
Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Toxicity of urban air pollution particulate matter in developing and adult
mouse brain: Comparison of total and filter-eluted nanoparticles
Amin Haghania, Richard Johnsona, Nikoo Safib, Hongqiao Zhanga, Max Thorwalda,
Amirhosein Mousavic, Nicholas C. Woodwardd, Farimah Shirmohammadic, Valerio Coussaa,
John P. Wise Jre, Henry Jay Formana, Constantinos Sioutasc, Hooman Allayeed, Todd E. Morgana,
Caleb E. Fincha,f,⁎

a Leonard Davis School of Gerontology, University of Southern California, Los Angeles, CA, United States
b Center for Cancer Prevention and Translational Genomics at the Samuel Oschin Comprehensive Cancer Institute, Cedars-Sinai Medical Center, Los Angeles, CA, United
States
c Viterbi School of Engineering, University of Southern California, Los Angeles, CA, United States
d Department of Preventive Medicine, University of Southern California, Los Angeles, CA, United States
e School of Medicine, University of Louisville, Louisville, KY, United States
f Dornsife College, University of Southern California, Los Angeles, CA, United States

A R T I C L E I N F O

Handling Editor: Xavier Querol

Keywords:
PM0.2
Inhaled pollutants
Neurodevelopment
Neuroinflammation

A B S T R A C T

Air pollution (AirP) is associated with many neurodevelopmental and neurological disorders in human popu-
lations. Rodent models show similar neurotoxic effects of AirP particulate matter (PM) collected by different
methods or from various sources. However, controversies continue on the identity of the specific neurotoxic
components and mechanisms of neurotoxicity. We collected urban PM by two modes at the same site and time:
direct collection as an aqueous slurry (sPM) versus a nano-sized sub-fraction of PM0.2 that was eluted from
filters (nPM). The nPM lacks water-insoluble PAHs (polycyclic aromatic hydrocarbons) and is depleted
by>50% in bioactive metals (e.g., copper, iron, nickel), inorganic ions, black carbon, and other organic
compounds. Three biological models were used: in vivo exposure of adult male mice to re-aerosolized nPM and
sPM for 3 weeks, gestational exposure, and glial cell cultures. In contrast to larger inflammatory responses of
sPM in vitro, cerebral cortex responses of mice to sPM and nPM largely overlapped for adult and gestational
exposures. Adult brain responses included induction of IFNγ and NF-κB. Gestational exposure to nPM and sPM
caused equivalent depressive behaviors. Responses to nPM and sPM diverged for cerebral cortex glutamate
receptor mRNA, systemic fat gain and insulin resistance. The shared toxic responses of sPM with nPM may arise
from shared transition metals and organics. In contrast, gestational exposure to sPM but not nPM, decreased
glutamatergic mRNAs, which may be attributed to PAHs. We discuss potential mechanisms in the overlap be-
tween nPM and sPM despite major differences in bulk chemical composition.

1. Introduction

Air pollution (AirP) is associated with adverse impact on human
brain functions throughout life, from development, e.g., myelin deficits
and risk of autism (Becerra et al., 2013; Peterson et al., 2015), into later
ages, e.g., accelerated cognitive decline and risk of dementia
(Cacciottolo et al., 2017; Calderon-Garciduenas et al., 2019; Paul et al.,
2019; Peters et al., 2019). Rodent models show similar neurotoxic

effects of AirP particulate matter (PM). Adult brain responses to various
AirP models included inflammatory responses with microglial activa-
tion (Liu et al., 2014; Woodward et al., 2018); induction of IFNγ, NF-κB,
and TLR4 (Cole et al., 2016; Woodward et al., 2017a); increased
amyloidogenesis (Cacciottolo et al., 2017; Levesque et al., 2011); and
altered glutamatergic receptors (Morgan et al., 2011). Gestational ex-
posure to AirP activated microglia (Bolton et al., 2012), impaired
myelinogenesis (Klocke et al., 2018; Woodward et al., 2017b);
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decreased adult neural stem cells (Woodward et al., 2018), and in-
creased depressive behaviors (Davis et al., 2013; Woodward et al.,
2018).

Particulate matter (PM) is a heterogeneous mixture that varies
widely by time and place in its numerous toxic compounds (e.g.,
polycyclic aromatic hydrocarbons (PAHs), organic and elemental
carbon (OC/EC) and transition metals). However, it is unclear which of
these potentially neurotoxic components of AirP are responsible for the
injury. While cognitive impairments in several human populations
varied in proportion to the ambient density of AirP (Peters et al., 2019),
no study to our knowledge has compared the neurotoxicity of AirP from
different sources in rodents or cell models. The identification of cau-
sative neurotoxic components is challenged by the complexity of the
mixtures, the overlapping toxicity of individual components, and their
interactions. Our approach to identify some chemical-specific responses
in PM mixture is to compare experimental responses of a total PM
sample (i.e. collecting all PM components) with a filter-eluted fraction
of ultrafine PM that lacks PAHs (Morgan et al., 2011), and is depleted in
a wide range of other toxic components (e.g., metals, black carbon, and
some organics) (Morgan et al., 2011; Woodward et al., 2017a). Using a
high-volume aerosol-into-liquid collector allows the direct collection of
ambient PM into aqueous suspension (slurry, sPM) (Wang et al., 2013).
The sPM is equivalent in PAH and transition metal composition to
ambient PM (Taghvaee et al., 2019).

