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A B S T R A C T   

Background: Epidemiological studies have variably linked air pollution to increased risk of Par
kinson’s disease (PD). However, there is little experimental evidence for this association. Alpha- 
synuclein (α-syn) propagation plays central roles in PD and glutamate receptor A1 (GluA1) is 
involved in memory and olfaction function. 
Methods: Each mouse was exposed to one of three different batches of nano-particulate matter 
(nPM) (300 μg/m3, 5 h/d, 3 d/week), collected at different dates, 2017–2019, in the same urban 
site. After these experiments, these nPM batches were found to vary in activity. C57BL/6 female 
mice (3 mo) were injected with pre-formed murine α-synuclein fibrils (PFFs) (0.4 μg), which act 
as seeds for α-syn aggregation. Two exposure paradigms were used: in Paradigm 1, PFFs were 
injected into olfactory bulb (OB) prior to 4-week nPM (Batch 5b) exposure and in Paradigm 2, 
PFFs were injected at 4th week during 10-week nPM exposure (Batches 7 and 9). α-syn pSer129, 
microglia Iba1, inflammatory cytokines, and Gria1 expression were measured by immunohisto
chemistry or qPCR assays. 
Results: As expected, α-syn pSer129 was detected in ipsilateral OB, anterior olfactory nucleus, 
amygdala and piriform cortex. One of the three batches of nPM caused a trend for elevated α-syn 
pSer129 in Paradigm 1, but two other batches showed no effect in Paradigm 2. However, the 
combination of nPM and PFF significantly decreased Gria1 mRNA in both the ipsi- and contra- 
lateral OB and frontal cortex for the most active two nPM batches. Neither nPM nor PFFs 
alone induced responses of microglia Iba1 and expression of Gria1 in the OB and cortex. 
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Conclusion: Exposures to ambient nPM had weak effect on α-syn propagation in the brain in 
current experimental paradigms; however, nPM and α-syn synergistically downregulated the 
expression of Gria1 in both OB and cortex.   

1. Introduction 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, affecting 1% of 60 years of age and older. 
Clinically, PD is characterized by tremor, slow movement, and rigidity; it is also associated with non-motor symptoms such as 
hyposmia, dementia, depression and sleep disorders, some of which may precede the motor symptoms. The hallmarks of PD pathology 
include accumulation of misfolded α-synuclein (α-syn) in Lewy bodies and Lewy neurites, and loss of dopaminergic neurons in the 
substantia nigra (SN). A potential molecular mechanism involves the aggregation of α-syn and its trans-synaptic propagation to 
neighboring neurons where it triggers further α-syn aggregation, and following axonal transport, leads to propagation of pathology 
between brain regions. It has been suggested that the α-syn aggregates disrupt synaptic signaling and impair vital subcellular processes, 
e.g. in mitochondria endoplasmic reticulum and the lysosomal autophagy system [1]. Pathological α-syn aggregates are postulated to 
arise in the olfactory bulb (OB) [2] or gut [3], and progressively propagate to the SN in a spatially stereotypic pattern, with subsequent 
damage to dopaminergic neurons [4]. Neuroinflammation also mediates PD pathogenesis, through pathways including promoting 
α-syn pathology [5]. 

Genetic and environmental factors contribute to PD pathogenesis. Only a small proportion of PD cases are familial, and the total 
contribution of genetics to PD risk has been estimated to be in the range of 25% [6]. A variety of environmental toxins, e.g. 1-meth
yl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone (a pesticide), paraquat (a herbicide), and heavy metals are implicated in 
sporadic PD [7]. Many epidemiological studies have associated air pollution exposure with PD [8–17]. Exposure to NO2 [8,12,15–17], 
O3 [10,16] and particulate matter (PM) [9,10,13,16,17] increased PD prevalence and/or incidence. In a 12-year prospective study of 2 
million subjects, each interquartile increment (3.8 μg/m3) of PM2.5 was associated with a 4% increase in PD incidence [16]. In 
addition, environmental nanoparticles were detected in several brain regions including SN of urban young adult residents [18]. 
Moreover, animal studies show that ambient PM, especially nano-sized PM (nPM, aerodynamic diameter <0.2 μm or PM0.2), can 
induce neuroinflammation [19] and increase α-syn expression [20]. These findings suggest potential mechanisms for associations of 
ambient PM with PD. However, one conflicting report did not find association of PD with ambient PM10, PM2.5 or NO2 [13]. 

Urban ambient particles arise from diverse sources and consist of a heterogeneous mixture of sizes and chemical composition [21, 
22]. This diversity of composition results in variable toxic potency for ambient particles collected at different times and sites, as 
demonstrated by several groups using in vitro cell-based NF-κB activity assay and test-tube-based dithiothreitol assay (oxidative po
tential assay) [23–27]. Recent studies from this lab showed variable neurotoxicity for nPM batches collected at same site but at 
different dates [28]. 

Experimental evidence is needed to show how air pollution may influence the progression of α-syn pathology. We used a mouse 
model of progressive α-syn neuropathology [29–36] to evaluate the effects of ambient nPM exposure on (i) levels and spread of α-syn 
aggregates from the OB to interconnected brain regions, (ii) microglial activation and (iii) expression of glutamate receptor A1 (GluA1, 
encoded by Gria1), which is involved in learning and memory [37] and odor/olfaction memory process [38], which are relevant to PD 
symptoms of dementia and hyposmia. The nPM batches were collected at the same site in downtown Los Angeles, and were later shown 
to vary widely in activities as evaluated by induction of NF-κB in vitro and neurotoxic responses in vivo [28]. 

