 qPCR: reelin

E16.5
Placenta collected for IL-6 measurement by ELISA

Fig. 4.1 Experimental design for mechanistic study

Exposure started at the beginning of pregnancy upon confirmation of copulation plug (EO) and
ended at weaning (PND21). Exposure to DE was conducted for 6 h/day, 5 days/week at the level
of 250 to 300 ug/m? in PM concentration. At E16.5 a subset of pregnant dams exposed to either
DE or FA were sacrificed, and placenta were collected for evaluation of inflammatory cytokine IL-
6 levels by ELISA. At PND3, brains were collected for g°PCR and Western blot assays. At PND21
cortical samples were collected for gPCR, and at PND60 cortical samples were collected for

gPCR and perfusion-fixed cryo-protected brains were collected for immunohistochemistry.
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Fig. 4.2 Developmental DE exposure increases IL-6 expression

(A) IL-6 mRNA levels in whole brain lysate from PND3 pups exposed to filtered air (FA) or diesel
exhaust (DE) from GDO to PND3. After normalizing to the house keeping gene GAPDH,
significantly increased IL-6 expression levels, plotted as mean (x SE), were found in DE-exposed
males and females compared to FA controls of the same sex. (*p<0.05; two-way ANOVA with
Bonferroni posttest; n=5). (B) IL-6 protein levels in E16.5 placenta were measured by enzyme-
linked immunosorbent assay (ELISA). Increased IL-6 protein levels, plotted as mean (x SE), were
found in E16.5 placenta from dams exposed to DE compared to control dams (*p<0.05; two tailed

T-test with Welch'’s correction; n=10).
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Fig. 4.3 STAT3 phosphorylation in brains from PND3 mice.

STATS3 phosphorylation at residue tyrosine 705 (Tyr705) was measured by Western blot in whole
brain lysate from PND3 mice. Increased levels of phosphorylated STAT3 (Tyr705) were found in
DE-exposed males and females compared to FA-exposed controls of the same sex (A). There
were no differences in total STAT3 protein levels associated with DE exposure (B). Both
phosphorylated STAT3 (Tyr705) and total STAT3 levels were normalized to the loading control
beta-actin. Results represent the mean (+ SE) of 5 pups from different litters for each experimental
group (*p<0.05, **p<0.01; two-way ANOVA with Bonferroni posttest; n=5). (C) Representative

Western blot image.
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Fig. 4.4 mRNA expression of DNMTs in brains of PND3 mice

MRNA Levels of DNMTs (1, 3a, 3b, 3l) were measured in brains of male and female PND3 mice
exposed to FA or DE. Expression of DNMT1 increased in DE-exposed males and females
compared to FA-exposed control mice of the same sex (A). Expression levels of other DNMTs
(3a, 3b,3l) did not show statistically significant differences between treatments, except for
DNMT3b expression in DE-exposed males (B, C, D). Relative mRNA expression of DNMTs were
normalized to the house keeping gene GAPDH. Results represent the mean (x SE) of five pups
from different litters for each experimental group (*p<0.05, ***p<0.001, two-way ANOVA with

Bonferroni posttest).
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Fig. 4.5 Developmental DE exposure decreases RELN expression in brain

Reelin mRNA levels in brain were measured at three developmental time points (PND3, PND21,
and PND60). (A) At PND3 expression of RELN in whole brain samples were significantly lower in
DE-exposed mice of both sexes compared to FA control mice of the same sex. (B) RELN
expression in the cerebral cortex of PND21 mice showed no significant change due to DE
exposure in either male and female mice. (C) RELN expression in cerebral cortex of PND60 mice
was significantly decreased in DE-exposed male mice. DE exposed females also showed a trend
towards decreased RELN expression, but the difference was not statistically significant. RELN
expression levels were normalized to the house keeping gene GAPDH. Results represent the
mean (x SE) of 4-5 pups from different litters for each experimental group (*p<0.05, **p<0.001,;

two-way ANOVA with Bonferroni post-test).
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Fig. 4.6 RELN positive cells in somatosensory cortex of PND60 mice.
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In cortex of control mice, RELN is mostly localized in layer | and more sparsely in layers Il through
VI (Impagnatiello et al., 1998; Pesold et al., 1998). (A, B) Representative image of RELN+ cells
(green) with nuclei counterstain DAPI (blue) from FA- and DE- exposed males. Distribution of
RELN-positive cells revealed ectopic clusters in deeper layers of cortex; in males increased
RELN+ cell density was found in bins 4, 6, 7, and 8 (C), and in females RELN+ cell density
increased in bins 5, 6, 7, and 9 as a consequence of DE-exposure (D). No significant difference
was found in the total number of RELN+ cells per sampled area due to DE exposure. Results
represent the mean (x SE) of 5 mice from different litters for each experimental group; 3-5
sections/ mouse were examined (*p<0.05, **p<0.01, ***p<0.001; unpaired T-test with Welch’s

correction)
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Fig. 4.7 Calretinin positive cells in somatosensory cortex of PND60 mice.

