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BACKGROUND: Exposure to ambient air pollution particulate matter (PM) is associated with increased risk of dementia and accelerated cognitive loss.
Vascular contributions to cognitive impairment are well recognized. Chronic cerebral hypoperfusion (CCH) promotes neuroinflammation and blood–
brain barrier weakening, which may augment neurotoxic effects of PM.
OBJECTIVES: This study examined interactions of nanoscale particulate matter (nPM; fine particulate matter with aerodynamic diameter ≤200 nm)
and CCH secondary to bilateral carotid artery stenosis (BCAS) in a murine model to produce white matter injury. Based on other air pollution interac-
tions, we predicted synergies of nPM with BCAS.

METHODS: nPM was collected using a particle sampler near a Los Angeles, California, freeway. Mice were exposed to 10 wk of reaerosolized nPM
or filtered air (FA) for 150 h. CCH was induced by BCAS surgery. Mice (C57BL/6J males) were randomized to four exposure paradigms: a) FA,
b) nPM, c) FA+BCAS, and d) nPM+BCAS. Behavioral outcomes, white matter injury, glial cell activation, inflammation, and oxidative stress were
assessed.
RESULTS: The joint nPM+BCAS group exhibited synergistic effects on white matter injury (2.3× the additive nPM and FA+BCAS scores) with
greater loss of corpus callosum volume on T2 magnetic resonance imaging (MRI) (30% smaller than FA group). Histochemical analyses suggested
potential microglial-specific inflammatory responses with synergistic effects on corpus callosum C5 immunofluorescent density and whole brain ni-
trate concentrations (2.1× and 3.9× the additive nPM and FA+BCAS effects, respectively) in the joint exposure group. Transcriptomic responses
(RNA-Seq) showed greater impact of nPM+BCAS than individual additive effects, consistent with changes in proinflammatory pathways. Although
nPM exposure alone did not alter working memory, the nPM+BCAS cohort demonstrated impaired working memory when compared to the
FA+BCAS group.

DISCUSSION: Our data suggest that nPM and CCH contribute to white matter injury in a synergistic manner in a mouse model. Adverse neurological
effects may be aggravated in a susceptible population exposed to air pollution. https://doi.org/10.1289/EHP8792

Introduction
The joint effects of environmental exposures and underlying
health conditions are understudied. Evidence from epidemiologi-
cal and animal investigations suggest that exposure to traffic-
related particulate matter (PM) less than 2:5 lm in diameter
(PM2:5) is associated with increased risk of dementia (Tsai et al.
2019; Peters et al. 2019) and recent data link air pollution expo-
sure and neurocognitive decline (Cacciottolo et al. 2017; Kulick

et al. 2020; Petkus et al. 2020; Tonne et al. 2014; Younan et al.
2020). Vascular contributions to cognitive impairment and de-
mentia are also well-established (de la Torre 2004; Emrani et al.
2018; Sweeney et al. 2019). The hypothesis has been advanced
that PM may differentially affect individuals with preexisting or
concurrent neurological diseases (Block et al. 2012). This hy-
pothesis was indirectly supported by separate lines of studies con-
ducted in mice suggesting that PM exposure and chronic cerebral
hypoperfusion (CCH) each promote pathophysiological processes
that can amplify white matter neurotoxicity resulting from the
other (Babadjouni et al. 2018; Liu et al. 2013, 2019). However,
this important hypothesis has not been directly tested in appropri-
ate study populations or experimental models.

Recent epidemiological and experimental investigations have
demonstrated PM effects on myelin tracts and white matter struc-
tures. PM2:5 exposures were associated with decreased regional
white matter volumes in the corpus callosum and frontal/temporal
lobes of community-dwelling older women (Chen et al. 2015)
and total white matter volumes in the general population
(Erickson et al. 2020). Experimental data demonstrated myelin
changes in the hippocampal CA1 region following rodent ultra-
fine PM exposures (Woodward et al. 2017b). Accumulating labo-
ratory evidence suggested that traffic-related air pollution results
in neuroinflammation and oxidative stress in multiple brain
regions (Bos et al. 2012; Campbell et al. 2005; Morgan et al.
2011). Specifically, regional complement C5 deposition and
microglial activation were demonstrated in the corpus callosum
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of mice following 10-wk ultrafine PM exposures (Babadjouni
et al. 2018).

Cerebral hypoperfusion was associated with both neurodegen-
eration (Benedictus et al. 2014) and dementia (Wolters et al.
2017). Radiographic investigations have shown evidence of cere-
bral hypoperfusion in patients with Alzheimer’s disease (AD) and
in those with mild cognitive injury. Reduced cerebral blood flow
was associated with increased white matter hyperintensity burden
in older adults (Crane et al. 2015; van Dalen et al. 2016). A recent
investigation demonstrated correlations between reduced cerebral
blood flow and white matter volumes in patients with neuropsy-
chologically defined mild cognitive impairment. Lobar region of
interest-based linear regression showed significant associations
between white matter lesion volume and mean cerebral blood flow
in the parietal (tð15Þ = − 3:00, p=0:009), temporal (tð15Þ = − 3:89,
p=0:001), and occipital lobes (tð15Þ = − 4:71, p<0:001) (Kim
et al. 2020). Lesion volumes in this study appeared more consistent
with white matter hyperintensities rather than the normal appear-
ing/total white matter volumes that epidemiological reports have
demonstrated as having associations with air pollution. CCH
increased blood–brain barrier (BBB) permeability and up-
regulated inflammatory mediators in rodent models (Choi et al.
2016; Liu et al. 2019). These alterations can increase penetration
and accessibility of PM, or its inflammatory biproducts, to other-
wise privileged brain regions.

Synergies between air pollution PM2:5 and cigarette smoke
were shown across the human lifespan for children’s body mass
index and older adult cardiovascular mortality, lung cancer, and
neurodegeneration/cognitive decline (Forman and Finch 2018).
For example, the combined effect of cigarette smoke and PM2:5
on lung cancer mortality was 2.2 times greater than the expected
additive effects of the individual exposures in the U.S. Cancer
Prevention Study II (Turner et al. 2014). It was also suggested
that diesel emissions and ozone acted synergistically with viruses
and airways agonists, respectively (Mauderly and Samet 2009).

The present study leveraged murine experimental models to
establish the interactions and joint influence of nanoscale particu-
late matter (nPM, with aerodynamic diameter ≤200 nm) and
CCH secondary to bilateral carotid artery stenosis (BCAS) on
white matter neurotoxicity. Investigations demonstrated that nPM
exposure generated white matter neuroinflammation (Babadjouni
et al. 2018; Woodward et al. 2017a) in cultured cells and murine
models, and experimental CCH produced selective white matter
structural damage and corresponding behavioral deficits (Liu et al.
2013; Shibata et al. 2004, 2007) in murine models. This study
investigated possible synergies of these joint brain insults for
white matter injury that exceed the additive effects of the two
individual exposures. Experiments then examined the cell types
and inflammatory mediators that contribute to this process.

Methods

Study Design
The prespecified objective of this study was to investigate poten-
tial synergies of nPM and CCH on white matter injury that
exceed the additive effects of the two individual exposures.
Experiments then sought to examine the specific cell types and
inflammatory mediators that contributed to this process. C57BL/
6J male mice that were 10 weeks of age were used for this con-
trolled laboratory experiment. Mice were assigned randomly to
each of four exposure paradigms [filter (FA), nPM, FA+BCAS,
nPM+BCAS; Figure 1]. Animals that died during surgery/peri-
operatively were excluded from analysis based on prospectively
established criteria. Out of 252 mice, 59 mice died periopera-
tively (23.4%) and were excluded from analysis.

The primary study end point [white matter injury on Klüver-
Barrera (KB) staining] and secondary study end points [white
matter injury on MRI and histochemistry, glial cell activation,
neuroinflammation, oxidative stress, behavioral assessment, and
transcriptomic responses (RNA-Seq)] were prospectively
selected. Sample size was calculated according to the primary
end point (white matter injury; KB). To demonstrate the expected
mean group differences for synergism (two-sided alpha= 0:05,
80% power), each arm of the study was determined to require 15
animals according to power analysis. Eighteen animals were
included per group to account for uncertainty and variation with
respect to sensitivity analysis. Secondary end point analyses were
calculated to demonstrate an effect in the joint exposure group
that was greater than each of the single-exposure cohorts. No spe-
cific intermediate end points were defined to stop data collection.
However, per protocol, humane euthanasia was performed imme-
diately if any animal appeared to be in distress at any time during
the experiments.

For each end point, the data were collected and processed ran-
domly. All animal caretakers and investigators who performed
outcome assessments were blinded to the exposure allocation. No
outliers were reported or excluded. Experiments were performed
once for each distinct end point. However, multiple markers of
white matter injury [KB, dMBP, T2 weighted magnetic reso-
nance imaging (MRI)], inflammation (Iba-1, GFAP, C5, C5a,
CD88, TLR4), and oxidative stress (8-OHdG, nitrate, nitrite)
were measured in separate experimental cohorts (Table S1).
Sample size for each assessed outcome is listed in Table 1. Seven
mice in each group (FA, nPM, FA+BCAS, nPM+BCAS) were
used for RNA-Seq and quantitative real-time polymerase chain
reaction (qPCR) experiments. Sample sizes for each exposure are
listed in Table S1.

