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Abstract

Exposure to traffic-related air pollution consisting of particulate matter (PM) is associated with cognitive decline leading to
Alzheimer’s disease (AD). In this study, we sought to examine the neurotoxic effects of exposure to ultrafine PM and how it
exacerbates neuronal loss and AD-like neuropathology in wildtype (WT) mice and a knock-in mouse model of AD (AppNL-G-F/þ-KI)
when the exposure occurs at a prepathologic stage or at a later age with the presence of neuropathology. AppNL-G-F/þ-KI and WT mice
were exposed to concentrated ultrafine PM from local ambient air in Irvine, California, for 12 weeks, starting at 3 or 9 months of age.
Particulate matter-exposed animals received concentrated ultrafine PM up to 8 times above the ambient levels, whereas control
animals were exposed to purified air. Particulate matter exposure resulted in a marked impairment of memory tasks in
prepathologic AppNL-G-F/þ-KI mice without measurable changes in amyloid-b pathology, synaptic degeneration, and
neuroinflammation. At aged, both WT and AppNL-G-F/þ-KI mice exposed to PM showed a significant memory impairment along with
neuronal loss. In AppNL-G-F/þ-KI mice, we also detected an increased amyloid-b buildup and potentially harmful glial activation
including ferritin-positive microglia and C3-positive astrocytes. Such glial activation could promote the cascade of degenerative
consequences in the brain. Our results suggest that exposure to PM impairs cognitive function at both ages while exacerbation of AD-
related pathology and neuronal loss may depend on the stage of pathology, aging, and/or state of glial activation. Further studies will
be required to unveil the neurotoxic role of glial activation activated by PM exposure.

Keywords: Alzheimer’s disease; air pollution; inflammation; neuronal loss; mouse model

Air pollution is a growing threat around the world and results from a
variety of factors including urbanization, industrialization, slash-and-
burn agriculture, climate change-driven wildfire, and desertification.
The World Health Organization (WHO) estimates more than 90% of
the worldwide population live in areas with poor air quality, and as
many as 40% United States residents could be exposed continuously
to unhealthy air based on current WHO standards (Peeples, 2020). In
particular, under-represented minorities are disproportionally
exposed to polluted air in the United States, posing significant health
disparities (Bowe et al., 2019; Tessum et al., 2021). Although cardiopul-
monary and cardiovascular morbidity is a well-documented health
impact caused by exposure to polluted air and is considered the sec-
ond largest noncommunicable disease (Peeples, 2020), in recent years,

multiple epidemiologic studies unveil a substantially greater risk for
cognitive decline, dementia, and particularly Alzheimer’s disease (AD)
among elderly living in areas with heavy air pollution (Cacciottolo
et al., 2017; Carey et al., 2018; Chang et al., 2014; Chen and Schwartz,
2009; Gatto et al., 2014; Kilian and Kitazawa, 2018; Oudin et al., 2016;
Power et al., 2011; Ranft et al., 2009; Shi et al., 2020; Weuve et al., 2012).
The estimated risk of late-life exposure to air pollution for AD is pre-
dicted to be equivalent to or greater than that from traumatic brain
injury, hypertension, or obesity in midlife (Livingston et al., 2020), all
of which are well studied risk factors for AD. However, key underlying
mechanisms by which air pollution, or its specific toxic constituent,
instigates neurodegeneration and causes the clinical onset of AD
remain largely undetermined.
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Ambient air pollution is highly heterogeneous and contains
various toxic chemicals and elements. Among them, particulate
matter (PM) is the major toxic constituent and is monitored as a
primary indicator of air quality (Karagulian et al., 2015; Mazzei
et al., 2008). Particulate matter toxicity has been extensively
investigated in cardiovascular and pulmonary diseases based on
its size: coarse (aerodynamic diameter <10 lm), fine (<2.5 lm)
and ultrafine (<0.1 lm), and chemicals associated with it, such as
elemental metals, minerals, volatile organic compounds, and
polycyclic aromatic hydrocarbons. The PM is generated directly
from combustion of fossil fuels and wastes or indirectly by a ser-
ies of photo-chemical reactions and nucleation in the atmos-
phere (Zhang et al., 2015). Fine and ultrafine PM and its
neurotoxicity are of particular interest as they are the most abun-
dant PM fraction compared with the total number of atmospheric
PM; ultrafine PM can translocate from the lung directly to the
bloodstream and able to cross the blood-brain barrier (BBB) via
olfactory epithelium (Block and Calderon-Garciduenas, 2009;
Gonzalez-Maciel et al., 2017; Oberdorster et al., 2004). Recent ani-
mal studies have found exposure to fine and ultrafine PM can
accelerate AD-like neuropathology, neuronal loss, neuroinflam-
mation, or cognitive decline (Bhatt et al., 2015; Cacciottolo et al.,
2017; Campbell et al., 2005, 2009; Fonken et al., 2011; Haghani
et al., 2020; Kim et al., 2012; Kleinman et al., 2008; Morgan et al.,
2011). These studies suggest that PM exposure perturbs various
pathologic mechanisms, such as inflammatory homeostasis
(Fonken et al., 2011; Guerra et al., 2013; Haghani et al., 2020;
Woodward et al., 2017) and APP metabolism (Bhatt et al., 2015;
Cacciottolo et al., 2017). However, pivotal neurotoxic mechanisms
by which PM exposure accelerates these hallmark pathologies
are still ambiguous, and it remains unconfirmed if the neurotoxic
effects of PM are consistent across the ages when exposed. Here,
we report subchronic exposure to concentrated quasi-ultrafine
PM significantly impaired cognition of mice at prepathologic and
later ages. In addition, exacerbated neuronal loss, AD-like neuro-
pathology and potentially harmful glial activation leading to neu-
rodegeneration were observed in a mouse model of AD exposed
to PM at an older age. Our findings suggest that neurotoxic acti-
vation of glial cells elicited by PM exposure in aged mice triggers
the cascade of neurodegenerative mechanisms leading to accel-
erated development of AD phenotypes.