84



In cortex of control mice, calretinin is typically expressed in GABAergic interneurons localizing in
layers Il/lll and IV (Gonchar, 2008). (A, B) Representative image of calretinin+ cells (red) with
nuclei counterstain DAPI (blue) from FA- and DE- exposed males. Distribution of calretinin+ cells
revealed ectopic clusters in deeper layers of cortex; in males increased calretinin+ cell density
was found with DE exposure in bins 5 and 7 (C) and in females calretinin+ cells formed ectopic
clusters in bins 7 and 9 due to DE exposure (D). No significant difference was found in number of
calretinin+ cells per sampled area due to DE exposure. Results represent the mean (£ SE) of 5
mice from different litters for each experimental group; 3-5 sections/ mouse were examined

(*p<0.05; unpaired T-test with Welch’s correction).
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Figure 4.8 Proposed mechanism for developmental DE exposure-induced cortical

disruption.

Developmental exposure to DE causes neuroinflammation, evidenced by elevated levels of IL-6.
This in turn leads to activation of the JAK2/STAT3 pathway; activated STAT3 acts as a
transcription factor and up-regulates DNMT1 expression, which modulates RELN expression via
DNA methylation. Known for its critical role in guiding the process of neuronal migration during
development, decreased expression of RELN during critical developmental periods would lead to
altered cortical structure as observed in ASD (Stoner et al., 2014b). Of note is that with the same
period and level of developmental DE exposure we previously found significant alterations in all
three characteristic behavioral domains of ASD (communication, repetitive behavior, social

interactions) (Chang et al. 2018).
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4.6 Appendix

Supplemental Table 4.1 Sequences of primers for gRT-PCR

Forward Primer Sequence (5' -> 3)

Reverse primer Sequence (5' -> 3')

IL-6 TAGTCCTTCCTACCCCAATTTCC | TTGGTCCTTAGCCACTCCTTC
DNMT1 | AAGAATGGTGTTGTCTACCGAC | CATCCAGGTTGCTCCCCTTG
DNMT3a | GGCCGAATTGTGTCTTGGTG CCATCTCCGAACCACATGAC
DNMT3b | CTGTCCGAACCCGACATAGC CCGGAAACTCCACAGGGTA
DNMT3I | CACCCCTTGTTTGAGGGAGG ATGGTGCAGTAACTCTGGTGT
RELN TTACTCGCACCTTGCTGAAAT CAGTTGCTGGTAGGAGTCAAAG
GAPDH | TGACCTCAACTACATGGTCTACA | CTTCCCATTCTCGGCCTTG

Sequences of primer sets used in the present study are shown; both forward and reverse primers

are listed from 5’ to 3.
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Chapter 5

DEVELOPMENTAL DIESEL EXHAUST EXPOSURE DISRUPTS
PAX6 CONTROLLED BALANCE BETWEEN NEUROGENESIS

AND PROGENITOR CELL SELF-RENEWAL

5.1. Introduction

Exposure to traffic-related air pollution (TRAP) has been associated with neurodevelopmental
diseases such as autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder, and
obsessive-compulsive disorder(Becerra et al., 2013; Costa, et al., 2017; Fuertes et al., 2016; Min
& Min, 2017; Suades-Gonzalez et al., 2015; Volk et al, 2011, 2013), as well as neurodegenerative
diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Block & Calderdn-
Garciduenas, 2009; Calderon-Garcidueiias et al., 2015; Costa et al., 2014, 2015, 2017; Guxens
et al., 2014; Tanner et al., 2014) in many human studies. We have previously reported autism-
like behavioral changes and cortical lamina disorganization, a structural phenotype found in brains
of children with ASD (Stoner et al., 2014a), in mice developmentally exposed to diesel exhaust
(DE)(Chang et al., 2018a; Chang et al.,2018b). Other animal studies also reported behavioral
effects in repetitive/ impulsive behavior and social deficits (Allen et al., 2016; Church et al., 2017;
Li et al., 2017; Thirtamara et al., 2013) as well as increased neuroinflammation coupled with
activation of microglia via toll-like receptor 4 activation (Bolton et al., 2017; Bolton et al., 2012)
caused by developmental exposure to air pollution. In adult mice, we have also reported that
acute DE exposure causes neuroinflammation and oxidative stress (Cole et al., 2016) as well as
providing evidence for microglia activation triggered by DEP treatment in a primary culture system
(Roqué et al., 2016). These results are in agreement with studies conducted by other researchers

linking air pollution exposure and neuroinflammation to neurodevelopmental diseases (Block and
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Calderon-Garciduefias, 2009; Calderon-Garciduefias et al., 2013a; Lee et al., 2016; Liu et al.,

2015).

In addition, perinatal exposure to air pollution has been associated with AD and PD in
epidemiological studies ( Calderon-Garciduefias et al., 2013, 2015, 2016). In mice prenatally
exposed to DE, differential DNA methylation was reported in promoter regions of genes involved
in neuronal differentiation and neurogenesis pathways (Tachibana et al., 2015). Previously,
wereported decreased levels of adult neurogenesis in the dentate gyrus (DG) of mice acutely
exposed to DE (Coburn et al., 2018). Impaired adult neurogenesis, especially in the hippocampal
region, has been suggested to contribute to risk of AD (Abrous et al., 2005; Fuster-Matanzo et al.,
2012; Kent & Mistlberger, 2017; Maruszak et al., 2014; Toda & Gage, 2017; Zheng et al., 2016).
Adult neural progenitor cells (NPCs) have been identified to be derived from a slowly dividing
subpopulation of embryonic NPCs, while the fast dividing NPCs are responsible for the peak of
neurogenesis during CNS development (Furutachi et al., 2015; Singh & Solecki, 2015). These
findings suggest that disrupted balance between self-renewal and differentiation of NSCs due to
developmental exposure to environmental toxicants could affect progression of both

neurodevelopmental and neurodegenerative disorders.