Animals
All procedures were performed in accordance with and reviewed
by the University of Southern California (USC) Institutional
Animal Care and Use Committee (IACUC) and in accordance
with the Guide for the Care and Use of Laboratory Animals
[National Institutes of Health (NIH)]. Mice were purchased from
Jackson Laboratories. No previous procedures had been per-
formed. Animals were housed under USC Department of Animal
Resources on a 12-h light:dark cycle (0600 hours to 1800 hours)
with free access to food and water (except during the nPM/FA
exposure periods). Average husbandry temperature was 22°C
(range 20°C to 26°C), with humidity from 30% to 70%. Mice
were group housed with four mice per cage, and single mice
were randomized to one of four exposure groups listed in the
study design section: a) FA, b) nPM, c) FA+BCAS d) nPM+
BCAS. Mice undergoing behavior testing had specified changes in
feeding and housing (see “Behavior” section). After the final expo-
sure, mice were humanely euthanized within 24–72 h by perform-
ing a thoracotomy and cardiotomy while animals were under deep
anesthesia with an overdose of ketamine [80– 200 mg=kg intra-
peritoneally (IP)] and xylazine (5–20 mg=kg IP). For immunohis-
tochemistry, mice were then transcardially perfused with
phosphate-buffered saline (PBS) with heparin, followed by fixative
solution (10% paraformaldehyde in 0:01mol=L PBS buffer).
Brains were stored in paraformaldehyde for 24 h at 4°C, dehy-
drated in 70% ethanol, and paraffin embedded. For western blot,
mice were transcardially perfused with PBS with heparin (without
a fixative solution) and brains were fresh frozen with liquid nitro-
gen and preserved at −80�C. For RNAseq analysis, no perfusion
was performed, and brains were frozen with liquid nitrogen and
stored at −80�C.
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PM Collection
nPM was collected in an urban area in central Los Angeles in
direct proximity to a busy roadway, primarily impacted by traffic
emissions, as previously described (Misra et al. 2002; Woodward
et al. 2017a). Briefly, PM0:2 was collected at 400 L=min flow
using a high-volume ultrafine particle sampler that removes par-
ticles larger than 0:2 lm by means of a multiple rectangular (slit)
geometry jet conventional impactor. The resulting nPM was col-
lected on pretreated Teflon filters [8 × 10, polytetrafluoroethylene
(PTFE), 2 lm pore] placed directly downstream of the impactor
and transferred into an aqueous suspension by soaking in Milli-Q
deionized water (total organic compounds <10 ppb, particle free,
endotoxin <1 unit=mL, endotoxin-free glass vials) for 30 min.
This process was followed by vortexing for 5 min and sonication
for 30 min for resuspension. Endotoxin was not detected in these
suspensions (Limulus amebocyte assay: LPS <0:02EU=mL).
Fresh sterile filters were extracted in a similar manner to that
described above and used as control sample blanks. Aqueous
nPM suspensions were pooled and frozen at −20�C following
U.S. Environmental Protection Agency–recommended proce-
dures (Biran et al. 1996).

The size distribution of the aerosol inside the suspension was
measured by means of dynamic light scattering (Dynamic Light
Scattering BI-200SM; Brookhaven Instruments Inc). To analyze
the possibility of agglomeration, two stages of filtration were per-
formed and compared, 1,000 nm filtration and 450 nm filtration.

PM Exposure
The nPM suspensions were reaerosolized by means of a HOPE
jet nebulizer (Model 11310; B&B Medical Technologies) con-
nected to HEPA-filtered compressed air. This aerosolized stream
was mixed with clean air filtered by a HEPA capsule (Model No.
12144, Pall Laboratory), and passed through a diffusion dryer
(Model 3620, TSI Inc.) containing prebaked silica gel to remove

excess water vapor from the aerosol and decrease the relative hu-
midity (RH) to ∼ 50%. The electrical charge of the generated
aerosols was also removed by passing through a cylinder sup-
plied with 10 Po-210 neutralizers prior to entering the exposure
chambers. Particle size and concentration were continuously
monitored throughout the mouse exposure by a scanning mobility
particle sizer (SMPS Model 3080, TSI Inc.) in parallel with ani-
mal exposure chambers. A total of 15 L=min of aerosol flow was
generated, with the majority (10 L=min) drawn through the expo-
sure chambers and the remaining 5 L=min diverted to Teflon and
quartz filters for particle collection and characterization. Teflon
filters were used for measurement of mass concentration as well
as for concentrations of inorganic ions, trace elements, and met-
als. The mass concentration of nPM was determined by pre- and
post-weighing the Teflon filter under controlled temperature and
relative humidity. One Teflon filter was extracted with a mixture
of ultrapure (Milli-Q®) water and ethanol (5 mL: 0:15 mL,
respectively), for analysis of inorganic anions [ammonium
(NH+

4 ), nitrate (NO
−
3 ), and sulfate (SO2−

4 )] by means of ion chro-
matography using a Dionex Model DX-500 Ion Chromatograph
(Herner et al. 2006). PM-bound metals and trace elements were
analyzed by magnetic-sector inductively coupled plasma mass
spectroscopy in Thermo Scientific ELEMENT2 High Resolution
ICP-MS unit using a microwave-assisted digestion that uses a
mixed acid of nitric acid, hydrochloric acid, and hydrofluoric
acid (Lough et al. 2005). The complete dissolution of metals
present in aerosols is achieved by microwave-assisted acid diges-
tion in Teflon bombs. An automated, temperature- and pressure-
regulated, trace analysis microwave system (Milestone Ethos+)
is used. The acid chemistry employs a mix of ultra-high-purity
acids (0:6 mL 16N HNO3, 0:2 mL 12N HCl, 0:1 mL 28N HF).
The method is efficient and rapid, with digestion of a 36-sample
batch completed in 30 min. Traditionally difficult elements (Cr,
noble metals, platinum group) and compounds (aluminosilicates,
quartz) are completely solubilized. A typical batch includes 6

Figure 1. Experimental model of BCAS and nPM exposure. Mice begin nPM or FA exposure for 5 h/d, 3 d/wk at time point zero. At week 6 of exposure,
BCAS surgery is completed. Eight-arm radial maze testing begins at week 7 followed by NOR testing. The exposure ends at the conclusion of week 10. Note:
BCAS, bilateral carotid artery stenosis; FA, filtered air; NOR, novel object recognition; nPM, nanoscale particulate matter.
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standard reference materials (SRMs), 4 matrix blanks, 2 method
blanks, and 2 matrix spikes. The SRMs used to monitor digestion
performance were selected to represent phases that represent
actual aerosols or significant aerosol components. These included
the NIST SRMs: Recycled Auto Catalyst (#2556), Urban Dust
(#1649a), and San Joaquin Soil (#2709).

Water-soluble organic carbon (WSOC) was measured by
extracting the quartz filters in high-purity water followed by anal-
ysis by means of a Shimadzu TOC-V CSH/CSN. Total Organic
Carbon Analyzer WSOC is quantified in this method by a nondis-
persive infrared detector (NDIR) after catalytic conversion of OC
to CO2 at 680°C. Inorganic carbon in the water extracts is elimi-
nated prior to analysis by acidification (HCl) and sparging (zero-
air). Calibration curves (potassium hydrogen phthalate) followed
by two MQ blanks were run every 10 samples. Quantification lim-
its are in the range of 40–80 lg L−1 (40–80 ngm−3). Analytical
precision for this method typically falls in the range of 1%–4%
RSD (Zhang et al. 2008).

Mice were exposed to either reaerosolized nPM or FA for 5 h
per day, 3 d per week for 10 wk (150 total hours) (Figure 1).
Exposures were conducted in temperature- and air-controlled
sealed whole-body chambers with adequate ventilation. Multiple
cohorts of mice were used in a series of comparable exposures.

BCAS
BCAS procedures (Liu et al. 2013; Shibata et al. 2004) were per-
formed 30 d prior to the conclusion of nPM/FA exposure (Figure 1).
Rectal temperature was maintained at 36.5°C–37°C. Mice were
anesthetized by IP ketamine/xylazine and placed in the prone posi-
tion. Cerebral blood flow (CBF) values were monitored with a
microtip fiber probe (Probe 418-1 master probe PF 5010 Laser
Doppler Perfusion Monitoring Unit, Perimed AB) fixed to the skull
1 mm posterior and 5 mm left of bregma. The mouse was then
rotated to the supine position, and bilateral common carotid
arteries were exposed through a midline cervical incision. A
0:18 mm diameter microcoil (Sawane Spring Co., Ltd.) was
applied to one carotid artery. CBF was recorded after the first coil
application. A second microcoil was applied to the other carotid ar-
tery, and CBF was recorded again. The incision was closed, and
the mouse recovered in a temperature-controlled environment.
Carprofen (5 mg=kg) was given subcutaneously at 24 and 48 h
postoperatively.