Fig. 1. Paradigms for PFF injection and nPM exposure. Female mice (3-mo-old) were injected with PBS or PFFs in the right OB under anesthesia. 
Three nPM batches were collected at different dates. Exposure 1, Batch 5b; Exposure 2, Batch 7; Exposure 3, Batch 9 (see Methods). 
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2. Methods and materials 

2.1. Chemicals and reagents 

TRIzol reagent (#15596026) was purchased from Thermal Fisher Scientific (Rockford, IL, USA); qScript cDNA superMix (# 
101414-108) was from Qantabio (Beverly, MA, USA); qPCR master mixture (#QPCR-10) was obtained from BioPioneer Inc. (San 
Diego, CA, USA); the primary antibodies for Iba1 were from FUJIFILM Wako Chemicals (#019-19741, Richmond, VA, USA) and α-syn 
pSer129 from Abcam (#Ab51253, Cambridge, MA, USA); secondary antibodies were from Vector Laboratories Inc. (Newark, CA, 
USA); other reagents were from Sigma-Aldrich (St. Louis, MO, USA). 

2.2. Animals 

All animal procedures were pre-approved by the University of Southern California (USC) Institutional Animal Care and Use 
Committee (IACUC) and the Animal Care Use and Review Office (ACURO). Three-month-old C57BL/6NJ female mice from Jackson 
Laboratories were acclimated 1 week before experiments. Two experiment paradigms were examined (Fig. 1) to simulate conditions of 
1) the onset of α-syn pathology occurs before exposure to nPM (Paradigm 1); and 2) the onset of α-syn pathology occurs during nPM 
exposure (Paradigm 2). Power analysis showed that at least 8 mice per group were needed to detect the effect of nPM, as used in prior 
studies [39,40]. Since α-syn assay needed an independent set of brain samples, the size of each group was doubled (2 × 8 for Exposure 1 
and 2 × 11 for Exposures 2&3) for α-syn and other assays. In exposure 1 (Paradigm 1), mice (64 mice, 16 mice per group) were injected 
with either saline (PBS) or pre-formed murine α-synuclein fibrils (PFFs) and then exposed to either filtered air (FA) or nPM for 4 weeks, 
followed by 10 weeks of normal housing conditions before being euthanized. For Exposure 2 and 3 (Paradigm 2), mice (88 mice, 22 
mice per group) were exposed to FA or nPM for 3 weeks before PFFs injection, and then continuously exposed to nPM for 7 more weeks 
before euthanasia. Half of the mice per group were anesthetized with isoflurane and perfused trancardially with 4% paraformaldehyde 
in 0.1 M phosphate buffer; brains were post-fixed, cryoprotected and sectioned for immunohistochemistry assays of α-syn pSer129 and 
Iba1. Half of the mice were perfused with saline, and the brains were hemisected (collected as ipsilateral and contralateral, relative to 
the PFF injection site); the olfactory bulbs were collected, and the cortical shells were halved for collection as frontal and posterior; 
dissected tissues were immediately frozen on dry ice for mRNA assays. 

2.3. nPM exposure 

The 3 batches of nPM used in this study were collected at the same site within 150 m downwind of the urban freeway (I-110, Los 
Angeles, CA, USA) [41]. The collection dates were: Batch 5b, 2017 Oct–Dec; Batch 7, 2018 May-Jul; and Batch 9, 2019 Sep–Nov. The 
preparation of nPM and exposure were as described [42]. The chemical composition of the nPM samples was quantified by mass 
spectrometry (SF-ICPMS) by digesting a fraction of the filter-collected nPM with mixed acids (nitric acid, hydrofluoric acid, hydro
chloric acid) [43]. The organic matter was analyzed using Sievers 900 Total Organic Carbon Analyzer [44]. For each exposure, mice 
were transferred from home cages into sealed, parallel exposure chambers: the nPM groups were exposed to re-aerosolized nPM at 300 
μg/m3, while the FA groups received filtered air. Exposure schedules were 5 h/d, 3 d/week, for durations as indicated in Fig. 1. Mass 
concentration of the re-aerosolized nPM exposure stream was gravimetrically assessed on filters in parallel to the exposure stream 
before and after exposures. The nebulizer maintained a similar size distribution of re-aerosolized PM0.2. 

2.4. PFFs preparation and injections 

Pre-formed murine α-synuclein fibrils (PFFs) were prepared as described [45]. Briefly, recombinant mouse α-synuclein (α-syn) was 
expressed in BL21 E. coli and purified. For amyloid fibril assembly, purified recombinant α-syn was thawed and subjected to continuous 
shaking at 1000 × rpm at 37 ◦C in an Eppendorf Thermomixer for 7 days. Fibril morphology was confirmed by imaging using a Tecnai 
G2 Spirit TWIN transmission electron microscope (FEI Company) and by reading Thioflavin T (Sigma) fluorescence. PFFs were stored 
at − 80 ◦C until use. 