Materials and methods
Animals

All experiments were performed in accordance with the
Institutional Animal Care and Use Committee at the University
of California, Irvine. Mice were housed on a 12-h light-dark cycle
with feed and water ad libitum. Humanized APP with the Swedish,
Arctic, and Iberian mutations (AppNL-G-F/þ-KI) mice in the C57BL/
6J background were obtained from the RIKEN Institute (Japan)
and maintained as heterozygous AppNL-G-F/þ-KI by crossing with
C57BL/6J mice (Saito et al., 2014). C57BL/6J male and female mice
were obtained from Jackson Laboratory (Bar Harbor, Maine). For
young, prepathologic animal exposure, 24 AppNL-G-F/þ-KI mice (12
males and 12 females, divided evenly into the 2 groups—purified
air group or concentrated PM group) were at 3 months of age
when the exposure started in August 2017. For aged animal expo-
sure, 40 AppNL-G-F/þ-KI and 40 wildtype C57BL/6J (WT) mice were
at 9 months of age when the exposure started in February 2019.
Mice were divided evenly at 10 male and 10 female mice per
group for 2 groups (purified air or concentrated PM).

Exposure paradigm

Ambient particles in the area around the UC Irvine area in Orange
County, California with particle diameters smaller than 10mm
(mixture of coarse, fine, and ultrafine particles, herein referred as
PM) were concentrated using a versatile aerosol concentration and
enrichment system (VACES) coupled with a high flow rate slit
impactor as previously described (Herman et al., 2020; Kim, 2001;
Misra et al., 2002). The VACES consists of size selective inlets, satu-
rator/chiller modules that supersaturate the aerosol with water
vapor causing ultrafine particles to grow to a size that can be iner-
tially separated using a virtual impactor, and diffusion drier mod-
ules that remove excess water vapor and returns the aerosol to a
size distribution and relative humidity similar to that observed in
the ambient environment. The system can enrich the concentra-
tion of particles in the 0.02–10mm size range by a factor of up to of
10� ambient, depending on output flow rate (Herman et al., 2020;
Luderer et al., 2022). Purified air during the exposures was gener-
ated using potassium permanganate-impregnated alumina beads,
activated carbon, and high-efficiency particulate air filters. The
VACES system is located adjacent to a major roadway in Irvine, CA,
and exposure occurs over morning commute hours to emphasize
motor vehicle associated PM. Starting at 3 or 9 months of age,
AppNL-G-F/þ-KI mice or WT mice were exposed to either purified air
or concentrated PM. Animals were exposed in whole-body expo-
sure chambers for 5 h per day (from 7:30 AM to 12:30 PM local time,
which captured the period of maximum PM concentration during
the day), 4 days per week (Tuesday-Friday) for 12 weeks (Figure 1A).
The atmospheric pressure, temperatures (23.9 6 2.8�C), and flow
rates (2 litter per minute) within whole-body chambers were moni-
tored every 15 min during each exposure period; animals were also
monitored for signs of distress. Animals were then sacrificed fol-
lowing completion of the cognitive assessment.

PM measurement

Real-time particle measurements were obtained from the puri-
fied air, PM, and ambient atmospheres during exposures. Particle
number concentration was collected using a condensation par-
ticle counter (Model 3022, TSI, Shoreview, Minnesota). Integrated
particle mass concentrations were obtained using an optical
mass monitor (DustTrak DRX, TSI). All data were averaged
weekly 6 standard error of the mean.

Cognitive assessments

Animals were evaluated in object location memory (OLM) and
object recognition memory (ORM) tasks. The OLM was performed
during week 9 of the PM exposure. The ORM was run following a
1-week break period after OLM testing. Both ORM and OLM
assessments were performed based on a previously described
protocol (Vogel-Ciernia and Wood, 2014). For both tests, animals
were habituated to the test arena for 6 days, 5 min per day, and
then exposed to 2 identical objects for 10 min for training.
Different base objects were used for ORM and OLM acquisition.
Testing occurred 24 h following training. In the OLM task, one of
the 2 objects was moved to a new location, whereas for ORM, one
object was replaced with a novel object. Replaced or moved
objects alternated between mice. Mice could explore during the
test for 5 min. Both test and training exploration were recorded,
and at least 2 examiners scored animal performance in a blinded
manner. The total time spent exploring each object—determined
as time with the animal’s nose was within 1 cm and pointing
directly towards the object—was counted as exploration. Time
exploring each of the 2 objects was summed to obtain total
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exploration time. Animals showing a strong preference for
exploring one object over the other during the acquisition phase
were removed from the final analysis pool. Each discrimination
index was calculated as the difference between the average time
spent exploring the novel object or location and the average time
spent exploring the familiar object or location expressed as a per-
centage of the total time spent exploring during the test phase.

Immunoblotting

Half brain cortical tissue and hippocampi were homogenized in
T-PER buffer with protease and phosphatase inhibitor cocktails
(ThermoFisher). Protein extract was then centrifuged at 100 000 �
g for 1 h at 4�C, and supernatant was taken as the detergent solu-
ble fraction. The pellet was resuspended in 88% formic acid and
centrifuged again at 100 000 � g for 1 h at 4�C and the superna-
tant from this step was taken as the formic acid soluble fraction.

For the vascular enriched protein samples, half brains were
homogenized in sucrose buffer (0.32 M sucrose, 3 mM HEPES,
Fisher) using a glass Dounce homogenizer. Samples were centri-
fuged at 1000 � g for 10 min at 4�C. This process was repeated for
the resultant pellet. The pellet was then rehomogenized and cen-
trifuged at 100 � g for 30 s; the resulting supernatant was stored
and this process repeated once. The supernatant fractions of the
vascular enriched protein samples were pooled and spun for
2 min at 200 � g, and the final pellet was resuspended in 0.1%
BSA (ThermoFisher) as the vascular enriched protein fraction.
Protein concentration was determined by the Bradford protein
assay. Protein samples were run on Bio-Rad Mini-PROTEAN TGX
gels (Bio-Rad Laboratories) at 150 V and transferred to
Immobilon-FL PVDF membranes (Millipore-Sigma). After 1 h
blocking in Li-Cor Odyssey Blocking Buffer in tris-buffered saline
(TBS) (Li-Cor Biosciences), membranes were immunoblotted with

Figure 1. Particulate matter exposure scheme and average PM concentration during the 12-week exposure. A, Schematic diagram of PM exposure on
animals. In the last 3 weeks, a battery of cognitive tests was performed in the afternoon while animals continued to be exposed in the morning. B, The
average particle concentration of 3–6 months exposure (left) or 9–12 months exposure (right) in particle/m3. C, The average particle mass concentration
of 3–6 months exposure (left) or 9–12 months exposure (right) in mg/m3.
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the following antibodies overnight at 4�C: Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH, 1:1000, Santa Cruz
Biotechnology), tubulin (Tub, 1:25 000 Abcam), postsynaptic den-
sity protein 95 kDa (PSD95, 1:1000, Cell Signaling Technology),
synaptophysin (SYP, 1:1000, Cell Signaling Technology), glial
fibrillary acidic protein (GFAP, 1:1000, DAKO), Iba1 (1:1000,
Fujifilm Wako), and amyloid precursor protein, c-terminal (751–
770) (CT-20, 1:1000, Millipore-Sigma). Membranes were then
washed, incubated for 1 h at room temperature with secondary
antibodies Goat anti Rabbit or Goat anti Mouse IRDye 680 and 800
(1:20 000 Li-Cir Biosciences), washed again and read. Blots were
read using the Li-Cor Odyssey system and Image Studio software
version 5 (Li-Cor Biosciences) to obtain band signal intensity.
Signal is expressed relative to tubulin or GAPDH levels, which
were used for protein loading controls before statistical analysis.

