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4The MIND Institute, UC Davis School of Medicine, Sacramento, California, USA
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BACKGROUND: Epidemiological data link traffic-related air pollution (TRAP) to increased risk of Alzheimer’s disease (AD). Preclinical data corrobo-
rating this association are largely from studies of male animals exposed acutely or subchronically to high levels of isolated fractions of TRAP. What
remains unclear is whether chronic exposure to ambient TRAP modifies AD risk and the influence of sex on this interaction.

OBJECTIVES: This study sought to assess effects of chronic exposure to ambient TRAP on the time to onset and severity of AD phenotypes in a pre-
clinical model and to determine whether sex or genetic susceptibility influences outcomes.

METHODS: Male and female TgF344-AD rats that express human AD risk genes and wildtype littermates were housed in a vivarium adjacent to a
heavily trafficked tunnel in Northern California and exposed for up to 14 months to filtered air (FA) or TRAP drawn from the tunnel and delivered to
animals unchanged in real time. Refractive particles in the brain and AD phenotypes were quantified in 3-, 6-, 10-, and 15-month-old animals using
hyperspectral imaging, behavioral testing, and neuropathologic measures.

RESULTS: Particulate matter (PM) concentrations in TRAP exposure chambers fluctuated with traffic flow but remained below 24-h PM with aerody-
namic diameter less than or equal to 2.5 micrometers (PM2:5) U.S. National Ambient Air Quality Standards limits. Ultrafine PM was a predominant
component of TRAP. Nano-sized refractive particles were detected in the hippocampus of TRAP animals. TRAP-exposed animals had more amyloid
plaque deposition, higher hyperphosphorylated tau levels, more neuronal cell loss, and greater cognitive deficits in an age-, genotype-, and sex-
dependent manner. TRAP-exposed animals also had more microglial cell activation, but not astrogliosis.

DISCUSSION: These data demonstrate that chronic exposure to ambient TRAP promoted AD phenotypes in wildtype and genetically susceptible rats.
TRAP effects varied according to age, sex, and genotype, suggesting that AD progression depends on complex interactions between environment and
genetics. These findings suggest current PM2:5 regulations are insufficient to protect the aging brain. https://doi.org/10.1289/EHP8905

Introduction
Epidemiological data indicate a strong association between traffic-
related air pollution (TRAP) and increased risk of age-related de-
mentia, including Alzheimer’s disease (AD) (Fu and Yung 2020;
Peters et al. 2019). Although preclinical studies support a causal
relationship between TRAP andAD [reviewed in (Costa et al. 2020;
Haghani et al. 2020a; Kilian and Kitazawa 2018)], significant cav-
eats regarding the exposure paradigms used in prior research com-
plicate translation of these data to the human condition. TRAP is a
dynamic and complex mixture of semivolatile, volatile, and nonvo-
latile components (Ning and Sioutas 2010). However, most animal
studies have tested isolated fractions of TRAP [particulate matter
(PM) or individual gaseous components, or experimentally gener-
ated diesel exhaust], typically using acute or subchronic exposures
to levels of these pollutants significantly above regulatory limits
(Calderón-Garcidueñas and Villarreal-Ríos 2017; Haghani et al.

2020b; Kilian and Kitazawa 2018). Data demonstrating that dose,
composition, and exposure duration influence lung responses to air
pollution (Carosino et al. 2015; Plummer et al. 2015) raise questions
about the translatability of prior preclinical studies to AD risk in
humans chronically exposed to ambient TRAP.

To better validate the epidemiological data, we designed a pre-
clinical study to test the hypothesis that chronic exposure to ambi-
ent TRAP decreases the time to onset and/or exacerbates AD-
relevant phenotypes. Rats were housed from 1 month of age up to
15 months of age in a vivarium adjacent to a heavily trafficked tun-
nel in Northern California. The air in this tunnel contains gases and
particles emitted by vehicular traffic that are inhaled by commuters
daily (Ban-Weiss et al. 2010; Geller et al. 2005) and is representa-
tive of near roadway residential exposures (Kuykendall et al.
2009). Animals were continuously exposed to filtered air (FA) or
TRAP drawn directly from the tunnel and delivered unaltered in
real time. To investigate interactions between TRAP, sex, and
genetic susceptibility, we exposedmale and female wildtype (WT)
F344 rats, a strain previously used to demonstrate that subchronic
exposure to diesel exhaust elicits a neuroinflammatory response
(Levesque et al. 2011a, 2011b), and TgF344-AD transgenic rats
derived from this same strain (Cohen et al. 2013). TgF344 rats
express the human mutant “Swedish” amyloid precursor protein
(APPswe) and Dexon 9 presenilin-1 (PS1DE9) genes, and reca-
pitulate the human progression of key clinical features of AD,
including age-dependent neuroinflammatory responses, cerebral
amyloidosis that precedes tauopathy, loss of neurons in the cere-
bral cortex and hippocampus, and cognitive deficits (Cohen et al.
2013). To monitor the influence of TRAP on AD progression, we
collected tissues from 3-, 6-, 10-, and 15-month-old rats for bio-
chemical and immunohistochemical assays and assessed cogni-
tive behavior in 9.5- and 14.5-month-old animals (Figure 1A).
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Methods

Animals

All animal procedures were performed in compliance with proto-
cols approved by the University of California Davis (UC Davis)
Institutional Animal Care and Use Committee (IACUC), with the
goal of minimizing pain and suffering. Male TgF344-AD rats
were obtained from Emory University to establish a breeding col-
ony at UC Davis. Male and female rats hemizygous for two
human transgenes, APPswe and PSEN1DE9, which are inherited

