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ABSTRACT

Increasing evidence indicates that the central nervous system (CNS) is a target of air pollution. We previously reported that
postnatal exposure of mice to concentrated ambient ultrafine particles (UFP; <100 nm) via the University of Rochester
HUCAPS system during a critical developmental window of CNS development, equivalent to human 3rd trimester, produced
male-predominant neuropathological and behavioral characteristics common to multiple neurodevelopmental disorders,
including autism spectrum disorder (ASD), in humans. The current study sought to determine whether vulnerability to fine
(<2.5 um) and UFP air pollution exposure extends to embryonic periods of brain development in mice, equivalent to human
1st and 2nd trimesters. Pregnant mice were exposed 6 h/day from gestational days (GDs) 0.5-16.5 using the New York
University VACES system to concentrated ambient fine/ultrafine particles at an average concentration of 92.69 ug/m? over
the course of the exposure period. At postnatal days (PNDs) 11-15, neuropathological consequences were characterized.
Gestational air pollution exposures produced ventriculomegaly, increased corpus callosum (CC) area and reduced
hippocampal area in both sexes. Both sexes demonstrated CC hypermyelination and increased microglial activation and
reduced total CC microglia number. Analyses of iron deposition as a critical component of myelination revealed increased
iron deposition in the CC of exposed female offspring, but not in males. These findings demonstrate that vulnerability of
the brain to air pollution extends to gestation and produces features of several neurodevelopmental disorders in both sexes.
Further, they highlight the importance of the commonalities of components of particulate matter exposures as a source of
neurotoxicity and common CNS alterations.
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Air pollution is a global environmental health concern
(Lelieveld et al., 2015) associated with respiratory and cardiovas-
cular disease morbidity that is considered to occur via inflam-
matory mechanisms (Kelly and Fussell, 2015). While the
magnitude and range of its toxic effects are highly dependent
upon composition and concentration of constituent pollutants
(Bell et al., 2009), evidence shows that the particulate matter

(PM) fraction of air pollution is a major contributor to adverse
health effects. PM toxicity is highly dependent on particle size,
with coarse particles (>10 um, PM;o), considered to be the least
toxic as they are generally trapped and cleared within the upper
airway (Sturm, 2013), and fine particles (<2.5 pm, PM,s) cur-
rently regulated by the U.S. Environmental Protection Agency
(US EPA). Evidence suggests that both fine and coarse PM
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exposures are associated with increased cardiovascular and re-
spiratory morbidity and mortality (Adar et al., 2014), as well as a
wide spectrum of neuropathologies (Block and Calderon-
Garciduenas, 2009). Ultrafine particles (UFP; <100 nm, PMy4),
considered the most reactive because of their small size
(Oberdérster, 2000), penetrate deeper into lung (Terzano et al.,
2010) and have a higher surface-to-volume ratio that increases
the potential for cellular adsorption (Oberdérster et al., 2004).
The small size and physical characteristics of UFP increase the
potential for adsorption of additional toxicants onto the particle
itself (Penn et al., 2005), including heavy metals, bacterial lipo-
polysaccharide (LPS), and polyaromatic hydrocarbons (PAHSs).
Because of these characteristics, UFPs are putatively the most
toxic air pollution component, yet there are currently no US EPA
regulations regarding exposure to these particles.

Increasing evidence suggests that the central nervous system
(CNS) is both a direct and indirect target of air pollution, chiefly
the fine and UFP components. Direct CNS localization of UFP can
occur after intranasal instillation via translocation across the ol-
factory epithelium and olfactory nerves (Oberdorster et al., 2004,
2009). Indirectly, it has been demonstrated that UFP can translo-
cate to the brain after tracheobronchial instillation via transport
along sensory afferent nerves. These routes of particle transloca-
tion are known to elicit a neuroinflammatory response (Block
and Calderén-Garciduenas, 2009). Additionally, PM may indir-
ectly affect the CNS by inducing peripheral release of soluble
proinflammatory mediators (Fujii et al., 2001; Mumaw et al., 2016).
PM deposited in lung is also capable of inducing a neuroinflam-
matory response by stimulation of the vagal nerve (McQueen
et al., 2007). Overall, these observations demonstrate that the par-
ticulate fraction of air pollution acts as an inflammatory stimulus
and is capable of inducing neurotoxicity through multiple direct
and indirect mechanisms.

The brain is particularly sensitive to environmental insults
during development, and given the multiple mechanisms by
which particulates and other pollutants can impact brain, gesta-
tion is a period of particular concern for air pollution exposure.
Given the precisely timed nature and ongoing synchronization
of cell division, migration and maturation, the gestational
period presents numerous critical windows during which an en-
vironmental insult could disrupt the normal course of neurode-
velopment. These critical windows of neurodevelopment have
been increasingly implicated in the increased number of re-
ported associations of air pollution with neurodevelopmental
disorders, including autism spectrum disorders (ASD) and
schizophrenia, as well as with cognitive and attention deficit
syndromes (Kalkbrenner et al., 2015; Siddique et al., 2011,
Yackerson et al., 2013). Increased risk for ASD and schizophrenia
and associated neuropathology has also been described in the
context of maternal infection and systemic inflammation dur-
ing pregnancy (Meyer et al., 2011). As air pollution is a known in-
ducer of systemic inflammation in humans (Kelly and Fussell,
2015), it is possible that a pollutant-induced inflammatory re-
sponse in a pregnant female increases the risk of neuropathol-
ogy in the offspring.

