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Abstract

Traffic-related air pollution particulate matter (TRAP-PM) is associated with increased risk of
Alzheimer Disease (AD). Rodent models respond to nano-sized TRAP-PM (nPM) with increased
production of amyloid AP peptides, concurrently with oxidative damage. Because pro-Ap
processing of the amyloid precursor protein (APP) occurs on subcellular lipid rafts, we
hypothesized that oxidative stress from nPM exposure would alter lipid rafts to favor Ap
production. This hypothesis was tested with J20 mice and N2a cells transgenic for hAPPswe
(familial AD). Exposure of J20-APPswe mice to nPM for 150 hours caused increased lipid
oxidation (4-HNE) and increased the pro-amyloidogenic processing of APP in lipid raft fractions
in cerebral cortex; the absence of these changes in cerebellum parallels the AD brain region
selectivity for Ap deposits. /n vitro, nPM induced similar oxidative responses in N2a-APPswe
cells, with dose-dependent production of NO, oxidative damage (4-HNE, 3NT), and lipid raft
alterations of APP with increased AP peptides. The antioxidant N-acetyl-cysteine (NAC)
attenuated nPM-induced oxidative damage and lipid raft alterations of APP processing. These
findings identify neuronal lipid rafts as novel targets of oxidative damage in the pro-
amyloidogenic effects of air pollution.
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Traffic-related air pollutants (TRAP) of nano-particle size (nPM) increase the risk of Alzheimer
Disease (AD). We propose a new molecular mechanism in the pro-amyloidogenic effect of TRAP.
Exposure of mice or cells to nPM (1) increases the oxidative damage to cell membranes (2). In
particular, the oxidation of lipid raft domains (3) alters APP processing (4) to increase production
of Ap fragments (5). Treatment with anti-oxidant N-acetyl-cysteine (NAC) attenuated nPM-
induced oxidative damage to lipid rafts and pro-amyloidogenic alterations of APP processing.
These findings identify lipid raft alterations of APP processing as a novel target of air pollution
relevant to cognitive impairments.
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Introduction

Alzheimer disease (AD) and accelerated cognitive aging are associated with traffic-related
air pollution particulate matter (TRAP-PM) in several studies [1-5] and other reports
critically reviewed in [6, 7]. However, the subcellular mechanisms of TRAP-PM induced
neurodegeneration are obscure. We show lipid raft alterations that increase production of the
neurotoxic amyloid peptide AP as a novel mechanism in air pollution toxicology.

Premature brain deposits of Ap in children and young adults from a highly polluted Mexican
city suggested increased production of brain Ap as a possible mechanism in TRAP-PM
associated AD risk [8]. Correspondingly, young wildtype rodents had increased levels of
soluble AP peptides from exposure to various TRAP components: diesel exhaust [9], nickel
nanoparticles [10], and TRAP-PM [11]. While these wildtype rodents do not acquire fibrillar
deposits of the endogenous species-specific A, mice carrying the APPswe mutation for
familial AD together with human ApoE genes (EFAD genotype) responded to TRAP-nPM
with increased AP oligomers and fibrillar Ap plaque load [1]. /n vitro, TRAP-nPM also
increased A production in neuronal N2a cells transgenic for APPswe [1]. TRAP-nPM is a
subfraction of ultrafine PM, <0.2y in size, collected from a local freeway, which is
neurotoxic at low levels /n vitro [12-14].

The present study analyzed subcellular mechanisms of nPM-induced AR increase with J20
mice and neuronal N2a cells transgenic for APPswe. Processing of the amyloid precursor
protein (APP) occurs on lipid rafts, where neuronal APP is sequentially cleaved by the
endoproteases a.- or B-secretase, and by y-secretase [15]. The resulting soluble APP
fragments (SAPPa and sSAPPp) are then processed to Ap38-43 peptides [16]. Pro-
amyloidogenic processing is also characterized by an increased SAPPB:sAPPa ratio [16].
Cerebral cortex was compared with the cerebellum, a brain region with minimal amyloid
deposits and neurodegeneration in AD [8].

Because TRAP-nPM induces oxidative stress [12—14] and because the lipid oxidation
product 4-HNE can increase neuronal Ap levels [17], we considered oxidative mechanisms
in altered APP processing. We also assayed nitric oxide (NO) which is rapidly induced by
nPM in vitrotogether with 4-HNE [13, 14]. In vivo and in vitro models tested the hypothesis
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that nPM exposure would cause lipid raft oxidation and stimulate pro-amyloidogenic APP
processing.