together in a simple Mendelian fashion, exhibit the full AD phe-
notype (Cohen et al. 2013). Thus, breeding of hemizygous male
TgF344-AD rats with female WT Fischer (CDF) rats (purchased
from Charles River Laboratories) yielded litters of transgenic and
WT animals with genotypes evenly distributed between the
sexes. We synchronously mated 52 females for this project, and
50 litters were successfully produced, yielding a total of 416
pups, with an average of 8 pups per litter. The distribution of ge-
notypes and sex among the 416 pups was: WT females, 103 pups
comprising 24.8% of the total pups; TgF344-AD females, 98
pups comprising 23.5% of the total pups; WT males, 112 pups
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Figure 1. Schematic of experimental design and analyses of particulate matter in TRAP and the hippocampus of TRAP- and FA-exposed animals. (A)
TgF344-AD and WT rats were transported to the tunnel facility at postnatal day 28 (P28) and continuously exposed to TRAP or filtered air (FA) until 3, 6, 10,
or 15 months of age before being transported back to the laboratory for tissue collection. Behavior was performed on-site during the last 2 wk of exposure for
animals euthanized at 10 and 15 months of age. One hemisphere of each brain was used for histological analyses (gray) and the other for biochemical analyses
(maroon: cortex; blue: hippocampus). (B) Characterization of fluctuations in TRAP and FA total particle numbers (left axis, solid and dotted lines) and PM2:5
levels (right axis, dashed and line-dotted lines) by hour of week. Data represent the mean (n=1,222–5,849 for PM2:5 and n=119–140 for particle number).
Study PM2:5 concentrations (C) and particle diameter (D) in FA and TRAP exposure chambers (n=1,222–5,849 and n=119–140 for C and D, respectively).
(E) Representative hyperspectral images of refractive particles in the hippocampus of 6-month-old females; arrowheads point to refractive particles.
Bar = 20 lm. (F) Number of particles in the hippocampus per unit area as a function of age (n=10–12 animals). (G) Mean diameter and (H) maximum hyper-
spectral intensity of refractive particles in the hippocampus (all ages combined) (n=44–48 animals/group). Data in C, D, and F–H represent mean± SD F–H:
Data from male and female animals were combined because no significant sex differences were identified. (C–D): *Significantly different from FA control as
determined using independent two-sample t-test. (F–G): *Significantly different from FA control; #significantly different from TRAP-exposed WT as deter-
mined using two-way ANOVA with post hoc Sidak’s test, p<0:05. For specific values, see Table S4. Note: ANOVA, analysis of variance; FA, filtered air;
PM, particulate matter; PM2:5, PM with an aerodynamic diameter ≤2:5 lm; SD, standard deviation; TRAP, traffic-related air pollution; WT, wildtype.
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comprising 26.9% of the total pups; and TgF344-AD males, 103
pups comprising 24.8% of the total pups. We used a random
number generator to randomly assign pups to the 8 experimental
groups (Male/Female, WT/Tg, FA/TRAP), with a sample size of
45 pups per group. In total, 360 pups were transported to the tun-
nel, 90 pups for each sex–genotype combination. At postnatal
day 2 (P2), pups were tattooed with coded identification numbers
using nontoxic animal tattoo ink (Ketchum Manufacturing Inc.).
Pups were genotyped at P8 as previously described (Cohen et al.
2013) and weaned at P21. For each sex, TgF344-AD and WT
animals were numbered sequentially, the sequence was random-
ized, and animals were alternately allocated to either TRAP or
FA groups in sex-separated cages. At ∼P28, animals were trans-
ported to the tunnel and housed in an onsite vivarium approved
by the UC Davis IACUC. The tunnel vivarium, which has been
previously described (Berg et al. 2020; Edwards et al. 2020;
Patten et al. 2020), was maintained under controlled environmen-
tal conditions (20°–26°C, 12:12 light:dark cycle) with food
(Envigo Global 18% Protein Rodent Diet) and tap water provided
ad libitum. A subset of animals was tested for cognitive behavior
on site after 9.5–10 or 14.5–15 months of age. At 3, 6, 10, and 15
months of age, subsets of animals were transported back to the
UC Davis campus and then euthanized 18 h later to collect tis-
sues. While at UC Davis, the animals were housed in an IACUC-
approved rodent vivarium at the UC Davis Center for Health and
the Environment (CHE). The husbandry conditions and proce-
dures at CHE were the same as those at the tunnel facility, with
the following exceptions: absence of background traffic noise
and vibration, exposure to standard vivarium air, and all cages
were housed within the same room/space.

Animal Exposures
TRAP animals were continuously exposed to air drawn from a
tunnel bore that permitted both light- and heavy-duty vehicles.
TRAP was delivered unchanged in real time to exposure cham-
bers within the tunnel vivarium. FA control animals were
exposed to background ambient air collected from a storage shed
immediately adjacent to the vivarium that was subjected to multi-
ple emission control technologies to remove residual air pollu-
tants as previously described (Edwards et al. 2020). Emissions
controls used to purify FA included coarse filtration for removing
large debris and dust, inline activated carbon for removing vola-
tile organic compounds (VOCs), barium oxide-based catalytic
converters for removing nitrogen oxides (NOx), and a 6-port
ultrahigh-efficiency particle filtering system for removing ultra-
fine [PM with aerodynamic diameter less than or equal to 10
micrometers (PM10), fine [PM with aerodynamic diameter less
than or equal to 2.5 micrometers (PM2:5)], and coarse mode PM;
see Supplemental Materials, “Tunnel Exposure Facility” and
Edwards et al. (2020) for further details on the exposure facility.
The airflow rate in the exposure chambers was 35 cubic feet per
min, in accordance with IACUC specifications.

TRAP Characterization
TRAP was characterized as previously described (Edwards et al.
2020; Patten et al. 2020). Briefly, we performed a combination of
real-time measurements and off-line analyses of PM filter sam-
ples. Particle size distribution was measured at 3-min resolution
via a Scanning Mobility Particle Sizer (Model 3938; TSI Inc.);
PM1, PM2:5, PM10, and total suspended particle (TSP) mass con-
centrations were obtained at 5-s resolution using a DustTrak™
DRX Aerosol Monitor (Model 8533; TSI Inc.).

Biochemical Analyses
Rats were anesthetized using 4% isoflurane (Southmedic Inc.) in
a 2:1 mixture of medical-grade air and oxygen delivered at a rate
of 1:5 L=min. Whole blood was collected from the heart via car-
diac puncture into serum separator tubes (Becton-Dickinson) and
allowed to stand for 30 min at room temperature before centrifu-
gation at 1,500× g for 10 min to collect serum, which was imme-
diately frozen and stored at −80�C. Immediately after collection
of blood, rats were transcardially perfused with 100 mL of cold
0:1 M phosphate buffered saline (PBS; pH 7.2, 137mM NaCl,
10mM sodium phosphate dibasic, 1:8mM potassium phosphate
monobasic) at a rate of 15 mL=min using a Masterflex® peristaltic
pump (Cole Parmer). After removal from the skull, brains were
bisected sagittally using a stainless-steel rat brain matrix (Zivic
Instruments). The hippocampus, cortex, and cerebellum were
microdissected from the left hemisphere and flash frozen for bio-
chemical analyses. Samples were stored at −80�C until further
processed.

Ab peptides were isolated from ∼ 100 mg frozen cortical tis-
sue using a two-step extraction method (Johnson-Wood et al.
1997) to obtain the detergent-soluble (Triton-soluble) and the
guanidine hydrochloride (GuHCl) fractions. The Ab level in each
sample was normalized to total protein in the sample using a
bicinchoninic acid (BCA) assay (Pierce Biotechnology). Levels
of Ab1–40, 1–42 were quantified using human sandwich enzyme-
linked immunosorbent assays (ELISAs) (Cat no. KHB3481,
KHB3441, respectively; Invitrogen) in accordance with manufac-
turer’s recommendations.

Phosphorylated tau was quantified in the crude pellet and
sarkosyl-insoluble fractions of ∼ 100 mg cortical tissue by west-
ern blotting as previously described (Cohen et al. 2013). Next,
60 lg of total protein per sample, determined using a commercial
BCA assay (Pierce), was run on 10% Bis-Tris gels (ThermoFisher
Scientific) and transferred to PVDF membranes (Invitrogen).
Membranes were blocked for 1 h at 4°C in blocking buffer com-
posed of 5% wt/vol dry powdered milk in Tris-buffered saline
(TBS; 50mM Tris, 150mM NaCl, pH 7.4) and then incubated
overnight at 4°C with primary antibodies diluted in blocking
buffer. These included antibodies specific for paired helical frag-
ment-1 (PHF1) (mouse monoclonal, 1:100, gift of Peter Davies,
Albert Einstein College of Medicine) (Greenberg et al. 1992) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; mouse
monoclonal, 1:2000; Cat No. 2118, Cell Signaling). After three
washes in TBS with 0.03% vol/vol Triton™ X-100, membranes
were incubated for 1 h at room temperature with Li-Cor® infrared
secondary antibodies (Li-Cor, Inc.) diluted 1:10,000 in TBS. After
three additional washes in TBS, membranes were imaged on an
Odyssey® Li-Cor® Imaging System (Li-Cor). After stripping with
3 × 10min incubations in a solution of 1.5% wt/vol glycine, 0.1%
wt/vol SDS, 1% vol/vol Tween 20 in distilled water, membranes
were blocked and reprobed using a total tau antibody (Cat. No.
MAB3420, 1:500; Chemicon). Band densities were measured
using ImageJ, and relative levels of phosphorylated tau were nor-
malized to total tau and to GAPDH.