Previous studies from our laboratory in mice provide biolo-
gical plausibility for a role of developmental air pollution expos-
ure in neurodevelopmental disorders. Exposure to concentrated
ambient UFP during the early postnatal period, a time of rapid
neuro- and gliogenesis (Bandeira et al., 2009) and considered
equivalent to human 3rd trimester (Rice and Barone, 2000), pro-
duced persistent and male predominant inflammation/micro-
glial activation (Allen et al., 2014a; Allen et al., 2014c), reductions
in corpus callosum (CC) size with associated hypomyelination
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and ventriculomegaly (Allen et al., 2014a, 2015), elevated glu-
tamate and excitatory/inhibitory imbalance (Allen et al.,
2014a, 2014b), increased amygdala astrocytic activation (Allen
et al., 2014a), and repetitive and impulsive behaviors (Allen
et al., 2013). Given the possibility from these earlier studies
that air pollution could serve as a broad risk factor for neuro-
developmental disorders, we hypothesized that this vulner-
ability extends to even earlier periods of brain development
and, additionally, we sought to determine if gestational expos-
ure produces sexually dimorphic effects, e.g. a male-
predominant pathology such as that observed previously in
postnatal-only exposures.

The gestational period encompasses a significant time of
brain development during which essential micronutrients, such
as metals, are acquired by the fetus via placental transfer in the
pregnant female. Given that metal homeostasis is tightly regu-
lated during fetal development (Kambe et al., 2008), perturb-
ations of metal levels can alter the trajectory of
neurodevelopmental endpoints and induce pathology. Notably,
extensive studies of iron in relation to neural development
demonstrate that alterations in iron levels, i.e. iron deficiency,
disrupts CNS development and produces characteristic neuro-
logical sequelae, including protracted cognitive impairment and
reductions in brain myelin (Radlowski and Johnson, 2013).
Dysregulation of metal homeostasis may play a key role in air
pollution mediated neurotoxicity, as metals are often a key
component in PM (Block and Calderén-Garciduenas, 2009). Air
pollution exposures completed using the experimental methods
described here are known to contain elevated levels of elemen-
tal metal species when compared to controls (Blum et al., 2013),
and, of these, iron has been extensively characterized as a regu-
lator of brain fatty acid biosynthesis and myelin formation in
models of iron deficiency (Todorich et al., 2009). Elevation of
fetal iron levels could likewise be detrimental to CNS develop-
ment, as iron overload is a known inducer of oxidative stress
and has demonstrated neurotoxicity in vitro and in adult mouse
models (Bresgen and Eckl, 2015). Currently, information regard-
ing the effects of iron overload on neurodevelopment is lacking.
This study additionally sought to determine whether elevated
iron levels in concentrated ambient exposures disrupt brain
iron levels and correlate with any observed neuropathology in
mice exposed gestationally to fine and UFPs.

MATERIALS AND METHODS

Animals and Air Pollution Exposures

Male and female 8-10-week-old B6C3F1 hybrid mice (Jackson
Laboratory, Bar Harbor, ME) were paired. Upon discovery of a co-
ital plug (GDO.5), females were removed, weighed, assigned to a
treatment group and placed into the exposure box. Timed-
pregnant dams (N=16) were exposed to concentrated ambient
fine and ultrafine particles (CAPs) or HEPA-filtered air (FA) via
compartmentalized whole-body inhalation for 6h/day from
GDO.5 through GD16.5 using the Versatile Aerosol Concentration
Enrichment System [VACES; New York University Department of
Environmental Medicine, Sterling Forest, New York; (Maciejczyk
et al., 2005)]. This system was chosen to test whether spatiotem-
poral variability in air pollution composition would produce simi-
lar neuropathological effects as previously observed, i.e.
ventriculomegaly and glial activation. The VACES system concen-
trates PM at a comparable factor when compared to the Rochester
HUCAPS system used in previous studies (Allen et al., 2013; Allen
et al., 2014a; Allen et al., 2014b; Allen et al., 2014c; Allen et al., 2015).
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The particle size distribution of the VACES system is slightly
larger than the HUCAPS but still within the fine/ultrafine range
(Kim et al, 2001). Exposures occurred between 08:00 and
14:00 hours during August of 2014. Dams had access to food and
water ad libitum except during exposures and were weighed daily
to assess any effects of exposure on gestational weight gain.
Beyond the final day of exposure (GD16.5), dams were maintained
in ambient air through birth and the postnatal period. The time-
point of PND 11-15 for assessment of brain outcomes was se-
lected as this period encompasses the peak of myelination, and
given the magnitude of myelin biosynthesis that occurs during
this time, PND was controlled for statistically (described in
Statistical Analyses). No offspring mortality was observed and sex
of the offspring was determined by visual examination. Final off-
spring sample numbers were: 11 female FA, 7 female CAPs, 9
male FA, and 6 male CAPs from 5 to 6 litters/treatment group.
Mice used in this study were treated humanely and all study
protocols were approved by the New York University Institutional
Animal Care and Use Committee.

Elemental Characterization and Mass Concentration of
Collected Particles

Mass concentration of CAPs exposures was determined daily
using pre-weighed Teflon filters (37 mm, 0.2 pm pore size; Pall,
Port Washington, New York). Particle-laden filters were equili-
brated overnight in a temperature/humidity controlled room
(21°C=0.5°C and 40 =+ 5% relative humidity) and weighed gravi-
metrically on a MT5 microbalance (Mettler Toledo, Hightstown,
New Jersey). X-ray fluorescence spectroscopy (XRF) was used to
determine the elemental composition of exposures. Briefly, fil-
ters from every third exposure day were analyzed using an ARL
QUANT’X EDXRF Analyzer (ThermoFisher Scientific, Waltham,
Massachusetts). Lot-matched, unexposed filters were used as
blank controls.