Paired box 6 (PAX6), T-box brain 2 (Thr2 also known as eomes), and T-box brain 1 (Tbrl) are
expressed sequentially by radial glia, intermediate progenitor cells, and postmitotic neurons,
respectively, during CNS development (Englund et al., 2005). In adult neurogenesis, similar
progenitor cell types and temporal expression of the PAX6 Tbr2 and Tbrl cascade are also
observed in both subventricular zone (SVZ) and subgranular zone (SGZ)(Brill et al., 2009; Hodge
et al., 2008; Roybon et al., 2009a,b). PAX6 has been shown to play an essential role in controlling
the balance between neural stem cell self-renewal and neurogenesis in both in vivo and in vitro
models (Gan et al., 2014; Sansom et al., 2009). In PAX77 mice, a transgenic mouse strain over-

expressing PAX6, Thr2 and Tbrl, expression of these genes was found to be positively regulated
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in fetal brain, and over-production of Tbr2-positive cells was observed at E12.5 followed by
microcephaly at E14.5 (Sansom et al., 2009). These findings indicated that over-expression of
PAXE6 in a transgenic model leads to increased neurogenesis which compromises progenitor cell
self-renewal potential early in development. Additionally, Tbr2 has been reported to play an
essential role in regulating laminar fate during cortical genesis ( Mihalas et al., 2016). In the
present study we investigated the effects of developmental DE exposure on the PAX6/ Tbr2/ Tbrl
neurogenic pathway and assessed potential consequences in cortical lamina organization and

adult neurogenesis.

5.2. Material/ Method

5.2.1 Animals and Exposure

Nine-week old male and female C57BL/6J mice were obtained from the Jackson Laboratory (Bar
Harbor, ME) and housed in the University of Washington Northlake Diesel Exposure Facility under
specific pathogen-free conditions, on a 12-hour light/dark cycle in an Allenton caging system
(Allenton, NJ, USA) connected to filtered air supply with unrestricted access to food and water.
Following one week of acclimation period, each male was time-mated with two females overnight,
and evidence of a vaginal plug, confirmation of successful mating, was checked the next morning
before 8:30 am. Females with identified vaginal plug were then considered to be at embryonic
day (EO). The plug-positive females were randomly assigned to be housed individually in cage
racks designated for either diesel exhaust (DE) or filtered air (FA) exposure. Animals were housed
individually in these cages throughout the entire duration of pregnancy and during the pre-
weaning period of their pups (EO- Postnatal day PND21). Mice housed in DE rack were exposed
for 6 hours a day and five days per week (Monday through Friday) at the level of 250-300 pg/m?3

of PM2.5 concentration, equivalent to a time weighted hourly average of 35.71-44.64 ug/mé®.
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Between each day’s exposure mice housed in DE rack were supplied with FA. Mice housed in
the FA rack were supplied with FA at all times. In order to keep exposure schedule consistent on
the same developmental days in different cohorts, mating pairs were always set-up on Sundays

to allow first day of exposure to fall on EO.

DE was generated on site from a Yanmar YDG5500 diesel generator fueled with standard
highway-grade number 2 diesel fuel obtained from local fuel distributors and operated under load.
Generated DE passed through a two-step dilution system with dynamic control of fine particulate
matter (PM2.5), maintaining constant exposure levels at 250-300 pg/m3. Chemical composition
and particle size characterization of the DE have been previously described in detail (Fox et al.,
2014; Gould et al., 2008; Weldy et al., 2013). During the exposure period, mice in both exposure
groups were housed in the same room under identical conditions, subjected to the same noise
level and light cycle. All animal experiments were approved by the University of Washington

Institutional Animal Care and Use Committee.

5.2.2 Tissue Collection

At PND3, pups born to DE- and FA- exposed dams were euthanized by decapitation and whole
brains were rapidly removed and snap-frozen in liquid nitrogen then stored at -80°C for later
guantitative real-time PCR (QRT-PCR) analysis. At PND60, mice were euthanized with CO2
narcosis followed by cervical dislocation, and transcardially perfused with 10 ml of phosphate
buffered saline (PBS) followed by 10 ml of 4% paraformaldehyde at the rate of 2 ml/ minute.
Brains were then carefully removed from the skull, placed into 4% paraformaldehyde at 4°C
overnight for additional fixing, then cryoprotected in 30% sucrose at 4°C until the brains sank.
After cryoprotection, brains were hemisected at midline and imbedded in Tissue-Tek* CRYO-OCT
cutting matrix (Fischer Scientific, Pittsburgh, PA) with midline facing the bottom of standard size

Cryomold® (25 x 20 x 5 mm, Sakura Finetek, Netherlands) to ensure consistent sectioning angle.
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The embedded brains were stored in -80°C in moisture trapping resealable zip bags for later

immunohistochemistry analysis.