Immunostaining

Another brain hemisphere from each animal was fixed with 4%
paraformaldehyde, cryoprotected in 30% sucrose solution, and
stored in �80�C. Fixed brain hemispheres were then sectioned
into 40 lm slices coronally using a microtome and stored in phos-
phate buffered saline with 0.05% sodium azide. Sections were
mounted on standard glass microscope slides (Fisher) before
staining. For antibody staining sections were permeabilized with
0.1% Triton X-100 in TBS for 15 min and blocked with 3% bovine
serum albumin (Fisher), 5% normal goat serum (Vector
Laboratories), and 0.1% Triton X-100 in TBS for 1 h. For amyloid-b
(Ab) plaque staining sections were treated with 70% formic acid
for 5 min before other treatments. After pretreatment and block-
ing, the sections were incubated with primary antibodies against
NeuN (1:5000, Abcam), PSD95 (1:1000, Cell Signaling Technology),
synaptophysin (1:1000, Cell Signaling Technology), GFAP (1:1000,
DAKO), Iba1 (1:1000, Abcam), C3 (1:3000, HyCult), Tmem119
(1:5000, Abcam), ferritin (1:5000, Millipore-Sigma), or anti-Ab

82E1, whose epitope is Ab N-terminal (1:1000, Immuno-Biological
Laboratories) overnight at 4�C. Sections were washed with TBS
and treated for 1 h at room temperature the following day in 3%
BSA, 5% normal goat serum, and 0.1% Triton X-100 in TBS with
secondary antibodies conjugated with Alexa Fluor 488, 555, or
633 (Fisher). For Thioflavin S staining, brain sections were rehy-
drated with ethanol at 100%, 95%, 70%, and 50% and then treated
with Thioflavin S (Millipore-Sigma) in 50% ethanol for 10 min.
Slides were mounted with Fluoromount-G (Fisher). For Nissl
staining, mounted brain sections were first incubated in 1:1 mix-
ture of ethanol and chloroform overnight, followed by 0.1% cresyl
violet solution for 10 min. Images were taken with either a Leica
TCS SPE confocal microscope or Keyence BZ-X800 fluorescence/
phase-contrast microscope. Images from all stained sections (1–2
sections/animal) were taken using Keyence BZ-X800 fluores-
cence/phase-contrast microscope or Leica TCS SPE confocal
microscope and with 10–40� objective. The immuno-positive
(82E1, Iba1, Tmem119, Ferritin and GFAP) or Thioflavin-S-positive
areas were analyzed both in the hippocampus and cortex
between Bregma coordinates �1.58 and �1.82 mm. These images
were processed using the ImageJ 1.52p image analysis system.
The 24-bit color digital images were calibrated (scale bar of
400 lm¼ 520 pixels; 1.300 pixels/lm) and transformed to gray-
scale images (8-bits). After manually delimiting the reference
area (excluding tissue ruptures, large blood vessels, or white mat-
ter areas), images were binarized using a threshold level mask
that was fixed between a range of 170–180 of intensity and man-
ually set for each image to ensure a reliable quantification. The
coverage area within the region of interest was estimated and

defined as sum labeled area measured/sum total area analyzed.
All slides sampled were taken over for the sums, and a single bur-
den was computed for each individual. The mean and standard
deviation (SD) of the corresponding loadings were determined
using all available data. To make accurate comparison between
study groups tissue samples and sections were simultaneously
processed using standardized handling and immunostaining pro-
tocols. For GFAP/C3 staining, all images were captured by 10�
objective, and the number of GFAPþ/C3þ cells, GFAPþ/C3� cells,
and GFAPþ cells (85–196 counts) were counted within the defined
area in the cortex. For NeuN and Nissl staining, we counted the
number of NeuN- or Nissl-positive cells in the defined area and
expressed as positive cell counts per millimeter square.

qPCR analysis

RNA was isolated from AppNL-G-F/þ-KI mouse hippocampal and
cortical brain tissue in TRI reagent and extracted using the
Direct-Zol RNA MiniPrep kit (ZYMO Research Corp) used accord-
ing to the manufacturer’s instructions. RNA concentration in the
extract was quantified using a NanoDrop Lite (ThermoFisher).
One microgram of total RNA was used in a single cycle reverse
transcriptase reaction of 5 min at 25�C, 20 min at 46�C, 1 min at
95�C to make cDNA using iScript reaction mix and reverse tran-
scriptase (Bio-Rad Laboratories). Two microliters of cDNA were
used per reaction using iTaq Universal SYBR Green Supermix
(Bio-Rad Laboratories) for detection of Il1b, Il6, and App.
Expression levels were normalized with Gapdh mRNA levels.
Primer sequences are as follows: Il1b forward 50-
TGGACCTTCCAGGATGAGGACA-30 reverse 50-GTTCATCT
CGGAGCCTGTAGTG-30 (Origene NM_008361), Il6 forward 50-
TACCACTTCACAAGTCGGAGGC-30 reverse 50-CTGCAAGTGCATC
ATCGTTGTTC-30 (Origene NM_031168), Gapdh forward 50-AACTT
TGGCATTGTGGAAGG-30 reverse 50-ACACATTGGGGGTAGGAAC
A-30 (Origene NM_010277), App 50-TCCGTGTGATCTACGAGCGCA
T-30 reverse 50-GCCAAGACATCGTCGGAGTAGT-30 (Origene NM_
007471). The PCR cycle parameters are listed: denaturing step
(95�C for 15 s), annealing step (60�C for 60 s), and extension step
(72�C for 30 s). Bio-Rad CFX Manager software version 3.1 was
used to determine Cq values. DCq values were determined as
determined by the difference between the gene of interest Cq and
Gapdh Cq. DCq values between filtered air exposed and PM
exposed animals were compared with obtain relative expression
values, with the filtered air group set to 1.