Behavior
8-Arm radial maze testing. Twelve mice in each exposure group
(FA, nPM, FA+BCAS, nPM+BCAS) were designated for be-
havioral testing. The order of animal testing was randomized for
each behavior test. The 8-arm radial maze, a test of spatial work-
ing memory, was initiated 21 d prior to the conclusion of nPM/
FA exposure (Figure 1) and modified from previously described
testing (Shibata et al. 2007). Each mouse was individually housed
and underwent food deprivation for 7 d prior to the initiation of
behavioral testing with an allowance of 2:5 g of food per day to
reduce initial body weight by 10%–15%. Restricted feeding was
continued during behavioral testing. On pretrial day 1, the mouse
was allowed 5 min of free exploration with each arm of the
8-arm radial maze baited with Fruity Pebbles™ food pellets. On
pretrial day 2, the mouse was placed in the center of the maze
and trained to interact with the door apparatus. On trial days
1–16, each arm of the maze was baited with food pellets, and the
mouse was placed in the center of the maze. The mouse was
allowed to make an initial arm choice, defined by advancing at
least 5 cm into the arm. The other 7 arms were then closed. On
exiting the chosen arm, the mouse was confined to the center for

5 s by closing the remaining arm door. After the 5-s delay, all
doors were opened, and the mouse was allowed to make a new
choice. When the mouse had retrieved all 8 pellets, or 25 min had
elapsed, the trial was ended. One trial per mouse was conducted
every day for 16 d. A single session or blocked trial consisted of
two trials performed on consecutive days. Time between trials
was 24 h in a given blocked trial for each mouse.

At the end of each trial, the radial maze was cleaned with
70% ethanol to minimize olfactory cues. For each trial, revisiting
errors and arm choices within the first eight entries were
recorded. Performance was evaluated daily by an observer
blinded to treatment group. Data is expressed as mean values
over 2 blocked trials (performed on consecutive days), for a total
of 8 blocked trials.

Novel Object Recognition Testing
Novel object recognition (NOR) testing was performed on the
final 3 d of the nPM/FA exposure (Figure 1). The same cohort of
mice that underwent testing in the 8-arm radial maze was used
for NOR (following 8-arm radial maze testing). On the day prior
to testing, mice were individually habituated in a dimly lit black
Plexiglas® box (38 cm×38 cm×38 cm) for 15 min. On testing
day 1, mice were allowed to explore sample/familiar objects—two
yellow plastic cylinders (8 cm×2 cm), A-A, symmetrically placed
6 cm from the nearest walls—for 15 min. Short-term memory was
assessed 90 min later by changing configuration A-A to configura-
tion A-B, with B being a purple figure (8 cm×3 cm×3 cm).
Mice were placed in the same position as the prior trial to mini-
mize potential confounds with spatial memory, and behavior was
recorded for 5 min. Long-term memory was assessed 24 h later by
changing the configuration to A-C, with C being a red triangular
wooden block (4 cm×4 cm×8 cm). Again, behavior was
recorded for 5 min. The objects and testing apparatus were thor-
oughly cleaned with 70% ethanol at the end of each trial. All trials
were videorecorded by a camera (Logitech HD Pro Webcam920
with Smart3.0 Software; Panlab Harvard Apparatus) positioned
above the testing apparatus. In each trial, time spent exploring the
familiar (F) object (A) and the new (N) object (B/C) was recorded
and assessed by a grader blinded to exposure conditions.
Exploration behavior was defined as sniffing or touching the object
at a distance of <2 cm from the snout. Discrimination index quan-
tifies the amount of time the mouse spends exploring the novel
object in comparison with the total time exploring the novel or fa-
miliar object. A lower index indicates a deficit in this test.
Discrimination index was calculated as N=ðN+FÞ for intergroup
comparison (Bevins and Besheer 2006; Ennaceur and Delacour
1988).

MRI
MRI scans used a 7T PET-MR system (MR Solutions Ltd.) with
a standard 20-mm internal diameter quadrature birdcage mouse
head coil with a setup described in our earlier publications
(Montagne et al. 2018). For in vivo scans the animals were anes-
thetized with 1.5%–2.0% Isoflurane/air and monitored for respira-
tion with an abdominal pressure-sensitive probe (80–100 BPM)
and temperature with a rectal probe (36:5�C±0:5�C) to ensure
reproducible deepness of anesthesia (�Equipement Vétérinaire
MINERVE mouse imaging cell). T2-weighted anatomical images
were collected using 2D-fast spin echo sequence (FSE, TR/TE
4,600=28ms, 40 slices, slice thickness 500 lm, in-plane resolu-
tion 100× 50lm2). The volumetric analysis was performed
using ImageJ by an observer blinded to treatment group.
Corpus callosum was manually outlined using four consecutive
sections from the anterior brain corresponding to the area used
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for immunohistochemistry. The outlined area was measured
and multiplied by slice thickness and number of slices. All anal-
yses were performed by investigators blinded to both the nPM
and BCAS type of exposure. The data are presented as cubic
millimeters.

Protein Analysis by Western Blot
After brains were harvested, protein was extracted. Brains were
weighed (∼ 300 mg) and suspended in 1 mL NPER Reagent
buffer (Product #87792, Thermo Scientific) containing protease
inhibitors (Roche complete mini protease inhibitor cocktail tab-
lets #04693124001, Sigma). Tissue was then disrupted using a
homogenizer on setting 6 (Tissue Tearor #985370, Cole Parmer)
and incubated on ice for 10 min. Lysates were cleared by centrif-
ugation at 10,000× g for 10 min. Protein concentration of the
resulting supernatant was measured using Pierce BCA Protein
Assay Kit. Brain tissue lysates with total protein of 50 lg were
separated by SDS-PAGE, transferred to a nitrocellulose mem-
brane, and blocked in 5% nonfat milk for 1 h. Blots were incu-
bated overnight in primary antibody C5, C5a, CD88, and TLR4
(Table S2). After washing with TBS-Tween™-20, blots were
incubated in appropriate secondary antibodies (Table S2) in 5%
nonfat milk in TBS-Tween™-20. Blots were developed with GE
Health Care ECL prime western blotting detection reagent and
imaged using a CCD camera (G:BOX, Syngene; image resolution
4 megapixels). Density of proteins of interest were normalized to
GAPDH (Table S2). The observer was blinded to treatment
group.

KB Histochemistry for White Matter Injury
A section of the brain located from 1 mm anterior to the bregma
to 2 mm posterior to the bregma (adjusted according to mouse
atlas) was sliced into serial 3-lm-thick coronal sections. KB
staining was performed on the slice located at the bregma.
Paraffin-embedded slides were deparaffined and hydrated from
100% to 95% alcohol. Sections were immersed in Luxol® fast
blue solution and incubated in an oven at 56°C overnight. Excess
stain was then removed by a rinse with 95% alcohol, followed by
distilled water. Sections were differentiated singly in lithium car-
bonate solution for 30 s. Differentiation was continued in 70%
alcohol until gray matter was clear and white matter sharply
defined. Slides were then placed in distilled water, counterstained
with cresyl violet acetate, and dehydrated. Slides were mounted
with resinous medium and visualized using BZ-9000 brightfield
microscopy (Keyence) at 400×. White matter changes in the
medial corpus callosum were graded as follows: grade 0 is nor-
mal, grade 1 demonstrates disarrangement of nerve fibers, grade
2 has the formation of marked vacuoles, and grade 3 involves dis-
appearance of myelinated fibers (Wakita et al. 1994). The left
medial corpus callosum and right medial corpus callosum were
assigned numeric scores, and the two values then averaged.
Average scores from two independent, blinded observers were
calculated for each mouse. The two observers’ scores were then
averaged for a final score.

Immunohistochemistry and Immunofluorescence
Immunohistochemistry and immunofluorescence were performed
on coronal slices of 5-lm thickness from the same coordinates as
above. Paraffin-embedded sections were deparaffined and rehy-
drated with graded alcohol solutions ranging from 100% to 70%.
Sections were stained for ionized calcium binding adaptor mole-
cule 1 (Iba-1), glial fibrillary acidic protein (GFAP), degraded
myelin basic protein (dMBP), complement C5, C5a, CD88, and
8-hydroxydeoxyguanosine (8-OHdG) (Table S3). After antigen

retrieval, sections were blocked in 5% goat (Iba-1, GFAP) for
immunohistochemistry or donkey (dMBP, C5, C5a, CD88, 8-
OHdG) serum for immunofluorescence. Sections were incubated
overnight with primary antibody, followed by incubation with
appropriate secondary antibody (Table S3).

Iba-1 and GFAP were visualized using a BZ-9000 microscope
(Keyence). The number of GFAP or Iba-1 positive cells, above a
specified size filter, were counted in one high-powered field
(400×) of the left and right medial corpus callosum for each ani-
mal, and the two values were averaged.

Immunofluorescent sections were co-stained with Hoechst
33342 (for nuclei, 1:5,000; Life Technologies). Slides were
mounted with Dako fluorescent mounting media, cover-slipped,
and visualized using BZ-9000 fluorescent microscopy (Keyence).
Mean fluorescent density was quantified in one high-powered
field (200×) of the left and right medial corpus callosum for each
animal, and the two values were averaged. Average scores from
two independent, blinded observers were calculated for each
mouse. Image analysis was performed using NIH Image J soft-
ware. Protocols followed NIH Image J user guide.