5.2.3 Real-time qPCR

MRNA levels of PAX6, Tbrl, Tbr2, Spl, and Crebl were measured by gRT-PCR in whole brain
samples from DE- and FA- exposed PND3 mice. Expression levels were normalized to the

housekeeping gene, GAPDH (encoding Glyceraldehyde-3-Phosphate Dehydrogenase). In brief,

RNA was extracted by homogenizing frozen brain samples in TRIzol reagent (Thermo Fisher
Scientific, Rockford, IL) with a tissue homogenizer, followed by standard chloroform extraction
and ethanol precipitation procedures. RNA was further purified with the GeneJET RNA purification
kit (Thermo Fisher Scientific Inc., Rockford, IL) according to the RNA clean-up protocol provided
by the manufacturer. Quality and concentration of RNA isolates were confirmed by NanoDrop
(Thermo Fisher Scientific Inc., Rockford, IL) measurements. For gRT-PCR analysis only samples
with 260/280 ratio >1.8 and 260/230 ratio between 2.0 -2.2 were used. Reverse transcription was
done using iScript cDNA Synthesis kit (Biorad; Hercules, CA) with 1ug of RNA per 20ul reaction.
iTag™ Universal SYBR® Green One-Step Kit (Biorad; Hercules, CA) was used for signal
detection during real-time quantitative PCR on a Bio-Rad CFX384 Real-Time PCR Detection
System (Biorad; Hercules, CA) with primers shown in Supplemental Tablel. Relative mRNA
expression of target genes was normalized to thehousekeeping gene GAPDH. Relative
expression levels (ddCq) were calculated according to Haimes & Kelley (2010), and expression

in DE exposed animals was compared with that in same-sex FA control animals.

5.2.4 Immunohistochemistry Analysis of Cortical Lamina Organization

OCT-embedded P60 mouse brains were cut sagittally at 10-12 ym starting 2000 um away from
midline, and the somatosensory cortex region was sampled 200 pym apart for five serial sets. The

sections were direct mounted on glass slides and air dried before being stored at -80°C.
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Immunohistochemistry was performed as previously described (Englund et al., 2005) with the
following primary antibodies at the indicated dilutions: rabbit anti-Tbrl (1:2,000; kindly provided
by Dr. from Robert Hevner, University of Washington), rat anti-Tbr2 (1:200; ebioscience, 14-4875-
82), rabbit anti-CUX1 (1:200; Santa Cruz, sc-13024), rat anti- Ctip2 (1:1,000; Abcam, 18465),
mouse anti- Calb (1:3,000; Sigma, c9848), and rabbit anti- Parvalbumin (PV) (1:1,000; Swant, pv
27); secondary antibodies Alexa Fluor 488-conjugated goat anti-rabbit (1:600, Thermo Fisher
Scientific), 568-conjugated goat anti-mouse (1:600, Thermo Fisher Scientific), and 568-
conjugated goat anti-mouse (1:600, Thermo Fisher Scientific). The chromosome counterstain
DAPI (4’,6-diamidino-2-phenylindole) (Sigma, St. Louis, MO) was used to label DNA after
incubation with primary and secondary antibodies, following the manufacturer’s instructions.
Brains from five animals in each experimental group were processed and analyzed, and 3-5
sections were collected per brain. Digital immunofluorescence images were obtained on a Zeiss
Axio Imager Z1. In each image cortical depth, i.e., the distance between ventricle and pia, was
divided into 10 evenly spaced bins, with bin 1 nearest to the pia. Fluorescently labeled cells were
counted in each bin and area of each bin was measured using Adobe Photoshop, with the
researcher blinded to the experimental groups. Cell density in each bin was calculated by dividing

cell count to bin area.

5.2.5 Statistical Analysis

Two-way ANOVA with Bonferroni posttest was used to assess change in mRNA levels of

transcription factors due to DE exposure in whole brain samples collected at PNDS3.

Two-tailed T-test was used to assess differences in cell density between FA and DE brains of the
same sex in each bin. F-test was also used to assess equality of variances between FA and DE
brains of the same sex in each bin. In hippocampus, Thr2+ cells in the DG were counted in 3-5
tissue sections from each of the five mice sampled per experiment group. Averaged Thr2+ cell
counts for each animal were normalized to same sex FA controls. Unpaired T-test with Welch’s
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correction was conducted to compare differences in Thr2+ cell counts in hippocampus between

FA- and DE- exposed brains of same sex mice.

5.3. Results

5.3.1 Developmental DE exposure is associated with increased expression of Pax6, Thr2, and

Tbrl at PND3

MRNA levels of transcription factors known to modulate neurogenesis and neurodifferentiation
were measured by gRT-PCR analysis with RNA samples isolated from PND3 whole brains.
Relative expression of the target genes Pax6, Tbr2, Thrl, Spl, Crbl were normalized to the
housekeeping gene GAPDH. Expression of all five transcription factors tested increased
significantly in brains of DE- exposed male mice, as compared to FA-exposed controls (Fig. 4.1A-
E). In female mice, Tbrl and Crbl also showed trends of increasing expression due to DE
exposure when compared to same-sex control animals, but the differences werenot statistically
significant. There were no differences in GAPDH expression between DE- and FA-exposed

animals of either sex (not shown).