PFF injection was as described [29]. Briefly, PFFs were thawed and sonicated at room temperature by probe sonication. The 
stereotactic injections used a glass capillary attached to a 10 μl Hamilton microsyringe, and 0.8 μl of PFFs (5 μg/μl in sterile PBS). 
Under deep anesthesia, PFFs or PBS were injected unilaterally into the right olfactory bulb (OB): A/P +5.4 mm, L − 0.75 mm, D/V 

Table 1 
Primer sequences for qPCR assay.  

Gene Forward (5′-3′) Reverse (5′-3′) 

Iba1 CCTGATTGGAGGTGGATGTCAC GGCTCACGATTTCTTTTTTCC 
Gria1 GACGAGATCAGACAACCAGT AGTGAAGAACCACCAGACAC 
Tnfa ACCTGGCCTCTCTACCTTGT CCCGTAGGGCGATTACAGTC 
Il1b CTAAAGTATGGGCTGGACTG GGCTCTCTTTGAACAGAATG 
Il10 AGGGCCCTTTGCTATGGTGT TGGGGGATGACAGTAGGGGA 
Cd68 TTCTGCTGTGGAAATGCAAG AGAGGGGCTGGTAGGTTGAT 
Gapdh CCAATGTGTCCGTCGTGGATCT GTTGAAGTCGCAGGAGACAACC  
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− 1.00 mm, at a rate of 0.2 μl per min. 

2.5. Quantitative PCR assay 

Total RNA was extracted from OB or frontal cortex with TRIzol reagent, followed by reverse transcription (RT) (1 μg of total RNA, 4 
μl of qScript cDNA superMix in a total volume of 20 μl reaction) with manufacturer’s protocol. The RT samples were diluted 10 times 
for PCR assays. The qPCR assay was conducted in 20 μl reaction (10 μl of qPCR master mixture, 3 μl of RT sample, and 0.25 μM of 
primers) in a Bio-Rad CFX96C1000 touch screen real time PCR system (Bio-Rad, Hercules, CA, USA). The qPCR reaction was begun 
with activation at 95 ◦C for 5 min; then 40 cycles of 95 ◦C, 15 s; 63 ◦C, 15 s; 72 ◦C, 20 s; followed by melting curve detection to confirm 
the specificity of PCR reactions. Primer sequences (Table 1) were designed by using Primer-BLAST, based on cDNA sequences obtained 
from NCBI-Nucleotide data base (https://www.ncbi.nlm.nih.gov/nucleotide/). Oligonucleotides were synthesized by Integrated DNA 
Technologies (IDT, Coralville, Iowa, USA). The qPCR data is analyzed by 2− ΔΔCT method with GAPDH as the internal control for 
normalization. To show the reliability and precision of this assay, the coefficient of variations for Gria1 qPCR were listed in the 
Supplement (Table S1) as representative. 

2.6. Immunohistochemistry 

Fixed brain tissues were sliced into 40 μm sections and stored in 30% sucrose prior to immunostaining. Sections were rinsed with 
0.1 M PBS, incubated with 3% H2O2 for 20 min to quench endogenous peroxidase activity, and blocked with normal serum for 1 h. 
Next, sections were incubated overnight with specific antibodies (α-syn pSer129, rabbit, 1:10,000, and Iba1, 1:500). After rinsing with 
PBS, sections were immunostained with corresponding biotinylated secondary antibodies, rinsed, then processed with a standard 
peroxidase-based method with 3,3′-diaminobenzidine (DAB) (VECTASTAIN ABC & DAB kits, Vector Laboratories). Subsequently, the 
sections were dehydrated, mounted and cover slipped for imaging. 

2.7. α-syn pathology quantification 

(Exposures 1 and 2) Densitometry to quantitate α-syn pSer129 was conducted as in Ref. [30]. Briefly, slides blinded by a separate 
investigator were assayed. Using a NIKON Eclipse Ni–U microscope (Nikon), 20×magnification images were collected (NIKON NIS 
Elements AR, version 4.00.08, color Retiga Exi digital CCD camera, Q Imaging) using the same exposure time for all images. For the 
OB, images were captured on three sections separated by 240 μm intervals (between Bregma +4.9 and + 4 mm). Three images of the 
medio-lateral AON were acquired (240 μm intervals between sections, covering the whole AON; between Bregma +3 and + 2 mm). 
Next images were processed in ImageJ to create a background-excluding mask that redirected to the original image for analysis. The 
total area and the mean grey value of the area that featured α-syn pSer129 immunoreactivity were measured. Then the grey value per 
square pixels per image (A.U./px2 = mean grey value × area stained/total area assessed), and the average grey value per square pixels 
for each brain region of each animal were calculated. 