Materials and Methods

nPM collection and extraction.

Animals.

Nano-sized particulate matter (nPM, <0.2 um in diameter) was collected on Teflon filters by
a High-Volume Ultrafine Particle (HVUP) Sampler [18] at 400 L/min flow, 150 meters
downwind of the 1-110 Freeway in central Los Angeles. These TRAP-PMO.2 particles are a
mix of fresh ambient PM from vehicular traffic and industrial sources [19, 20]. Filter-
trapped nPM were eluted by sonication into deionized water and stored at —20 °C. Their
chemical composition matched prior studies, with enrichment of ions (NH4*, NO3~, SO427),
water-soluble organic compounds [12-14, 21] and elements [22, 23]. The nPM sample had
0.01 EU/ug PM endotoxins by Limulus assay. Controls for nPM extracts were sham-
extracted sterile filters.

In vivo experiments conformed to approved protocol (#20417) of the University of Southern
California Institutional Animal Care and Use Committee (USC IACUC). Male J20-
hAPPswe mice [24] were purchased from the Jackson Laboratory. Mice were ad /ibitum fed
Purina Lab Chow (LabDiet, Hayward, CA) and sterile water. Under supervision of the USC
Department of Animal Resources, mice were housed in groups of five at 22°C/30%
humidity and light cycles of 0600-1800 hours with standard nesting material and allowed
free movement. Just before nPM exposure, mice were transferred from home cages to
exposure chambers that allowed free movement. Fighting in the novel environment of
exposure chambers was minimized by maintaining the same home cage groups for exposure
in the ‘home’ groups received from the Jackson Laboratory. These cage groups were
randomly assigned to nPM or filtered air (control) exposure. Mice were exposed to 300
pg/m3 nPM, within mid-range used in other labs [25, 26]. Mice were exposed 5 h\ day, 3
days\week, for total consecutive 10 weeks (150 h), delivered to sealed exposure chambers
[1, 12]. Experimental logistics limited the exposure study to 20 mice (10/exposure air). J20
mice had high baseline spontaneous mortality, as reported [27]: two mice died within 3 days
of receipt; the remaining mice were equally distributed to experimental groups. General
health was monitored daily and weight taken bi-weekly. There was no weight loss or
evidence of respiratory distress in exposed or control mice. During the first three weeks of
the study, two controls and one nPM exposed mice died unexpectedly, which decreased
group size by the end of the 10-week exposure. No signs of illness were reported by the
veterinarian staff; necropsy was not possible.

Mice were euthanized by isoflurane anesthesia (VETONE Fluriso, MWI, Boise, ID)
following USC IACUC protocols, and perfused transcardially with phosphate-buffered
saline (PBS). Hemisected brains were fixed in 4% paraformaldehyde (Sigma-Aldrich,
Carlsbad, CA) and cryoprotected in 0.3% sodium azide (Sigma-Aldrich) for sagittal
sectioning 0.5-2 mm from midline by vibratome, followed by immunohistochemistry A, 4-
HNE). The other hemisphere was dissected for brain regions of interest and frozen on dry
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ice. The complete cerebral cortex and cerebellum were pulverized on dry ice and
homogenized for lipid raft isolation and AR ELISA (see below). Data analysis was blinded
for exposure air type and analyzed collectively.

Immunohistochemistry.

Cell culture.

ELISA.