Ab assay

Detergent soluble and formic acid soluble Ab1–40 and Ab1–42 levels
were measured using the V-PLEX Ab Peptide Panel with 6E10 cap-
ture antibody used as recommended by the manufacturer and
read on a MESO QuickPlex SQ 120 (Meso Scale Discovery) for the
6-month group. For the 9- and 12-month groups Ab levels were
quantified using Human bAmyloid (1–40) ELISA kit and Human
bAmyloid (1–42) ELISA kit (Fujifilm Wako). Protein sample
extracts were obtained and quantified as described under protein
extraction and Western blots. One hundred microliters of protein
were loaded per well for each sample. Bradford protein assay
concentration readings were used to adjust for total protein
loaded per sample.

Statistical analysis

Immunoblots were quantified using Image Studio Software ver-
sion 5. Immunofluorescent images were quantified using ImageJ
version 1.52. All other data were analyzed using Microsoft Excel
(Microsoft Office 365 ProPlus) or Prism version 9 (GraphPad
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Software). Statistics were conducted using unpaired t test (to
compare 2 groups), one-way analysis of variance (ANOVA) with
Tukey’s post hoc test (to compare more than 2 groups) or two-
way ANOVA with Turkey’s post hoc test (to compare groups with
2 independent variables). p-Values �.05 were considered signifi-
cant. Sex differences were generally not observed, partly due to
low numbers of animals between males and females, and data
are presented as mixed groups.

Results
Characterization of concentrated ambient particles by
VACES
Particulate matter sources at the Irvine site are predominantly
motor vehicle emissions from freeways and nearby roads, con-
struction and light industry and regional background. At our site,
90% of PM are diameter <2.5 mm, and ultrafine PM represents
over 50% of all PM counts. The average concentration of PM
(diameter <180 nm) by VACES for 3–6 months study (performed
in August-November 2017) or 9–12 months study (performed in
February-April 2019) was approximately 70 000 or 130 000 par-
ticles/cm3 (p/cm3) over the entire exposure period, respectively,
which was approximately 7–8 times more concentrated than
average ambient PM levels over the same time period (Figure 1B).
Particle numbers within the purified air controls were consis-
tently low and averaged 3.0 6 0.9 p/cm3 over the entire exposure
period. Similarly, the average particle mass concentration of PM
delivered by the VACES was 108.9 mg/m3 (3–6 months study) or
84.8 mg/m3 (9–12 months study) during the exposure period,
which was approximately 4–6 times more concentrated than the
average ambient particle mass concentrations (Figure 1C).
Particle masses measured in the purified air controls was aver-
aged 1.2 mg/m3 over the course of the exposure.

Exposure to concentrated PM impairs cognition without
overt exacerbation of AD neuropathology in young, pre-
pathological AppNL-G-F/1-KI mice
At the end of exposure, all mice were subject to OLM followed by
ORM tasks to assess hippocampus-based spatial memory and
cortical-dependent recognition memory, respectively. Three-
month-old heterozygous AppNL-G-F/þ-KI mice (mixed sex, n¼ 12
per group) exposed to PM were significantly impaired in both

memory tasks compared with filtered air exposed mice (Figs. 2A
and 2B).

In AD, cognitive decline and memory impairment are strongly
associated with extensive loss of synapses and neurons. Synapse
and neuronal density changes were examined in the cortex and
hippocampal regions. Changes in synapse density were visual-
ized using PSD95 and synaptophysin staining while in neuronal
density changes were visualized using NeuN and Nissl staining.
Mean intensities of PSD95 and synaptophysin in both hippocam-
pus and cortex were not different between filtered air and PM
exposed AppNL-G-F/þ-KI mice (Figure 3A). These results were also
confirmed by immunoblot of PSD95 and synaptophysin
(Figure 3B). Likewise, no significant difference was observed in
NeuN or Nissl staining (data not shown). Therefore, cognitive
impairment detected in PM-exposed AppNL-G-F/þ-KI mice at this
stage was not caused by a clear synapse or neuronal loss in either
brain region.

We next examined whether development of AD-related neuro-
pathology was accelerated following PM exposure. AppNL-G-F/þ-KI
mice at this age start to develop plaque pathology mainly in the
cortex but is virtually absent in the hippocampus (Saito et al.,
2014). No significant differences in overall 82E1-positive Ab pla-
que burden by immunostaining and Ab42 levels by ELISA
between the control and PM exposure group were observed in the
cortex or hippocampal regions (Figure 4A). Furthermore, APP
expression was not altered by PM exposure as the steady-state
levels of full-length APP, detected by CT20 antibody, or App
mRNA were unchanged between the exposures (Figs. 4B and 4C).
Glial activation detected by Iba1 and GFAP immunoreactivity and
mRNA expression was not different between the control and PM
exposure groups (Figs. 5A–C) (Patten et al., 2021).

PM exposure impairs cognition in aged wildtype and
AppNL-G-F/1-KI mice
Nine-month-old AppNL-G-F/þ-KI mice and their littermate WT
counterparts were exposed to concentrated PM for 12 weeks in
the same fashion as the PM exposure with 3-month-old old ani-
mals. This advanced-age exposure paradigm could simulate a
late-life exposure to PM in humans, which is considered to take
account for up to 2% of the estimated risk for dementia from sus-
pected modifiable risk factors (Livingston et al., 2020). We found
that PM exposure significantly impaired memory function

Figure 2. Particulate matter exposure impairs memory performance in young, prepathologic AppNL-G-F/þ-KI mice. A battery of cognitive tests was
initiated 3 weeks before the end of 12-week PM exposure as indicated in Figure 1A. Six months old AppNL-G-F/þ-KI mice (n ¼ 12 per group, mixed sex)
underwent OLM testing (A) followed by ORM testing (B). A reduced discrimination index indicates memory impairment. Bars represent mean values,
with error bars expressed as standard error of the mean (*p < .05). Con, filtered air control group; PM, concentrated quasi-ultrafine PM exposed group.
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particularly in WT mice. Although the significant difference
(approximately 58% decrease in discrimination index, p< .01)

was found only between the filtered air-exposed WT and PM-
exposed AppNL-G-F/þ-KI mice in OLM, the discrimination index for
ORM was decreased by approximately 38% (*p¼ .0361) with PM
exposure within the WT mice and by approximately 61%

(p¼ .0504) with PM exposure within the AppNL-G-F/þ-KI mice
(Figure 6A). Although the reduction of discrimination index was
greater in AppNL-G-F/þ-KI mice, it did not achieve a significance,
partly because a significant genotype-dependent impairment of

recognition memory in AppNL-G-F/þ-KI mice at 12 months of age
lowered its baseline (control) discrimination index. Such
genotype-dependent cognitive impairment was well-documented
in AppNL-G-F-KI mice with increasing age (Latif-Hernandez et al.,

2019; Masuda et al., 2016; Mehla et al., 2019).