Nitrite and Nitrate Assay
Nitrite and nitrate of whole brain tissue lysates were colorimetri-
cally assayed [OxiSelect™ In Vitro Nitric Oxide (Nitrite/Nitrate)
Assay Kit (Cell BioLabs)]. Brain was homogenized by tissue-
tearor (model 985370) in N-Per extraction buffer in ice and cen-
trifuged 14,000× g for 15 min in 4°C to obtain supernatants for
assay. Nitrite concentration was determined by the Griess reac-
tion, which converts nitrite to a colored azo dye product with ab-
sorbance at 540 nm, per the manufacturer’s instructions (STA-
802, Cell BioLabs). Briefly, tissue samples, PBS, and Griess
Reagent A (Part No. 280205, Cell BioLabs) were added to each
well of a 96-well microtiter plate. Griess Reagent B (Part No.
280,206, Cell BioLabs) was then added to each well, and the
plate was incubated at room temperature for 10 min. Nitrate con-
centration was determined by nitrate reduction to nitrite followed
by the Griess reaction. To measure nitrate concentration, tissue
samples and the Enzyme Reaction Mixture (Enzyme Mixture:
Part No. 280204; Enzyme Cofactor: Part No. 280205; Cell
BioLabs) were added to each well of a 96-well microtiter plate.
The plate was incubated at room temperature for 1 h. Griess
Reagent A (Part No. 280205; Cell BioLabs) and Griess Reagent
B (Part No. 280206, Cell BioLabs) were then added to each well
and the plate was incubated at room temperature for 10 min.
Absorbance was imaged using a Bio-Rad model 680 microplate
reader. Nitrite and nitrate concentrations were analyzed by com-
paring the sample absorbance at 540 nm to the standard curve.
The observer was blinded to treatment group.

RNA-Seq and Data Analysis
Following euthanasia, mouse corpus callosum tissue was micro-
dissected under the operating microscope and frozen fresh. To
assess gene expression profiles, RNA-Seq was performed on
high-quality RNA extracted from fresh frozen samples of individ-
ual biological replicates using RNeasy Plus Universal purification
kit (QIAGEN); RNA quality control used the Agilent 2100 bioa-
nalyzer (Agilent Technologies). Individuals performing RNA-
Seq analysis were blinded to treatment group.

Libraries for RNA-Seq were prepared with the KAPA
Stranded RNA-Seq Kit (Kapa Biosystems). The workflow pro-
ceeded with mRNA enrichment, cDNA generation and end repair
to generate blunt ends; A-tailing; adaptor ligation; and library
amplification via high fidelity, low-bias PCR. Different adaptors
(Kapa Biosystems) were used for multiplexing samples in one
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lane. Libraries were sequenced using an Illumina HiSeq 3000
(SR 1 ×50 bp) (Illumina). Data quality measurements were
obtained from the Illumina Sequencing Analysis Viewer (version
2.1.8). Demultiplexing was performed with Illumina Bcl2fastq2
conversion software (version 2.17) program to generate FASTQ
file formats for downstream analysis.

Read mapping was then performed within the Illumina
BaseSpace™ work environment (RNA-Seq Alignment applica-
tion), using TopHat 2 (Bowtie 2), aligning reads to the reference
genome Mus musculus (UCSC version mm10). Differentially
expressed genes were then identified using DESeq2 (version
1.6.3). Network analyses were performed and pathways generated
through the use of Ingenuity Pathway Analysis (QIAGEN Inc.,
https://www.qiagenbioinformatics.com/products/ingenuitypathway-
analysis; Krämer et al. 2014) imputing data with a more inclusive
q value of 0.10 or less.

qPCR
qPCR was performed on the same corpus callosum tissue sample
used for RNA-Seq (separate piece). cDNA was synthesized from
total RNA using reverse transcription reagent from BioPioneer
Inc., and qPCR was conducted using qPCR master mix
(BioPioneer Inc.) in a Bio-Rad Real Time PCR system. The
primer pairs used for GAPDH and other genes are listed in Table
S4. The following reaction conditions were used: 95°C, 5min;
denature at 94°C for 15 s, anneal at 64°C for 10 s, extension at
72°C for 25 s, for 42 cycles. Fluorescent signal was captured at
the extension stage.

The qPCR data was analyzed by using comparative or DDCT
method. In brief, Ct values of target genes were normalized to
that of GAPDH (DCT), and the DCT difference between control
and treatment was calculated (DDCT), then DDCT values were
transformed to the linear induction fold (2DDCT). Log2 fold
change was calculated from the linear induction fold.

Statistical Analyses
PM concentrations were evaluated midway through each expo-
sure period and reported as arithmetic means across the exposure
campaign days with less than 10% variation. PM concentrations
for each exposure batch were averaged and plotted as a distribu-
tion of all exposures. Particle number (PN) concentrations were
measured at the beginning of each exposure period. The particle
number mean values were calculated as geometric means of the
five exposures. Histochemistry, western blot, MRI, and NOR
were analyzed using a general linear model with main effects for
nPM, BCAS, and the nPM+BCAS interaction (testing for syn-
ergy). Pairwise comparisons used Tukey Kramer adjustment for
multiple comparisons. Two-tailed unpaired Student’s t-tests were
used to evaluate the effect of behavioral testing/food deprivation
on histological analysis. For the 8-arm radial maze, a repeated
measures analysis with mixed effect models (over 8 averaged
blocked trials) was used to analyze effects of groups and blocked
trial number. These models were run in two ways: a) a one-factor
model compared the four groups (FA, nPM, FA+BCAS,
nPM+BCAS) over the eight trials; and b) a two-factor model an-
alyzed the main effects for nPM, BCAS, and the nPM+BCAS
interaction over the eight trials. Mean slope (linear trend in the
behavior outcome over trials) was analyzed using a linear mixed
effects model with main effects for nPM, BCAS, and the
nPM+BCAS interaction (synergy). For the NOR test, a one-way
analysis of variance (ANOVA) was used to analyze baseline
behavior between cohorts. Statistics were performed using SAS
(Version 9.4, SAS Institute Inc.) and GraphPad Prism (Version
9.1.0, GraphPad Software). Data are presented as mean± standard

error (SE). Alpha level of 0.05 was chosen for statistical signifi-
cance. For RNA-Seq, results were prioritized according to false
discovery rate adjusted p-value (q-value), with a level of 0.05 for
significance.

Results

nPM Exposure and Composition
Table S1 demonstrates which nPM exposure batch was used for
each experiment. When multiple exposures were used for a spe-
cific end point, similar numbers of mice from each exposure
batch were included in each treatment group. Overall, the average
mass concentration in the inhalation exposure system during the
150 h of the exposure was 305:6±11:7 lg=m3, whereas the aver-
age particle number concentration (PNC) of the reaerosolized
nPM was 361,703± 8,191 particles=cm3. Total organic matter
(TOM) was the most predominant chemical species, accounting
for 40:1± 13:9% of the total mass. The mass fractions of trace
elements and metals (units of nanograms per microgram of PM
mass) are listed in Table S5 for each nPM exposure batch. The
average particle size distribution of the exposure aerosol is pre-
sented in Figure S1. The size distribution of the aerosol inside the
suspension was very similar to the exposure aerosol (see Figure
S2). The number concentration was dominated by ultrafine size
ranges. Only about 5% of the total number concentration was in
the ranges above 243 nm. The aerosol mode diameter was also
below 100 nm

Weight, CBF, and Mortality
Mice in each of the four exposure groups (FA, nPM,
FA+BCAS, nPM+BCAS) did not differ in weight throughout
the study [means ( ± SEM) in grams: FA 109.3 ( ± 1:1) vs. nPM
109.1 ( ± 0:58) vs. FA+BCAS 108.2 ( ± 0:87) vs. nPM+BCAS
106.7 ( ± 0:86), p=0:24], except as planned and described in the
behavioral assays. Mean cerebral blood flow (CBF) change did
not differ between FA+BCAS (35%) and nPM+BCAS (33%)
(p=0:65). Total mortality in all groups was 23.4% (59 mice out
of 252). Mortality occurred only in the BCAS groups. Mortality
only in the BCAS groups was 41.3% (59 mice out of 143).
Surgical mortality after BCAS surgery did not differ between
groups (FA+BCAS 41%, nPM+BCAS 41%, p=0:51, see
Table S1).

Behavioral Effects on End Points
In exposures 1 and 2, 12 mice in each of the FA and nPM
groups underwent behavioral testing, whereas a simultaneous
group of 6 mice in each of the FA and nPM groups did not.
There were no significant differences in assessed outcomes
between mice that underwent behavioral testing and mice that
did not [KB (p=0:70), Iba-1 (p=0:25), GFAP (p=0:73), C5
(p=0:73), and C5a (p=0:34)] (Table S6). Differences between
groups remained the same when mice that underwent behav-
ioral testing were compared with all analyzed mice (Table 1;
Table S7).