Tissue Preparation, Histological Staining, and Image
Analysis

Pups were sacrificed by rapid decapitation between PND 11-15,
and brains extracted, hemisected, and fixed in 4% paraformal-
dehyde for 24hours and postfixed in 30% sucrose until they
completely sank. Tissue from the left hemisphere was sec-
tioned in the sagittal plane at 40 pm into cryoprotectant (30%
sucrose and 30% ethylene glycol in 1.0M phosphate buffer) and
stored at —4°C until immunostaining. Every 6th section was
stained for ionized calcium binding adapter molecule 1 (Iba-1,
1:5000; Wako, Richmond, Virginia) or myelin basic protein (MBP,
1:1000; Millipore, Billerica, Massachusetts) to assess microglial
activation and myelination status, respectively, as previously
described (Allen et al., 2014a, 2014b, 2014c, 2015). MBP and Iba-1
antibodies were reacted chromogenically using metal-
enhanced  3,3-diaminobenzidinetetrahydrochloride  (DAB;
Sigma Aldrich, St. Louis, Missouri). FluoroMyelin Red staining
was carried out according to manufacturer’s instructions
(ThermoFisher Scientific, Walktham, Massachusetts) to deter-
mine the presence of compact myelin in the CC. Slide-mounted
tissue sections were visualized on an Olympus BX41 microscope
(Olympus America, Inc., Central Valley, Pennsylvania) mounted
with an MBF CX9000 camera (MBF, Villiston, Vermont) for mye-
lination image capture.

All analyses were performed by a single experimenter
blinded to treatment conditions. To quantify myelin staining
density, images were captured at 20X, merged using Photoshop

Elements 11.0 (Adobe, San Jose, California), and analyzed using
established thresholding methods (Cherry et al., 2014) in ImageJ
(National Institutes of Health, Bethesda, Maryland) to generate
a percent area positive for staining. Unbiased stereology and
anatomical area tracings were performed using Stereo
Investigator or Neurolucida software (MBF, Williston, Vermont),
respectively, with an Olympus BX53 microscope mounted with
a Qimaging Retiga 2000R camera at 40x magnification, as previ-
ously described (Allen et al., 2015). For stereological interroga-
tion, the optical fractionator probe was used to sample at least
10% of each region across 3 tissue sections. The mean thickness
of each sample was determined in 3 fields across all 3 tissue
sections, and the upper and lower 0.5 um limits were excluded
from analysis. The microglial numbers per region are reported
as actual counts and not software estimates of total region
density.

Anatomical area tracings were sampled across 3-5 sections
for each region of interest. A murine anatomical brain atlas
(Franklin and Paxinos, 2007) was utilized in conjunction with
identification of anatomical landmarks to ensure that sections
of homologous bregma were analyzed between samples.
However, it should be noted that this atlas typically serves as a
reference for the adult mouse brain, and given the ongoing
brain development at our selected timepoint, there may be
slight variability in the regional specificity of the analyzed tis-
sue sections. Given this, the approximate adult-equivalent
bregma analyzed per endpoint ranged from 0.12 to 1.68 mm.

For brain region area measurements, averaged data are pre-
sented linearly from lateral to medial sections, i.e. averages
from the lateral-most tissue section moving across the brain to
averages from the medial-most sections. Myelin density is pre-
sented similarly, but in a rostral-to-caudal direction. In the case
of frontal cortex thickness, data are presented linearly in 2 dir-
ections: lateral to medial and rostral to caudal. This was done as
different areas of the large span of the frontal cortex might ex-
hibit regional specificity in cortical thickness.

To determine whether the observed changes in hippocampal
and CC areas and CC myelination were correlated with a neuro-
inflammatory phenotype, the level of microglial activation in
both regions was scored where 1=quiescent microglia with
small cell bodies and fully ramified processes, 4=activated
microglia with amoeboid morphology and, at most, 2 partially
ramified processes. Intermediate activation states were also
identified, where 2 = partially ramified morphology with a larger
(yet not fully amoeboid) cell body and similar ramification pat-
terns compared to a fully ramified microglia, and 3 =mostly
activated microglia with an amoeboid cell body that presents 3
or more processes. These activation states were modified from
established methods (Hutson et al., 2011). Microglial activation
data are reported as averages across 3 tissue sections.

Iron levels in the CC were determined histologically using
every 6th tissue section. Tissue was mounted onto gelatin
subbed slides and then stained chromogenically using Perl’s
Prussian Blue stain for iron. Briefly, slides were hydrated to
100% ethanol prior to immersion in 5% potassium ferrocyanide
(#3114-01, ]J.T. Baker, Central Valley, Pennsylvania) for 5min.
Slides were then submerged in a solution of 10% potassium
ferrocyanide and 20% hydrochloric acid for 30 minutes, washed
thoroughly in deionized water, and immersed in a filtered coun-
terstain solution of neutral red for 3min. After rinsing in deion-
ized water, the stain was differentiated in 70 and 95% acetate
buffered ethanol. Slides were then dehydrated and cleared
using Histoclear (National Diagnostics, Atlanta, Georgia) and
allowed to dry prior to coverslipping (Permount, #SP15-500,
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Fisher Scientific, Waltham, Massachusetts). The total number of
positively-stained iron inclusions was quantified in the entirety
of the CC across 3 homologous tissue sections per brain.
Histological iron data are presented as the average of the total
number of inclusions across 3 tissue sections.

Statistical Analyses

Statistical analyses were conducted using JMP Pro 12.0 (SAS
Institute Inc., Cary, North Carolina). Lateral ventricle, hippo-
campal and CC area were analyzed separately using a repeated
measures ANOVA with treatment group (CAPs or FA), sex, and
PND as fully factorial, between-group factors and tissue section
as a continuous, within-group factor. PND was included as a
factor as brains were collected between PNDs 11-15, a known
period of significant brain development. Numbers and activa-
tion state of microglia as well as CC iron levels were analyzed
separately by sex using one-way ANOVAs. Post hoc testing was
conducted contingent on ANOVA outcomes using Student’s t-
test. Correlations between iron levels and CC area, myelin dens-
ity, and microglial number were analyzed using linear regres-
sion. Statistically significant outliers were determined via
Grubbs test and p values <0.05 were considered statistically
significant.