Immunohistochemical Analyses
For immunohistochemical analyses, the right hemisphere of the
brain from perfused animals was cut into 2-mm coronal blocks
and fixed in 4% wt/vol paraformaldehyde (PFA; Sigma
Chemical) in 0:1 M phosphate buffer (pH 7.2, 10mM sodium
phosphate dibasic, 1:8mM potassium phosphate monobasic) for
24 h at 4°C. After 3 × 5min washes in PBS, blocks were sunk in
30% wt/vol sucrose (ThermoFisher Scientific) in PBS for 1 wk,
before being embedded in Optimal Cutting Temperature (OCT)
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compound (ThermoFisher Scientific) and flash frozen in a bath of
dry ice and methanol. Cryosections 10 lm thick were obtained
from frozen PFA-fixed brain blocks as previously described
(Patten et al. 2020). For each animal, three or four sections from
the dorsal hippocampus (Bregma −3:3 to −4:2; confirmed using
a photographic atlas of the rat brain) were immunostained as pre-
viously described (Patten et al. 2020) using the antibodies
described in Table S1. The one exception was that sections im-
munostained for PHF1 were blocked in 5% wt/vol nonfat dry
milk (Millipore) in TBS. To eliminate lipofuscin autofluores-
cence in animals 10 or 15 months of age, sections were counter-
stained with the autofluorescence quencher TrueBlack (Biotium),
in accordance with manufacturer’s instructions. Sections were
mounted in ProLong™ Gold with 40,6-diamidino-2-phenylindole
(DAPI) (ThermoFisher Scientific). Negative controls were simi-
larly processed, except blocking bufferwas used in place of primary
antibody. For Thioflavin S (ThioS) analyses, fixed brain sections
were stained with 0.02% wt/vol Thioflavin S (Sigma Chemical) in
water for 8 min and then de-stained with 50% vol/vol ethanol
(ThermoFisher Scientific) for 3 × 1min. Slides were mounted in
ProLong™Goldwithout DAPI (ThermoFisher Scientific).

Fluorescence Imaging and Analysis
An investigator blinded to experimental group performed image
acquisition and analyses. Fluorescent images were acquired using
a 20× objective on an ImageExpress MicroXLS High-Content
Analysis System using MX6 software (Molecular Devices), or in
the case of PHF1, a 60× objective on an Olympus IX81 inverted
fluorescent microscope with a mounted DSU Spinning Disk
Confocal Scanner (Olympus Life Science Solutions).

Fluorescence intensity twice the background fluorescence in
negative control samples was considered positive for each bio-
marker. For analyses of cluster of differentiation 68/ionized cal-
cium-binding adapter molecule 1 (CD68/IBA1) co-labeling, we
used secondary wavelengths of 488 and 594, respectively. Nine
overlapping image tiles were stitched together using MX6 software
to create final images for brain regions of interest (dentate gyrus,
cornu ammonis 1 (CA1), cornu ammonis 3 (CA3), thalamus, ento-
rhinal cortex, and cerebellum).OC, ThioS, glial fibrillary acidic pro-
tein (GFAP), neuronal nuclei (NeuN), and PHF1 images were
analyzed using ImageJ [version 1.8.0; National Institutes of Health
(https://imagej.nih.gov/ij/)], and datawere averaged for each animal
(n=5–6) across all imaged sections (n=3–4 per animal) for each
region. GFAP, OC, and ThioS fluorescence was quantified as the
percent immunopositive area within the region of interest. ThioS+
deposits were also counted and measured for area and diameter
using Image J, as previously described (Guillot-Sestier et al. 2015).
For NeuN and IBA1, immunopositive cells were counted using
automated ImageJ analyses, using a constant region of interest for
each image. Fluorescent images of sections co-labeled for CD68
and IBA1 were converted into binary masks for IBA1 and CD68
channels, using MatLab (version 2014b; MATLAB). CD68 inten-
sitywas then quantified for the areawithin each IBA1+ cellmask.

Hyperspectral Imaging of Refractive Particles
To assess refractive particle deposition, 5 lm thick PFA-fixed
brain sections were imaged using a CytoViva Hyperspectral
Imaging System (CytoViva Inc.) as previously described (Austin
et al. 2016; Meyer et al. 2010). Briefly, this method uses oblique-
angle lighting to analyze the visible and near-infrared spectrum
of each pixel within a field of view. Metallic particles have high
light-scattering capability, so they appear reflective in a biologi-
cal matrix (Austin et al. 2016; SoRelle et al. 2016). Tissue itself
has variable refractive intensity, and contaminants such as dust

can appear refractive. Therefore, we first imaged brain sections
from naïve WT rats that never lived at the exposure facility to es-
tablish a baseline threshold intensity. Brain sections from TRAP
and FA animals were imaged using a constant exposure setting
for all animals. To analyze the number of refractive particles per
image section, we used the automated particle filter setting in the
CytoViva® ENVI software (version 4.8; CytoViva, Inc.). The
threshold spectral maximum intensity was set at 3,500, and all
particles were measured for their size and maximum spectral in-
tensity. All imaging for particle diameter measurements was per-
formed at 100× magnification, and all images were acquired by a
reviewer blinded to experimental group.

Cued and Contextual Fear Conditioning
Cued and contextual fear conditioning assays were initiated at the
tunnel facility in 9.5- and 14.5-month-old animals using an auto-
mated fear conditioning chamber (MedAssociates, Inc.), as previ-
ously described (Berg et al. 2020). Briefly, rats were trained on
day one with three tone-shock pairings of 30 s of white noise at
80 dB and a 2-s foot shock of 0:7mA. Contextual conditioning
was assessed on day 2, and cued conditioning on day 3. Average
motion index was measured automatically using VideoFreeze®
software (version 2.7; MedAssociates).

Statistical Analyses
All statistical analyses were performed using GraphPad Prism sta-
tistical software (version 7.03; GraphPad Software). Although our
primary goal was to determine the effect(s) of TRAP exposure on
AD-relevant outcomes, we also wanted to determine whether these
effects were influenced by genotype or sex. Therefore, we per-
formed three-way analysis of variance (ANOVA) to determine
whether sex, genotype, exposure, or an interaction between these
factors affected relevant outcomes. If we found a specific effect of
sex or genotype, post hoc analyses were performed separately on
males vs. females or onWT vs. TgF344-AD groups. Post hoc test-
ing was performed using Sidak’s test with correction for multiple
comparisons. For astrocyte and microglia analyses, we also per-
formed one-way ANOVA to determine the effect of age. For end
points in which we determined that there was no effect of sex, we
combined data for males and females. All data were analyzed by
an investigator blinded to experimental group. Data are presented
as mean± standard deviation ðSDÞ, unless otherwise noted. A
p-value <0:05was considered significant.