White Matter Damage in the Corpus Callosum
Mice in the joint nPM+BCAS group had a mean white matter
injury score 329% higher than those in the FA group (1:33± 0:12
vs. 0:31± 0:1). This difference between the mean nPM+BCAS
and FA (1:33− 0:31=1:02) scores was 2.32 times higher than
the sum of the differences (0:15+ 0:29= 0:44) between the mean
nPM and FA (nPM-FA: 0:46− 0:31=0:15) and FA+BCAS and
FA (FA+BCAS-FA: 0:60− 0:31= 0:29) (Table 1; Figure 2A,C).
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Mice exposed to nPM+BCAS had significantly higher dMBP
density in comparison with FA-, nPM-, or FA+BCAS-exposed
mice. The joint nPM+BCAS group demonstrated an 85% higher
dMBP density in comparison with the FA cohort (9:6±0:5 vs.
5:2±0:3) but did not demonstrate a synergistic interaction with
respect to dMBP density (Table 1; Figure 2E,F).

Corpus Callosum Volumes on MRI
BCAS and nPM exposure resulted in smaller corpus callosum
volumes on MRI. On T2 weighted MRI, there was no significant
difference in corpus callosum volumes between the FA and nPM
groups. However, nPM+BCAS-exposed mice had significantly
smaller volumes than the FA+BCAS-exposed mice. Volumes
were smaller in nPM+BCAS-exposed mice when compared
with the FA, nPM, and FA+BCAS groups. The joint nPM+
BCAS group had a 30% lower corpus callosum volume when
compared with the FA cohort (1:8±0:1 vs. 2:5± 0:04) but did

not demonstrate a synergistic interaction with respect to corpus
callosum volumes (Table 1; Figure 2G,I).

Glial Cell Activation in the Corpus Callosum
Mice exposed to nPM+BCAS had significantly higher reactive
central nervous system (CNS) myeloid (Iba-1 positive) cell
counts, such as microglia compared with the FA- and nPM-
exposed groups. Additionally, mice in each of the nPM and
FA+BCAS groups had significantly higher reactive Iba-1 posi-
tive cell counts when compared with the FA-exposed group. The
joint nPM+BCAS group mice had 66% higher Iba-1 positive
cell counts when compared to the FA cohort (161:0± 4:7 vs.
96:9±6:8) but did not demonstrate a synergistic interaction with
respect to reactive Iba-1 cell counts (Table 1; Figure 3A,B).

Mice exposed to FA+BCAS had significantly higher reactive
astrocyte (GFAP positive) cell counts in the corpus callosum in

Figure 2. Measures of white matter damage in the corpus callosum of mice exposed to nPM or FA with or without BCAS. (A) Representative corpus callosum
Klüver-Barrera staining of mice in each experimental group (400×). (B) Representative image of region analyzed at low magnification (Scoring on right/left.
Right demarcated.). (C–D) White matter injury score in mice exposed to nPM or FA with or without bilateral carotid artery stenosis (BCAS) (n=18=group; num-
bers are mean± standard error). General linear model with main effects for nPM, BCAS, nPM+BCAS interaction was used to calculate the synergy p-value in D.
Exposure and BCAS p-values were calculated using the Tukey Kramer adjustment. (E) Representative images of degraded myelin basic protein (dMBP; red) im-
munofluorescence and nuclei (blue) in the corpus collosum of mice in each experimental group (200×). Analysis performed on both right/left side (right region
demarcated in B). (F) dMBP immunofluorescent density in the corpus collosum of mice in each experimental group. (G) Representative T2 weighted images of the
corpus callosum of mice in each experimental group. (H) T2 weighted representative MR image of region of interest in the corpus callosum. Yellow dashed square
indicates insert in G. (I) Corpus callosum volume in mice exposed to nPM or FA with or without BCAS. Data represented as mean± standard error. Scale bars in
images represent 50 lm. (A–D) n = 18 FA, 18 nPM, 18 FA+BCAS, 18 nPM + BCAS. (E–F) n = 8 FA, 8 nPM, 8 nPM, 8 FA + BCAS, 7 nPM + BCAS. (G–I)
n = 6 FA, 6 nPM, 5 FA + BCAS, 6 nPM + BCAS. General linear model with main effects for nPM, BCAS, nPM+BCAS interaction were used; pairwise com-
parisons used Tukey Kramer adjustment. Summary data is provided in Table 1. Note: BCAS, bilateral carotid artery stenosis; dMBP, degraded myelin basic pro-
tein; FA, filtered air; KB, Klüver-Barrera; nPM, nanoscale particulate matter. *p<0:05, **p≤ 0:01, ***p≤ 0:001, ****p≤ 0:0001.
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comparison with FA mice. Further, mice exposed to
nPM+BCAS had significantly higher reactive astrocyte cell
counts in comparison with nPM-exposed mice. However, mice
exposed to nPM did not have higher reactive astrocyte cell counts
when compared with FA-exposed mice. The joint nPM+BCAS
group mice had 64% higher GFAP positive astrocyte cell when
compared with the FA cohort (110:9± 7:5 vs. 67:8± 2:3) but did
not demonstrate a synergistic interaction with respect to GFAP
positive cell counts (Table 1; Figure 3C,D).

Inflammation in the Brain and Corpus Callosum
Mice exposed to nPM+BCAS had significantly higher TLR4,
C5, C5a, and CD88 densities on whole brain western blot analy-
sis in comparison with FA-, nPM-, or FA+BCAS-exposed mice.
The joint nPM+BCAS group demonstrated 117% higher TLR4
density (1:3± 0:07 vs. 0:6±0:03), 117% higher C5 density (1:3±
0:09 vs. 0:6± 0:04), 125% higher C5a density (1:4± 0:1 vs. 0:8±
0:08), and 86% higher CD88 density (1:3± 0:05 vs. 0:7± 0:07)
when compared with the FA cohort but did not demonstrate syner-
gistic interactions with respect to these markers in the whole brain
analysis (Table 1; Figure 4A–E).

The joint nPM+BCAS group demonstrated 164% higher C5
density in the corpus callosum when compared with the FA
cohort [19:8± 1:1 vs. 7:5± 0:5; (Table 1; Figure 4F,G)]. The dif-
ference between the mean nPM+BCAS and FA densities
(19:8− 7:5= 12:3) was 2.05 times higher than the sum of the dif-
ferences (4:0+2:0= 6:0) between the mean nPM and FA (nPM-
FA: 11:5− 7:5=4:0) and FA+BCAS and FA densities
(FA+BCAS-FA: 9:5− 7:5= 2:0) (Table 1; Figure 4F,G).

Further, mice exposed to nPM+BCAS had significantly
higher C5a densities in the corpus callosum when compared with
FA- or FA+BCAS-exposed groups. The joint nPM+BCAS

group demonstrated 126% higher C5a density when compared
with the FA cohort (18:5± 0:4 vs. 8:2± 0:9) but did not demon-
strate a synergistic interaction with respect to C5a density (Table 1;
Figure 4H,I).

Mice exposed to nPM+BCAS had significantly higher
CD88 density in the corpus callosum in comparison with FA-
and nPM-exposed mice. The nPM+BCAS mice demonstrated
a trend toward higher CD88 density when compared with
FA+BCAS-exposed mice. The joint nPM+BCAS group
demonstrated 78% higher CD88 density when compared with
the FA cohort (24:0± 2:0 vs. 13:5±1:3) but did not demon-
strate a synergistic interaction with respect to CD88 density
(Table 1; Figure 4J,K).

Oxidative Stress in the Brain and Corpus Callosum
The joint nPM+BCAS group mice had 735% higher whole brain
nitrate concentration when compared with the FA cohort [91:0±
21:2 vs. 10:9±0:7; Table 1; Figure 5B]. The difference between
the mean nPM+BCAS and FA nitrate concentrations (91:0−
10:9=80:1) was 3.93 times higher than the sum of the differen-
ces (7:9+12:5= 20:4) between the mean nPM and FA (nPM-FA:
18:8− 10:9=7:9) and FA+BCAS and FA nitrate concentrations
(FA+BCAS-FA: 23:4− 10:9= 12:5) (Table 1; Figure 5B).

Mice exposed to nPM+BCAS had higher whole brain nitrite
concentrations in comparison with FA-, nPM-, or FA+
BCAS-exposed groups. The joint nPM+BCAS group mice had
156% higher nitrite concentrations when compared with the FA
cohort (6:4± 0:9 vs. 2:5±0:2) but did not demonstrate a syner-
gistic interaction with respect to nitrite concentrations (Table 1;
Figure 5A).

Mice exposed to nPM+BCAS had significantly higher cor-
pus callosum 8-OHdG density in comparison with FA-, nPM-, or
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Figure 3.Measures of immune cell activation in the corpus callosum of mice exposed to nPM or FA with or without BCAS. (A) Representative images of Iba-
1 immunohistochemistry in the corpus callosum of mice in each experimental group (400×). (B) Iba-1 positive cell counts in the corpus callosum of mice in
each experimental group. (C) Representative images of GFAP immunohistochemistry in the corpus callosum of mice in each experimental group (400×).
Analysis was performed on both right/left side (location of right region is demarcated area in Figure 2B). (D) GFAP positive cell counts in the corpus callosum
of mice in each experimental group. Data in graphs represented as mean± standard error. Scale bars represent 50 lm. Error bars represent standard error. n for
all panels = 18 FA, 18 nPM, 12 FA+BCAS, and 12 nPM+BCAS. General linear model with main effects for nPM, BCAS, and the nPM+BCAS interaction
(testing for synergy) were used. Pairwise comparisons used Tukey Kramer adjustment for multiple comparisons. Summary data is provided in Table 1. Note:
BCAS, bilateral carotid artery stenosis; FA, filtered air; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adaptor protein-1; nPM, nanoscale
particulate matter. *p<0:05, **p≤ 0:01, ***p≤ 0:001, ****p≤ 0:0001.
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FA+BCAS-exposed mice. The joint nPM+BCAS group mice
had 124% higher 8-OHdG density when compared with the FA
cohort (7:6±0:3 vs. 3:4± 0:2) but did not demonstrate a syner-
gistic interaction with respect to 8-OHdG density (Table 1;
Figure 5C,D).