Toxicological studies of PAHs suggest their importance to the neu-
rotoxicity of AirP in human and rodent models. Epidemiological and
clinical studies show correlations of PAH with myelination deficits
(Peterson et al., 2015), autistic behavior (Volk et al., 2011), and
childhood obesity (Kim et al., 2014). Gestational exposure of rodents to
specific PAHs, e.g., benzo(a)pyrene at high dosage, caused adult im-
pairments of the hippocampus, including long-term potentiation, with
altered glutamate receptors such as GluN1 (Brown et al., 2007;
McCallister et al., 2008; Wormley et al., 2004), oxidative stress and
lipid peroxidation in several brain regions (Saunders et al., 2006).
Systemic effects include greater post-weaning weight gain, glucose
dysregulation, and decreased lipolysis (Irigaray et al., 2009; Irigaray
et al., 2006). These toxic effects of gestational PAH exposure resemble
those caused by gestational exposure to AirP-PM or diesel exhaust
particles (Table S1) (Bolton et al., 2012, 2013; Klocke et al., 2017;
Zhang et al., 2018; Zheng et al., 2018). Contrary to expectations, the
gestational exposure to nPM, which lacks PAHs, also caused similar
long-lasting neurotoxic effects (Davis et al., 2013; Woodward et al.,
2019; Woodward et al., 2018). These observations necessitate a direct
comparison of nPM with total PM0.2.

2. Methods

2.1. Air pollution sample collection

Ambient nanoscale particulate matter (nPM; particles with aero-
dynamic diameters less than 0.20 μm) were collected on an 8 × 10 in.-
Zeflour PTFE filter (Pall Life Sciences, Ann Arbor, MI) by a High-
Volume Ultrafine Particle (HVUP) Sampler (Misra et al., 2002) at
400 L/min flow rate at the Particle Instrumentation Unit of the Uni-
versity of Southern California located within 150 m downwind of a
major freeway (I-110). These aerosols represent a mixture of primary
emissions ambient PM from vehicular traffic on this freeway. Gravi-
metric mass (nPM mass concentration) was determined from pre- and
post-weighing the filters at 22–24 °C/relative humidity 40–50% by high
precision (± 0.001 mg) microbalance (MT5, Mettler Toledo Inc., Co-
lumbus, OH). The nPM fraction of filter-deposited PM0.2 was obtained
by 30 min aqueous sonication (Morgan et al., 2011). The resuspended
nPM mass was quantified as the difference between the total pre-ex-
traction and the post-extraction weight of filters.

The second set of samples (sPM) was collected using the aerosol-
into-liquid collector tandem that utilizes the particle-to-droplet growth

system via supersaturation of ultrapure water vapor of the versatile
aerosol concentration enrichment system (VACES) (Kim et al., 2001a;
Kim et al., 2001b). This sampler operates at a flow rate of 200 L/min
and collects ambient PM2.5 (i.e, particles with aerodynamic dia-
meters < 2.5 µm) directly as concentrated slurry samples (Wang et al.,
2013). Briefly, sampled air is drawn into a saturator tank for mixture
with ultrapure water (Milli-Q integral system (Resistivity: 18.2
MΩ•cm,<1 particulate/mL, Millipore and Sigma-Aldrich, North Car-
olina, USA) vapor at 30 °C. The particle–vapor mixture then passes
through a condensational growth section where it is cooled to about
20 °C; the resulting super-saturation condenses ultrapure water vapor
onto incoming particles, which grow to about 3.5–4 mm droplets.
Grown droplets are separated from the air stream by inertial impaction
and accumulated as concentrated slurry samples. (sPM). Both nPM and
sPM samplings were concurrent in May of 2017.

2.2. Characterization of PM components

The re-aerosolized ultrafine nPM and sPM were collected on filters
in animal exposure chambers for chemical characterization (Pirhadi
et al., 2019). The total elemental composition of the nPM samples was
quantified by digestion of a section of the nPM deposited filter using a
microwave aided, sealed bomb, mixed acid digestion (nitric acid, hy-
drofluoric acid, and hydrochloric acid). Digests were subsequently
analyzed by high-resolution mass spectrometry (SF-ICPMS) (Herner
et al., 2006). Total and Water-Soluble Organic Carbon (TOC/WSOC)
analysis was conducted utilizing the Sievers 900 Total Organic Carbon
Analyzer (Stone et al., 2009). PAHs were quantified using gas chro-
matography-mass spectrometry (GC–MS) (Sheesley et al., 2003). The
isotopically-labeled internal recovery standards used as spikes include
pyrene-D10, benz(a)anthracene-D12, coronene-D12. For PAH assay,
AirP filters were extracted by acetone/dichloromethane and derivatized
by diazomethane. Black carbon was assayed in re-aerosolized nPM and
sPM by an Aethalometer (Model AE51, AethLabs, California, USA).
These PM samples were compared to ambient PM0.2 collected on filters
from the same site in parallel with the collection of nPM and sPM in
2017. Chemical composition was analyzed by SF-ICPMS and GCMS.