(Exposure 3) Z-stacks of mounted α-syn pSer129-stained tissue sections were captured at 20× magnification using a whole slide 
scanner (Zeiss, Axioscan Z1) at a 0.22 μm/pixel resolution. Extended depth focus (EDF) was used to collapse the z-stacks into 2D 
images as they were collected. Tissue thickness was set to 20 μm, z-stacks were collected at 3 μm intervals and the method used was 
Contrast. The images were exported with 85% compression as.jpeg files. The digitized images were then uploaded to Aiforia™ image 
processing and management platform (Aiforia Technologies, Helsinki, Finland) for analysis with deep learning convolution neural 
networks (CNNs) and supervised learning. A supervised, multi-layered CNN was trained on annotations from digitized α-syn pSer129- 
stained coronal slices to recognize total α-syn pSer129-positive staining. The algorithm was trained on the most diverse and repre
sentative images from across multiple α-syn pSer129 datasets to create a generalizable AI model that accurately detects α-syn pSer129- 
stained profiles in slides collected by multiple investigators. Ninety-one images constituted training data. Features of interest used to 
train the AI model were annotated for each layer within the Aiforia™ Cloud platform and constituted input data for each CNN. The first 
feature layer was annotated using semantic segmentation to distinguish total tissue from the glass slide. The second feature layer was 
annotated using semantic segmentation to distinguish total α-syn pSer129-positive staining. Features that were considered artifact 
(glass slide, debris) were annotated as background and constituted additional input training data for the multi-layered CNN. The 
regions corresponding to the AON and the piriform cortex were outlined according to the Allen Mouse Brain Atlas (Allen Institute); the 
CNN was used to quantify the percentage of target brain region area containing α-syn pSer129-positive signal. 

2.8. Iba1 quantitation 

The density of Iba1-positive cells was quantified using NIS Elements AR 4.00.08 software (Nikon) in a blinded manner as reported 
[46]. Briefly, multiple fields of Iba1-positive cells were captured on a Nikon Eclipse Ni–U microscope; images were obtained with a 
color Retiga Exidigital CCD camera (QImaging) using NIS Elements AR 4.00.08 software (Nikon) and 20x magnification (air im
mersion, 0.75 N.A., n = 3/animal/hemisphere), and the region of interest was outlined. All the Iba1-positive cells in the field of view 
that were within the border were counted using the count feature of the NIS Elements AR 4.00.08 software. 
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2.9. Statistical analysis 

Data were analyzed by GraphPad Prism (Version 9). Statistical comparisons used Student’s t-test for two groups and two-way 
ANOVA for 4 groups with Tukey’s multiple comparisons test. The data are shown as mean ± standard error of the mean (s.e.m) 
and P < 0.05 is considered significant for all statistical tests. 

3. Results 

Three batches of nPM were sequentially evaluated for their impact on PFFs propagation and neurotoxicity using 2 different 
experimental paradigms (Fig. 1). The differences in nPM batch activity were not known until completion of these studies. Fig. 2 shows 
the chemical profiles of the 3 batches of nPM. These batches had similar concentrations of transition metals (Fig. 2A) but varied in 
other chemical composition (Fig. 2B). Notably, these three nPM batches differed in potency: Batch 9 was 3-fold more active than Batch 
7 to induce in vitro NFκB response [28], though the relative in vitro activity of Batch 5b (Exposure 1) was not measured because the 
sample was depleted. 

3.1. Exposure 1: PFFs injection prior to nPM exposure 

3.1.1. Effect on a-syn spread 
Prior studies from the Brundin lab document that animals injected with PFFs in OB develop fibrillar α-syn pathology in the OB, 

anterior olfactory nucleus (AON), and amygdala (AMY) [29,30]. In the present study, 15 weeks after PFFs injection, α-syn pSer129 in 
the ipsilateral OB, AON, and AMY was elevated by 12-, 1310-, and 170-fold, respectively above controls injected with PBS (Fig. 3A–C). 
In contrast, PFFs injection did not generally increase the α-syn pSer129 in the contralateral regions, except for one region, the AON, in 
which α-syn pSer129 was increased by 180-fold above the contralateral AON of the PBS control (Fig. 3B). 

Exposure to nPM (Batch 5b, Fig. 3A–C) was associated with a non-significant trend for increased α-syn pSer129 in the ipsilateral OB 
(ipsilateral: 22.5 ± 19.9 vs 33.2 ± 22.5, P = 0.57, N = 7; contralateral: 1.8 ± 1.4 vs 3.1 ± 3.5, P = 0.94, N = 7), AON (ipsilateral: 1219 
± 916 vs 1876 ± 853, P = 0.25, N = 6; contralateral: 268 ± 237 vs 326 ± 209, P = 0.92, N = 6), and AMY(ipsilateral: 81.8 ± 60.1 vs 
120 ± 59.8, P = 0.51, N = 8; contralateral: 4.0 ± 5.6 vs 8.3 ± 9.1, P = 0.44, N = 8) of the PFF groups; however, nPM alone did not alter 
α-syn pSer129 in any examined region. 

3.1.2. Effect on microglia Iba1 response 
We next examined this exposure to Batch 5b for effects on microglial responses to PFFs. Iba1 mRNA did not differ in the ipsilateral 

OB and frontal cortex (CX) between groups of PFFs (PFF + FA, 98.8 ± 20.0, P = 0.99, N = 7 for OB, 117 ± 13.9, P = 0.89, N = 7 for CX), 
nPM (PBS + nPM, 92.1 ± 9.9, P = 0.93, N = 7 for OB, 109 ± 15.4, P = 0.95, N = 7 for CX), PFF + nPM (109 ± 9.8, P = 0.97, N = 7 for 
OB, 117 ± 17.1, P = 0.91, N = 7 for CX) and control group (PBS + FA, 99.9 ± 11.9 for OB, 100 ± 13.1 for CX) (Supplemental Fig. S1A). 