Impaired cognitive function in both WT and AppNL-G-F/þ-KI

mice following PM exposure indicated that it might, in part, be

mediated independently by Ab pathology. An analysis of neuro-

nal density using NeuN and Nissl staining found a significant dif-

ference neurons between filtered air- and PM-exposed AppNL-G-F/

þ-KI mice in the entorhinal cortex; no difference in the number of

NeuN- or Nissl-positive neurons was detected in the CA1 hippo-

campus among the 4 groups (Figs. 6B and 6C; Supplementary

Figure 1).

PM exposure heightens Ab plaque burden in aged
AppNL-G-F/1-KI mice
The Ab plaque pathology in aged AppNL-G-F/þ-KI mice was eval-

uated. The PM exposure significantly exacerbated Thioflavin S-

positive dense core plaques in both cortex (0.48% compared with

Figure 3. Particulate matter exposure does not induce changes in synaptic markers in young AppNL-G-F/þ-KI mice. A, Representative images of PSD95
and synaptophysin immunofluorescent staining with fluorescent intensity quantification for the CA1 region of the hippocampus (left) and the cortex
(right). B, Representative immunoblot bands of PSD95 and synaptophysin (SYP) in soluble homogenate tissue extracts from the hippocampus (left) and
the whole cortex (right). Tubulin was used as a house-keeping protein to normalize band intensity. Graphs show normalized relative band intensity of
PSD95 and SYP. Bars represent mean values with error bars expressed as standard error of the mean (n ¼ 8 per group for immunostaining and n ¼ 10
per group for immunoblot. Scale bars ¼ 100 lm).
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0.83% of total area, p< .01) and hippocampus (0.26% compared

with 0.59%, p< .05), whereas 82E1-positive Ab plaques (staining

both diffused and dense core) were only significantly increased in

the cortex of PM-exposed AppNL-G-F/þ-KI mice (2.2% versus 1.4%,

p< .01, Figure 7A). Consistent with young AppNL-G-F/þ-KI cohorts,

no significant difference was observed in the steady-state levels

of full-length APP or App mRNA (Figs. 7B and 7C).

Glial activation was exacerbated in exposure- and
genotype-dependent manners
Microglia and astrocyte activation were assessed because PM-

induced glial or inflammatory activation is one of prominent fea-

ture in the brain (Bhatt et al., 2015; Calderon-Garciduenas et al.,

2004; Campbell et al., 2005, 2009) and could mediate neurodegen-

eration. Overall microglial activation was first assessed by quan-

tifying the Iba1-positive area in the cortex and the hippocampus.

A significant, genotype-dependent, increase of Iba1-positive

microglia was measured in AppNL-G-F/þ-KI mice over WT mice pri-

marily due to the presence of Ab plaques (Figure 8A). In addition,

Iba1-positive microglia were significantly increased in an

exposure-dependent manor between the PM-exposed AppNL-G-F/þ-

KI mice when compared with filtered air-exposed AppNL-G-F/þ-KI

mice (Figure 8A). This was not, however, observed in WT mice.

No significant increase of Iba1-positive microglia was found in

the hippocampus from any of the 4 exposure groups.

Distinguishing harmful microglia subpopulations by tran-
scriptomics in this study was not feasible. Therefore, homeostatic

Tmem119-positive microglia (Bonham et al., 2019; Butovsky
et al., 2014; Satoh et al., 2016) and highly activated, potentially
degenerative ferritin-positive microglia (Kenkhuis et al., 2021;
Meng et al., 2017; Reinert et al., 2019) were identified in the brain
to predict the prevalence of potentially harmful microglia fol-
lowing PM exposure. Compared with Iba1 staining, which

stained all microglia population in the brain, Tmem119-positive
microglia were predominantly identified in ramified morphol-
ogy and absent around Ab plaques while ferritin-positive micro-
glia were predominantly found around plaques (Supplementary
Figure 2). Tmem119-positive microglia found vicinity in the of
82E1-positive plaques in AppNL-G-F/þ-KI mice were not signifi-

cantly different between the exposures (Figure 8B). However,
nonplaque associated Tmem119-positive microglia were signifi-
cantly reduced in PM-exposed mice (both WT and AppNL-G-F/þ-KI
mice). Likewise, ferritin-positive microglia were increased in the
cortex and the hippocampus of PM-exposed AppNL-G-F/þ-KI mice
compared with filtered air control group (Figure 8C). This was

due to increased Ab plaque burden. No cluster of ferritin-
positive microglia was detected in WT mice, primarily because
of the absence of plaques (Figure 8C). On the other hand,
ferritinþ clusters were present in AppNL-G-F/þ-KI mice, and its
distribution pattern was quite similar to Ab plaques, indicating

that these are clusters of activated microglia around plaques.