Transcriptomic Responses (RNA-Seq)
On transcriptomic response (RNA-Seq) analysis, differential
expression was seen in Rnd3 [log2 fold change −0:353,
q=0:0478] and Pon2 [log2 fold change 0.193, q=0:048] in the
nPM exposure group when compared with FA controls (Table
S8). Only one gene, Vps13c [log2 fold change −0:283,
q=0:013], demonstrated differential expression when BCAS

mice were compared with FA controls (Table S9). Fifty-four
genes showed differential expression levels in the nPM+BCAS
cohort when compared with FA controls (Table S10). Of these,
only Ccl28 and Gm14827 were recurrent with single-exposure
experiments, even when the stringency of the q-value was
expanded to ≤0:10. The expression of these genes followed a
similar magnitude and direction of expression change as was
seen in the single perturbation nPM group, with Ccl28 (log2 fold
change 0.568, q=0:003) and Gm14827 (log2 fold change
−0:498, q=0:011). There were no recurrent expression changes
seen between the joint exposure group and the BCAS group. The
heat map of these 54 genes demonstrated a distinct expression
pattern in mice in the joint exposure group in comparison with
nPM, with many genes being implicated in proinflammatory

Figure 4.Measures of brain inflammation in the corpus callosum and whole brain of mice exposed to nPM or FA with or without BCAS. (A) Representative
western blots of TLR4, C5, C5a, and CD88 (representative GAPDH blot) in the whole brain of mice in each experimental group. (B–E) TLR4, C5, C5a, and
CD88 relative densities in the whole brain of mice in each experimental group. (F) Representative images of C5 (red) immunofluorescence and nuclei (blue) in
the corpus callosum of mice in each experimental group (200×). (G) C5 immunofluorescent density in the corpus callosum of mice in each experimental group.
(H) Representative images of C5a (red) immunofluorescence and nuclei (blue) in the corpus callosum of mice in each experimental group (200x). (I) C5a im-
munofluorescent density in the corpus callosum of mice in each experimental group. (J) Representative images of CD88 (red) immunofluorescence and nuclei
(blue) in the corpus callosum of mice in each experimental group (200x). (K) CD88 immunofluorescent density in the corpus callosum of in each experimental
group. (L) Effect of single and joint nPM and BCAS exposure on C5 immunofluorescent density in the corpus callosum of mice. General linear model with
main effects for nPM, BCAS, nPM+BCAS interaction was used to calculate the synergy p-value. Exposure and BCAS p-values were calculated using the
Tukey Kramer adjustment. Numbers are mean± standard error. Analyses for F–K were performed on both right/left sides (right region demarcated area in
Figure 2B). Data represented as mean± standard error. Scale bars represent 50 lm. Error bars represent standard error. (A–E) n=4FA, 4 nPM, 4 FA+BCAS,
4 nPM+BCAS. (F–L) C5 and C5a: n=18 FA, 18 nPM, 12 FA+BCAS, 13 nPM+BCAS; CD88: n=8FA, 8 nPM, 8 FA+BCAS, 7 nPM+BCAS. General
linear model with main effects for nPM, BCAS, nPM+BCAS interaction were used; pairwise comparisons used Tukey Kramer adjustment. Summary data is
provided in Table 1. Note: BCAS, bilateral carotid artery stenosis; C5, complement component 5; C5a, complement component 5a; CD88, complement com-
ponent C5a receptor; FA, filtered air; nPM, nanoparticulate matter; TLR4, Toll-like receptor 4. *p<0:05, **p≤ 0:01, ***p≤ 0:001, ****p≤ 0:0001.
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pathways. The lack of generally recurrent expression patterns,
along with the larger number of significant changes in the joint
exposure group, suggested that a synergistic mechanism was re-
sponsible for changes (Figure 6). The genes listed in Tables S8,
S9, and S10 were the only genes that were different among the
exposure cohorts. A cohort of differentially expressed genes in
RNA-Seq was validated by qPCR (Figure 6F; Table S11). qPCR
results showed a similar direction and magnitude of response in

comparison with those of transcriptomic responses (Figure 6F
and Figure S3).

For Pathway Analysis, the filter was set to q<0:10 (standard
arbitrary value). All genes are reported in table format along with
counts, q and log2FoldChange values, and SE (Table S12). The
nPM pollution network demonstrated activation of TNF (pre-
dicted) and CCL28 (observed), consistent with increased inflam-
mation (Figure 6G). The BCAS hypoperfusion network

Figure 5.Measures of oxidative stress in the corpus callosum and whole brain of mice exposed to nPM or FA with or without BCAS. (A) Nitrite concentra-
tions in the whole brain of mice in each experimental group. (B) Nitrate concentrations in the whole brain of mice in each experimental group. (C)
Representative images of 8-OHdG (red) immunofluorescence and nuclei (blue) in the corpus callosum of mice in each experimental group (200×). Analysis
was performed on both right/left sides (location of right region is demarcated area in Figure 2B). (D) 8-OHdG immunofluorescent density in the corpus cal-
losum of mice in each experimental group. (E) Effect of single and joint nPM and BCAS exposure on nitrate concentrations in the whole brain of mice.
General linear model with main effects for nPM, BCAS, nPM+BCAS interaction was used to calculate the synergy p-value. Exposure and BCAS p-values
were calculated using the Tukey Kramer adjustment. Numbers are mean± standard error. Data represented as mean± standard error. Scale bars represent
50 lm. Error bars represent standard error. Nitrite and nitrate: n=4FA, 5 nPM, 4 FA+BCAS, 4 nPM+BCAS; 8-OHdG: n=8FA, 8 nPM, 8 FA+BCAS, 7
nPM+BCAS. General linear model with main effects for nPM, BCAS, and nPM+BCAS interaction were used; pairwise comparisons used Tukey Kramer
adjustment. Summary data is provided in Table 1. Note: 8-OHdG, 8-oxo-2’-deoxyguanosine; BCAS, bilateral carotid artery stenosis; FA, filtered air; nPM,
nanoscale particulate matter. *p<0:05, **p≤ 0:01, ***p≤ 0:001, ****p≤ 0:0001.
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Figure 6. RNA-Seq and pathway analyses of mice exposed to nPM or FA with or without BCAS. (A–C) RNA-Seq analysis (Stringent false discovery rate
q<0:05). No heat map is included for FA vs. FA+BCAS because only one gene, VPS 13c, demonstrated differential expression. (A) Venn diagram of over-
lapping gene expression between nPM, FA+BCAS, and nPM+BCAS. (B) Heat map for differential gene expression for FA vs. nPM. (C) Heat map for differ-
ential gene expression for FA vs. nPM+BCAS. (D–F) qPCR validation of a subset of genes from RNA-Seq. GAPDH is used as a reference. Data represented
as mean± standard error. (G–J) Pathway analysis. (G) Pathway analysis for the nPM group (H) Pathway analysis for the BCAS group (I) Pathway analysis for
the nPM+BCAS group. (J) Prediction legend. n=7FA, 7 nPM, 7 FA+BCAS, and 7 nPM+BCAS for qPCR and RNA-Seq analyses. Summary data is pro-
vided in Tables S8–S10, S12. qPCR summary data is provided in Table S11. Pathway analyses (G–J) were generated through the use of QIAGEN’s Ingenuity
Pathway Analysis (https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis; Krämer et al. 2014). Note: BCAS, bilateral carotid artery steno-
sis; FA, filtered air; nPM, nanoscale particulate matter; qPCR, quantitative real-time polymerase chain reaction; RNA-Seq, ribonucleic acid sequencing.
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demonstrated downregulation of Trpc4 (observed) (Figure 6H).
The combined pollution and hypoperfusion group network dem-
onstrated a very “strong” pathway fit for network #2 (shown),
with a high score and 25 molecules (observed). The network
exhibited strong, central activation of NFKb, consistent with the
proinflammatory milieu hypothesized (Figure 6I).