5.3.2 Developmental DE exposure is associated with decreased adult neurogenesis.

T-box brain 2 (Tbr2) has been used as a marker for neurogenesis since it is only expressed by
intermediate neurons (Englund et al., 2005; Hodge et al., 2008; Liu and Crews, 2017; Mouihate,
2016). In the adult brain, neurogenesis occurs in two discrete areas, the subventricular zone (SVZ)
and dentate gyrus (DG) (Abrous et al.,, 2005; Toda and Gage, 2017). In the DG of mice
developmentally exposed to DE, significantly decreased adult neurogenesis, as marked by a

decreased number of Thr2-positive cells, was found in both males and females (Fig. 5.2).

5.3.3 Developmental DE exposure is associated with disorganization of cortical lamina in adult

mice.
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Disrupted cerebral cortex development has been found in mice genetically modified to over
express PAX6 as well as in mice prenatally exposed to PM2.5 (Imamura and Greer, 2013; Zhang
et al., 2018). To assess potential effects on lamina organization due to PAX6 up-regulation
associated with developmental DE exposure,, immunohistochemical analysis was performed with
the lamina-specific markers T-box brain 1 (Tbrl), COUP-TF-interacting protein 2 (CTIP2), CUT-
like homeobox 1 (CUX1), calbindin (CALB), parvalbumin (PV) on tissue sections from P60 mouse
brains. Statistically significant differences were found in the cortical distribution of Thrl-, CALB-,
and PV-positive cells (Fig. 5.3-5.5). Tbrl is a transcription factor protein known for its role in
glutamatergic neuron differentiation (Englund et al., 2005; Mihalas and Hevner, 2017).
Developmental DE exposure affected the localization pattern of Thrl-positive cells in males only.
In DE-exposed males, a statistically significant decrease in Thrl-positive cell density in cortical
layers II/1ll was observed, while the normal characteristically distinct, bi-layer pattern of Thrl-
positive cells localizing in layers II/ll and V was observed in FA- exposed mice of both sexes and
in DE- exposed female mice (Fig. 5.3C, 5.3D). CALB is a calcium binding protein known to be
expressed by interneurons localized in cortical layer 1I/1ll (Beguin et al., 2013). In DE- exposed
female mice, a statistically significant increase in CALB-positive cell density was found in cortical
layer VI as compared to FA- exposed females. In contrast, no significant difference in CALB-
positive cell density was found between FA- and DE- exposed male mice (Fig. 5.4C, 5.4D). PV is
a calcium-binding albumin protein expressed by interneurons localizing in layer 11/11l (Beguin et
al., 2013; Gonchar, 2008). In DE-exposed male mice, a statistically significant increase in PV-
positive cell density was found in cortical layers IV and VI compared to FA- exposed males,
whereas no significant difference in PV-positive cell density was found between FA- and DE-
exposed female mice (Fig. 5.5C, 5.5D). No significant difference was found in distribution of Ctip2-

and CUX1- positive cells following DE exposure (Supplemental Figures 5.1 and 5.2).
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5.4. Discussion

5.4.1 Upregulation of PAX6 from developmental DE exposure positively regulates neurogenic

pathways during CNS development.

We examined mRNA levels of five different transcription factors (PAX6, Tbr2, Thrl, Spl, and
Crebl) known to modulate neurogenic pathways (Dworkin & Mantamadiotis, 2010; Englund et al.,
2005; Sansom et al., 2009; Strom et al., 1996) and found statistically significant increases for all
five transcription factors in DE- exposed males at PND3 (Fig. 5.1). Temporal expression of PAX6,
Tbr2, and Tbrl has been shown to control the process of neurogenesis and neurodifferentiation,
as these genes are expressed sequentially by radial glia, intermediate progenitor cells, and
postmitotic neurons, respectively, during neurogenic events in both fetal and adult brains (Brill et
al., 2009; Englund et al., 2005; Hodge et al., 2008; Roybon et al., 2009a, 2009b). In addition,
PAX6 has been shown to play an essential role in controlling the balance between neural stem
cell self-renewal and neurogenesis in both in vivo and in vitro models (Gan et al., 2014; Sansom
et al., 2009). In transgenic mice over-expressing PAX6, expression of Thr2 and Thrl were found
to be positively regulated in fetal brain (Sansom et al., 2009). Our findings of increased PAX®,
Thr2, and Thrl mRNA levels in brains of PND3 male mice developmentally exposed to DE (Fig.
5.1A- C) are consistent with the reported findings that PAX6 upregulates expression of Thr2 and
Thbrl, leading to the promotion of neurogenesis over neural stem cell self-renewal (Imamura and

Greer, 2013; Manuel et al., 2006).