Results

TRAP Exposure Characterization
Total particle number and PM2:5 mass concentrations fluctuated
throughout the week, mirroring traffic flow (Figure 1B). Total
particle numbers in the TRAP chambers were 10- to 100-fold
higher than in FA chambers. Measurement of particle mass con-
centrations in the air delivered to the exposure chambers indi-
cated mean 24 h PM2:5 levels were 15:6± 3:7lg=m3 in TRAP
and 0:25± 0:11lg=m3 in FA (Figure 1C), well below the U.S.
24-h PM2:5 National Ambient Air Quality Standard of 35lg=m3.
Average particle diameters in the TRAP and FA chambers were
33± 4 nm and 46±7 nm, respectively (Figure 1D).

Refractive Particle Analyses in Brain Tissue
We used hyperspectral imaging to look for refractive particle
deposition throughout the brain. Numerous refractive particles
were present in the hippocampus of TRAP animals (Figure 1E).
In this brain region, there were no sex differences in either
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genotype at any time point [Fð1,80Þ=2:45, p=0:12], so we col-
lapsed analyses across sex. This analysis revealed a significant
effect of age by three-way ANOVA [Fð3,176Þ=3:50, p=0:016],
and a significant interaction between genotype and exposure
[Fð1,176Þ=16:83, p<0:0001]. Subsequent independent analyses
at each age indicated that TRAP-exposed animals had higher parti-
cle numbers in the hippocampus than FA rats at all ages (Figure
1E,F). Two-way ANOVA showed that TRAP had a significant
main effect on particle number in the hippocampus at 3, 10, and
15 months of age [3 months: Fð1,40Þ=30:51, p<0:0001; 10
months: Fð1,44Þ=21:49, p<0:0001; 15 months Fð1,44Þ=14:68,
p=0:0004]. There was also a significant main effect of genotype
at 15 months [Fð1,44Þ=9:378, p=0:0037]. In addition, there was
an interaction between exposure and genotype at 6 months
[Fð1,44Þ=11:56, p=0:0014]. Post hoc analyses showed that
TRAP-exposed WT and TgF344-AD animals had significantly
higher particle numbers relative to genotype-matched FA controls
at 3 months (Sidak’s test, p=0:0003 and p=0:0015, respec-
tively), and in TgF344-AD animals at 6, 10, and 15 months
(Sidak’s test, 6 months: p<0:0001; 10 months: p=0:0006; 15
months: p=0:0011). TRAP-exposed TgF344-AD rats also had
higher particle numbers in the hippocampus than TRAP-exposed
WT rats at 6 and 15 months (Sidak’s test, 6 months: p<0:0001;
15 months: p=0:0055). There were no significant group differ-
ences in particle diameter, and the mean diameter of refractive
particles in the hippocampus was 30.09, similar to that of par-
ticles measured in TRAP (Figure 1G). However, the refractive
index of particles was higher in brain tissue of TRAP-exposed
rats in comparison with FA controls across genotype and age
(Figure 1H).

Hyperspectral imaging of the frontal cortex, thalamus, and
cerebellum of TRAP-exposed and FA animals indicated much
lower concentrations of particles in these brain regions relative to
the hippocampus (Figure 2A,B). No significant main effects for
exposure or genotype were detected in any brain region at any
age, with the exception of a significant effect of exposure at 15
months in the frontal cortex [Fð1,43Þ=5:278, p=0:027] (Figure
2B). Post hoc analysis indicated that the frontal cortex of 15-
month-old TgF344-AD animals exposed to TRAP had signifi-
cantly more particles than FA controls (Sidak’s test, p=0:037).

We focused additional particle characterization on the hippo-
campus because particle deposition was highest in this brain
region, and there were very few total particles detected in the
other brain regions examined. Analysis of particle diameter by
three-way ANOVA indicated no significant main effects of age,
exposure, or genotype [age: Fð3,132Þ=1:377, p=0:25; expo-
sure: Fð1,132Þ=0:0017, p=0:97; genotype: Fð1,132Þ=0:606,
p=0:47)] (Figure 2C). Analysis of mean refractive index also
showed no differences by age or genotype [age: Fð3,129Þ=1:35,
p=0:26; genotype: Fð1,129Þ=3:74, p=0:055]; however, there
was a significant effect of exposure [Fð1,129Þ=95:77, p<0:0001],
with TRAP-exposed animals having a higher mean maximum parti-
cle intensity than FA animals (Figure 2D).

Effects of TRAP on Cognitive Behavior, Neuronal Cell Loss,
and Hyperphosphorylated Tau
Cognitive behavior was tested at the tunnel facility using cued and
contextual fear conditioning assays. In 10-month-old animals, there
was an effect of sex on contextual fear conditioning as determined
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by three-way ANOVA [F ð1,88Þ=0:872, p=0:03], with males
performing worse than females (Figure 3A). However, there were
no effects of sex, genotype, or exposure on cued fear conditioning
(Figure S2A). At 15months, exposure, sex, and genotype interacted
to impair performance in fear conditioning [Fð1,88Þ=5:091,
p=0:027]. In post hoc analysis, TRAP-exposedWTmales showed
impaired recognition of the fear conditioning context in comparison
with FA WT males (Sidak’s test; p=0:034) (Figure 3B). In cued
fear conditioning, there was an effect of genotype [Fð1,88Þ=5:860,
p=0:018], with TgF344-AD rats demonstrating impaired learning
and memory in comparison with WT rats. However, there were no
effects of sex or exposure (Figure S2B).

Neuronal cell loss, a pathological hallmark of AD, is reported
to occur by 10 months in the TgF344-AD model (Cohen et al.
2013). We did not observe any sex-specific effects by three-way
ANOVA [CA1: Fð1,32Þ=0:08006, p=0:78; EC: Fð1,34Þ=1:349,
p=0:25], so we collapsed analyses by sex. At 10 months, we saw
greater neuronal cell loss in the entorhinal cortex (EC; Figure 3C) and
hippocampal CA1 regions of TgF344-AD animals (Figure S2C) in
comparison with WT [EC: Fð1,38Þ=17:67, p=0:0002; CA1:
Fð1,36Þ=6:602, p=0:015] but no TRAP-specific effects. However,
at 15 months, we found that TRAP exacerbated neuronal cell loss in
both WT and TgF344-AD animals in the EC region (Sidak’s test;
TgF344-AD: p=0:049, WT: p=0:006) (Figure 3D). The CA1
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region showed no TRAP-specific effects at 15 months, but TgF344-
AD animals had significantly fewer neurons than WT animals
[F ð1,36Þ=6:602, p=0:015] (Figure S2D).One caveat of these stud-
ies is that we analyzed neuronal cell density using an automated image
analysis and quantification method rather than stereological counting.
However, the original characterization of the TgF344-AD rat used
stereology to demonstrate that at 16 months of age, TgF344-AD rats
had 23% fewer neurons than age-matched WT rats (Cohen et al.
2013). We observed that 15-month-old TgF344-AD rats exposed to
FA had 13% fewer neurons than age-matchedWT rats exposed to FA.
Therefore, although the actual numbers we report may not be as accu-
rate as stereological data, we feel confident that the comparative out-
comes are accurate.