Ap amyloid deposits was immunostained with 4G8 antibody (residues 17-24 at N-terminal
of APP (Covance, Princeton, NJ) followed by biotinylated secondary antibodies (1:250,
Jackson Immunoresearch Laboratories, West Grove, PA). Lipid peroxidation was assayed
with 4-HNE antibody (R&D Systems, Minneapolis, MN) followed by HRP-conjugated
secondary antibody (dil. 1:250, Jackson Immunoresearch Laboratories). For AR IHC,
sections were fixed in 70% formic acid/5 min. For both A and 4-HNE IHC, endogenous
peroxidases were blocked by 3% H,0, and 10% methanol in TRIS-buffered saline (TBS),
30 min/22 °C. Sections were permeabilized in 0.1% Triton X-100 for 15 min, blocked by 30
min incubation in TBS with 2% BSA (RPI, Mt. Prospect, I1L) and 0.1% Triton, and probed
with primary antibodies. After rinsing with 0.1% Triton and TBS, sections were incubated
with biotinylated secondary antibodies/1 h, followed by ABC peroxidase (Vector
Laboratories, Inc., Burlingame, CA), and 3,3’-diaminobenzidine (DAB; Vector). Cortex
sections were evaluated for % area covered AR load) by the ‘analyze particles’ function of
NIH ImageJ software. Gray scale images were thresholded to discriminate immunopositive
and negative AP zones. Total Ap and 4-HNE loads represent the % of pixels with positive
immunostaining. Neuron layers were defined by NeuN immunostaining (Millipore,
Burlington, MA) and 4-HNE, and secondary fluorescent antibodies (AlexaFluor 488-
donkey-anti-rabbit; 594-goat-anti-mouse, Invitrogen) (Supplementary Material Figure 1).

Mouse neuroblastoma N2a cells carrying Swedish APP mutation APP (APPswe, K595N/
M596L) [28, 29] were generously given by Dr. Huaxi Xu (Sanford/Burnham Institute, La
Jolla, CA) and tested negative for mycoplasma contamination. Cells were grown in
OptiMEM/DMEM medium (v:v) (Invitrogen, Foster City, CA) supplemented with 5% FBS
(VWR) and 500 pg/ml G418 (RPI, selection agent), in a humidified incubator (37°C/
5%CO0O,,). For cell treatment, TRAP-derived nPM was diluted (1,5,10 pg/ml) in Optimem/
DMEM medium (v:v) with 5% FBS and 500 pug/ml G418, applied 24 h. N-acetylcysteine
(NAC, Sigma-Aldrich) was diluted to 100 uM, and incubated 24 h. Data analysis was
blinded for administered treatment. Experiments were repeated 3 times. For immuno/
cytochemistry, two independent coverslips were analyzed in triplicate for each treatment and
experiment.

AP peptides were assayed in brain lysate and cell culture media. Cerebral halfcortexes were
homogenized in DEA buffer (0.2% diethylamine, 50 mM NaCl; 1 ml/200 mg tissue) with
protease inhibitor cocktail (Sigma-Aldrich). After centrifugation (10,0009 x 1h),
supernatants were neutralized with Tris-HCI, pH 6.2 (‘Tris extract’). Pellets were
resuspended in 1% SDS-PBS and centrifuged (10,0009 x 1h) for supernatants (‘SDS
extract’). AB40 and —42 were assayed by 4G8 Kit V-PLEX™ (Peptide Panel 1, Meso Scale
Discovery, Rockville, MD).
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Mitochondrial reductase activity was assessed by oxidation of MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (RPI). The MTT substrate was
prepared at 5 mg/ml in PBS for 4 h in the dark. 0.1N acidic isopropanol was added to the
cells solubilize the formazan reagent. Formazan was measured by absorbance at 570 nm,
with 630 nm as background (Spectra Max M2 plate reader; Molecular Devices, Sunnyvale,
CA). The upper nPM dose range of 10 pg/ml was identified as sublethal.

Viability Assay.

Cell viability/death rate was assessed using the LIVE/DEAD® Viability/Cytotoxicity Assay
Kit (Thermo-Scientific). After 24h nPM treatment, cells were washed in PBS and incubated
for 45 minutes at room temperature with 5uM EthD-1 (red, dead cells) and 5uM calcein AM
(green, live cells). After washing in PBS and mounting in Fluoromount™ Aqueous
Mounting Medium (Sigma), cells were inspected at 40X magnification on Nikon Eclipse
TE300 microscope (Nikon Inc., Melville, NY). An average of 10 images/well/treatment was
imaged. Percentage of dead cells (red) was calculated and averaged across experiments. An
increased toxicity was observed at the highest concentration of 10 pg/ml nPM
(Supplementary Material Figure 2).

Nitric oxide (NO).

Media nitrite was assayed by the Griess reagent [30] with NaNO», as a standard, and
untreated media as a control.