Figure 4. Particulate matter exposure does not exacerbate Ab plaque burden in young AppNL-G-F/þ-KI mice. A, Brain sections were stained with 82E1
antibody to detect Ab plaques in AppNL-G-F/þ-KI mice. Representative images of cortical Ab plaque burden from the parietal cortex in AppNL-G-F/þ-KI mice
exposed to filtered air (control, left) and PM (right) are shown. Quantification of Ab plaque burden was calculated and expressed as percentage of the
total measured area occupied by 82E1-positive plaques in the cortex and the hippocampus (graphs on left, n ¼ 8 per group). Soluble Ab42 in the cortical
and the hippocampal tissues was quantified by MSD and expressed in fg/lg protein (graphs on right, n ¼ 6 per group). B, Steady-state levels of full-
length APP in the cortical or hippocampal tissues were detected by immunoblot using CT20 antibody. Relative band intensity for APP was normalized
with tubulin band intensity throughout the samples and expressed in the graph (n ¼ 6 per group). C, App mRNA expression in the cortical tissue was
normalized to Gapdh mRNA and expressed in the graph (n ¼ 6 per group).
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However, ferritinþ area was found to be increased in PM-
exposed AppNL-G-F/þ-KI mice when compared with control AppNL-

G-F/þ-KI mice, but it was not statistically significant (Figure 8C,
top graph). Intriguingly, we found ferritin-positive microglia-like
single cells in the cortex and the hippocampus away from pla-
ques in both WT and AppNL-G-F/þ-KI mice (Figure 8C, arrows).
The number of ferritin-positive single cells were significantly
increased by PM exposure in both genotypes (Figure 8C, bottom

graph). Together, a clear shift from Tmem119-positive microglia
to ferritin-positive microglia following PM exposure could lead
to more neurodegenerative microenvironment in the brain of
these animals.

Lastly, we measured GFAP-positive astrocytes and the extent of
gliosis in the brain. The number of astrocytes and gliosis were sig-
nificantly increased in the cortex, but not in the hippocampus, of
AppNL-G-F/þ-KI mice over WT mice, regardless of exposure

Figure 5. Glial activation was not altered in PM-exposed young AppNL-G-F/þ-KI mice. A, Representative images of microglial marker Iba1 and Ab (82E1)
staining taken from the parietal cortex. Signal intensity was quantified and expressed in the graphs as the mean fluorescent intensity of Iba1 in the
cortex and the hippocampus, respectively (n ¼ 8 per group, scale bars ¼ 100 lm). B, Representative images of astrocytic marker GFAP and Ab (82E1)
staining taken from the parietal cortex. Signal intensity was quantified and expressed in the graphs as the mean fluorescent intensity of GFAP in the
cortex and the hippocampus, respectively (n ¼ 8 per group, scale bars ¼ 100 lm). C, mRNA expressions of pro-inflammatory cytokines Il1b and Il6 in the
cortical tissue were normalized to Gapdh mRNA. Neither Il1b nor Il6 mRNA levels were significantly affected by the exposure status (n ¼ 6 per group).
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(Figure 9A; Supplementary Figure 3). Since the number of GFAP-
positive astrocytes do not accurately reflect their activation status,
we used C3 to estimate the abundance of neurotoxic astrocytes in
mice exposed to PM based on recent reports unveiling neurotoxic
activation of astrocytes (Bonham et al., 2019; Butovsky et al., 2014;
Liddelow et al., 2017; Mathys et al., 2019; Spangenberg et al., 2019;
Wu et al., 2019; Zamanian et al., 2012). C3þ/GFAPþ neurotoxic
astrocytes in cortex were significantly increased in PM-exposed WT
and AppNL-G-F/þ-KI mice when compared with filtered air-exposed
group within the same genotype (Figure 9B), indicating potential
involvement of harmful neuroinflammation elicited by PM expo-
sure in neuronal death and functional decline.

Discussion
We report that exposure to concentrated PM was associated
with decreased performance in both the cortical-dependent rec-
ognition memory and the hippocampus-dependent spatial

memory in young AppNL-G-F/þ-KI mice while preferentially
impairing recognition memory in older WT and AppNL-G-F/þ-KI
mice. These results are consistent with previous reports show-
ing accelerated cognitive decline in animals exposed to PM
(Fonken et al., 2011; Jew et al., 2019; Patten et al., 2021) and fur-
ther supports epidemiologic studies showing detrimental effects

of air pollution on one’s cognitive capacity (Cacciottolo et al.,

Figure 6. Particulate matter exposure accelerates memory impairment and neuronal loss in older WT and AppNL-G-F/þ-KI mice. A, All WT and AppNL-G-F/þ-
KI mice (n ¼ 12 per group, mixed sex) underwent OLM (left), followed by ORM (right) testing starting 3 weeks prior to the end of 12-week PM exposure. A
reduced discrimination index indicates memory impairment by each test. Bars represent mean values with error bars expressed as standard error of the
mean. Blue lines and asterisks indicate genotype-dependent differences (WT vs AppNL-G-F/þ-KI), and red lines and asterisks indicate exposure-dependent
differences (filtered air vs PM exposure) detected between the two groups (*p < .05). B, Graphs represent the number of NeuNþ neurons in the CA1
hippocampus (left) and entorhinal cortex (right). C, Graphs represent the number of neurons by Nissl staining in the CA1 hippocampus (left) and
entorhinal cortex (right). Each NeuN and Nissl staining was performed in 2 separate brain sections per animal. Red line and asterisk indicate an exposure-
dependent change in the neuronal counts (n ¼ 5–6 animals per group, *p < .05).

Kilian et al. | 183

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/193/2/175/7131105 by U

niversity of C
alifornia, Irvine user on 18 January 2024

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad036#supplementary-data


Figure 7. Amyloid-b plaque burden is exacerbated by PM exposure in old AppNL-G-F/þ-KI mice. Brain sections were stained with 82E1 antibody and
Thioflavin S to detect diffuse and dense core Ab plaques in AppNL-G-F/þ-KI mice. A, Representative images of Ab plaque burden detected by 82E1
antibody and Thioflavin S from the parietal cortex (left) and CA1 region of the hippocampus (right) in AppNL-G-F/þ-KI mice exposed to filtered air or PM.
Quantification of plaque burden by these 2 stained images is expressed as the percentage of the total measured area occupied by plaques (n ¼ 6 per
group, scale bars ¼ 100 lm, *p < .05 or **p < .01). B, Steady-state levels of full-length APP in the cortical or hippocampal tissue were detected by
immunoblots and expressed as the mean 6 S.E.M with band intensity normalized using GAPDH (n ¼ 4 per group). C, App mRNA expression in the cortex
was measured by qPCR and normalized with Gapdh mRNA (n ¼ 4 per group).
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Figure 8. Degenerative microglia activation is increased by PM exposure in both WT and AppNL-G-F/þ-KI mice. A, Brain sections were stained with Iba1
antibody to detect microglia. Area covered by Iba1 staining was quantified in the cortex (left) and the hippocampus (right) separately and compared
among the groups. Graphs represent the mean 6 S.E.M. (n ¼ 5 per group). Blue lines and asterisks indicate genotype-dependent differences (WT vs
AppNL-G-F/þ-KI) while red lines and asterisks indicate exposure-dependent differences (filtered air vs PM exposure) detected between the 2 groups (**p <
.01, ****p < .0001). B, Brain sections were costained with Tmem119 (dark blue/black) and Ab plaques (82E1 antibody, brown). Tmem119þmicroglia were
analyzed around plaques (ie, dotted circle, top graph) or away from plaques (ie, dotted square, bottom graph) in the cortex. Graphs represent the mean
6 S.E.M (n ¼ 5–6 per group, *p < .05). C, Area covered by ferritinþmicroglia were quantified in the brain of AppNL-G-F/þ-KI mice (n ¼ 5 per group). Arrows
in magnified images indicate representative ferritin-positive microglia-like single cells in each group. Top graph shows area covered by ferritin-positive
staining in both the cortex and the hippocampus, and bottom graph shows the average number of ferritin-positive single cells in the cortex and
hippocampus of each group (n ¼ 5 per group, *p < .05, **p < .01 between the indicated groups).
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2017; Carey et al., 2018; Harris et al., 2015; Jedrychowski et al.,
2015; Lin et al., 2017; Shi et al., 2020; Weuve et al., 2012; Zhang
et al., 2018). We show that 12-week PM exposure exacerbated
AD-related neuropathology, neuronal loss, and glial activation
when animals were exposed at a later age. Potentially harmful
transformation and activation of microglia and astrocytes, as
indicated by reduced Tmem119 and increased ferritin immunor-
eactivity in microglia and increased C3 immunoreactivity in
astrocytes, was promoted by PM exposure. Such detrimental
shift of glial activation in the brain may be one of the key