Fig. 2. Chemical composition of nPM batches. A, Transition metal concentration; B) Percentage of chemical components in total nPM mass.  
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Fig. 3. Exposure 1 (nPM Batch 5b): α-syn pSer129 level as fraction of total tissue area in ipsi- and contra-lateral brain regions. A, olfactory bulb 
(OB); B, anterior olfactory nucleus (AON); C, amygdala (AMY). See Methods and Fig. 1 for exposure paradigm and assays. *, P < 0.05, **, P < 0.01, 
****, P < 0.0001, compared to PBS⋅N = 6-9. 

Fig. 4. Exposure 1, nPM Batch 5b: effect of PFF and nPM exposure on Gria1 mRNA in ipsilateral OB and frontal CX. A. OB, B. CX. *, P < 0.05, **, P 
< 0.01, ***, P < 0.001, N = 6-8. 
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Microglia cell density, assayed by Iba1 positive cells, did not differ in any region relative to control (Supplemental Fig. S1B-D). 
Similarly, the mRNAs of inflammatory cytokines Tnfa, Il10 and the microglial marker Cd68 did not differ from control (PBS + PFF) 
(Supplemental Fig. S2). 

3.1.3. Effect on Gria1 expression 
In studies with prior batches of nPM, Gria1 mRNA was downregulated [28,39,42,47]. In Exposure 1, Gria1 mRNA did not respond 

to nPM Batch 5b in the ipsilateral OB (111 ± 12.8 for nPM vs 100 ± 26.6 for FA, P = 0.93, N = 8) and frontal CX (94.9 ± 17.9 for nPM 
vs 100 ± 35.4 for FA, P = 0.97, N = 8) (Fig. 4A and B). PFFs injection alone did not change Gria1 mRNAs (100 ± 18.9, P = 0.99, N = 8 
for OB and 92.9 ± 13.6, P = 0.92, N = 8 for CX). However, the combination of PFFs and nPM (PFF + nPM) reduced Gria1 mRNA in both 
ipsilateral OB (60.2 ± 25.9, P = 0.006, N = 8) and frontal CX (61.6 ± 13.1, P = 0.009, N = 8), compared with control (PBS + FA) 
(Fig. 4A and B). 

3.2. Exposure 2 and 3: effect of PFFs injection during nPM exposure 

Because of minimal response to nPM in Paradigm 1, we evaluated nPM exposure before PFF injection for interactive effects of α-syn 
and with other nPM batches. At this time, we did not know that nPM batches had lower activity. Firstly, mice were exposed to nPM for 
3 weeks, followed by PFF injections into the right OB, then with continued nPM exposure for another 7 weeks (Fig. 1, Exposure 2 and 
3). Because of weak responses in Exposure 1, nPM exposure time was increased from 4-week to 7-week after injection of PFFs; animal 
number per group was also increased. Two nPM batches (Batch 7 and 9), which were subsequently found to have different toxicity 
[28], were used for Exposure 2 and 3, respectively. Batch 7 was the least active compared to other nPM batches collected at the same 
site but different dates, and Batch 9 was 3-times more active than Batch 7 as cited above. 

3.2.1. Effect of nPM exposure on α-syn spread 
We did not detect fibrillar α-syn pSer129 in PBS-injected groups (data not shown), including both FA and nPM groups (for both 

Exposure 2 and 3). Seven weeks after PFF injection, α-syn pSer129 was detected in ipsilateral OB, AON, AMY and piriform cortex 
(PCX), and significantly higher than that of the counterparts in the contralateral brain. For Exposure 2, ipsilateral α-syn pSer129 was 
elevated by 9-, 6- and 9-fold in OB, AON and AMY, respectively; and for Exposure 3, it was elevated by 2-, 2- and 32-fold in OB, AON 
and PCX, respectively, above the contralateral, indicating the spread of α-syn pSer129 pathology from the OB to ipsilateral regions 
(Fig. 5A–C, Exposure 2; 5D-F, Exposure 3). Consistent with Exposure 1 (Fig. 2), AON had the largest load of α-syn pSer129 among 
ipsilateral regions (Exposure 2: 2257 ± 992 in AON, 78.2 ± 44.5 in OB, and 42.1 ± 25.3 in AMY; Exposure 3: 33.6 ± 2.8 in AON, 4.4 
± 1.6 in OB, and 15.6 ± 2.2 in PCX) (Fig. 5B and E). The absolute levels of α-syn in Exposure 2 and Exposure 3 are not comparable due 
to different measurement methods. 