Consistent with prior characterization of the TgF344-AD rat
(Cohen et al. 2013), at 15months, we observed significantly higher
levels of PHF1 immunoreactivity in the hippocampus of TgF344-
AD animals in comparison with WT animals (Figure 3E,F).
Consequently, we analyzed TgF344-AD and WT animals sepa-
rately to determine whether TRAP affected PHF1 reactivity.
In WT animals, there was a significant effect of exposure
[Fð1,20Þ=6:831, p=0:017], and post hoc analysis showed this
reflected higher PHF1 immunoreactivity in male TRAP animals
(Sidak’s test; p=0:024). Although the PHF1 inclusions in WT
male animals did not resemble the typical morphology of neurofi-
brillary tangles (Greenberg and Davies 1990), elevated PHF1 im-
munoreactivity was not seen in any other WT group. PHF1
inclusions in TgF344-AD animals were adjacent to plaques and/or
dystrophic neurites, as previously described (Morrone et al. 2020).
In TgF344-AD animals, we did not observe any effect of sex or ex-
posure on PHF1 immunoreactivity (Figure 3F). We also did not
detect any PHF1 immunoreactivity at ages earlier than 15 months
(data not shown). To confirm the PHF1 immunohistochemical
results, we performed western blot analyses of phosphorylated tau
(Figure 3G,H). TRAP exposure resulted in higher PHF1:total tau
levels in 15-month-old WT males’ levels relative to FA controls
(Sidak’s test, p<0:0001) (Figure 3H). Total tau levels were also
significantly higher in TRAP-exposed WT males at this age rela-
tive to FA WT males (Sidak’s test, p<0:01) (Figure S2E). No
TRAP effects were observed in any other group.

Effects of TRAP on Ab Proteinopathy
As another indicator of AD progression, we measured Ab immu-
noreactivity (Figure 4A–D). The amyloid precursor protein
(APP) differs in key amino acids between rodents and humans;
thus, the rodent form of APP does not aggregate or typically
form plaques (Tambini et al. 2020; Zhu et al. 2019). Consistent
with this, we did not observe plaques in WT animals under any
condition (data not shown). Therefore, we confined Ab analyses
to TgF344-AD rats. Plaque measurements can differ based on
aggregation state (Hatami et al. 2014; Kayed et al. 2007), so we
performed immunohistochemistry (IHC) analyses using the antia-
myloid fibril antibody clone OC (Kayed et al. 2007) (Figure 4A)
and the fluorescent dye Thioflavin S (ThioS, Figure 4B), which
recognizes beta sheet-rich structures and is widely used for Ab
plaque analyses (Rostagno and Ghiso 2009). We focused our
analyses on the EC and hippocampal subregions because these
brain regions are important in learning and memory and are impli-
cated in AD pathogenesis (Morrone et al. 2020). Because Ab accu-
mulates in the brain over time, we analyzed each age separately. At
3 months, four out of six TRAP-exposed TgF344-AD female rats
showed Ab deposition in the hippocampus dentate gyrus (DG)
(Figure 4A) and the EC (Figure 4B), whereas no plaques were
detected in any other group. To reduce animal-to-animal variability
in plaque deposition location, all quantitative analyses for OC and

ThioS used summed analyses from the hippocampal subregions
and EC.

For OC analyses of TgF344-AD rats (Figure 4C), we
observed a significant interaction between exposure and sex at 3
months [Fð1,20Þ=5:691, p=0:027], with post hoc analysis indi-
cating that TRAP-exposed females had more plaques compared
with FA controls (Sidak’s test; p=0:006). At 6 months there was
also a significant interaction between exposure and sex
[Fð1,19Þ=7:135, p=0:015], and post hoc analysis showed that
TRAP males had more plaques compared with FA controls
(Sidak’s test; p=0:002). In 10-month-old animals, there was no
effect of TRAP in either sex. However, by 15 months, there was
a significant effect of exposure [Fð1,17Þ=14:03, p=0:0016],
with post hoc tests indicating TRAP-exposed males and females
both had elevated OC levels compared with FA controls (Sidak’s
test, female: p=0:044; male: p=0:026).

For ThioS analyses in TgF344-AD rats (Figure 4D), we also
observed a significant interaction between exposure and sex at 3
months [Fð1,20Þ=7:45, p=0:013], with TRAP-exposed females
having higher ThioS immunoreactivity (Sidak’s test, p=0:02). At
6 months, there was an interaction between sex and exposure
[Fð1,17Þ=7:003, p=0:017], with post hoc analysis showing
TRAP-exposed males had higher ThioS (Sidak’s test, p=0:001).
At 10 months, there were no effects of TRAP or sex; however, by
15 months there was an effect of both exposure [Fð1,19Þ=21:46,
p=0:0002] and sex [Fð1,19Þ=4:510, p=0:047], with both male
and female TRAP-exposed animals having higher ThioS staining.

To further investigate Ab proteinopathy in response to TRAP, we
quantified ThioS plaque size and density in 15-month-old TgF344-
AD rats, when both sexes showed effects of TRAP.We found TRAP
females had larger plaques than FA controls [sex: Fð1,20Þ=4:598,
p=0:045; exposure: Fð1,20Þ=8:369, p=0:009, post hoc Sidak’s
test, p=0:004; Figure 4E], whereas TRAP-exposed males had more
plaques than FA controls [sex: Fð1,20Þ=6:951, p=0:016; expo-
sure: Fð1,20Þ=7:547, p=0:012), post hoc Sidak’s test, p=0:043;
Figure 4F]. To address the question of whether TRAPwas increasing
Ab deposition across the brain nonspecifically, or specifically in AD-
relevant regions, we performed a regional analysis of Ab deposition
in 15-month-old TgF344-AD rats. ThioS plaques were predominantly
present in the DG, CA1, CA3, and EC. Very limited ThioS positivity
was seen in the thalamus or cerebellum (Table S2 andFigureS3).

APP is cleaved into Ab peptides of different lengths that have dif-
ferent physiological and pathological properties (Li et al. 2006), so
we asked whether TRAP or sex changed the ratio of Ab1–42 to
Ab1–40, a metric that may better predict cognitive status than either
peptide alone (Bolduc et al. 2016). We quantified Ab42:Ab40 in
triton-soluble and Gu-HCl-soluble fractions of cortical tissue from
TgF344-AD rats, and normalized results to 3-month-old females.We
found that in the triton-soluble fraction, there was a significant effect
of sex at 6 months [Fð1,20Þ=5:584, p=0:028], with males exhibit-
ing higher Ab42:Ab40 levels than females (Figure 4G). At 10months,
there was a significant effect of exposure [Fð1,20Þ=4:499,
p=0:047], and post hoc tests showed this was specific to TRAP
males (Sidak’s test; p=0:015). At 15 months, there was a significant
effect of both exposure and sex [Fð1,19Þ=11:87, p=0:0027 and
Fð1,19Þ=15:09, p=0:001, respectively]. Post hoc analysis showed
that both male and female TRAP-exposed animals had higher
Ab42:Ab40 ratios compared with sex-matched FA controls (Sidak’s
test, p=0:033, p=0:038, respectively). In the GuHCl fraction, there
were no significant effects of TRAPor sex at any age (Figure S3).