RESULTS

Exposure and Litter Parameters

The mean CAPs concentration over the exposure period aver-
aged 92.69 = 19.16 (mean *+ SD) ug/m> compared to 3.52 + 0.87ug/
m? for FA controls (Figure 1) as determined by weighing par-
ticles on pre-weighed Teflon filters. CAPs exposure levels
ranged from 32.95 to 184.43ug/m? over the duration of the ex-
posure period. CAPs exposure was not overtly toxic to dams and
did not significantly affect maternal weight gain or reproductive
success endpoints (Figure 1), litter size (mean+SEM=
7.89 = 1.96 for FA control and 8.42 = 0.53 for CAPs), birth weights
(1419.70 =41.71 mg for CAPs, 1396.91+62.72 mg for FA) or
crown-rump length at birth (CRL; 25.04+0.40 mm CAPs,
25.09 * 0.30 mm FA).

Brain Structure and Size

Both male and female CAPs-exposed offspring exhibited signifi-
cant enlargement of the lateral ventricles compared to FA-
exposed offspring (Figure 2), as confirmed by a main effect of
CAPs treatment [F(1,22) =0.343, P=0.012]. Increases were seen
across sections from lateral to medial CC. A PND by sex inter-
action was also found in the statistical analyses, which indi-
cated differences by sex in ventricle growth across PND 11-15
[F(1,22) =0.197, P=0.049], with greater increases in area in
males.

Analyses of the extent to which CAPs-induced ventriculome-
galy was associated with changes in size of periventricular brain
structures revealed (Figure 3a) a small but significant CAPs-
induced reduction in hippocampal size across sexes
[F(1,26) =10.658, P=0.004], with a significant sex-independent
effect of PND [F(1,16) =10.618, P=0.003]; the latter reflects the
changes in these markers by postnatal day, as expected.
Surprisingly, gestational CAPs exposure increased the area of
the CC (Figure 3b), the largest white matter tract in the brain,
across sexes: (main effect of CAPs [F(1,25)=9.472, P=0.005],
again with a sex-independent significant effect of PND
[F(1,25) =40.329, P <0.0001]). Changes in cortical thickness are
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characteristic of neurodevelopmental disorders such as ASD
and schizophrenia (de Lacy and King, 2013). Thus, frontal cortex
thickness was measured in 2 directions through the brain,
lateral-to-medial and rostral-to-caudal, in order to capture any
discrete regional alterations in cortical thickness. Analyses of
these endpoints revealed CAPs did not induce statistically sig-
nificant changes in cortical thickness in either sex (Figure 4).

Myelination

Analyses of myelin basic protein expression level in CC revealed
gestational CAPs exposures resulted in a higher staining dens-
ity, suggestive of increased myelin production or a higher num-
ber of mature oligodendrocytes in both sexes when analyzed
collapsed across the 3 major regions of CC, i.e., the splenium,
the midbody, and the genu [F(1,25) =4.199, P _0.0511; Figure 5].
There was, as expected, a significant sex-dependent effect of
PND on MBP expression [PND F(1,25) =38.197, P < 0.001]; PND by
sex [F(1,25) =4.904, P=0.0361] as PND11-15 represents a period
of major brain myelination. There was also a suggestion (treat-
ment*sex, F(1,25)=2.9145, P=.1002) of an altered myelination
pattern across CC in females that was not seen in males, specif-
ically a greater myelin basic protein level expression in genu ra-
ther than midbody of females, but not males. To corroborate
the findings of increased MBP expression, a protein component
of myelin, tissue was stained with FluoroMyelin Red to detect
the presence of compact myelin. Densitometric analysis re-
vealed a significant increase in fluorescent staining density in
both sexes as a result of CAPs exposure [F(1,25)=34.949,
P <.001; Figure 6]. As with MBP, there was a significant effect of
PND on FluoroMyelin density [F(1,25)=232.240, P <.001], how-
ever, this effect was not sex-dependent. Taken together, the
observed increases in both MBP expression and compact myelin
density indicate accelerated myelination during the postnatal
period.

Microglial Activation

To determine whether the observed changes in hippocampal
and CC areas and CC myelination were correlated with a neuro-
inflammatory phenotype, the level of microglial activation in
both regions was quantitatively scored as described in the
methods (Figure 7a) using a modification of established meth-
ods (Hutson et al., 2011). In female hippocampus (Figure 7b),
CAPs exposure shifted the microglial phenotype towards the
most activated state without altering the total number of micro-
glia [F(1,16)=8.798, P=.0091], while these measures were un-
affected in males. Interestingly, CAPs exposure caused a
statistically significant shift towards an activated microglial
phenotype in CC (Figure 7c) of both females [F(1,15)=8.739,
P=.0098 corresponding to a 258% decrease for 3,
F(1,15) =15.0001, P=.0015 corresponding to a 54.9% increase for
4] and males [F(1,11) =6.715, p=0.0251 for 4], and a decrease in
the number of fully ramified, quiescent microglia in both sexes
[F(1,15)=10.198, P=.006 for females, F(1,11)=17.224, P=.0016
for males]. CAPs treatment resulted in a significant 19.5% de-
crease in the total number of microglia in CC of males
[F(1,11) =9.212, P=.0113], with a trending decrease in the CAPs-
exposed females [F(1,15) =3.219], P=.09; Figure 7c], in contrast
to hippocampus, where there was no change in the total num-
ber of microglia in either sex.
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FIG. 1. CAPs exposure during pregnancy does not induce overt maternal toxicity or alter reproductive success. (A) Average CAPs exposure levels were 92.69 = 19.16 ng/m?®
(mean = SD; squares) as compared to 3.52 = 0.87ug/m> for FA controls (circles) as determined by weighing particles on pre-weighed Teflon filters. (B) Dam weights
(mean + SEM) were taken daily throughout the course of exposures. (C) Reproductive success was not altered by CAPs exposure, as measured by litter size, birth weights,
or crown-rump length at birth. Reproductive success data represent mean + SEM; N =16 dams.