Immunocytochemistry

Cells were plated in 24-well-plate on coverslips (Electron Microscopy Science, Hatfield,

PA) and exposed to nPM/24 h, fixed in 4% PFA/10 min, permeabilized with 1% NP-40/PBS,
and blocked with 5% BSA. Primary antibodies were added at 4’C overnight (4-HNE, 1:500,
R&D Systems; 3-NT, 1:100, rabbit; Millipore). Immunofluorescence was visualized using
Alexa Fluor 488 antibodies (1:400, Invitrogen). Data analysis was blinded for treatment.
Images were scored for intensity of expression: individual cells were identified, and intensity
of signal normalized on cell size.

MitoSOX assay.

After nPM treatment for 24 h, cells were incubated with 5 uM MitoSOX (Invitrogen) at 37
°C/10 min, protected from light. Cells were washed and mounted with DAPI containing
media (VECTASHIELD, Vector)[13].

Cholera toxin B cytochemistry.

After nPM treatment for 24 h, cells were fixed in 4% PFA/15 min, quenched in 50 mM
NH4CI/PBS/5 min, permeabilized in 0.1% Triton X-100/10 min and blocked in 1% BSA/10
min. Cells were incubated with fluorophore-conjugated cholera toxin B (CTx-B, 1:100,
Invitrogen) at 37uC/30 min, washed in PBS, and mounted with DAPI (Vector) [31].
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Lipid raft isolation.

For lipid raft isolation [32], cerebral cortex, cerebellum, N2a cells were homogenized in
lysis buffer (25 mM Tris-HCI pH 8, 140 mM NacCl, 1% Triton X-100, 1 mM EDTA (EDS,
Sigma-Aldrich), supplemented with 1 mM PMSF (Sigma-Aldrich), 1 mM NazVO,, 10 mM
NaF, and 1X Protease Inhibitor Cocktail. Lysates were homogenized through a 22G needle.
Samples were adjusted to 40% Optiprep (Sigma-Aldrich) and loaded at the bottom of tubes
(Quick-Seal® Polypropylene Tube, Beckman Coulter Inc., Brea, CA). A discontinuous
gradient was layered on the top (30% and 5% Optiprep in lysis buffer). Samples were
centrifuged at 400,000g/4h, 4uC, VTi 65.2 rotor. Fractions of 500 pl (8-9 fractions) were
analyzed for lipid-raft microdomains by immunobloting for flotillin-1 (1:1000, Cell
Signaling Technology, Danvers, MA) and caveolin-1 (1:1000, BD Bioscience, San Jose, CA)
[33] (Supplementary Material Figure 3).

Western blots.

Statistics.

Results

Samples of 20 pg protein were loaded on Novex NUPAGE 4-12% Bis-Tris protein gels
(Thermo Scientific, Carlshad, CA). Membranes were washed with PBS with 0.05%
Tween-20 (PBST), then blocked with 5% milk/PBST or 5% BSA/PBST/1 h; incubated with
primary antibodies\4°C: anti-amyloid precursor protein, APP (6E10, full length, APP,
1:1000, mouse; Covance); anti-BACE1 (B-secretase, 1:1000, rabbit; clone D10E5, Cell
Signaling); anti-PS1 (presenilin 1, 1:1000, mouse, clone D39D1, Cell Signaling); anti-actin
(1:20000, mouse, Sigma). Membranes were washed and incubated with HRP-conjugated
secondary antibody (1:10000, Jackson ImmunoResearch). Chemiluminescence was detected
by West Pico Chemiluminescent Substrate (Thermo Scientific).

Data for raw values or % control are shown as mean + SEM. Data normality was assessed
by D’ Agostino-Pearson normality test. Statistical analysis used two-tailed t-test; one-way
ANOVA with post-hoc analysis. p< 0.05 was accepted as statistically significant (GraphPad
Software, San Diego, CA).

Chronic nPM exposure of J20-hAPPswe mice increased AR, APP, oxidation in lipid rafts.

Cerebral cortex of male mice exposed to nPM for 150 total hours over 10 weeks had
increased soluble AB and plaque A load: total SDS-soluble Ap40, +5-fold, p<0.05; Ap42,
+10-fold, p<0.05 (Fig. 1a); plaque AR, + 45%, p<0.05 (Fig. 1b). Lipid raft enriched
subcellular fractions had increased APP (65%, p<0.05) (Fig. 1c, d). In contrast, no changes
were detected in the endoproteases responsible for the pro-amyloidogenic processing of
APP: BACEL (B-secretase) or PS1 (catalytic subunit of -y-secretase) [34] (Fig. 1d). The
cerebellum was analyzed because of its minimal amyloid deposits in EFAD mice [48] and
humans [35, 36]. In contrast to cerebral cortex from the same mice, cerebellar lipid raft APP
did not respond to nPM (Fig. 1e, f).