2.3. Animal ethics statement

All animal procedures of this study were approved by the University
of Southern California (USC) Institutional Animal Care and Use
Committee (IACUC).

2.4. Exposure of adult mice

Young C57BL/6NJ male mice (6–8 weeks; 27.5 ± 2 gm mean
weight; n = 10/group) were purchased from Jackson Laboratories.
After acclimation for 1 week, mice were exposed to different con-
centrations of re-aerosolized PM for 45 h over 3 weeks (5 h per day,
3 days per week). Mice were transferred from home cages into sealed
exposure chambers that were well ventilated (Morgan et al., 2011). One
chamber was the “control” filtered air (FA). Other cages were exposed
to three PM levels of approximately 100, 200, and 300 µg/m3. For 100
and 200 µg/m3, PM was diluted by filtered air. Mass concentration of
re-aerosolized nPM was measured gravimetrically by filters parallel to
the exposure stream, before and after exposure. Nebulizer pressure was
adjusted to yield similar distributions of particle number size, equiva-
lent to ambient PM0.2 for re-aerosolized nPM and sPM (Fig. S1)
(Taghvaee et al., 2019). Thus, sPM for in vivo exposure excluded
PM > 0.2 µm.

2.5. Gestational exposure

9-week-old C57BL/6NJ mice were housed as breeding trios (1 male,
2 females) and randomly assigned to each treatment group (nPM, sPM,
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FA), 6 breeding trios per group. Mice were exposed to nPM or sPM at
300 µg/m3 throughout gestation for 5 h/day, 3 days/week for 3 weeks.
The five breeding trios per treatment group had viable litters; numbers
of offspring were 35 pups (nPM), 30 (sPM), 33 (FA).

2.6. Forced swim

Stress coping strategies were assessed at 11 weeks of age. Mice were
placed in a cylindrical water bath at 24–25 °C and recorded for five
minutes with latency to the first period of immobility and total time
immobile. For glutamatergic functions, at 16 weeks of age, male sPM-
exposed mice underwent a second round of forced swim testing 30 min
after i.p. MK-801 (0.06 mg/kg) or saline (control).

2.7. Glucose tolerance test

At age 16 weeks, mice underwent i.p. glucose tolerance tests
(IPGTTs) (Dinger et al., 2018). After overnight fasting, mice were given
i.p glucose (1 mg/g body weight; 10% wt/vol in sterile water). Tail vein
blood was sampled at 0, 15, 30, 60, 90, and 120 min post-injection.

2.8. Body weight and composition analyses

Body weight was measured every 1–2 weeks after weaning. Body
composition for fat, lean mass, body fluids, and total body water was
assessed by NMR (LF90, TD-NMR; Bruker, USA) at 3 ages in weeks 4 to
16.

2.9. Cell fractions

The frontal cerebral cortex (20 mg) was mechanically homogenized
in 1x RIPA buffer supplemented with 1 mM Na3VO2, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 10 mM NaF, phosphatase inhibitor
cocktail (Sigma), and Complete Mini EDTA-free Protease Inhibitor
Cocktail Tablet (Roche). For biochemical assays, supernatants were
obtained by centrifugation 10,000g/10 min. For NF-κB assays, nuclear
and cytosolic fractions were obtained from tissue homogenization in
sucrose-Tris (STM) buffer with phosphatase and protease inhibitors
(Dimauro et al., 2012). After centrifugation (800 g/15 min, 4 °C), the
cytosolic supernatant was collected and the nuclear pellet was washed
in STM buffer, then resuspended in NET and sonicated. Fraction purity
was validated by immunoblotting for nuclear marker histone 3 (H3)
and cytosolic glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.10. Western blot

Protein lysates (20 μg) were electrophoresed on Criterion 4–15%
TGX gels (Biorad) and transferred to PVDF membranes. Following
washing with TBS + 0.05% Tween-20 (PBST), membranes were
blocked (LiCOR) 1 h at ambient temperature, followed by primary
antibody incubation overnight at 4 °C: anti-GluR1 (1:1000, Rabbit
polyclonal, Abcam, ab31232), anti-actin (1:5000, mouse, Sigma), anti-
NF-κB/p65 (1:750, Rabbit polyclonal, Cell Signaling Technology,
D14E12), anti-H3 (1:1000, Rabbit polyclonal, Cell Signaling
Technology, D1H2), and anti-GAPDH (1:500, Mouse monoclonal, Santa
Cruz Biotechnology, sc-32233). After 1 h incubation with 1:20,000
fluorochrome-conjugated LICOR-antibodies (anti-mouse IRDye 800CW
or anti-rabbit IRDye 700CW), blots were scanned and band intensity
analyzed by ImageJ.