Iron Levels in CC

XRF analysis of filters from the CAPs exposure chambers for ele-
vations in elemental particle deposition revealed that ambient
iron was elevated approximately 375-fold compared to FA
chambers (Figure 8a). Other elements and metals were also ele-
vated in these CAPs exposures relative to FA, particularly sulfur,
potassium, manganese, and nickel (Table 1).

To determine whether CAPs-induced microglial activation
and hypermyelination in the CC coincides with iron deposition
in this region, possibly contributing to the observed hypermyeli-
nation phenotype, iron content of CC was first analyzed using
Perl’s Prussian Blue stain for iron, a well-characterized stain for
iron (Perl and Good, 1992), and iron inclusions were quantified
in the CC and summed across 3 tissue sections. In female CAPs-
exposed offspring, there was a significant 106% increase in iron
deposition in the CC (compared to FA controls) that was not pre-
sent in the male CAPs-treated group (Figure 8b).

Given the increase in CC iron deposition in CAPs treated fe-
males and the unusually high baseline iron levels in FA control
males, the relative levels of iron were plotted against observed
callosal pathologies, i.e. CC area, total microglial number, and
MBP density, in order to determine whether these endpoints
were significantly correlated and examined separately for each
treatment group/gender (Figure 9). FluoroMyelin density was

not correlated against iron as both MBP and FluoroMyelin
trended similarly. In female CAPs-treated, but not FA-treated
offspring, a statistically significant negative relationship be-
tween CC iron levels and CC area [r*=0.5284, P=.0309] and be-
tween CC iron levels and total microglial number [r*=0.3518,
P =.0272] was observed. Importantly, CC iron exhibited a statis-
tically significant positive relationship with MBP density
[r?=0.5966, p=0.0418; Figure 9a], i.e., increased iron levels were
associated with increased MBP density in females. CAPs-treated
male offspring (Figure 9b) exhibited statistically significant
negative relationships between CC iron levels and total micro-
glial number [r?=0.8093, P =.0376] and between CC iron levels
and MBP density [r?=0.5999, P=.0163], albeit the latter was
likely due to an outlying value. There was no statistically signifi-
cant relationship between CC iron levels and CC area in the
CAPs-treated male offspring. Similarly, FA male offspring did
not exhibit any statistically significant relationships between
CCiron and other CC pathologies.

DISCUSSION

Results from this study demonstrate that gestational CAPs ex-
posure at levels consistent with values commonly measured
near California freeway sites (Fruin et al., 2008; Ostro et al., 2010)
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FIG. 2. Prenatal CAPs exposure increases ventricular area in both sexes. Ventricular area was determined by tracing the lateral ventricles. (A) Representative micro-
graphs at 10x magnification. Scale bars represent 500 um distance. (B) Gestational CAPs treatment significantly increased quantified lateral to medial ventricular area
in both males and females compared to FA controls. Statistical outcome: *=main effect of CAPs across sexes; PND*sex = statistical interaction between PND and sex.

Data represent mean + SEM of 3 serial sections of brain tissue (N =6-11/group).

can produce neuropathological changes. These pathologies in-
clude microglial activation and ventriculomegaly, increased
size of the CC (the largest white matter tract of the brain and
critical to interhemispheric connectivity), along with associated
increased and developmentally early expression of myelin basic
protein, and reduction in hippocampal size. All pathologies
were observed without changes in maternal weight or evaluated
adverse reproductive outcomes. These effects were largely simi-
lar in males vs. females, whereas elevated levels of iron (a major
component of myelin biosynthesis) from the CAPs exposure,
increased CC iron levels only in females, and these were signifi-
cantly correlated with increased myelin density.

In considering fetal brain exposures, placental followed by
direct fetal brain translocation of UFP itself seems improbable
(Pietroiusti et al., 2013). One likely mechanism for fetal brain ex-
posure includes maternal/placental inflammation. Evidence for
the latter comes from in vivo studies of gestational exposures to
viral or bacterial infectious agents that likewise induce ventri-
culomegaly, microglial activation, and white matter damage in
the brains of offspring by inflammatory mechanisms (Bergeron
et al., 2013; Harry et al., 2006; Wang et al., 2006). Further, PM, s ex-
posure throughout pregnancy has been shown to induce mito-
chondrial oxidative stress in human maternal blood and fetal
umbilical cord blood when sampled at delivery (Grevendonk
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FIG. 3. Prenatal CAPs exposure alters periventricular brain structure size. (A) CAPs significantly reduced hippocampal area relative to FA controls and included a main
effect of PND and a PND by sex interaction. (B) Gestational CAPs significantly increased myelinated area of CC compared to FA controls, with a significant main effect
of PND. Statistical outcome: *=main effect of CAPS across sexes. Data represent mean * SEM of 3-5 serial sections of brain tissue (N =6-11/group).

et al, 2016). In our prior studies at a different exposure site
(Rochester, NY), early postnatal UFP CAPs (PNDs 4-7 and 10-13)
in mice induced microglial activation and proinflammatory
cytokine secretion in the brain, confirming the direct neuroin-
flammatory properties of such exposures (Allen, et al., 2014a;
Allen, et al., 2014c). It is possible that CAPs exposures induced a
neuroinflammatory response in the dams, which could, in the-
ory, affect a pregnancy. A separate cohort of pregnant dams
exposed using the NYU VACES concentrator showed a mild ele-
vation in striatal microglial activation in the dam brains, but no
other pathologies (data not shown). This suggests that any neu-
roinflammatory dysregulation of the pregnancy, and therefore
neurodevelopment, likely has less of an effect compared to sys-
temic maternal and placental inflammation.