5.4.2 Neurodegenerative consequences caused by developmental DE exposure.

Immunohistochemical analysis in the DG of P60 mice developmentally exposed to DE
demonstrated a significant decrease in the number of Thr2+ cells in DE-exposed mice of both
sexes, as compared to FA-exposed controls (Fig. 5.2). Tbr2 has been used as a marker for adult

neurogenesis in many animal studies (Brill et al., 2009; Hodge et al., 2008; Liu & Crews, 2017;
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Mihalas & Hevner, 2017; Mouihate, 2016), as Tbhr2 is only expressed by newly divided
intermediate neural progenitor cells (Englund et al., 2005; Hodge et al., 2008). Our findings show
that developmental DE exposure decreases adult neurogenesis in the DG as late as PNDG6O.
Other animal studies have shown decreased adult neurogenesis due to acute and subacute
exposure to traffic related air pollution in adult mice (Cheng et al., 2017; Coburn et al., 2018). A
study conducted in PAX77 mice, a transgenic mouse strain over-expressing PAX6, provides a
possible explanation for the decreased adult neurogenesis in DE- exposed mice. In PAX77 mice,
an increased number of Thr2-positive cells was observed in the neocortex at E12.5 followed by
reports of microcephaly at E14.5, with no increase in apoptosis (Sansom et al., 2009). These
results suggest that over-promotion of neurogenesis early in CNS development depletes neural
progenitor cells’ self-renewal potential, which leads to decreased neurogenesis during later

stages of corticogenesis, as well as decreased adult neurogenesis (Fig. 5.2).

We also found increased mRNA levels of transcription factor Spl in brains of PND3 male mice
developmentally exposed to DE (Fig 5.1D). This is of interest because Spl has been found to
upregulate B -amyloid precursor protein (APP) as a result of environmental influences occurring
during brain development, leading to amyloidogenesis and cognitive decline at later age (Basha
et al., 2005; Bihagi et al., 2014). These studies focused on developmental exposure to lead, a
metal which was not present in the DE used in the present study (Fox et al., 2014); however the
DE mixture does include other metals in the same valence group, such as zinc (Zn) and tin (Sn),

which could exert similar modes of toxicity on the developing CNS.

We also found increased mRNA levels of transcription factor Creb1l in brains of PND3 male mice
developmentally exposed to DE (Fig 5.1E). Since Crebl is reported to play a role in neuronal
survival during adult neurogenesis (Herold et al., 2011; Zhu et al., 2004), further assessments of

whether the sex-dependent Creb1 upregulation due to DE exposure persisted in adult mice would
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definitely be of interest to elucidate key mechanistic events contributing to developmental origin

of neurodegenerative disorders.

5.4.3 Developmental DE exposure leads to disrupted cortical lamina organization.

In PAX77 transgenic mice overexpressing PAX 6, cell cycle length and cell cycle exit were found
to be increased, resulting in reduced neurogenesis at late stages of corticogenesis. In the cortex
of PAX77 mice, a decreased number of Tbrl-positive cells was found in the superficial layers,
while Tbrl-positive cell numbers were unaffected in deeper cortical layers (Georgala et al., 2011;
Manuel et al., 2006). We have found increased Pax6 expression levels by RT-qPCR in whole
brain samples from PND3 male mice exposed to DE (Fig 5.1A), as well as a significantly
decreased number of Thbrl-positive cells in cortical layers II/lll from PND60 male mice
developmentally exposed to DE (Fig. 5.3C). Thus, our findings mirror those reported for the
PAX77 mouse model, as cortical layers are generated with the “inside-out” pattern: neurons in
deeper-layers were born during early stages of corticogenesis (Kadoshima et al., 2013; Rakic,
1974; Shen et al., 2006). The sex-specific finding from Tbrl immunohistochemistry analysis was
expected, since the effects of developmental DE exposure on PAX6, Tbr2, Tbrl expression levels
are also male specific (Fig 5.1 A-C), and because expression of Thr2 and Tbrl has been shown

to be modulated by PAX6 (Englund et al., 2005; Imamura and Greer, 2013; Sansom et al., 2009)

In PAX77 transgenic mice, overexpression of Pax6 does not seem to affect cortical lamina
organization (Georgala et al., 2011); however, we have previously reported downregulation of
reelin expression levels in brains of PND3 mice developmentally exposed to DE (Chang et al.,
2018b). Since reelin has been known to play a critical role in guiding the process of neuronal
migration (D’Arcangelo, 2014; Michetti et al., 2014), we performed immunohistochemistry
analysis with four additional cortical laminar specific markers (CALB , PV, Ctip2, and CUX1) to
further evaluate the extent of potential effects on cortical organizational associated with
developmental DE exposure. We found mild changes in distribution of CALB+ and PV+ cells in
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deeper layers of the cortex (Suppl. Fig. 5.1, 5.2), while no significant changes in cell distribution
were found with the markers Ctip2 or CUX1 (Fig. 5.6, Fig. 5.7). Although the level of cortical
disorganization found in DE- exposed mice is mild compared to findings in other models, i.e. the
reelin knockout mice (Boyle et al.,, 2011), our results parallel reports of small patches of
disorganization found in prefrontal cortex of adolescent ASD patients (Stoner et al., 2014b).
Considering that disruption of developmental events elicited by a pervasive environmental
toxicant such as air pollution would have long-lasting effects in organizational structure of the

brain, the public health implications suggested by our finding are rather striking.