underlying neurotoxic mechanisms elicited by PM and acceler-
ate the progression of AD phenotypes.

Our current findings add several notable features of PM neuro-
toxicity relevant to AD. First, increased Ab plaque burden in old
AppNL-G-F/þ-KI mice following PM exposure is not only consistent
with previous reports in different rodent transgenic models
(Bhatt et al., 2015; Cacciottolo et al., 2017; Patten et al., 2021) but
also validates knowledge that PM exposure exacerbates plaque
development even in brains physiologically expressing APP and
advancing age and pathology may be critically contributing to

Figure 9. Neurotoxic astrocyte activation is exacerbated by PM exposure in AppNL-G-F/þ-KI mice. A, Brain sections were stained with GFAP antibody to
detect astrocytes. Area covered by GFAP staining was quantified in the cortex (left) and the hippocampus (right) separately and compared among the
groups. Graphs represent the mean 6 S.E.M. (n ¼ 5–6 per group). Blue lines and asterisks indicate genotype-dependent differences (WT vs AppNL-G-F/þ-
KI). **p < .01 between the indicated groups. B, Brain sections were costained with GFAP and C3, and nuclei were stained with DAPI. Double positive
GFAPþ/C3þ astrocytes in the cortex were counted and expressed as percent of total GFAPþ cell counts in the graph. Blue lines and asterisks indicate
genotype-dependent differences (WT vs AppNL-G-F/þ-KI) while red lines and asterisks indicate exposure-dependent differences (filtered air vs PM
exposure) detected between the 2 groups (*p < .05, **p < .01, ****p < .0001).
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such change triggered by the environmental risk factor.
Increased Ab deposits in PM-exposed AppNL-G-F/þ-KI mice are
unlikely mediated by elevated expression of App in the brain as
the steady-state levels of full-length APP and App mRNA levels
remain unaltered by the exposure. However, the absence of
increased Ab pathology following exposure to concentrated PM in
young, prepathologic mice as well as memory impairments in
WT animals in the aged group suggests that the mechanisms by
which PM exposure impairs cognitive function are not solely reli-
ant on Ab pathology. Likewise, our results on neuronal loss could
only partly explain accelerated cognitive decline in PM-exposed
AppNL-G-F/þ-KI mice, though our findings are consistent with
recent studies reporting a significant reduction of neuronal cell
density by NeuN, Nissl, or H&E staining and reduced dendritic
spines particularly in the entorhinal cortex, following PM expo-
sure in various rodent models (Cacciottolo et al., 2017; Fonken
et al., 2011; Lee et al., 2021; Patten et al., 2021). It is also worth dis-
cussing whether cognitive tests performed in the end of the expo-
sure period had any impact on AD-like neuropathology in the
brain.

Previous studies, for example, indicate that aberrant inflam-
mation and the loss of BBB integrity are associated with PM expo-
sure and neuropathologic consequences in animal models (Block
and Calderon-Garciduenas, 2009; Calderon-Garciduenas et al.,
2008; Campbell et al., 2009; Fonken et al., 2011; Haghani et al.,
2020; Kleinman et al., 2008; Levesque et al., 2011). Both mecha-
nisms are extensively being studied in AD. In fact, increased
numbers of ambient particulates were found deposited in the
brain of animals following chronic PM exposure (Patten et al.,
2021). The increased permeability across BBB and/or inflamma-
tion elicited by those particulates in the brain are highly feasible
toxic mechanisms of PM and other constituents of air pollution
to promote neurodegeneration. Impaired BBB and microglia func-
tions are also reported to exacerbate Ab buildup in the brain
(Deane et al., 2008; Keren-Shaul et al., 2017; Shibata et al., 2000;
Ulrich et al., 2014), which may explain the increased Ab plaques
observed in older AppNL-G-F/þ-KI mice exposed to PM.

Our current results demonstrate an accelerated transforma-
tion of glial cells from neuroprotective or homeostatic to harmful
phenotypes. Microglia in various neurodegenerative diseases
including AD are recently classified based on their unique tran-
scriptomic signatures as TGFb-dependent homeostatic microglia
and TREM2-dependent degenerative or disease-associated micro-
glia (DAM) (Bonham et al., 2019; Butovsky et al., 2014). Disease-
associated microglia are found to promote pathologic buildup
and propagation of Ab and tau, to increase the frequency of syn-
apse loss, and to promote cognitive decline. More recently using
single-cell RNA sequencing, microglia in the diseased brain are
further divided up to 9 subsets with distinct transcriptomic signa-
tures and coexist throughout the disease course (Morabito et al.,
2021; Olah et al., 2020). The exact role of each subset of microglia
in the disease progression, however, remains to be elucidated.
Similarly, distinct astrocyte activation was also unveiled by tran-
scriptomics. Proinflammatory DAM appears to promote transfor-
mation of homeostatic astrocytes (A0) to neurotoxic phenotypes
(A1), which express high levels of complement C3 within astro-
cytes (Guttenplan et al., 2020; Liddelow et al., 2017). Interestingly,
a recent study unveiled one mechanism by which neurotoxic
astrocytes kill neurons through long-chain saturated lipids in
APOE lipoparticles (Guttenplan et al., 2021). In our study, we
sought to examine the change in the activation state of microglia
and astrocytes following 12-week PM exposure and to assess
whether any association with neuronal loss could be found.