Behavioral Deficits
Eight-arm radial maze testing data were analyzed using mixed
effects models for repeatedly measured data. In a one-factor model
comparing the four exposure groups, the groups significantly

differed on revisiting errors: Fð3,44Þ=2:84, p=0:049. In post hoc
pairwise comparisons among the four groups adjusted for multiple
comparisons, revisiting errors did not differ between the FA and
nPM groups. However, nPM+BCAS-exposed mice had signifi-
cantly more revisiting errors than the FA+BCAS-exposed mice
(8:8± 0:4 vs. 6:8± 0:5; p=0:04). The joint nPM+BCAS group
demonstrated 19% more mean revisiting errors across trials when
compared with the filter cohort (8:8±0:4 vs. 7:4± 1:4). In a two-
factor model ( ± nPM exposure, ±BCAS), there was a significant
main effect of nPM (assessed over ±BCAS groups), with more
revisiting errors in nPM in comparison with FA groups (p=
0:012). The main effect of BCAS (assessed over ± nPM groups)

Figure 6. (Continued.)
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was not statistically significant. In another two-factor model treat-
ing trial as a continuous variable in the mixed model analysis,
comparison of average slopes across trials approached significance
for a synergistic interaction (p=0:064). nPM-exposed mice in
comparison with FA mice showed a significantly shallower slope
of decreasing revisiting errors over trials (p=0:004). The
nPM+BCAS and FA+BCAS mice did not differ on slopes in
revisiting errors. In the one-factor repeated measures comparison,
the novel entry analysis showed a significant difference between
the four exposure groups: Fð3,44Þ=4:70, p=0:006. The joint
nPM+BCAS group mice had 11% fewer novel entries across test-
ing when compared with the FA cohort (4:8± 0:08 vs. 5:4± 0:3).
In the two-factor analysis, there was a significant main effect of
nPM (over ±BCAS groups), with fewer novel entries in nPM in
comparison with FA mice (p=0:005); there was also a significant
main effect of BCAS (over ± nPM groups), with fewer novel
entries in BCAS compared with no-BCAS groups (p= 0:034).
The analysis did not demonstrate a synergistic interaction when av-
erage slopes over trials were compared. Time course analysis
showed significantly fewer revisiting errors [Fð7,318Þ= 23:98,
p<0:0001] and more novel entries [Fð7,329Þ=16:93, p<0:0001]
within all groups, demonstrating learning effects of the testing
(Table 1; Figure 7A–F).

In the NOR test, baseline behavior did not differ among
groups. No mouse showed a preference for one identical object
over the other. The discrimination index did not significantly dif-
fer between cohorts when mice explored two identical objects
[Fð3,44Þ=1:287, p=0:29]. In short-term NOR, the FA+BCAS
cohort had a significantly lower discrimination index in compari-
son with the FA group. These interactions were not synergistic
between groups. In long-term NOR, there was no significant dif-
ference between groups and no synergy (Table 1; Figure 7G,H).

Discussion
Our experimental data demonstrated synergistic effects of nPM
and CCH on white matter injury such that the joint influence was
greater than the additive properties of the two independent expo-
sures. Based on the primary outcome, KB staining, nPM+BCAS
exhibited a synergistic interaction with regard to white matter
injury scores in the corpus callosum (p=0:018 for synergy). At
the structural level, a higher level of myelin degradation in the
nPM+BCAS cohort (in comparison with each of the other
groups) was confirmed by dMBP histochemistry. Myelin integ-
rity was also compromised in the single-exposure (nPM or FA+
BCAS) cohorts when compared with the FA group. The signifi-
cant difference noted between the FA and nPM cohorts on this
histochemical analysis (which was not found to be different on
the KB staining) likely resulted from the quantitative method
used to analyze structural integrity at the cellular level (dMBP
staining). The KB grading scale is a gross pathological assess-
ment that evaluates the regional/global appearance of the corpus
callosum.

White matter rarefaction in the joint exposure cohort was fur-
ther documented on T2 weighted MRI, which demonstrated sig-
nificantly smaller corpus callosum volumes when compared with
mice in FA- or single-exposure groups. These data are reinforced
by findings in experimental models of early postnatal exposure to
concentrated ultrafine ambient particles. The studies revealed
reduced corpus callosum sizes/developmental trajectories and
lower myelination following exposure (Allen et al. 2017). PM
effects on white matter volume, and possible moderating influen-
ces of cerebrovascular disease (CVD), were also suggested in ep-
idemiological studies. In an analysis of the Women’s Health
Initiative Memory Study (WHIMS) cohort, older women who
resided in areas with greater long-term PM2:5 exposure had

significantly smaller white matter volumes in the corpus callosum
and frontal/temporal lobes but unchanged gray matter volumes
(Chen et al. 2015). Stronger associations in older women with
prior CVD suggested possible interactions of CVD-related neuro-
vascular injury (Chen et al. 2015) and the underlying neuropatho-
logical processes resulting in white matter loss associated with
PM2:5 neurotoxicity.

When intact, the BBB effectively restricts vascular access to
most brain regions, protecting tissue from systemic toxins (Miller
2010). White matter injury was documented in experimental
models of impaired BBB permeability. In a pericyte-deficient
(PdgfrbF7=F7) mouse model, pericyte degeneration impaired the
white matter microcirculation. These changes resulted in accumu-
lation of toxic blood-derived products and reduced regional cere-
bral blood flow, leading to loss of white matter constituents
(myelin, axons, and oligodendrocytes) and corresponding func-
tional deficits (Montagne et al. 2018). Our previous study dem-
onstrated increased BBB leakage due to lower pericyte
coverage in the mouse BCAS model (Liu et al. 2019). BBB per-
meability increased on postoperative day 1, peaked at day 3,
and stabilized to nearly baseline levels by day 30. Large mole-
cules, such as IgG (approximately 150 KD), leaked into the
perivascular space at day 3 and then persisted in the tissue.
BBB permeability changes occurred significantly earlier than
structural white matter injury (day 30) in the same anatomical
regions and white matter tracts. Transient BBB permeability
may allow penetration of inflammatory mediators and byprod-
ucts of oxidative stress, generated by nPM exposure (and
CCH), into the cortical white matter.

A previous study using a murine model established that neu-
roinflammation plays a central role in PM-induced CNS injury
and that microglial activation is a critical mediator of these proc-
esses (Peters et al. 2006). One of our prior studies demonstrated
that mice exhibited reactive microglia and higher deposition of
complement C5 protein and its C5a receptor 1 (CD88) in the cor-
pus callosum following 10 wk of nPM exposure (Babadjouni et al.
2018). In the current study, BCAS and nPM exposure resulted in
higher glial cell activation in the corpus callosum of mice. CNS
myeloid cells, such as microglia, were selectively activated by
both the individual nPM and CCH exposures, whereas reactive
astrocytes were noted only in the setting of CCH (no additive
increase from nPM). This microglial-specific activation in the
corpus callosum is consistent with our prior nPM study
(Babadjouni et al. 2018).

Western blot (whole brain) and histochemical analyses (cor-
pus callosum) demonstrated that nPM+BCAS exposure resulted
in higher degrees of inflammation in the whole brain and corpus
callosum, with synergistic effects on C5 deposition in the corpus
callosum. Higher levels of TLR4 protein was also noted in the
whole brain tissue of the joint nPM+BCAS group. A prior study
suggested that TLR4 activation was integral in the brain inflam-
matory responses to air pollution (Woodward et al. 2017a). In
vivo nPM exposure of mice induced TLR4 and downstream
genes in the hippocampus (Woodward et al. 2017a). Further,
TLR4 knockdown in mixed glial cultures attenuated the neuroin-
flammatory response to nPM (Woodward et al. 2017a). These
findings suggest a potential microglia-mediated inflammatory
response that may involve the TLR4 and complement pathways
(C5 component). As each is a constituent of the innate immune
response, functional interplay between TLRs and C5 activation
has been described (DiMartino et al. 2008; Hajishengallis and
Lambris 2010; Raby et al. 2011). C5a receptor activation has
been indicated to up-regulate TLR4-mediated TNFa production
in the absence of decay accelerating factor in mice (Zhang et al.
2007). Previous studies have demonstrated that ultrafine PM
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activates microglia and induces TNFa production, which in turn
inhibits neurite outgrowth (Babadjouni et al. 2018; Cheng et al.
2016).

Corpus callosum RNA response data confirmed the joint
influence of nPM and CCH to be greater than the additive effects
of each exposure at the gene/RNA level. Further, the experiments
supported a critical role for neuroinflammation. Differential gene
expression between the FA and joint exposure (nPM+BCAS)
paradigms demonstrated a greater gene response than did the
nPM or FA+BCAS cohorts alone (when compared with the FA
cohort). In pathway analysis, the nPM network suggested activa-
tion of CCL28 (observed) and TNF (predicted), supporting
potential inflammatory mechanisms. The CCH network demon-
strated down-regulation of Trpc4 , which may play a role in en-
dothelial permeability and/or vasodilation. Trpc4 is principally
found in endothelial cells, vascular smooth muscle cells, and
mast cells. Members of the TRP family recognize LPS and have
been proposed as chemosensors involved in toxin detection

(Dietrich et al. 2017). The joint nPM/CCH pathway analysis sug-
gested strong, central activation of NFkB, once again indicating a
strong inflammatory milieu and supporting a potential upstream
role for TLR4. A previous study demonstrated strong in vitro
glial activation of both TLR4 and NFkB in response to nanoscale
PM (Woodward et al. 2017a).