Effects of TRAP on Neuroinflammation
To evaluate TRAP effects on neuroinflammation, we quantified
astrogliosis and microglia activation in the EC and hippocam-
pus. For astrogliosis, we quantified GFAP immunoreactivity
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(Figure 5A). There was a significant effect of sex by three-way
ANOVA at 6, 10, and 15 months: At 6 months, Fð1,35Þ=5:717,
p=0:022; at 10 months, Fð1,38Þ=6:484, p=0:015; and at 15
months, Fð1,40Þ=5:242, p=0:027; therefore subsequent analy-
ses were separated by sex (Figure 5B,C). Genotype, but not
TRAP, altered GFAP immunoreactivity in males and females
(Figure 5B). Specifically, 6- and 10-month-old TgF344-AD
females expressed more GFAP than WT females (6 months:
p=0:021, 10 months: p=0:032), but there were no effects of
TRAP. In female animals, age affected GFAP [Fð3,86Þ=17:15,
p<0:0001], with higher levels of GFAP at 15 relative to 10
months (Sidak’s test, p=0:046) and at 6 relative to 3 months
(p=0:002). There was no difference in GFAP between 6 and 10
months (p=0:33). In males, TgF344-AD had elevated levels of
GFAP compared with WT at all ages (Sidak’s test, 3 months:
p=0:0013, 6 months: p=0:0016, 10 months: p=0:0033, and 15
months: p=0:0001), but there were no effects of TRAP (Figure
5B). Age also affected GFAP in males [Fð3,89Þ=19:74,
p<0:0001], with higher levels at 15 months relative to 10
months, and at 6 months relative to 3 months (Sidak’s test,
p<0:0001 and p=0:049, respectively). There was no difference
in GFAP between 6 and 10 months (p=0:56).

We assessed microgliosis by co-labeling brain sections with
IBA1, a biomarker of microglia, and CD68, a biomarker of

phagocytic microglia (Figure 6A). The percentage of IBA1+ cells
that were also CD68+ were quantified in summed hippocampal
subregions and the EC and normalized to levels in 3-month-old
WT FA females (Figure 6B). There was a significant effect of sex
by three-way ANOVA at 6 and 15 months; at 6 months:
[Fð1,35Þ=21:56, p< :0001]; at 15 months: [Fð1,37Þ=16:20,
p=0:0003]; thus, additional analyseswere separated formales and
females. At 3 months, there was a significant effect of TRAP in
females [Fð1,16Þ=8:39, p=0:0105], but not males. At 6 months,
females showed an interaction between genotype and exposure
[Fð1,17Þ=4:713, p=0:044], and post hoc analysis showed TRAP
exposure resulted in higher CD68+=IBA1+ percentages in
TgF344-AD relative to FA controls (Sidak’s test; p=0:048). At 6
months,male TgF344-AD rats also had higher CD68+=IBA1+ per-
centages relative to WT [Fð1,17Þ=28:85, p<0:0001] and TRAP
exposure resulted in higher CD68+=IBA1+ percentages in
TgF344-AD animals (Sidak’s test; p=0:0003). By 10 months,
male TgF344-AD animals had elevated CD68+=IBA1+ levels rel-
ative to WT [Fð1,17Þ=36:94, p<0:0001], but there were no spe-
cific effects of TRAP. In 10-month-old females, there were no
effects of genotype or exposure. Finally, at 15months, there was an
effect of TRAP in females [Fð1,18Þ=32:70, p<0:0001], and post
hoc test showed that TRAP decreased CD68+=IBA1+ levels in
both genotypes (Sidak’s test; WT: p=0:035, TgF344-AD:
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p=0:038). In males, there was an effect of genotype and exposure
[Fð1,19Þ=23:22, p=0:0001; and Fð1,19Þ=12:86, p=0:002;
respectively]. However, TRAP effects were opposite that seen in
females, increasing the percentage of CD68+=IBA1+ cells relative
to FA controls (Sidak’s test; WT: p=0:043, TgF344-AD:
p=0:049) (Figure 6B). Age had a strong effect on CD68+=IBA1+

percentages in both males and females [female: Fð3,81Þ=87:39,
p<0:0001; male: Fð3,81Þ=106:5, p<0:0001], with higher levels
of CD68+=IBA1+ at all ages in each sex (female: 3 vs. 6,
p=0:035; 6 vs. 10, p<0:0001; 10 vs. 15, p=0:002; male: 3 vs. 6,
p=0:016; 6 vs. 10, p<0:0001; 10 vs. 15, p<0:0001).

To determine whether TRAP was changing microglial num-
ber in addition to CD68 status, we measured the number of IBA+
cells across the hippocampus and EC. By three-way ANOVA,
there were no effects of sex at any age; however, we separated
analyses by sex to be consistent with other IBA1 analyses. At 3
and 6 months, three-way ANOVA revealed no effect of genotype
or exposure on IBA1+ cell numbers in males or females (Figure
6C). However, at 10 and 15 months, there was a significant effect
of genotype in females [10 months: Fð1,20Þ=21:40, p=0:0002;

15 months: Fð1,17Þ=12:89, p=0:0023] and males [10 months:
Fð1,20Þ=21:22, p=0:0002, 15 months: Fð1,16Þ=114:7,
p<0:0001]. There were higher microglial cell numbers in both
sexes from 6 to 10 and 10 to 15 months (females: 3 vs. 6,
p=0:36; 6 vs. 10, p<0:0001; 10 vs. 15, p=0:042; males: 3 vs.
6, p=0:66; 6 vs. 10, p<0:0001; 10 vs. 15, p<0:0001).

Discussion
Using an exposure paradigm designed to recapitulate the heteroge-
neity, concentration, and dynamic nature of TRAP experienced by
humans who live near highways and/or commute in heavily traf-
ficked areas, we demonstrated that chronic TRAP exposure accel-
erated and exacerbated phenotypes relevant to AD in not only
genetically susceptible but also wildtype rats (significant changes
are summarized in Table S3). Specifically, TRAP-exposed animals
had shorter time to onset of amyloid plaque formation in TgF344-
AD females and higher levels of amyloid plaques in TgF344-AD
males and females. TRAP caused more neuronal cell loss in WT
and TgF344-AD rats of both sexes, and TRAP-exposedWT males
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had higher levels of hyperphosphorylated tau and impaired learn-
ing and memory relative to FA controls. We observed that TRAP-
exposed animals had more nano-sized refractive particles specifi-
cally in the hippocampus and showed higher CD68/IBA1 reactiv-
ity at early ages. Collectively, our findings corroborated
epidemiologic evidence identifying TRAP as an environmental
risk factor for AD and suggest that TRAP promoted the expression
of AD phenotypes via neuroinflammatorymechanisms.