2.11. Multiplex Immunoassay

Cerebral cortex lysates were analyzed by V-PLEX Proinflammatory
Panel 2 immunoassay (Mesoscale Diagnostics, Rockville, MD).

2.12. PCR

Cerebral cortex RNA was extracted by TriZol; cDNA was prepared
using qScript cDNA Supermix (Quantabio); gene-specific primers, Table
S2. Data were normalized to GAPDH.

2.13. Cell culture

Primary cultures of mixed glia (astrocyte: microglia, 3:1) from rat
cerebral cortex of PN day 3–5 were grown in Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (Cellgro, Mediatech, Herndon, VA) con-
taining 10% fetal bovine serum, 1% penicillin/streptomycin and 1% L-
glutamine (Woodward et al., 2017a). BV2 microglia (mouse-derived)
were similarly cultured. Cytotoxicity of nPM and sPM was assessed by
MTT and by CellTiter-Glo Luminescent Cell Viability (Figs. S2–S3).

2.14. Cellular Nitrate/Nitrite production

Conditioned media were assayed for nitric oxide (NO) and NO2
−/

NO3
− by the Griess reagent (Ignarro et al., 1993).

2.15. NF-κB assay

THP1-Blue™ NF-κB cells (InvivoGen, San Diego, CA) were grown in
RPMI 1640 media with 2 mM L-glutamine, 25 mM HEPES, 10% FBS,
100 μg/ml Normocin, and 1% penicillin/streptomycin. THP1-Blue NF-
κB cells are derived from human THP1 monocytes by stable transfection
of an NF-κB-inducible SEAP reporter (secreted embryonic alkaline
phosphatase) (Yang et al., 1997). SEAP1 expression is driven by an
interferon-γ promoter fused with five copies of NF-κB consensus re-
sponse elements. SEAP in media were assessed by enzymatic reaction
with QUANTI-Blue™ (InvivoGen).

2.16. Microbial screening

Bacterial growth media for PM samples included BBL Brain Heart
Infusion, MacConkey Agar, BD Difco™ LB Broth, and Difco R2A.
Samples (100 µl) were incubated at 37 °C/72 h.

2.17. Endotoxin

Levels were assessed by a Limulus assay (Pierce LAL chromogenic
endotoxin, Thermo Fisher). For LPS neutralization, PM samples were
preincubated with Polymyxin B (0, 1, 10 ng/ml) for 20 min/ambient
temperature.

2.18. Statistical analysis

Data were analyzed by GraphPad Prism v.7 for ANOVA with mul-
tiple test correction. Multivariate modeling was used for cerebral cortex
cytokines. Multivariate analysis, heatmaps, Pearson correlations, and
univariate linear regression used Rstudio.

3. Results

3.1. Chemical characterization of PM samples

AirP particulate matter (PM) was collected in two modes. The nPM,
as used in our prior studies, was collected as nanosized PM0.2 on the
filter, and eluted into the water by sonication as an aqueous suspension.
The sPM was PM2.5 directly collected from ambient air pollutants into
water suspension. Upon re-aerosolization, the size of sPM is fractio-
nated for exposure to PM0.2. Data are shown as analytical results of re-
aerosolized (nPM, sPM) to compare with total ambient PM0.2 (Fig. 1).

The chemical composition (per PM mass) of nPM and sPM was
equivalent for total organic carbon, whereas nPM had 4-fold less black
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carbon and no detectible PAHs (Fig. 1A). The highest PAH levels in sPM
were benzo(g,h,i)perylene, benzo(b)fluoranthene, and coronene
(0.023, 0.016, and 0.015 ng/μg PM, respectively). Ambient PM0.2 and
re-aerosolized sPM had equivalent levels of the major PAHs.

The concentration of iron and other metals was much lower in nPM
than sPM (Fig. 1B): iron, 30-fold lower; copper, 6-fold lower; nickel, 2-
fold lower; total transition metals, 8-fold lower; post-transition metals,
2-fold lower. nPM had 50% higher levels of other metals and non-metal
elements (Fig. 1C) (i.e. Na, Mg, S, Mg). The chemical composition and
concentration of nPM agree with prior analyses (Morgan et al., 2011;
Woodward et al., 2017a).

An independent sample of nPM and sPM suspensions showed
equivalence for levels of organic acids, n-alkanes, hopanes, and ster-
anes, which represent< 0.1% of total organic carbon (Fig. S4).