5.5 Figures
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Fig. 5.1 mRNA Levels of Neurogenic Transcription Factors at PND3

MRNA levels of transcription factors Pax6 (A), Tbr2 (B) , Tbrl (C), Spl (D), and Crebl (E) were
measured in whole brain samples from PND3 pups exposed to either DE or FA from EO to
PND3. mRNA levels were normalized to the housekeeping gene GAPDH. Results represent the
mean (x SE) of 5 mice taken from different litters for each experimental group. For all five
transcription factors measured, mRNA levels were found to be significantly increased in DE-
exposed males when compared to FA- exposed males(* p<0.05; **p<0.01; ***p<0.001; two-way

ANOVA with Bonferroni posttest).
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Fig. 5.2 Adult Neurogenesis in PND60 Dentate Gyrus.

Representative image from a FA- exposed male (A), DE- exposed male (B), FA- exposed
female (C), and DE- exposed female (D) are shown with Thr2+ cells (in green) and nuclei
counter stain DAPI (in blue). A significant decrease in number of Tbr2+ cells was found in mice
exposed to DE in both sexes (E). Results represent the mean (+ SE) of 5 mice from different
litters for each experimental group (**p<0.01; ***p<0.001; Unpaired t-test with Welch’s

correction)
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Fig. 5.3 Tbrl in PND60 Cortex.
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In cortex of control mice, Tbrl is mostly localized in layers II/ll and V as shown in the Allen Brain

Atlas (Sunkin et al., 2013). (A, B) Representative image of Tbrl+ cells (red) with nuclei

counterstain DAPI (blue) from FA- and DE- exposed males. DE-exposed males showed a

statistically significant decrease in Tbrl-positive cell density in cortical layer II/Ill compared to

FA- exposed males (C). No difference in Tbhrl+ cell distribution was observed with DE exposure

in female mice (D). Results represent the mean (x SE) of 5 mice from different litters for each

experimental group; 3-5 sections/ mouse were examined (***p<0.001; unpaired T-test with

Welch’s correction;)
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Fig. 5.4 Calbindin in PND60 Cortex.

Calbindin (CALB) is a calcium binding protein, Calb expressing interneurons have been shown
to localize in cortical layer 1I/11l (Beguin et al., 2013). (A, B) Representative image of Calb+ cells
(green) with nuclei counterstain DAPI (blue) from FA- and DE- exposed females. In DE-
exposed females, a statistically significant increase in CALB-positive cell density was found in
cortical layer VI when compared to FA- exposed females, while no significant difference in
CALB-positive cell density was found between FA- and DE- exposed male mice (C, D). Results
represent the mean (£ SE) of 5 mice from different litters for each experimental group; 3-5

sections/ mouse were examined (*p<0.05, **p<0.01; unpaired T-test with Welch’s correction;)
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Fig. 5.5 Parvalbumin in PND60 Cortex.

Parvalbumin (PV) is a calcium-binding albumin protein expressed by interneurons localizing in
layer 1I/11l (Beguin et al., 2013; Gonchar, 2008). (A, B) Representative image of PV+ cells (red)
with nuclei counterstain DAPI (blue) from FA- and DE- exposed males. In DE- exposed males a
statistically significant increase in PV-positive cell density was found in cortical layers IV and VI
when compared to FA- exposed males (C), while no significant difference in PV-positive cell
were found between FA- and DE- exposed female mice (D). Results represent the mean (£ SE)
of 5 mice from different litters for each experimental group; 3-5 sections/ mouse were examined

(*p<0.05; unpaired T-test with Welch’s correction;)
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5.6 Appendix

Supplemental Table 5.1. Sequences of primers for gRT-PCR

Forward Primer Sequence (5' -> 3') | Reverse primer Sequence (5' -> 3')
PAX6 ACTTTAACCAAGGGCGGTGAG TTCACTCCGCTGTGACTGTTC
Thrl CCGGAGACTCAGTTCATCGC GCCCGTGTAGATCGTGTCAT
Thbr2 GTGACGGCCTACCAAAACAC CCACCTCTTCGCTGAATCGT
Spl AGGCCTCCAGACCATTAACC TCCATGATCACCTGGGGTGT
Crebl ACTCAGCCGGGTACTACCAT GAGGCAGCTTGAACAACAACT
GAPDH | TGACCTCAACTACATGGTCTACA | CTTCCCATTCTCGGCCTTG

Sequences of primer sets used in the present study are shown; both forward and

reverse primers are listed from 5’ to 3’.

Supplemental Figure 5.1 Ctip2 in PND60 Cortex.
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COUP-TF-interacting protein 2 (Ctip2) is expressed in cortical layer V as shown in the
Allen Brain Atlas (Sunkin et al., 2013). (A, B) Representative image of Ctip2+ cells
(green) with nuclei counterstain DAPI (blue) from FA- and DE- exposed males.
Developmental DE exposure did not cause any statistically significant difference in
Ctip2+ cell distribution in mice of either sex (C, D). Results represent the mean (+ SE) of
5 mice from different litters for each experimental group; 3-5 sections/ mouse were

examined (unpaired T-test with Welch’s correction;)