Our findings extend previous studies demonstrating that TRAP
promotes AD phenotypes in rodent models, including Ab deposi-
tion, neuronal cell loss, and cognitive deficits (reviewed in Costa
et al. 2020; Haghani et al. 2020a; Kilian and Kitazawa 2018).
However, our study differed significantly from prior research with
respect to the duration of exposure (up to 14 months in our study
vs. several weeks or months in prior research), as well as the com-
position and concentration of TRAP to which animals were
exposed. With regard to the latter, with the exception of one study
that examined the effects of ambient air pollution in Santiago,
Chile (Calderón-Garcidueñas et al. 2020), most preclinical
research has focused on neurological effects of isolated fractions

of TRAP. Specifically, PM2:5 (Bhatt et al. 2015; Fonken et al.
2011), nano-sized or ultrafine PM (Cacciottolo et al. 2020, 2017;
Haghani et al. 2020c; Jew et al. 2019; Win-Shwe and Fujimaki
2011; Win-Shwe et al. 2012; Woodward et al. 2017a; 2017b), die-
sel engine exhaust (Akhter et al. 2015; Coburn et al. 2018; Cole
et al. 2016; Hullmann et al. 2017; Levesque et al. 2011a), or NO2
(Yan et al. 2016). The particle mass concentrations of the TRAP
used in those prior studies ranged from 35lg=m3 to 998 lg=m3.
In contrast, the mean 24-h PM2:5 concentrations in the TRAP we
used was 15:6lg=m3, which is well below the U.S. federal 24-h
limit for PM2:5 of 35lg=m3 (CARB n.d.).

We also addressed the less-studied question of sex differences
in TRAP effects on AD phenotypes (Haghani et al. 2020a).
Epidemiological data indicate women are more likely than men
to experience adverse health effects associated with TRAP
(Clougherty 2010; Franklin et al. 2007), including a population-
based study of cognitive impairment (Kim et al. 2019). In our
model, we observed sex-specific effects of TRAP on AD pheno-
types that varied between genotypes. In TgF344-AD rats, TRAP
caused sex-dependent effects on Ab proteinopathy at early ages.

A

FA TRAP

M
al

e
Fe

m
al

e

FA TRAP
IBA1 CD68 DAPI

IBA1

CD68

6 mo 15 mo

B

0

2

4

6

8

C
D

68
+/

IB
A1

+
ce

lls

3 mo 6 mo 10 mo 15 mo 3 mo 6 mo 10 mo 15 mo 

*Tg vs. WT

*Tg vs. WT

*

*

*

*

*

*

*Tg vs. WT

*TRAP vs. FA 

 FA
 TRAP

F, WT

F, TgF344-AD

M, WT

M, TgF344-AD

0

200

400

600

800

3 mo 6 mo 10 mo 15 mo 3 mo 6 mo 10 mo 15 mo 

 FA
 TRAP

F, WT

F, TgF344-AD

M, WT

M, TgF344-AD

 IB
A1

+ 
ce

lls
/m

m
2 *Tg vs. WT

*Tg vs. WT
*Tg vs. WT

*Tg vs. WT

*Age: 15>10>6>3 *Age: 15>10>6>3

*Age: 15>10>6=3 *Age: 15>10>6>3
C

re
la

tiv
e 

to
 3

 m
o 

F,
 F

A *M vs. F: 6, 15 mo

Figure 6. Effects of TRAP on IBA1/CD68 levels in TgF344-AD and WT rats. (A) Representative images showing microglia coexpressing IBA1 (red) and the
phagocytic lysosomal marker CD68 (green). Sections were counterstained with DAPI (blue) to label cell nuclei. Bar = 50 lm. (B) The percentage of IBA1+
cells co-labeled for CD68 were summed across hippocampal subregions and the entorhinal cortex and normalized to levels in 3-month-old WT FA females.
(C) IBA1+ cell density in hippocampal subregions and the entorhinal cortex were measured for each age. Data were analyzed by one-way ANOVA for age
with post hoc Sidak’s test, and by three-way ANOVA using sex, genotype, and exposure as factors, with post hoc Sidak’s test; *p<0:05. Quantitative data are
shown as the mean± SD (n=5–6 animals per group). For specific values, see Table S9. Note: ANOVA, analysis of variance; DG, dentate gyrus; ELISA,
enzyme-linked immunosorbent assay; F, female; M, male; SD, standard deviation; Tg, TgF344-AD; TRAP, traffic-related air pollution; WT, wildtype.

Environmental Health Perspectives 057005-10 129(5) May 2021



At 3 months of age, only females exposed to TRAP exhibited Ab
deposits in their brain, whereas at 6 months, although both sexes
had amyloid plaques, TRAP-exposed males had more Ab deposi-
tion. TRAP effects on Ab42:40 ratios in cortical tissue showed
similar sex and age dependency. These observations are consist-
ent with a recent study of APOE3-TR+=+ mice that found high-
level ultrafine PM exposure altered amyloid processing and tau-
related genes in female but not male mice (Haghani et al. 2020b).
An interesting finding from a recent clinical imaging study is that
Ab levels begin to increase earlier in women than in men
(Rahman et al. 2020). The original characterization of the
TgF344-AD model (Cohen et al. 2013) and our observations of
TgF344-AD rats exposed to FA found no sex differences in Ab
proteinopathy at any age, suggesting that sex differences in Ab
deposition in humans may be due to sex differences in response
to environmental factors, such as TRAP.

TRAP triggered a different profile of sex-dependent responses
in WT animals: TRAP males, but not females, had higher levels of
hyperphosphorylated tau and cognitive deficits. This observation
is consistent with recent suggestions that tau hyperphosphorylation
and cognitive deficits can occur independent of Ab proteinopathy
(Kunkle et al. 2019; Morrone et al. 2020; van der Kant et al.
2020). Although we cannot rule out the possibility that TRAP
exposures longer than 14 months would elicit similar responses in
WT females or in TgF344-AD rats of either sex, this observation
suggests an unexpected interaction between sex and genotype in
determining the initiation of these specific AD phenotypes. The
observation that TRAP did not promote tau phosphorylation or
cognitive impairment in TgF344-AD rats is contrary to prior stud-
ies that demonstrated that high-level exposure to TRAP-derived
nano-sized PM or ultrafine PM promotes dementia in a murine
AD model expressing the human APPswe gene (Cacciottolo et al.
2020) and in the 3xTgAD mouse (Jew et al. 2019), respectively.
Our observation may reflect differences in species or exposure
paradigms between studies. It also suggests that the AD risk genes
expressed in the TgF344 rat, which are associated with familial,
early-onset AD, exerted a stronger drive on AD pathology than
ambient TRAP. However, the observation that ambient TRAP pro-
moted AD phenotypes in WT animals supports the hypothesis that
environmental factors contribute significantly to late-onset idio-
pathic AD (Dunn et al. 2019; Eid et al. 2019).

The mechanism(s) by which TRAP promoted AD phenotypes
remain an outstanding question. Previous reports suggested
TRAP may increase Ab deposition by altering the activity of
enzymes that cleave APP, including BACE1 (Li et al. 2006) and
ADAM10 (Kunkle et al. 2019). In considering this possibility, it
is important to note that the human transgenes expressed by the
TgF344-AD rat are driven by the prion promoter; consequently,
APP is overexpressed in all brain regions (Jankowsky et al.
2001). However, in our study, TRAP increased Ab deposition
only in the hippocampus and EC, even after 14 months of TRAP
exposure. Therefore, it seems unlikely that TRAP modulation of
APP processing was the main mechanism driving increased Ab
deposition in TgF344-AD rats exposed to ambient TRAP.