3.2. Inflammatory responses of cerebral cortex of adult mice to nPM and
sPM

Adult mice were exposed for 45 total hours to re-aerosolized nPM
and sPM. Both types of PM, with the dose range of 100–300 μg/m3,
induced inflammatory responses in the cerebral cortex, consistent with
the responses upon nPM exposure in prior studies (Cheng et al., 2016).
Bodyweight was not altered by exposures to nPM or sPM (Fig. S5).
Protein levels of IFNγ in the cerebral cortex were induced with similar
dose-dependence by nPM and sPM, while nPM caused increased IL1β
and decreased IL2 (Fig. 2A). IL6 and TNFα did not respond to nPM or
sPM. For mRNA, nPM and sPM decreased TLR4 and MyD88 (Fig. 2B).
sPM exposure decreased TLR4 levels more than nPM. GluA1 mRNA was
decreased at 300 μg/m3 by nPM, but not by sPM. GluA1 protein was

slightly lowered by nPM (-10%, p = 0.2) (Fig. S6). Nuclear localization
of NF-κB/p65 was increased by sPM (Fig. 2C). The cytosolic NF-κB/p65
was increased by nPM. These data suggest that adult exposure to nPM
and sPM caused inflammatory responses in the brain, and sPM had a
stronger effect.

3.3. Gestational impact of nPM and sPM on behaviors and neuro-
inflammation in later life

To compare the neurotoxic effects of gestational exposure to nPM
and sPM, the dams were exposed to 300 μg/m3 of nPM or sPM during
the three weeks of pregnancy, followed by an examination of their
offspring. Compared to controls, the postnatal body weight gains were
greater in nPM and sPM by week 4 (juvenile) (Fig. 3A). Body fat was
greater only for nPM males by 4 weeks (Fig. 3B). At 16 weeks, glucose
tolerance was impaired in nPM males, but not females (Fig. 3C).
Changes in glucose tolerance and fat content were correlated (Fig. 3D).

Young adults (age > 10 weeks) after gestational exposure to nPM
and sPM showed similar depressive changes (forced swim cognitive
test), but the effect was greater on males than females (Fig. 3E). The
depression caused by gestational sPM exposure was ameliorated by MK-
801, an NMDA glutamate receptor antagonist (Fig. 3F), suggesting al-
tered NMDA pathway may underlie depression caused by gestational
exposure. Brains from sPM males were not further analyzed to avoid
confounds from MK-801 injection and the second round of forced swim
behavior test.

Expression of inflammatory and glutamate associated genes in the
cerebral cortex was altered by gestational exposure only in female
offspring exposed to sPM (Fig. 3G). Among the examined inflammatory

Fig. 1. Chemical composition of re-aerosolized nPM and sPM compared with total ambient air PM0.2 collected in parallel on a filter. (A) Total organic carbon, black
carbon, and PAH with concentration> 0.005 ng/μg PM. Indeno(1,2,3-cd)pyrene with 0.015 ng/μg PM concentration and EPA toxicity equivalent factor of 1 was the
most toxic PAH species in sPM and ambient PM samples. (B) Metals, transition, and post-transition, alkali and alkaline earth; (C) non-metals. Only elements
with>0.1 ng/μg PM are shown.
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mediators, decreased Cox2 (−30%) and iNos (−70%) were the largest
responses. The mRNA levels of glutamatergic pathway genes were de-
creased by 25–35% (Fig. 3G): glutamate receptors (Nmda3a, Nmda2c,
GluA1, GluA2, and Glun1), glutamine synthase (Glul), glutaminase
(Gls), and glutamate transporters (Glt1, and Glast).

In brief, gestational exposure to nPM and sPM caused depression
similarly in later life, but distinct effects were observed, including ef-
fects of nPM on metabolism and effects of sPM on glutamate pathways.
These effects were sex-dependent.

3.4. In vitro inflammatory responses of glia cells to nPM and sPM

To further compare the toxic effects of nPM and sPM, the expres-
sion of inflammation-related genes was measured in cultured cells
upon exposure. The effects of nPM and sPM on the TLR4 pathway

(Fig. 4A), which were activated by AirP in the lung (He et al., 2017)
and brain (Woodward et al., 2017a), were examined in two glial cell
models. In BV2 microglia, MyD88 and NF-κB1 were equally induced
by nPM and sPM, while the expression of TLR4 was not changed
(Fig. 4B). The induction of downstream inflammatory mediators, in-
cluding IL6, IL1β, TNFα, Cox2, and iNOS, was 50% greater by sPM vs
nPM (Fig. 4B). These five inflammatory genes shared similar corre-
lations of response to sPM and nPM (heatmap of pairwise Pearson
correlations) (Fig. 4C), e.g., IL1β-iNOS and IL1β-Cox2 (Fig. 4D). Nitric
oxide (NO) induction was evaluated in mixed glia (Fig. 4E). NO pro-
duction was induced by an equal scale in response to nPM and sPM
(Fig. 4E), similarly, iNOS mRNA was induced 25-fold by both nPM and
sPM (Fig. 4F). These data indicate that both nPM and sPM can induce
the expression of inflammatory genes, with a stronger effect oft sPM
on microglia.