No difference in α-syn pSer129 levels in the ipsilateral OB (Exposure 2: 78.2 ± 44.5 vs 99.7 ± 44.3, p = 0.39, n = 8; Exposure 3: 4.4 
± 1.6 vs 4.0 ± 2.1, P = 0.61, N = 10), AON (Exposure 2: 2257 ± 997 vs 1780 ± 557, p = 0.26, N = 8; Exposure 3: 33.6 ± 2.8 vs 32.4 ±
5.4, P = 0.50, N = 12), AMY (Exposure 2: 42.1 ± 25.3 vs 59.8 ± 34.7, P = 0.27, N = 8) and PCX (Exposure 3: 15.6 ± 2.2 vs 15.5 ± 4.1, 

Fig. 5. Effect of nPM exposure on α-syn pSer129 load in ipsi- or contra-lateral brain regions of Exposure 2 and 3. A, OB; B, AON; C, AMY for 
Exposure 2 (Batch 7). D; OB; E, AON; F, PCX for Exposure 3 (Batch 9); G, representative images of α-syn pSer129 immunostaining in ipsi- and contra- 
lateral brain regions for Exposure 2, 20X images, scale bar, 100 μm. Mice were exposed to nPM Batch 7 (Exposure 2) or Batch 9 (Exposure 3) for 3 
weeks, then injected with PBS or PFF in right OB, followed by continued exposure to FA or nPM for 7 weeks. PBS injection groups had no α-syn 
pSer129 signal; only results for PFF groups are shown. N = 8-10. 
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P = 0.95, N = 12) was observed between FA and nPM groups injected with PFFs for both Exposure 2 and 3 (Fig. 5A–F); similarly the 
α-syn pSer129 levels in the contralateral regions did not differ (Fig. 5A–F). 

3.2.2. Microglial response 
Iba1 expression in both ipsi- and contralateral OB and frontal CX did not differ between PFFs and the control (PBS + FA) group. In 

either the ipsi- or contra-lateral OB and CX, exposure to nPM Batches 7 and 9 alone, or its combination with PFFs, did not change Iba1 
expression (Supplemental Fig. S4). Similarly, inflammatory cytokines or markers Tnfα, Il1β, Іl10, and Cd68 in ipsi- and contra-lateral 
OB and frontal CX did not differ between experimental groups (PFF, nPM and nPM + PFF) and control (FA + PBS, Supplemental 
Fig. S4). 

3.2.3. Gria1 expression 
Fig. 6 shows that for both Exposures 2 and 3, Gria1 levels did not differ between control (PBS + FA) and PFF (PFF + FA) in both the 

ipsi- and contra-lateral OBs (Exposure 2-ipsi: 99.9 ± 17.9 vs 111 ± 31.8, P = 0.79, N = 8; Exposure 2-contra: 100.1 ± 28.5 vs 111 ±
31.9, P = 0.79, N = 7; Exposure 3-ipsi: 100 ± 30.4 vs 100 ± 15.4, P = 0.99, N = 10; Exposure 3-contra: 100 ± 24.9 vs 100 ± 18.1, P =
0.99, N = 10) (Fig. 6A, C) and frontal CX (Exposure 2-ipsi: 100 ± 26.2 vs 87.9 ± 20.7, P = 0.71, N = 8; Exposure 2-contra: 100 ± 20.8 
vs 84.3 ± 14.3, P = 0.61, N = 7; Exposure 3-ipsi: 99.8 ± 22.7 vs 100 ± 21.5, P = 0.99, N = 10; Exposure 3-contra: 100 ± 34.4 vs 100 ±
20.4, P = 0.99, N = 10) (Fig. 6B, D), indicating α-syn alone does not affect Gria1 expression. Chronic exposure to nPM Batch 7 or Batch 
9 also did not change Gria1 expression in OB (Exposure 2-ipsi: 108 ± 29.7 vs 99.9 ± 17.9, P = 0.94, N = 8; Exposure 2-contra: 108.4 ±
37.6 vs 100 ± 28.5, P = 0.96, N = 7; Exposure 3-ipsi: 100 ± 30.4 vs 100 ± 15.4, P = 0.91, N = 10; Exposure 3-contra: 95.5 ± 12.6 vs 
100 ± 24.9, P = 0.94, N = 10) (Fig. 6A, C) and frontal CX (Exposure 2-Ipsi: 86.0 ± 20.3 vs 100 ± 26.2, P = 0.65, N = 8; Exposure 2- 
contra: 105 ± 36.3 vs 100 ± 20.8, P = 0.97, N = 7; Exposure 3-ipsi: 84.6 ± 14.4 vs 99.8 ± 22.7, P = 0.35, N = 10; Exposure 3-contra: 
96.7 ± 26.8 vs 100 ± 34.4, P = 0.99, N = 10) (Fig. 6B, D). Although combination of PFF and nPM Batch 7 did not alter Gria1 
expression, PFF and nPM Batch 9 together decreased Gria1 mRNA by 20% and 16% in ipsi- and contralateral OB, respectively, and by 
32% and 38% in ipsi- and contralateral frontal CX, respectively (Fig. 6C and D). The potency of nPM to down-regulate Gria1 varied by 
nPM activities, e.g. Batch 9 was more active than Batch 7 in a prior study [28]. Overall, these results suggest that higher activity nPM 
batches interacted synergistically with α-syn, leading to down-regulation of Gria1. 

Statistical findings are summarized in Table 2. 

4. Discussion 

The population-based findings that air pollution exposure may increase risk for PD raises a major public concern, because most 
(>90%) of the world population lives in areas with chronically elevated air pollutants that exceed current US safety guidelines. 
However, experimental evidence linking air pollution and PD pathogenesis is incomplete. This study examined the impact of ambient 

Fig. 6. Effect of nPM exposure and PFF on Gria1 expression in ipsi-and contra-lateral OB and frontal CX. A, GluA1 protein in OB, immunohisto
chemistry; B, Gria1 mRNA in frontal CX, qPCR; C and D, Gria1 mRNA in OB and frontal CX for Exposure 3, qPCR. *, P < 0.05, **, P < 0.01, N = 8-10. 
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nanoparticle exposure on the α-syn propagation and its toxicity in an established mouse model of α-syn propagation, triggered by 
injection of PFFs into the OB. 