The lipid oxidation marker 4-HNE was increased 2-fold (p<0.001) in cerebral cortex after
chronic nPM exposure (Fig 2a, b). Neuronal cell bodies had 3-fold (p<0.005) more 4-HNE
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staining in cortical layers 2-4 (Fig. 2b). Neuronal localization of 4-HNE was shown by
costaining with NeuN (Supplementary Material Figure 1). In contrast, cerebellar 4-HNE was
not increased in neuropil or neuronal layers (Fig. 2c, d). Brain region specificity extended to
lipid raft subcellular fractions, which had increased 4-HNE in cortex (20%, p<0.02), but not
in cerebellum (Fig. 2e, f).

In vitro nPM is pro-amyloidogenic

NZ2a neuroblastoma cells carrying the hAPPswe AD transgene were used to analyze pro-
amyloidogenic responses to nPM. After 24 hours /n vitro, cells responded to nPM with dose-
dependent increases of AR levels in cell media (Fig. 3a) and cell lysates (Fig. 3b) at 5-10
pg/ml nPM, while 1 pg/ml nPM did not alter Ap levels. Cell media had 2-3 fold more Ap42
(p<0.05) and 60% more Ap40 at 5-10 ug/ml nPM (p<0.01). Similarly, cellular Ap40
(p<0.01) and Ap42 (p<0.05) was increased 50% by 5 pug/ml. Total APP was decreased by
20% (p<0.05, Fig. 3c), while the APP fragment ratio of SAPPB:sAPPa was increased by
25% (p<0.01) at higher nPM (Fig. 3d). Increased toxicity was observed at the highest
concentration of 10 pg/ml nPM (Supplementary Material Figure 2).

Lipid raft APP protein levels and lipid raft organization

Lipid raft subcellular fractions from N2a-APPswe cells responded to nPM with dose
dependent decrease of full length APP (Fig.4a,b). The 50% decrease of APP in lipid rafts (5
pg/ml, p<0.05; 10 pg/ml, p<0.01) corresponded to increased AB40 and AB42 in the media
(Fig. 3a, b), with inverse correlation of r2 -0.55 (p<0.005) (Supplementary Material Figure
4). Lipid raft fractions showed a trend for increased PS1: +50% at 1 pg/ml nPM to 2-fold at
10 ug/ml (p=0.06) (Fig.4c). However, nPM did not alter protein levels of BACE1L (Fig. 4d),
flotillin-1(Fig. 4¢), or APP mRNA (not shown).

Lipid rafts showed histochemical evidence of re-organization. Morphology of lipid raft was
analyzed by localization of the cholera toxin subunit B (CTx-B), a high affinity marker for
GM1 gangliosides [37]. Control cultures showed a globular homogeneous CTx-B staining,
while treatment with nPM caused redistribution of CTx-B into multiple puncta (Fig. 4g, h),
suggesting a re-organization of the lipid raft layer, as previously also reported for silica [31].

NO and markers of oxidative stress

Nitric oxide (NO) was induced within 15 minutes of nPM with dose-dependence (>4-fold,
P<0.01 at 5 pg/ml) (Fig. 5a). Notably, NO was increased at 1 pg nPM/ml (+ 3-fold, p<0.05),
which did not alter A or MTT (not shown). Other biochemical markers of oxidative stress
required higher nPM than for NO induction: MitoSOX (mitochondrial associated oxidants, 5
pg/ml, +3-fold, p<0.001; 10 pg/ml, + 2-fold, p<0.001), 3-nitrotyrosine (3NT; protein
tyrosine nitration, +50%, p<0.05, at both 5 and 10pg/ml), and 4-HNE (lipid peroxidation; 5
pg/ml, +2-fold, p<0.005; 10 pg/ml, + 50%, p<0.01) (Fig. 5h—e). As observed for AB, 1
pg/ml nPM was below threshold.