Supplemental Figure 5.2 CUX1 in PND60 Cortex.
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CUT-like homeobox 1 (CUX1) is expressed in cortical layers Il/lll and IV as shown in the
Allen Brain Atlas (Sunkin et al., 2013). (A, B) Representative image of CUX1+ cells (red)
with nuclei counterstain DAPI (blue) from FA- and DE- exposed males. Developmental
DE exposure did not cause any statistically significant difference in CUX1+ cell
distribution in mice of either sex (C, D). Results represent the mean (+ SE) of 5 mice
from different litters for each experimental group; 3-5 sections/ mouse were examined

(unpaired T-test with Welch’s correction;)
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Chapter 6

CONCLUSIONS AND FUTURE DIRECTIONS

Autism spectrum disorder (ASD) represent a heterogeneous group of disorders characterized by
difficulties in social interactions, impaired verbal and nonverbal communication, and repetitive
behaviors. In 2014, the CDC National Health Interview Survey estimated ASD prevalence to be
1 in 45 for American children. Prompted by the escalating prevalence of ASD, emerging
epidemiological studies provided evidence associating developmental traffic-related air pollution
(TRAP) exposure with increased ASD risk. Given the pervasive nature of TRAP and the sizeable
global population facing potentially high levels of exposure, in this thesis project we investigated
the neurotoxic effects of developmental exposure to DE in mice, to contribute to knowledge of

this emerging public health concern.

Following a series of preliminary studies involving only pre-natal exposure to DE (Chapter 2), we
carried out a comprehensive assessment of autism-related behavioral effects following prenatal
and early life exposure (EO-PND21) to DE (Chapter 3). In DE-exposed mice, we found altered
behavioral phenotypes consistent with all three characteristic domains of autism, i.e. increased
repetitive behavior, altered vocal and olfactory communication, decreased social sniffing, and
inability to differentiate social novelty. Results from this study support epidemiological findings of
an association between TRAP and ASD (Becerra et al., 2013; Guxens et al., 2016; Morales-
Suérez-Varela et al., 2017; Raz et al., 2017; Volk et al., 2011, 2013). Our findings are also in
agreement with reports from recently published rodent studies showing exposure to ambient

PM2.5 leads to decreased number of neonatal USV calls, inability to differentiate social novelty,
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decreased interactive sniffing response, and increased repetitive grooming (Church et al., 2017;

Li et al., 2017a).

We next hypothesized a mechanistic pathway potentially affected by developmental DE exposure
that may be relevant to ASD. We found that developmental exposure to DE elicited
neuroinflammation; specifically, it was associated with upregulated expression of IL-6 and
downstream activation of the JAK2/ STAT3 pathway, which was previously shown to play a key
role in modulating ASD-like behavior in mice with maternal immune activation (Choi et al., 2016;
Hsiao and Patterson, 2011; Smith et al., 2007). Since STAT3 has been shown to upregulate
DNMTL1 expression and DNMT1 has been shown to modulate RELN expression (Dong et al.,
2015; Huang et al., 2016; Kundakovic et al., 2009; Zhang et al., 2006, 2005), we further
investigated this relationship with respect to developmental DE exposure, and found increased
DNMT1 expression and decreased expression of RELN in brains of PND3 mice exposed to DE.
These findings suggest that developmental exposure to DE upregulated the key inflammatory
cytokine IL-6, which activated the JAK2/STAT3 pathway and promoted upregulation of DNMT1,
which in turn down regulated RELN expression at an early developmental age. Grounded on
RELN’s critical role in guiding the process of neuronal migration (D’Arcangelo, 2014; Jossin &
Cooper, 2011; Lee & D’Arcangelo, 2016), our findings further showed signs of cortical lamina
disorganization in the somatosensory cortex of DE-exposed adult mice. A recent study showing
that activation of neurons in the S1DZ region in the somatosensory cortex induces ASD-like
behavior in mice (Shin Yim et al., 2017) suggests a possible connection between the cortical
disorganization found in DE-exposed mice and the ASD-like behavioral phenotypes that were
found in the current study. To my knowledge, this is the first time that a mechanistic pathway
connecting air pollution-induced neuroinflammation todownstream molecular changes in brain
structural morphology similar to those found in ASD patients, in an exposure model causing an

ASD-like behavioral phenotype.
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Additional studies suggest that developmental exposure to DE causes up-regulation of the PAX6,
Tbr2, and Tbrl, factors involved in theneurogenic pathway, thusdisrupting the temporal balance
between neurogenesis and progenitor cell self-renewal, and causing decreased neurogenesis
during late corticogenesis, as well as decreased adult neurogenesis. In addition, we have shown
that developmental DE exposure causes increased mRNA levels of Spl, a transcription factor
known to upregulate B -amyloid precursor protein (APP). Overall, these findings suggest that
developmental air pollution exposure may increase risk for later onset neurodegenerative
diseases by altering expression levels of key transcription factors known to modulate
neurodegenerative risk, leading to decreased adult neurogenesis. However, a detailed
mechanistic explanation for such changes remains unclear. Given the pervasive nature of traffic
related air pollution and the size of population exposed globally, future studies are much
warranted to carefully evaluate both the potential hazard and the exact mode of toxicity.
Additionally, further studies aimed at investigating potential gene-environment interactions could

help identify sensitive populations and further inform future air quality policy.
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