We used two experiment paradigms: in Paradigm 1, PFFs were injected before 4-week nPM exposure; and in Paradigm 2, PFFs were 
injected during 10-week nPM exposure. The nPM exposure caused a trend for increased α-syn aggregation in Paradigm 1, but had no 
effect on α-syn aggregation in Paradigm 2. In both paradigms, nPM and α-syn synergistically down-regulated the expression of Gria1 in 
the OB and frontal CX. After these studies were completed, these nPM batches collected at different dates were found to vary widely in 
toxicity [28,41]. These divergences in urban air pollution toxicity may explain why some previously published studies have not found 
strong associations between PD and air pollution [13]. 

α-Synuclein is a highly soluble, unfolded protein expressed throughout CNS. Misfolded α-syn, either endogenously formed (e.g. PD) 
or exogenously introduced (e.g. intra-OB injection of PFFs), can seed the aggregation of natively unfolded α-syn; the newly formed 
α-syn fibrils are then potentially transported over long distances via axons and cause α-syn aggregation in neurons that they have 
synaptic connections with [48]. This prion-like α-syn propagation is believed to contribute to the spatial progression of PD pathology. 
Some environmental pollutants, such as rotenone [49] and paraquat [50], can cause the formation of Lewy body-like inclusions 
containing α-syn and degeneration of the nigrostriatal dopaminergic pathway. In current experimental paradigms, exposure to 
ambient nPM alone for either 4 weeks (Paradigm 1) or 10 weeks (Paradigm 2) did not increase immunostaining for α-syn pSer129, the 
predominant form of posttranslational modification of α-syn in synucleinopathy [51], in any of the brain regions we studied (OB, AON, 
AMY and PCX), suggesting that nPM exposure does not trigger the formation of α-Syn aggregates. Levesque et al. found that diesel 
exhaust particle exposure (≥311 μg/m3) for 6 months increased α-syn (by 40–60%) in rat midbrain [20], however, α-syn aggregation 
was not measured. We measured α-syn pSer129 immunostaining but did not assay total α-syn levels. As the elevation of α-syn has been 
proposed a preclinical marker of PD [52], future study should measure if ambient nPM exposure influences total α-syn levels, as 
opposed to just the pSer129 post-translationally modified form. 

Consistent with the literature [29,30,33,34,53], intra-OB injection of α-syn PFFs caused α-syn propagation to other ipsilateral 
regions, including AON, PCX, and AMY (Figs. 2 and 4). In Paradigm 1, 4-week nPM exposure (Batch 5b) post the trigger of α-syn 
pathology caused a trend for elevated α-syn pSer129 in the ipsilateral OB, AON and AMY, and 43% increase in the overall load of α-syn 
pSer129 in the ipsilateral regions (OB + AON + AMY); in contrast, in Paradigm 2, when α-syn aggregation was triggered at 4th week 
during a 10-week-nPM exposure period, α-syn pSer129 was not altered by nPMs (Batch 7 and 9). It is unclear whether the potential 
nPM effect on α-syn aggregation in Paradigm 1 is due to longer post-injection time or different nPM activities: the α-syn pSer129 was 
determined at different times after PFFs injection (15 weeks in Paradigm 1 vs 7 weeks in Paradigm 2) and different nPM batches were 
used. 

Neuroinflammation is considered a pathogenic factor contributing to the development of α-syn pathology [5,46,54]. Ambient nPM 
exposure can cause brain inflammation [39,40,42,55]. Thus, we hypothesized that nPM exposure could promote α-syn propagation. 
Unexpectedly, none of the three nPM batches used in this study increased the expression of proinflammatory cytokines (Figs. S2 and 
S4) in OB and CX, or caused microglia activation in OB, AON and AMY (Supplemental Figs. S1 and S3). This may partially explain the 
weak effects of nPMs on α-syn aggregation in these studies. 

Misfolded α-syn causes neuroinflammation and activate microglia in several PD models, including in α-syn transgenic mice and in 
viral α-syn overexpression mouse models [56–59]. In this study, however, the presence of α-syn aggregates was not associated with 
microgliosis or inflammatory gene expression in the OB and CX at the time of analysis (Supplemental Figs. S1–S4). The weak in
flammatory response to PFF injections is consistent with a report that inclusions of α-syn did not increase Iba1-positive microglia in 
AON in the intra-OB PFF injection PD model [29]. Nonetheless, further studies are needed to evaluate how air pollution may influence 
α-syn pathology in PD models where inflammation appears to play a central role at the outset. 

Table 2 
Effects of nPM and PFF on a-synuclein spread, microglial Iba1 and GluA1*.  