Inhibition of oxidative stress by NAC attenuated nPM-induced changes

The role of oxidative responses to nPM was analyzed with N-acetyl L-cysteine (NAC), a
general antioxidant, which blocked pro-oxidative effects of nPM in brain slices [13] and of
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diesel PMO0.2 in endothelia [38]. NAC treatment attenuated nPM induced oxidative
responses as shown by inhibiting the increases in MitoSOX fluorescence (-50%, p<0.01)
and 4-HNE (-2-fold, p<0.005) levels (Fig. 5f, g). For Ap, 10 pM NAC attenuated nPM
induced increases of AB40 and AB42 in culture media (Fig. 6a, hatched bars) and cell
lysates (Fig. 6b, hatched bars). NAC alone did not alter Ap in control cells not treated with
nPM (open bars). For lipid raft APP, NAC treatment also attenuated nPM effects,
maintaining APP at levels comparable to ctrl (Fig. 6c¢, d). Again, NAC alone did not alter
APP levels. Lastly, NAC attenuated the nPM increase of lipid raft 4-HNE levels (-45%,
p<0.05, Fig. 6e, f).

Discussion

This is the first evidence that air pollutants alter lipid rafts in neuronal cells /7 vivo and in
vitro, and the first evidence associating lipid raft oxidation from air pollutants with pro-
amyloidogenic processes relevant to AD. The relation of pro-amyloidogenic processes to
membrane oxidation to lipid rafts was shown /n vivo and /n vitro with J20 mice and N2a
cells carrying the familial AD gene, APPswe, that increases Ap42 production. The mouse
and cell findings are summarized in Table 1. Traffic-related air pollution (TRAP) was
modeled by exposure to nano-sized particulate material (nPM) collected from a local
roadway site, which this lab has used for a decade [1, 12, 22].

Exposure of J20-APPswe mice to TRAP-nPM for 10 weeks increased lipid oxidation (4-
HNE) and increased APP and AP levels in cerebral cortex. A subpopulation of cortical
neurons in layers 2-4 had 3-fold more 4-HNE staining. These changes in cerebral cortex, but
not cerebellum, are the first indication of brain regional differences in pro-amyloidogenic
effects of air pollutants, and correspond to the scarcity of amyloid plaques in the cerebellum
of late stage AD [35].

Lipid rafts, the neuronal site of pro-amyloidogenic processing of APP by BACEL and -y-
secretase, also showed regional selectivity in subcellular fractions. Chronic nPM exposure
increased APP and 4-HNE in lipid raft subcellular fractions of cerebral cortex, but not of
cerebellum. The pro-amyloidogenic activity of TRAP-nPM can be generalized to both sexes,
from the present data on male J20 mice and our prior studies of female EFAD [1].

Subcellular mechanisms were analyzed /n vitro with N2A-APPswe. Acute nPM exposure
caused lipid raft oxidation and increased ratio of the processed APP fragments
SAPPB:sAPPa., indicating increased pro-amyloidogenic APP processing. In lipid raft
subcellular fractions, nPM increased AP peptides in cell lysates and media. Reciprocally, as
nPM treatment decreased APP in lipid rafts, the levels of PS1 and A were increased,
consistent with increased pro-amyloidogenic APP processing. These responses to nPM were
dose-dependent. Similarly, in primary cultures of cerebral cortex neurons, exposure to 10-40
UM H,0, caused relocation of BACEL with accumulation in APP positive-compartments,
without altering levels of BACEL protein [39]. We did not address colocalization of
endogenous secretases and APP, because endogenous secretases were obscured by the
strongly expressed APPswe transgene. The changes of lipid raft and APP, together with
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changes in APP and PS1 levels, show that nPM promotes pro-amyloidogenic APP
processing in lipid rafts.

These data suggest a dose-dependent hierarchy of nPM effects in pro-amyloidogenic
oxidative responses: the lowest dose of 1 pg/ml nPM that increased NO was below a
threshold of oxidative stress needed to induce Ap increase (Table 1). As observed /n vitro,
nPM effects on proteins arose at higher doses, identified as increased Ap peptides released
into the media at 5 pg/ml and by the lipid raft alterations. We note the opposite responses of
APP levels on lipid rafts to nPM /n vivovs in vitro. While the APP:flotillin ratio was
increased by chronic nPM exposure of J20-APPswe mice, /in7 vitro the acute exposure of
N2a-APPswe cells decreasedthe APP:flotillin ratio. The complex logistics of mouse
exposure to nPM do not allow time course studies of lipid raft responses /in vivo that might
show multi-phasic changes. Despite /in vivoand in vitro differences, there were similar
responses to nPM for pro-amyloidogenic APP processing with increased oxidative stress.