Fig. 2. Cerebral cortex inflammatory responses of nPM and sPM in adult mice. (A) Dose-response of nPM and sPM showed an increase of IFNγ. nPM increased IL1β
and decreased IL2. (B) mRNA determination showed decreased TLR4 and MyD88 upon exposure to nPM and sPM. GluA1 was decreased by nPM, but not by sPM. C)
NF-κB/p65 nuclear localization. Mean ± SE. Adjusted p-values:< 0.05 (*),< 0.01(**).
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3.5. In vitro NF-κB induction by nPM and sPM

The time- and dose-dependent response of NF-κB activity to nPM
and sPM was studied with a human monocyte reporter for NF-κB
(Fig. 5A–B). At 5 μg/ml, sPM had 50% steeper dose-response slope than
nPM (Fig. 5B), paralleling BV2 cell responses; at 1 μg/ml, neither nPM
nor sPM activated NF-κB. The stronger NF-κB activation by sPM mat-
ches the greater mRNA induction of 5 genes regulated by NF-κB in BV2
cells (Fig. 4B).

Because sPM and nPM are collected from ambient air, we in-
vestigated their microbial content. On four growth media (Brain Heart
infusion, MacConkey, LB, R2A), the sPM samples had at least 10-fold
greater microbial growth with more species than nPM (Table S3).

In vitro cell cultures included antibiotics to minimize bacterial
growth, for up to 24 h incubation with sPM or nPM, cell culture medium
did not manifest turbidity and no bacterial contamination was observed
(data not shown). Endotoxin (LPS), a trigger of inflammatory responses,
was also assayed. Both nPM and sPM had 0.014 EU/μg PM of LPS
(Fig. 5C), or approximately 1.4 pg LPS/μg PM (1.4 × 10−4 pmol LPS/μg
PM) (Reich et al., 2018). Neutralization of LPS activity by polymyxin B
attenuated 40% of the nPM mediated NF-κB response (Fig. 5D). In

contrast, NF-κB activation by sPM was not altered by polymyxin B with a
concentration of up to 10 ng/ml.

4. Discussion

Despite the compositional differences of nPM and sPM, they shared
neurotoxic and systemic effects for adult and gestational exposure, and
cell model responses (Fig. 6). In contrast with sPM, nPM lacked de-
tectable PAHs; the metal content of nPM was lower, differing more for
the transition than non-transition metals, discussed below. Moreover,
sPM had at least a 10-fold higher microbial load than nPM. Thus, the
shared neurotoxicity of nPM and sPM may be attributed to transition
metals and unidentified organic carbon compounds among many other
components. In contrast, gestational exposure to sPM but not nPM,
decreased glutamatergic mRNAs, which may be attributed to PAHs.
Below, we discuss potential mechanisms underlying shared neurotoxic
responses of nPM and sPM. We also discuss the distinct responses that
could be attributed to compositional differences of nPM and sPM. Ad-
ditionally, several PM characteristics such as surface chemistry and
reactivity that are currently missing in the experimental neuroscience
framework could play a predominant role in AirP neurotoxicity.

Fig. 3. Effects of gestational exposure to nPM and sPM. (A) Weight difference at age of 4 weeks after gestational exposure to nPM or sPM. (B) Body fat content at the
age of 4 weeks, measured by NMR (N = 6–25/group). (C) Glucose tolerance test at the age of 16 weeks after gestational exposure to nPM or sPM (N = 7–13/group).
Data are shown as AUC (‘area under the curve’ for blood glucose changes (mg/dL) during 2 h post glucose challenge). (D) Correlation of glucose tolerance in
gestationally nPM exposed offspring at week 16 with body fat content of postnatal week 4. Multiple test correction by Benjamini two-stage Adjusted p-values:< 0.05
(*),< 0.01(**). (E) Depressive behavior of mice assessed by forced swim cognitive test at the age of 11–15 weeks (N = 5–16 mice/group). (F) Attenuation of
depression indicator by MK-801 (i.p. 0.06 mg/kg, 30 min before forced swim (N = 5–7/group). G) RT-qPCR analysis of the selected glutamatergic and inflammatory
genes in the cerebral cortex (N = 7–17/group). Heatmap represents log2 fold changes of mRNA relative to non-exposed controls of each group. * significance at 5%
FDR rate, exposed vs control.
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Fig. 4. In vitro inflammatory gene responses to nPM and sPM in glia. (A) Schema of PM mediated TLR4 pathway activation and inflammatory gene responses. (B)
mRNA levels of downstream inflammatory genes after 6 hr exposure to 5 μg/ml nPM or sPM in BV2 microglial cells (RT-qPCR; N = 6/group × 2). (C) Heatmap of
pairwise Pearson correlations of mRNA response. (D) IL1β-iNOS and IL1β-Cox2 as examples of inflammatory genes with positively correlated response to nPM and
sPM. (E) Dose-response of nitric oxide (NO) production after 24 h of exposure to nPM and sPM; Greiss assay (N = 6–8/group, an average of 3 independent replicates).
(F) Induction of iNOS mRNA (RT-qPCR) by 5 μg/ml nPM and sPM in mixed glia (N = 6/group, duplicate average). Mean ± SE. Adjusted P-values:< 0.05(*),
< 0.01(**),< 0.001(***),< 0.0001(****), compared with vehicle control.
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Shared responses to nPM and sPM were observed in all three
models. Three-week exposure of adult mice to nPM or sPM (45 h total)
induced a dose-dependent increase of IFNγ, IL1β, and activated the
TLR4-NFκB pathway in the cerebral cortex. Also, gestational exposure