Traffic-related air pollution caused oxidative stress in rodent
models (Cheng et al. 2016; Haghani et al. 2020; Morgan et al.
2011). Moreover, nPM promoted lipid raft alterations that
resulted in higher production of the neurotoxic amyloid peptide
Ab in vitro and in vivo (Cacciottolo et al. 2020). Following ische-
mic stroke, nPM-exposed mice demonstrated higher levels of
oxidative stress markers (8-hydroxyguanosine) and reactive oxy-
gen species (gp91phox) in the region of the ischemic penumbra
(Babadjouni et al. 2018). Concordant with these findings, the
joint nPM+BCAS group in the present study demonstrated
higher levels of nitrite/nitrate in the whole brain and 8-OHdG in
the corpus callosum when compared with each of the other

Figure 7. Behavioral analyses of mice exposed to nPM or FA with or without BCAS. (A–C) Radial maze revisiting errors in mice exposed to nPM or FA with
or without BCAS. (D–F) Radial maze novel entries in mice exposed to nPM or FA with or without BCAS. (G) Short-term NOR discrimination index in mice
exposed to nPM or FA with or without BCAS. (H) Long-term NOR discrimination index in mice exposed to nPM or FA with or without BCAS. Data repre-
sented as mean± standard error. n=12 FA, 12 nPM, 12 FA+BCAS, 12 nPM+BCAS. (A–F) General linear model with main effects for nPM, BCAS,
nPM+BCAS interaction were used; pairwise comparisons used Tukey Kramer adjustment. (E–F) For the 8-arm radial maze, a mixed effects repeated measures
model (8 averaged blocked trial) was used to analyze: differences among the four groups (one-factor model), and main effects for nPM, BCAS and the
nPM+BCAS interaction (two-factor model). Mean slope (behavior outcome over trials) was analyzed using a linear mixed effects model with main effects for
nPM, BCAS, and the nPM+BCAS interaction, modeling trial as a continuous variable. Summary data is provided in Table 1. Note: BCAS, bilateral carotid
artery stenosis; FA, filtered air; NOR, novel object recognition; nPM, nanoscale particulate matter. *p<0:05, **p≤ 0:01, ***p≤ 0:001, ****p≤ 0:0001.
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exposure groups. nPM+BCAS exposure resulted in synergistic
effects on whole brain nitrate concentrations.

No overt working memory deficits were noted on 8-arm radial
maze testing following 10 wk of nPM exposure alone. However,
the nPM+BCAS-exposed mice exhibited a significantly higher
degree of neurocognitive injury than did the FA+BCAS-exposed
mice. Further, changes in the slope of revisiting errors across
blocked trials approached statistical significance for synergism in
the nPM+BCAS group. The enhanced behavioral deficits (8-arm
radial maze testing) exhibited by our joint exposure group were
relatively specific to spatial working memory. Similar changes
were not evident in NOR testing. Both 8-arm radial maze
(Shibata et al. 2007) and NOR testing (Patel et al. 2017) previ-
ously yielded reproducible deficits in the murine BCAS model.
This is the reason for choosing these outcome measures in this
joint exposure study. The current data suggested that the addition
of the nPM exposure selectively augmented the deleterious
effects on spatial working memory (8-arm radial maze). Working
memory impairment, as assessed by the 8-arm radial maze, may
be attributable to either frontal white matter lesions or hippocam-
pal injury. The correlative pathology in prior BCAS studies sug-
gested white matter tract injury (Liu et al. 2013; Patel et al. 2017;
Shibata et al. 2004). In contrast, NOR testing is a classic assess-
ment of recognition memory (a subtype of declarative memory)
and typically used to study hippocampal function. Deficits in rec-
ognition memory (NOR testing) in the murine BCAS model
likely resulted from involvement of the perirhinal cortex, com-
municating white matter tracts, or hippocampus (Patel et al.
2017). Prior studies confirmed that white matter damage was
more robust than hippocampal injury following murine BCAS
with 0:018 mm inner diameter microcoils (as employed in this
study) (Patel et al. 2017; Shibata et al. 2004). The white matter
damage and resultant behavioral deficits noted in these exposures
correlated with clinical pathology.

There are inherent limitations to these studies. Our cohort
consisted of exclusively male mice. Prior studies suggest that
estrogen may exhibit a protective effect on white matter injury
(Gerstner et al. 2009; Allen et al. 2017; Dominguez et al. 2018).
Our previous data demonstrated that estrogen impacted suscepti-
bility to experimental CCH in this model. Following BCAS, male
mice treated with oral 17b-estradiol demonstrated less white mat-
ter ischemic damage and neurocognitive deficits (NOR) than did
placebo treated mice (Dominguez et al. 2018). The numbers of
mice were limited by the exposure paradigm and did not allow
inclusion of sex or age as a third variable to nPM and BCAS.
Because the current study established the synergistic effects of
nPM and CCH in young male mice, future studies can assess the
impact of sex and age differences on these exposures and out-
comes. Control (nonoperated), rather than sham-operated mice,
were chosen, a priori, for the FA and nPM groups so that the nPM
effects on white matter injury, inflammatory biomarkers, and, par-
ticularly, behavior could be evaluated in the absence of a surgical
procedure. These outcomes had not previously been examined
and, as expected, were subtle. The effects of the surgical procedure
(in addition to CCH), manifested equally in the FA+BCAS and
nPM+BCAS cohorts. Tests for synergy are typically low in statis-
tical power (Turner et al. 2014). Sample size limitations may have
affected end point analyses that appeared to display additive joint
exposure effects but did not reach statistical significance for syn-
ergy. It is known that behavior testing protocols (behavior testing/
food deprivation) can modify the brain and influence outcomes
(Rosenzweig and Bennett 1996; Squadrito et al. 1994). Our results
found no significant differences in white matter injury or neuroin-
flammatory markers between mice that underwent behavioral test-
ing and mice that did not.

Exposure system characteristics present as both strengths and
limitations. Strengths include small particle size with a composi-
tion that retains the chemical properties of traffic-related air pol-
lution. The average particle size distribution of the exposure
aerosol (Figure S1) was typical of PM in the Los Angeles air ba-
sin, an urban area affected by traffic emissions (Hudda et al.
2010; Taghvaee et al. 2019). The current setup minimized the
within-exposure variability, an advantage over other systems
such as particle concentrators.

The differences between exposures were a reflection of the
natural variability of the Los Angeles aerosol, because the par-
ticles used in these exposures were generated by aerosolizing sus-
pensions of “real-world” particles collected during several weeks
across different seasons and years in central Los Angeles. The
reported ranges in the OC and metal mass fractions were consist-
ent with our earlier studies (greater than 20 y) in the Los Angeles
basin (Altuwayjiri et al. 2021; Hasheminassab et al. 2014b;
Saffari et al. 2013; Sardar et al. 2005; Shirmohammadi et al.
2016).

Limitations include the fact that the resuspended particles
may not retain the same surface chemistry or shape of the original
particles and that this approach used a concentration which is
likely one to two orders of magnitude larger than the ultrafine
exposures that people experience. The bulk composition and size
distribution of the resuspended particles were similar to the origi-
nal exposure aerosol.

The mass-based exposure levels (305:6± 11:7 lg=m3) were
roughly one order of magnitude higher than those typical of cen-
tral Los Angeles, which were in the range of 25–35lg=m3

(Hasheminassab et al. 2014a). These were, however, subacute
exposures compared with the urban background concentration of
Los Angeles. These PM mass levels have been noted in cities of
the developing world, such as Beijing, New Delhi, Lagos, Cairo,
Mexico City, etc. (Jimenez et al. 2009). The number-based con-
centration levels were twice as high as those at Los Angeles free-
ways or in the proximity of the Los Angeles International (LAX)
airport but not unrealistic in terms of human exposure
(Shirmohammadi et al. 2017).

Direct comparison of the exposure levels between two differ-
ent species are facilitated by taking into account anatomical and
physiological differences. Dose per kilogram of body weight
measurements are used in conventional pharmacokinetics to cal-
culate the toxicity or carcinogenicity of a substance. In that
regard, the exposure concentration level of roughly 330 lg=m3

for mice represented a realistic exposure level for humans.
During this exposure period, the PM concentration that would
have resulted in the same PM dose per kilogram body weight is
PM2:5 = 33lg=m3. This is a very realistic PM exposure level,
typical of PM2:5 concentrations in Los Angeles, as well as in
other urban areas in California (Hasheminassab et al. 2014b).

These data demonstrated synergistic effects of nPM exposure
and CCH secondary to carotid stenosis with respect to white mat-
ter injury. Increased BBB permeability secondary to CCH may
permit greater entry of proinflammatory mediators and byprod-
ucts of oxidative stress into the cortical white matter (corpus cal-
losum). Similarly, the deleterious effects of PM exposure may
exacerbate ischemic injury from cerebral hypoperfusion. These
two exposures likely influence each other in a reciprocated fash-
ion, with each compounding the effects of the other. To the best
of our knowledge, this study provides the first, and strong, experi-
mental evidence that air pollution can have greater neurotoxicity
on vulnerable populations such as those with underlying cerebro-
vascular disease. These findings could have implications for indi-
viduals with cerebral hypoperfusion from carotid stenosis,
intracranial atherosclerosis, or cerebral small vessel disease. Such
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experimental data provide the neurobiological basis to better
understand the increased susceptibility to environmental neuro-
toxicity that may help explain disparities in brain health at the
population level and ultimately aid with risk-factor stratification.
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