Mechanisms in oxidative stress from TRAP-nPM include increased production of at least
one species of free radical: nitric oxide (NO) was rapidly induced at the lowest nPM dose of
1 ug/ml, while higher doses increased protein tyrosine nitration (3NT), lipid oxidation (4-
HNE), and mitochondrial oxidative stress (MitoSOX). A potential role of NO in human AD
is indicated by 70% more tyrosine nitration of PS1 in AD brains and by an in vitro model of
tyrosine nitration of PS1 in primary neurons exposed to NO [40, 41].

The antioxidant N-acetyl L-cysteine (NAC) showed the role of oxidative damage to nPM
alterations of APP processing. In control N2a-APPswe cells not exposed to nPM, NAC
alone did not alter APP. In cells exposed to nPM, NAC completely blocked increases of
AB40 and AB42, as well as blocking the increase of 4-HNE and of mitochondrial oxidative
responses (MitoSox). In lipid raft fractions, NAC prevented nPM-induced changes in APP
levels and attenuated the 4-HNE response. A prior study treated SH-SY5Y cells with
ethacrynoic acid (EA) to lower glutathione (GSH), causing >5-fold increases of HO-1
(oxidative stress marker) and of AB40-42 [42]. Paralleling our findings, the increase of PS1
fragments in lipid rafts was blocked by NAC. We acknowledge that in cell cultures levels of
NAC are much higher than achievable /7 vivo. The antioxidant efficacy of NAC in cultured
cells may be translatable to /77 vivo neuroprotection because NAC attenuated hyper-
responsivity of human smokers to diesel exhaust [43]. NAC can potentially elevate cellular
glutathione by providing cysteine, which is usually limiting. In cultured cells, moreover,
NAC may act on external cell surfaces as a direct reductant, as well as by its conjugation
with 4-HNE to attenuate reactions with membrane proteins.

We propose that air pollutants including TRAP, diesel exhaust, and nickel are pro-
amyloidogenic through oxidative mechanisms that increase 4-HNE with cascading
consequences. In SH-SY5Y neuronal cells, 4-HNE and other oxidation products of w-3
polyunsaturated fatty acids (PUFASs) increased AP production, supporting our findings [44].
Moreover, AD brains had 2-fold more 4-HNE than age-matched controls [44], while 4-HNE
forms adducts with Ap that promote its aggregation into protofibrils [45]. Recall from above
that PS1 is tyrosine nitration (3NT) in AD [40]. The neurodegenerative cascade from air
pollution involves chronic increases of NO production and other oxidative stressors, leading
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to 4-HNE and other oxidation products in lipid raft that, in turn, increase A production.
Elevated 4-HNE may further compound neurodegenerative potential by forming adducts that
enhance AP aggregation [45].

While the fossil fuel sources of air pollutants receive great attention, TRAP also contains
airborne PM from the earth’s crust that may contribute to neurotoxicity. For example, silica
particles (SiO,) induced AP and oxidative stress in N2a cells [46]. Macrophages also
responded to silica PM with increased production of superoxide and cytokines (IL-1B,
TNFa) and lipid raft re-organization of CTx-B by co-author Forman [31] that resembled
these nPM CTx-B induced changes. Moreover, SiO2 increased oxidative stress, increased
intracellular Ap42 and phosphorylation of tau in both human SK-N-SH and N2a cells [46].
Because TRAP-PM2.5 and cigarette smoke show super-additive synergies for several age-
related pathologies [47], we anticipate synergies of airborne PM from silica and TRAP on
lipid raft APP processing that may model the combination of desert dust and TRAP in some
Asian cities.