In addition, the fetus could be a target of exposure to con-
taminants adsorbed to particles (Penn et al.,, 2005) capable of
transfer through the placenta and fetal brain barrier. These
could include essential nutrients that can also be neurotoxic,
such as metals. Iron was found to be elevated in the lung after
cigarette smoke PM exposures with corresponding elevations in

systemic indicators of iron status (Ghio et al., 2008), and in
serum of children who experienced high levels of PM exposure
in Mexico City (Calderén-Garciduenas et al., 2015). Iron is readily
transported across the placenta and, given the high levels of
iron in our exposures and the increase in iron deposition in the
CC of CAPs-treated females, it is possible that iron in our CAPs
exposure was able to translocate to the fetal brain (Rao and
Georgieff, 2002). Other nanoparticle species have been shown to
be capable of placental transfer and accumulation in fetal tissue
(Pietroiusti et al., 2013; Semmler-Behnke et al., 2014). However, it
remains unclear whether translocation of iron is as a soluble
ion bound to transport proteins or the particle itself.

The unexpected observation of increased and
developmentally-accelerated myelin expression in CC following
gestational CAPs exposure could be related to elevated fetal
brain iron exposures. Altered metal homeostasis has long been
associated with developmental neurotoxicity, and iron specific-
ally is a key and necessary element for myelin biosynthesis
(Connor and Menzies, 1996; Todorich et al, 2009).
Characterization of metal content by XRF analysis of filters


Deleted Text: -
Deleted Text: -

A Rostral-to-caudal

Females

2000-
E -
5 | |
® 1500 15\\\\\\\
g ;
S Na— -
= 2
% 1000-
9
5 o FA
o CAPs

500 T T ]

1 2 3

Sampling site (rostral-caudal)

B Medial-to-lateral

Females

1600-
E
=2
® 14004
[}]
[
% b -
3 1 1
5 - FA
© CAPs

1000 ' . ;

1 2 3

Section (lateral-medial)

KLOCKEET AL. | 499

Males
2000-
€
=2
% 1500
(V]
[
K™
2
=
1000+ T3
3 ®
5 - FA
© CAPs
500 ) ; ;
1 2 3
Sampling site (rostral-caudal)
Males
1600+

1400- L

1200+

o FA

CAPs
1000 T T

1 2 3
Section (lateral-medial)

Cortex thickness (um)

FIG. 4. Prenatal CAPs exposure does not affect frontal cortex thickness in either sex. Cortical thickness was measured by tracing the width of 3 regions of the frontal
cortex in 3 sequential tissue sections, denoted on the x-axis. (A) In the rostral-to-caudal direction, CAPs exposure did not significantly alter cortical thickness. There
was a statistically significant effect of sex [F(1,25) = 4.424, P =.0457, female] for these data. (B) Similarly, lateral-to-medial cortical thickness was not altered by prenatal
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collected during our CAPs exposure show iron content to be
375-fold higher than in filtered air (3.8*1.0FA vs.
1430.1 = 928.1ng/m> CAPs) with an associated increase in iron
deposition in the CC of CAPs-treated females that was signifi-
cantly correlated with increased myelin density. The apparent
sexually dimorphic effect observed here will be discussed fur-
ther. In relating hypermyelination to disorders of the human
brain, this phenotype has been reported in conditions such as
Sturge Weber syndrome and hemimegalencephaly (Goldsberry
et al., 2011; Pascual-Castroviejo et al., 1993). Moreover, studies
show white matter overgrowth in children prior to 4 years of
age in children diagnosed with ASD, but reduced white matter
maturation at later ages (Ouyang et al., 2016).

During gestation, placental transfer of iron occurs via trans-
ferrin receptors, after which it traverses the fetal endothelium

to reach the fetal circulation (Gambling et al., 2003). The machin-
ery for this process is established during gestation in rodents,
i.e., during the period of CAPs exposures used here, with non-
heme iron detectable in choroid plexus epithelial cells by GD14
and in developing axonal tracts of fetal CC by GD19 (Moos,
1995). It has been shown that iron availability can drive the mat-
uration of glial restricted precursors (GRPs) to oligodendrocytes
(Morath and Mayer-Préschel, 2001). A study in mice overex-
pressing transferrin showed an increase in the synthesis of
myelin components in the brain, i.e. MBP, phospholipids, and
galactolipids, although this did not lead to alteration of myelin
thickness or increased brain iron levels (Saleh et al., 2003).
Collectively, such observations suggest a basis for the signifi-
cant positive association between iron and CC myelin density/
area in female CAPs-treated offspring.
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FIG. 5. Prenatal CAPs exposure induces premature increases in myelin expression in of corpus callosum. CAPs significantly increased MBP density across the 3 major
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cation. Scale bars represent 500 um distance. (B) Data is expressed as a percent of CC area positively stained for MBP. Statistical outcome: * = main effect of CAPs across
sexes; main effect of PND; PND by sex interaction. Data represent mean * SEM of 3 serial sections of brain tissue (N =6-11 per group).

CAPs exposure in this study occurred during a developmen-
tal period during which oligodendrocyte progenitors proliferate
and differentiate into mature, myelinating oligodendrocytes. It
is possible that CAPs-generated inflammation and oxidative
stress could induce proliferation, leading to a subsequent in-
appropriate increase in myelinating oligodendrocytes. This was
observed in a model of gestational inflammation where pups
exhibited brain overgrowth and increased stem cell prolifer-
ation after maternal LPS stimulation (Le Belle et al., 2014).
Moreover, studies suggest that glial progenitor cells are highly
sensitive to changes in their redox balance and might also be a
target for CAPs exposure-associated inflammation (Noble et al.,