of nPM and sPM caused similar depressive behaviors in adult mice with
sex specificity for males, which extends prior findings by us (Davis
et al., 2013; Woodward et al., 2018) and others (Bolton et al., 2012;
Klocke et al., 2018). In cell models, both nPM and sPM samples induced

Fig. 5. NF-κB response to nPM and sPM in THP1-blue monocytes. (A) Dose- and time response of NF-κB induction by nPM, sPM, and LPS at 3-h intervals during
6–24 h exposure. (B) Slopes of NF-κB responses during 24 h of exposure to nPM, sPM, and LPS calculated by linear regression (N = 4/group). (C) Endotoxin levels in
nPM and sPM, measured by Limulus amoebocyte lysate assay (LAL). EU ~ 100 pg LPS (10,000 g/mol) (Hochstein et al. 1983; Reich et al. 2018). D) Contribution of
LPS to NF-κB responses of THP1-blue monocytes. LPS contributed up to 40% of NF-κB response in nPM and not sPM. Mean ± SE. Adjusted P-values:< 0.05
(*),< 0.01(**),< 0.001(***),< 0.0001(****), compared with vehicle control.

Fig. 6. Summary of the chemical composition and biological effects of nPM and sPM. Underline indicates distinct effects or chemical components of nPM and sPM.
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NF-κB mediated inflammation and nitric oxide production. These re-
sults suggest that the components and particle characteristics of nPM
sufficed to cause neurotoxicity in the 3-week gestational and adult
exposures, and in cell models. We provisionally conclude that PAHs,
which are absent from nPM, have a minor contribution to neuroin-
flammation for the 3-week duration of exposure.

Metal content was consistently lower in nPM than sPM: two tran-
sition metals differed greatly (Cu, 6-fold; iron, 30-fold), while Ni, Mn,
and Zn were within 50%. As noted for PAH, responses to sPM and nPM
were shared extensively. Nickel may be a shared neurotoxicant. In a
mouse model, inhalation exposure to 1 mg/m3 nickel nanoparticles
caused a rapid doubling of brain Ab40 and 42 (this high level is within
OSHA limits) (Kim et al., 2012). However, the content of iron, nickel, or
other metals in nPM and sPM did not correlate with the induction of
NF-κB, nitric oxide, or lipid membrane oxidation in cell-based assays, or
in the brain with microglial activation, proinflammatory cytokines, or
Aβ42 (Zhang et al., 2019).

Besides the total metal content, we must also consider the dis-
tribution of particle surfaces which contact cells and fluids. The surface
chemistry of the particles can largely determine the adsorption of op-
sonizing proteins such as phospholipids and acute phase proteins in
broncho-alveolar lavage fluids (Kendall et al., 2004). Surface chemistry
also alters PM distribution in different organs, biotransformation, and
clearance of the particles (Stepien et al., 2018). Non-organic PM0.2
varies widely in surface reactivity, e.g., SiO2 (quartz) and black carbon,
assayed as inflammatory cell responses in the lungs (Duffin et al., 2007;
Lison et al., 1997). The bioactivity of metals depends upon their surface
availability, rather than the total content per particle, which is not
equivalent to their molarity in solution. For example, NF-κB induction
in THP1 monocytes was dependent on the surface iron of natural silica
particles, while equal amounts of iron in solution failed to activate NF-
κB (Premasekharan et al., 2011). This might explain the broad simi-
larity of nPM and sPM activity despite having 5-fold less transition
metals. Iron and other metals on particle surfaces, while a minute
fraction of the total, could contribute to the in vivo neurotoxicity of
nPM if it is upon the surface of particles.

The toxicity of PM is sensitive to aerosol acidity and consequently
metal solubility (Fang et al., 2017). For example, the sulfate content of
the PM can produce acidic aerosols, dissolve primary transition metals,
and increase the oxidative potential of PM (Fang et al., 2017). Future
studies should consider the acidity of nPM, sPM, and other PM samples
collected at different sites or by different methods.