Exposure 1 (nPM Batch 5b)  

OB AON AM CX 

Syn/ 
PFF 

Ipsi > 14 fold; Ipsi > 1000 fold; contra > 150 fold; Ipsi > 200 fold; N/A 
No nPM effect No nPM effect No nPM effect 

Iba1 No change N/A N/A No change 
Gria1 Decreased by nPM + PFF, ipsi; contra N/A N/A N/A Decreased by nPM + PFF, ipsi; contra N/A 
Exposure 2 (nPM Batch 7)  

OB AON AM CX 
Syn/ 

PFF 
Ipsi > 30 fold; Ipsi > 10 fold; Ipsi > 20 fold; N/A 
No nPM effect No nPM effect No nPM effect 

Iba1 No change N/A N/A No change 
Gria1 No effect N/A N/A No effect 
Exposure 3 (nPM Batch 9)  

OB AON AM PCX or CX 
Syn/ 

PFF 
Ipsi > 2 fold; Ipsi > 1.5 fold; Ipsi > 10 fold; N/A 
No nPM effect No nPM effect No nPM effect 

Iba1 No change N/A N/A No change 
Gria1 Decreased by nPM + PFF, both sides N/A N/A Decreased by nPM + PFF, both sides  

* The effects/changes were compared with control (PBS + FA) group; N/A: not available. 
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Ambient particulate matters including nPM are a mixture and their components and toxic potency differ greatly depending on 
location and time of collection [28]. The post hoc comparisons of nPM Batches 7 and 9 with other nPM batches collected between 2016 
and 2020 at the same site showed major variability for in vitro NFκB activation and oxidative stress response and in vivo neurotoxic 
responses [28]. Batch 9 causes stronger in vitro NFκB activation and in vivo brain responses than Batch 7, which exhibited the least 
activity among the previous ten nPM batches [28]; however, Batch 5b was not available to evaluate the relative activity. Despite their 
failure to induce microglial and cytokine responses, these nPM batches still caused some other brain responses. For instance, nPM 
Batch 9 did not induce pro-inflammatory cytokines, but it down-regulated Nfkb1 and Myd88 mRNAs in the brain [28]. Nonetheless, 
nPM batches used in current study are still representative of a real-world exposure, which varies widely by collection date at any 
location. 

GluA1 is a postsynaptic membrane receptor mediating the glutamate signaling and synaptic function [37]; its deficiency leads to 
behavioral abnormalities, declined learning and memory, and impaired short-term olfaction memory [38,60–62]. Gria1 expression did 
not decrease after exposure to any of the three nPM batches alone. However, when mice with α-syn pathology were exposed to nPM 
Batch 5b and Batch 9, there was significant decrease of Gria1 mRNA in the OB and frontal CX, bilaterally. This observation indicates a 
synergic interaction between nPM and α-syn. Interestingly, the effect of α-syn might be indirect as the degree of Gria1 downregulation 
is similar in both hemispheres, despite that α-syn pathology in the contra-lateral brain is much lower than in the ipsilateral. How this 
contributes to PD development—including its effects on non-motor symptoms like hyposmia and dementia, and on motor-symptoms, 
in which glutamate signaling plays an important role [63,64]—merits further study. Notably, Gria1 was not decreased by the com
bination of α-syn and nPM by Batch7, which had the least activity [28]. These data suggest that the adverse effects of air pollution 
exposure on PD pathology may vary with particle toxic potency, which in turn varies by location and season. This may explain the 
variable association of PD with air pollutants observed in population-based study [13]. 

Synergies with supra-additive effects are recognized between air pollution and other hazards or underlying health conditions. For 
example, Turner et al. reported that the joint effect of air pollution PM2.5 and cigarette smoke on lung cancer mortality was stronger by 
2.2 fold than their additive effect [65]. Similarly, Kim et al. reported that the combined exposure to both polycyclic aromatic hy
drocarbon and second-hand smoke synergistically increased the risk of childhood obesity [66]. A recent study from our group also 
showed synergistic effects of nPM and chronic cerebral hypoperfusion on white matter injury in mice, by 2.3-fold above additive 
effects [59]—for this study, different nPM batches were used than the present experiments [28,67]. Mauderly et al. reviewed 36 
laboratory studies on the combined effects of ozone and other pollutants (e.g. particles and cigarette smoke) on various endpoints that 
were reported in the U.S. Environmental Protection Agency Ozone Criteria Document, and found that 14 studies (39%) demonstrated 
synergism [68]. The underlying mechanism of this synergism remains unclear. Forman and Finch proposed that the crosstalk in 
detoxification pathways may potentially underlie the synergy between airborne particles and cigarette smoke [21]. Future research 
may define the mechanism of the synergy between airborne particle exposure and other environmental hazards or health conditions, 
including α-syn pathology. 

In summary, these experimental paradigms for exposure to ambient nPM did not have significant effects on α-syn propagation and 
neuroinflammation; however, the data suggest that nPM and α-syn can synergistically downregulate Gria1 expression, depending upon 
nPM batch activity. The reduced expression of Gria1 by combination of nPM and α-syn suggests that air pollution may interact with 
α-syn to affect PD pathogenesis. The variable activity of nPM batches available for these studies limits firm conclusions on how much 
air pollution may promote α-synucleinopathy. Another limitation is that nPM lacks the polycyclic aromatic hydrocarbons (PAHs) in 
total ambient air pollution [69]. Future studies of PD and air pollution could consider using model particles, such as diesel exhaust 
particles (DEP) from the National Institute of Science and Technology (SRM 2975), which contain PAHs and can reliably induce 
neurotoxic responses as those caused by active nPM batches [70]. 
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