Alternatively, it has been proposed that microglial activation
mediates TRAP effects on AD phenotypes (Calderón-Garcidueñas
et al. 2019b; Jayaraj et al. 2017). Microglia are strongly implicated
in AD pathogenesis, although their ascribed function(s) are com-
plex with data to support both beneficial and harmful roles in
disease progression (Lambert et al. 2013; Naj et al. 2017), and
high-level TRAP exposure has been associated with microglial
activation (Block and Calderón-Garcidueñas 2009; Costa et al.
2020). Our data suggested that ambient TRAP activated microglia
at early ages in males and females and at late ages in males, as indi-
cated by an increased percentage of IBA1-immunopositive cells

that coexpressed CD68, a biomarker of phagocytosis (Guillot-
Sestier et al. 2015), which is a characteristic of activated microglia
(Tremblay et al. 2011). CD68 marks both M1 and M2a microglia;
thus the goal of future studies is to employ additional markers that
delineate M1 and M2 subtypes to better understand how TRAP
influences microglia phenotypes. Monocytes also express IBA1,
so we cannot rule out the possibility that TRAP recruited mono-
cytes into the brain parenchyma. However, this recruitment seems
unlikely because TRAP did not increase the total number of
IBA1+ cells, which would be expected if there was significant
migration of monocytes into brain tissue. It is also interesting that
TRAP had no effect on GFAP immunoreactivity, suggesting that
TRAP did not trigger a general neuroinflammatory response in the
brain but rather selectively targetedmicroglia.

The temporal profile of TRAP effects on microglial activation
was sex-dependent. In females, TRAP-exposed rats had higher
microglial activation in both genotypes at 3 months of age and in
TgF344-AD animals at 6 months. Although there were no TRAP
effects at 10 months, in 15-month-old females, TRAP-exposed
rats had lower microglial cell activation in both WT and trans-
genic animals. In males, rats exposed to TRAP had higher micro-
glial activation in TgF344-AD at 6 months of age, had no effect
on either genotype at 10 months of age, and had higher microglial
cell activation in both genotypes at 15 months of age. These
observations are consistent with transcriptomic studies document-
ing pronounced sex differences in microglia from aged (Villa
2018) and AD mice (Sala Frigerio et al. 2019).

Sex differences in TRAP effects on microglia activation may
be related to sex-specific effects of TRAP on AD phenotypes. For
example, activated microglia can seed and spread Ab plaques
(Venegas et al. 2017), and in our study, sex differences in the
onset of microglial activation in TgF344-AD rats coincided with
sex differences in the initial deposition of Ab. Microglia also
phagocytose Ab peptides (Lai and McLaurin 2012). Although
this raises the possibility that the higher percentage of phagocytic
microglia in TRAP animals is a consequence of higher levels of
Ab deposition, the observation that TRAP caused higher levels
of microglial activation in WT animals argues against this possi-
bility. Conversely, lower levels of microglial activation in 15-
month-old TgF344 females exposed to TRAP may have contrib-
uted to the significantly larger plaques observed in this group, as
suggested by reports that decreased Ab phagocytosis causes
larger plaques in mouse AD models (Guillot-Sestier et al. 2015).
Activated microglia can also phagocytose synapses (Fonseca et al.
2017; Hong et al. 2016; Stephan et al. 2013), and aberrant micro-
glial phagocytosis of synapses has been reported in mouse mod-
els of AD (Hong et al. 2016). We observed higher levels of
microglial activation coincident with cognitive deficits in 15-
month-old WT males exposed to TRAP.

How TRAP activates microglia remains speculative. One pos-
sibility is via the deposition of ultrafine particles in the brain
(Calderón-Garcidueñas et al. 2019a; Jayaraj et al. 2017).
Consistent with prior studies that reported metal nanoparticles in
the brain of animals (Klocke et al. 2018) and humans (González-
Maciel et al. 2017; Maher et al. 2016) exposed to TRAP, we
observed enhanced numbers of refractive particles in the brain of
TRAP animals in comparison with FA controls. The diameter
range of the particles in the brain was well within the primary
ultrafine mode directly measured in the TRAP exposure chamber.
An important finding is that the mean maximum refractive inten-
sity of the particles in the brains of TRAP animals was signifi-
cantly greater than those in the brains of FA controls, suggesting
differences in elemental composition. Although chemical analysis
of these tissue-embedded particles was beyond the scope of this
study, our previous characterization of TRAP collected from this
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facility showed that elemental, organic, and total carbon levels,
as well as levels of copper, titanium, zinc, iron, sulfur, and silicon
were significantly elevated in air from TRAP compared with FA
exposure chambers (Edwards et al. 2020; Patten et al. 2020).

The distribution of refractive particles in the brain of TRAP-
exposed animals has implications regarding the route of particle
entry into the brain. There is evidence that ultrafine PM may
enter the olfactory cortex via the olfactory epithelium (Ajmani
et al. 2016) and olfactory nerves (Oberdörster and Utell 2002;
Oberdörster et al. 2004), with subsequent distribution to other
brain regions. Alternatively, inhaled nanoparticles can rapidly
enter the bloodstream (Miller et al. 2017), with subsequent deliv-
ery to the brain via the systemic circulation. We observed very
few particles in the frontal cortex or olfactory tract, even after 14
months of chronic exposure, suggesting that TRAP particles were
not entering the brain via olfactory nerves. Moreover, we
detected very few particles in the cerebellum and the thalamus.
Rather, particle load in TRAP-exposed animals was significantly
higher than in FA controls primarily in the hippocampus, and hip-
pocampal loads were elevated in TgF344-AD in comparison with
WT animals at age 6 months and older. The difference in tissue
dosimetry may have contributed to different outcomes observed
between these two genotypes. The reason particle loads were
higher in the hippocampus than in other regions of the brain is
not known but may be related to disrupted function of the blood–
brain barrier (BBB). Previous studies have shown that: a) in
humans with mild cognitive impairment, the hippocampus is one
of the earliest brain regions to show BBB disruption (Montagne
et al. 2015); b) neurovascular dysfunction (Joo et al. 2017) and
disrupted BBB integrity (Dickie et al. 2019) have been docu-
mented in the TgF344-AD rat; and c) transient BBB disruption is
associated with higher uptake of nanomaterial into the brain from
the blood (Smith et al. 2016).

Although our data support a role for PM in promoting
TRAP effects on AD phenotypes, we cannot rule out contribu-
tions from other components in TRAP, such as gases. We also
cannot dismiss potential effects of roadway noise or vibration,
although the fact that we observed significant differences
between TRAP and FA animals housed in the same vivarium
and, thus, exposed to the same roadway noise and vibration,
suggests that any effects from these factors required interactions
with TRAP components. Identifying which component(s) of
near-roadway exposure have the greatest impact on AD risk
remains an outstanding question (Russ et al. 2019), the answer
to which is critical for identifying source(s) of high-risk compo-
nents that can be controlled. In lieu of curing AD, the most
expedient and potentially actionable course to curb the pre-
dicted increase in AD incidence is to identify and limit major
risk factors through policy changes.
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