2003). Indeed, further investigation of this hypermyelination
phenotype must be considered, including ultrastructural as-
sessment of myelin sheath integrity and quantification of both
oligodendrocyte precursors and mature oligodendrocytes.
Despite increases in CC myelination in males, however,
there was no corresponding increase in CC iron levels at the
time of measurement. Several different reasons for this differ-
ence should be considered. Although the interaction of treat-
ment by sex was not statistically significant for myelin
expression levels in CC (P=.10), the data suggest a somewhat
larger elevation in females than in males, suggesting CC iron
uptake may be influenced by sex hormones. In support of this,
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iron status has been shown to be sexually dimorphic in both
humans and rats (Kong et al., 2014; Zacharski et al., 2000).
Estrogen modulates iron homeostasis via controlling the ex-
pression of hepcidin, a regulatory hormone that controls up-
take, storage, and tissue distribution of iron (Dacks, 2012; Hou
et al., 2012). Sex differences in total brain iron have been
observed with no corresponding effect of sex on the reduction
of myelin in a model of developmental iron deficiency in mice
(Kwik-Uribe et al., 2000). In humans, sex differences in serum
ferritin and hemoglobin were observed in infants (Domell6f
et al., 2002; Tamura et al., 1999) and, additionally, sexually di-
morphic brain ferritin iron levels were observed in adults, cor-
responding with increased risk for neurodegenerative disorders
such as Alzheimer’s and Parkinson’s diseases (Bartzokis et al.,
2007). It is thus plausible that sex differences in CC iron
observed in this study simply reflect sexually dimorphic

regulation of iron homeostasis. It must also be considered that
CC hypermyelination is, in fact, not due to elevated iron levels,
but rather to other components of the exposure (i.e. other met-
als) and/or alternate physiological responses to CAPs exposure.
Iron also has the potential to cause oxidative stress, of which
lipid peroxidation via free radical products of the Fenton and
Haber-Weiss reactions is of particular interest with regard to
myelin (Willmore and Triggs, 1991). It is possible that the ab-
sence of effects in males relates to the sexual dimorphism in
microglial phenotype and expansion at the postnatal age at
which these measures were taken (PND 11-15) in mice.
Specifically, during the postnatal period, microglia in the male
brain are typically both more numerous and more activated
compared to females, and thus may be more susceptible to
inflammation-based insults (Schwarz and Bilbo, 2012).
Therefore, iron exposure may have contributed to a greater loss
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glia in this region. Data represent mean * SEM of 3 serial sections of brain tissue (N =6-11 per group). *P < .05, **P <.01.

of microglia and corresponding decreasing CC iron levels, as
activated microglia in a pro-inflammatory environment express
iron transport proteins and sequester iron (Mairuae et al., 2011).

An activated microglial phenotype in the presence of iron
has been shown to be toxic to oligodendrocytes (Zhang et al.,
2006). This would be consistent with the observation that total
microglial counts were significantly reduced by CAPs exposure
in males, whereas effects were only marginal in females.
Conversely, females, with a lower baseline population of micro-
glia, could be unable to efficiently clear excess iron particles
that deposit in this region. The Perl’s Prussian Blue stain used
here only detects iron in the ferric (Fe**) state and iron present
in other molecule-bound forms and valence states may be pre-
sent (Perl and Good, 1992), providing another possible explan-
ation of the observed sexual dimorphism in CC iron deposition.
These differences suggest that sex-specific mechanisms for
neurotoxicity of gestational air pollution exposure must be con-
sidered and investigated further.

It is important to note that other metal species were also
likely elevated by our exposures (Blum et al, 2013) and will

ultimately need to be considered for the collective findings,
given that any systemic response to CAPs in the pregnant dam
begins affecting the embryo almost immediately. As shown in
Table 1, elemental copper (Cu), nickel (Ni), manganese (Mn), and
lead (Pb) were elevated in CAPs chambers in addition to iron.
Elevated copper levels have been reported in the cerebrospinal
fluid of patients with Skogholt’s disease, which is characterized
by central and peripheral nervous system demyelination (Aspli
et al., 2015). Copper elevation in the brain is also seen following
administration of cuprizone, a widely-used experimental
demyelinating agent (Herring and Konradi, 2011; Zatta et al,,
2005). In the case of lead, a well-described neurotoxicant (re-
viewed in (Mason et al., 2014), elevated levels in the brain corres-
pond to impaired oligodendrocyte differentiation and a
disruption of myelin integrity (Dabrowska-Bouta et al., 2000;
Deng et al.,, 2001). Limited evidence exists regarding the effects
of nickel on oligodendrocyte function or myelin formation.
Calderon-Garciduenas et al. (2015) reported a significant correl-
ation between air pollution exposure and increased nickel and
antibodies against MBP in the cerebrospinal fluid of children in
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TABLE 1. Elemental X-Ray Fluorescecnce Characterization of Teflon Filters From Ambient Air and Exposure Chambers

Element Ambient air (ng/m?) FA (ng/m°) CAPs (ng/m?) Fold change from FA
Na 37.2 [+ 23.5] 6.0 [+ 10.2] 345.0 [+ 125.8] 57.5
Mg 10.5 [+ 5.0] 5.1[* 2.8] 117.3 [+ 39.0] 234
s 594.5 [+ 153.1] 6.6+ 1.6] 4456.3 [+ 1039.9] 675.0
K 438+ 6.6] 25[+0.7] 312.8 [+ 70.3] 125.2
ca 27.3 [+ 5.9] 7.6 [ 2.7] 190.3 [+ 62.7] 25.0
Mn 43[=0.1] 0.5[+0.1] 50.9 [+ 33.9] 101.8
Fe 61.5 [+ 28.9] 3.8[+ 1.0] 1430.1 [+ 928.1] 376.3
Ni 16[*0.2] 0.4[* 0] 123.2 [+ 86.1] 307.5
cu 14 0.8] 0[=0.1] 40.8 [+ 27.8] 40.8
Zn 19.9 [+ 13.1] 1.1[+ 1.2] 34.6 [+ 11.0] 315
Sr 0.1[* 0.6] 0.1[*0.1] 5.9 [+ 34] 59.0

Values in Ambient, FA, and CAPs colums reperesent mean + SEM (N =7 filters/atmosphere).