Our study presents the first direct neurotoxic comparison of two
kinds of ambient PM with large compositional differences. While the
responses of nPM and sPM largely overlapped, there were some dif-
ferences. sPM caused higher NF-κB response in glial and THP1 cells,
induced nuclear localization of NF-κB/P65, and higher downregulation
of TLR4 mRNA in the cerebral cortex of adult animals. Larger sPM re-
sponse was stronger in vitro, which may be attributed to direct physical
exposure to PM at shorted duration. Glutamatergic effects of PM after
an adult or gestational exposure differed between nPM and sPM: GluA1
mRNA was only decreased in nPM exposed adults; several glutama-
tergic genes were only downregulated in animals gestationally exposed
to sPM. Fat gain and also an increase of glucose tolerance were unique
to males that were prenatally exposed to nPM.

The present data do not allow identification of the chemical classes
underlying the different responses to nPM and sPM. While nPM samples
are depleted in PAHs and several transition metals, they are enriched in
non-metals, alkali and alkaline earth metals (Fig. 1B-C). The unique
responses of nPM can be due to lack of PAHs, or enrichment of specific
classes of other chemicals. For example, depending on the route of the
exposure, endpoint, and dosage, PAHs can be potent immune/in-
flammation activators or suppressors (Abdel-Shafy and Mansour, 2016;
Blanton et al., 1986; Burchiel and Luster, 2001; Dean et al., 1986; Ward
et al., 1984). Thus, depletion in PAHs could increase the inflammatory
responses of nPM that lead to a higher fat gain and increase of glucose

tolerance. On the other hand, gestational exposure to specific PAHs,
e.g., benzo(a)pyrene at high dose altered hippocampal glutamatergic
function and receptors such as Glun1 (Brown et al., 2007; McCallister
et al., 2008; Wormley et al., 2004). A similar decrease of Glun1 from
gestational exposure to sPM might indicate PAH contribution.

Because endotoxins induce inflammatory responses, we titrated
endotoxin activity with polymyxin B, a polycationic antibiotic that
binds to diverse bacterial lipopolysaccharides. Polymyxin B attenuated
NF-κB induction in THP-1 monocytes for nPM but did not alter sPM
activity. This suggests that nPM and sPM have different endotoxin
compositions, which is consistent with the greater density and diversity
of viable bacteria in sPM than nPM on four growth media. The binding
stoichiometry of polymyxin differs widely between LPS chemotypes by
length and chemistry of sugar chains on the bacterial outer walls
(Brandenburg et al., 2005). Gram-negative bacteria have an additional
target of polymyxin B in their secreted outer membrane vesicles which
enhance LPS inflammatory activity (Pfalzgraff et al., 2019). Because the
THP-1 cell assay includes antibiotics, the greater inflammatory activity
of sPM in vitro could represent its higher levels of iron and other
transition metals, and potential interactions with endotoxins.

AirP neurotoxicity may be mediated by the direct impact of particles
that reach the brain by inhalation or ingestion, and indirectly by systemic
responses. Thus, we do not know the pathways leading to elevated brain
levels of copper, iron-rich magnetite, and zinc in highly polluted cities
(Calderon-Garciduenas et al., 2013; Maher et al., 2016). While some PM
may be transported directly into the brain by olfactory neurons (Forman
and Finch 2018; Ibanez et al., 2019; Oberdorster et al., 2005), the bulk of
inhaled particles and gases are received by the lung (Li et al., 2016). The
‘lung-to-brain’ path may include some direct transfer of PM to the brain
by the circulation, but also includes systemic inflammatory responses
(Aragon et al., 2017; Mumaw et al., 2016). A systemic effect of AirP on
the developing brain seems likely because most PM is trapped by ma-
ternal lungs and placenta (Ho et al., 2017). Other systemic effects are due
to inhalation of nitrogen dioxide (NO2), ozone (O3), and sulfur dioxide
(SO2), which are rapidly quenched in contact with respiratory tract fluids
yet cause neurotoxicity in the brain. Some of these responses include
brain glutamatergic responses (e.g., decrease of hippocampal GluA1,
GluA2, and Grin2a proteins) and activated MAPK signaling by NO2 (Yan
et al., 2016), decrease of mitochondrial activity in cerebellum and in-
crease of Aβ by O3 (Tyler et al., 2018; Valdez et al., 2019), and a dose-
response increase of iNOS, Cox2, and ICAM1 proteins in the brain by SO2
(Sang et al., 2010). Thus, the indirect effects of lung-to-brain by circu-
latory factors may underlie the similar neurotoxicity of exposure to gases
and PM (Mumaw et al., 2016).

In sum, the current study demonstrated that nPM neurotoxicity
highly overlapped with sPM during short term exposure in adulthood or
development. A critical unknown is the amount of inhaled PM and its
subcomponents that reaches the brain, PM surface chemistry, and
particle structure, which may vary widely by PM sources. Further
analysis might consider the use of synthetic nanoparticles containing
characterized surface components and longer exposure times.
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