Preliminary evidence using human AD brains shows that high
expressions of ferritin, TREM2, or PU.1 in microglia are associated
with DAM phenotypes (Kenkhuis et al., 2021; Rustenhoven et al.,
2018) while high expression of Tmem119 and several other pro-
teins are found in TGFb-dependent homeostatic microglia (Satoh
et al., 2016). Although our methods detecting potentially different
activation phenotypes of glial cells are limited to immunostain-
ing, we observed decreased prevalence of Tmem119þ microglia,
increased prevalence of ferritinþ microglia and C3þ astrocytes
particularly in cortex of PM-exposed animals at older age. We
believe aging also play a significant role in the vulnerability of
microglia and astrocytes to exogenous stimulants (ie, PM) as nor-
mal aging is sufficient to drive astrocytes towards neurotoxic
phenotypes (Clarke et al., 2018). These findings strongly indicate
that PM can promote microglia and astrocytes towards more
harmful phenotypes leading to neurodegeneration. Additional
studies (ie, transcriptomics approaches) will be required to vali-
date our findings. In addition, the extent of such harmful glial
population is also different in aged animals with or without pla-
ques. Thus, how aging and AD pathology contribute to PM-
induced neurotoxicity is key to better understand the risk of PM
exposure on AD onset.

Our study has several limitations when it comes to transla-
tional significance and relevance to exposure and risk for
humans. The VACES exposure system has several advantages,
such as (1) providing a well-controlled exposure of concentrated
ambient PM collected real-time during animal exposure periods
and (2) providing exposure atmospheres containing toxic PM con-
stituents at ratios consistent with their concentrations in ambi-
ent air, other exposure parameters (ie, duration of exposure
[12 weeks] and the process and application of concentrated PM)
deviate from real-life exposures to ambient air pollution in
humans. Four-day exposure per week reflects typical air pollu-
tion episodes (Kleinman et al., 2005, 2007), and PM concentration
given to animals was within the range of environmentally rele-
vant concentrations for highly polluted areas (56–145 lg/m3)
(Calderon-Garciduenas et al., 2008; Kleinman et al., 2005, 2007;
Moreno et al., 2008). In addition, exposing mice to higher particle
concentrations than average human exposure is still translatable
considering human heterogeneity of sensitivity to exposure,
animal-to-human extrapolation, and the differences in exposure
durations in humans (lifetime) and animal models (less than a
lifetime) (Rees and Hattis, 1994). Intriguingly, a recent animal
study used a mobile trailer equipped with temporary rodent viva-
rium in a heavily polluted site, to achieve environmentally rele-
vant, unprocessed, and unconcentrated ambient air pollution
exposure to the rat model (Patten et al., 2021). Unlike the VACES
and other similar systems providing well-controlled exposure in
the laboratory environment, this approach achieves a mean 24-h
PM2.5 exposure at 15.6 lg/m3, which is close to the US EPA’s
annual air quality standard of 12 lg/m3. Although it is a given
that exposure conditions that match closely to average exposures
of humans are desired from the translational standpoint, despite
the shorter exposure periods, behavioral differences between
rodents and humans, and other limitations, it is still possible to
draw valid translations between animal and human outcomes by
carefully accounting for physiologic and biochemical differences
and using appropriate dosimetry considerations when designing
exposure procedures.

Secondly, particle concentrations during the 2 exposure peri-
ods (young and aged animals) differed due to the exposures being
performed in different seasons of different years. The variability
seen in the PM between these 2 cohorts may be attributed to high
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atmospheric relative humidity levels (particle mass concentra-
tion of PM by VACES averaging 65.4 mg/m3 during the February-
April months) which can decrease the efficiency of the particle
concentrator due to unwanted hygroscopic growth of smaller PM
in ambient environment. The average particle number concen-
tration during the PM exposure in the aged animals was 2 times
the value as in the young animals, but the average mass concen-
trations were constant between the 2 exposures suggesting ambi-
ent PM during the young age exposure was composed of a larger
portion of smaller diameter particles than during the aged cohort
exposure. As PM is typically considered more toxic and better
able to infiltrate the body the smaller the size (Kim, 2001;
Valavanidis et al., 2008), it remains to be examined to what degree
this influenced the changes observed in AD phenotypes in
AppNL-G-F/þ-KI mice.

Lastly, our exposure scheme and behavior tests did not
exclude a possibility that the completion of OLM and ORM posi-
tively or negatively affected neuropathology observed in each
animal. However, it is important to note that a single training
session does not affect AD-like pathology but that repeated
behavioral training is necessary to reduce pathology including
memory impairments, plaque burden, insoluble and soluble
amyloid beta, as well as tauopathy (Billings et al., 2007). Other
studies support these results and show that repeated physical or
cognitive stimulation, over several months, alleviate memory
decline, Ab pathology, microgliosis, and rescue the levels of
immediate early genes (Lazarov et al., 2005; Martinez-Coria et al.,
2015; Mehla et al., 2022). In our study, since all animals were
trained in the same way and for a shorter period of time com-
pared with the reports just described, it was not likely that the
behavioral tasks at the end of the exposure period had any signif-
icant impacts on neuropathology and, if any, training would have
reduced pathology similarly in all AppNL-G-F/þ-KI mice and would
not have altered our observations.

In summary, our study echoes previous findings identified in
various animal models showing accelerated AD phenotypes fol-
lowing PM exposure. Additional findings in the activation states
of microglia and astrocytes may provide key insights into under-
standing the neurotoxic mechanisms of PM leading to cognitive
decline and AD. This study suggests age, exposure duration, and
exposure season could be important variables to take into consid-
eration when conducting experiments using ambient PM. It is
critical to recognize that air pollution is one of the prominent
modifiable environmental risk factors in AD onset based on the
recent growing evidence which highlights linkages between air
pollution and AD. Public and environmental regulatory agencies
may need to work to reduce air pollution to prevent further
increase of dementia cases.

Supplementary data
Supplementary data are available at Toxicological Sciences online.
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