Mexico City, suggesting a link between nickel and CNS immune
dysregulation. Evidence supports a minor role for manganese
and zinc in oligodendrocyte in myelin function (Bourre et al,
1987), however, given that levels of these elements were not ele-
vated to the extent of iron in CAPs chambers (101.8-fold, 31.5-fold,
and 376.3-fold, respectively), it is likely that a greater proportion
of observed myelination effects in this study results from iron,
assuming myelin effects are the direct result of exposure. That
excess myelin is not described as a result of Cu, Ni, Mn, Zn, or Pb
exposure does not negate the potential for mixture-related ef-
fects, a hypothesis that would require extensive investigation in
order to deliniate effects of individual elements (e.g. iron) on mye-
lin versus additive and synergistic effects. Additional constituent
pollutants, such as PAHs and gases, must also be considered,
however, as current evidence indicates that these toxicants are
deleterious for oligodendrocyte differentiation and myelination
(Fernandez et al., 2010; Solnyshkova and Shakhlamov, 2002).
Changes in other brain development processes likewise war-
rant examination. In addition to glial expansion and increased
myelinating oligodendrocytes, the fetal period involves neuronal
differentiation, migration, and synaptogenesis, all of which are
facilitated by glia (Rowitch and Kriegstein, 2010). Disruptions in
the glial facilitation of neurogenic processes can alter neural fate
(Russo et al., 2011), which, along with disruption of myelination
and iron homeostasis, has the potential to cause deficits in

memory processes and behavioral dysfunction later in life (Bilbo
and Schwarz, 2009). Of note, evaluations of the consequences of
exposure in this study did not occur until a later period of time,
i.e., during postnatal neurodevelopment, which could also mean
that some effects could have been subject to repair mechanisms.

Postnatal CAPs exposures produced neuropathology with a
striking male bias (Allen, et al., 2014a). Although based on a dif-
ferent CAPs exposure than that used for the studies here, i.e.,
ambient concentrated UFP from Rochester, NY (Allen et al,
2014a, 2015) vs. concentrated ambient fine/UFP particle expos-
ures from Tuxedo, NY (Maciejczyk et al., 2005), and therefore
likely different PM constituents at different concentrations, sex
differences in this study were not prominent in response to ges-
tational exposures. In contrast to postnatal CAPs exposure stud-
ies by Allen et. al, females in this study were affected by
gestational CAPs as much, and in some cases more (i.e., hippo-
campal microglial activation), than males, confirming the im-
portance of timing of exposure to outcome. Gestational CAPs
exposure occur prior to the period of the major sexual differen-
tiation of rodent brain (Chung and Auger, 2013), whereas post-
natal CAPs exposures (Allen et al., 2013, 2014a, 2014b, 2014c,
2015) occurred during a period in which brain colonizing micro-
glia numbers and activation state differ considerably by sex,
with male mice have greater numbers of and more activated
microglia than females (Schwarz and Bilbo, 2012), a phenotype
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represents an individual animal. (A) Female CAPs treated offspring showed statistically significant (P <.05) correlation between callosal iron levels and CC area, total
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statistically significant (P <.05) correlations between CC iron, total microglia, and MBP density, but no significant correlation was observed between CC iron and CC
area. No significant correlation was observed between CC iron and any endpoint in FA treated males. Data represent mean of 3 serial sections of brain tissue (N=6-11

per group).

likely increasing vulnerability to further microglial activation.
The fact that such normal sex-related differences typically
seen at PND 11-15 were not apparent following gestational
CAPs exposure, i.e., there were no sex-related differences in

the total number of microglia counted in either hippocampus
or CC, suggests that gestational CAPs exposure may have
disrupted the normal trajectory and sexual dimorphism of
microglial colonization and expansion. Given the complex
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functional relationships between iron status, microglial acti-
vation, and oligodendrocyte survival, further studies will be
required to understand the mechanisms of these sex-based
differences in response to gestational and postnatal PM
exposures.

This study provides further support for the considerable ex-
perimental and epidemiologcal data indicating the develop-
mental vulnerability of the brain to airborne particulate
pollutants. The neurodevelopmental alterations observed here
are of particular translational significance as some of these
neuropathological consequences are hallmarks of neurodeve-
lopmental disorders in children. Ventriculomegaly, a clinical
indicator of white matter damage leading to brain interhemi-
spheric disconnectivity, characterizes periventricular leukoma-
lacia (white matter damage of prematurity), which occurs in
5-10% of low or extremely low for birth weight (LBW) babies
(Volpe, 2003). The similarity is notable given reports that
gestational exposures to airborne pollutants, including UFP, in-
crease preterm birth and LBW (Shah and Balkhair, 2011).
Ventriculomegaly also occurs in schizophrenia and is associ-
ated with a higher risk for ASD diagnosis (Movsas et al., 2013;
Sanfilipo et al., 2000). Both disorders also include white matter
damage (Abdel Razek et al.,, 2013; Li et al., 2009), and both have
been linked to prematurity and LBW (Abel et al., 2010; Schieve
et al., 2015). Further, early white matter overgrowth appears to
be characteristic of ASD (Ben Bashat et al.,, 2007; Ouyang, et al.,
2016). These findings also highlight the role of air pollution in
altering neuroinflammation states during critical windows of
sexually dimorphic neurodevelopment.

In contrast to the differences in outcomes in response to
postnatal (Allen et al., 2013, 2014a, 2014b, 2014c, 2015) vs. gesta-
tional exposures (this study), both exposures produced ventri-
culomegaly, altered brain white matter and produced microglial
activation. This occurred despite the fact that gestational PM; s
exposure was imposed using the VACES system at NYU (Tuxedo
Park), while postnatal exposures were accomplished using the
HUCAPS system at the University of Rochester Medical School
in Rochester NY. This study and previous study produced differ-
ent myelination phenotypes, which may be a function of timing
of exposures, i.e. gestational (Ist and 2nd trimester human
equivalent) vs. postnatal (3rd trimester human equivalent)
exposures, and/or magnitude and composition of exposures.
Further study is needed to delineate the effects of these factors
with respect to developmental neuropathology. Considered
together, these findings suggest mechanisms arising from
common elements of such exposures. Further, these data dem-
onstrate the continuing need for regulation of anthropogenic
PM emissions, specifically of the more toxic fine and ultrafine
particles.
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