We recognize caveats of /n vivoand /n vitro models for air pollution neurotoxicology. Our
studies exposed mice to 300 pg/m3 re-aerosolized suspensions of TRAP-nPM concentrated
from ambient sources at one urban site [12], which is within the range of the 200-300 pg/m?3
used by other labs for chronic rodent exposure [25, 26]. While some Asian cities experience
surges of PM2.5 exceeding 300 pg/m3, most US urban sites are below 30 pg/m3. Future
studies will address different doses and exposure duration. Another issue is how much of
inhaled air pollution particulates reach the brain [48]. Some nasally inhaled nano-scale PM
does reach the forebrain, presumably through olfactory neurons [14, 47, 49]. In fact, we do
not know how much of the neurodegenerative impact of air pollution is direct “nose-to-
brain” vs indirect from lungs which receive most inhalants. Besides the portion of lung-
entrapped PM that may enter the circulation, there is evidence for systemic inflammatory
responses to air pollutants [50]. Lastly, /in vitro studies add nPM suspensions to cultured
cells at higher levels than possible for /n vivo lab exposure models of re-aerosolized
suspensions. Thus, the lowest levels of nPM that induced NO in vitro (1 ug/ml) must far
exceed ambient brain exposure. Nonetheless, the present models showed good agreement for
nPM induced 4-HNE and AB production /7 vivoand in vitro.

These data show that air pollution particulate matter can increase Ap production by inducing
oxidative changes in lipid rafts where APP is processed, as observed in vivo and in vitro.
These data identify lipid raft alterations of APP processing as a novel target of air pollution
relevant to cognitive impairments. The efficacy of N-acetylcysteine in blocking these
responses suggests a pharmacological approach to mechanisms in air pollution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation:

APP Amyloid precursor protein

AB amyloid Beta

AD Alzheimer Disease

NAC N-acetyl-cysteine

hAPPswe human Swedish APP mutation

BACE1 B-secretase

CTx-B cholera toxin subunit B

N2a neuroblastoma cells

PS1 presenilin 1, gamma secretase sub-unit
NO nitric oxide

nPM nano particulate matter

SAPP soluble APP

TRAP-PM Traffic-related air pollution particulate matter
3NT 3-nitro-tyrosine

4-HNE 4-Hydroxy-2-nonenal, lipid peroxidation
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Highlights:

. Exposure to traffic-related air pollutants (TRAP) of nano-particle size (nPM)
increases pro-amyloidogenic processing of APP, in vivoand in vitro.

. Exposure of mice or cells to TRAP increases the oxidative damage to cell
membranes, as shown by the increased levels of 4-HNE on lipid rafts, both /n
vivoand in vitro.

. In vitro treatment with antioxidant N-acetyl-cysteine (NAC) attenuated nPM-
induced oxidative damage to lipid rafts and pro-amyloidogenic alterations of
APP processing.

. Lipid raft alterations of APP processing represents a novel target of air
pollution.
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Chronic nPM exposure of J20 mice increased AP and APP in lipid raft fractions of cerebral
cortex a cerebral cortex soluble Ap peptides (0.1% SDS-PBS extract; ELISA): Ap40, +5-
fold, p<0.05; Ap42, +10-fold, p<0.05. b Representative images of AR IHC and AR plaque
load quantification in J20 cerebral cortex: +45%, p<0.05. c, d cerebral cortex lipid raft
fractions for APP, PS1 and BACE1 (Western blots; flotillin loading control): nPM increased
APP by +65%, p<0.05. e, f cerebellum lipid raft fractions: no response to nPM by APP, PS1,

and BACE (Western blots). Scale bar: 100um; mean + SEM. * p<0.05, *** p<0.005,
****n<0.001. ctrl= 7, nPM= 8 mice.
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Fig. 2.

J20 mice exposed to chronic nPM had increased 4-HNE in cerebral cortex, but not
cerebellum. a, ¢ 4-HNE immunohistochemistry: a cerebral cortex. ¢ cerebellum. b, d
Quantification of 4-HNE immunostaining. b cerebral cortex: 2-fold increase of 4-HNE
(p<0.001) from nPM exposure; b 4-HNE in cortical layers 2-4: d cerebellum 4-HNE, no
change. e 4-HNE immunoblots of lipid raft enriched fractions, Ponceau red staining as a
loading control for protein. f Quantified 4-HNE immunoblots of panel e: nPM exposure
increased 4-HNE in lipid rafts from cortex (p < 0.05), but not cerebellum. ctrl= 7, nPM= 8
mice. Scale bar: 100 pm; mean + SEM. * p<0.05, *** p<0.005, ****p<0.001.
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N2a-APP/swe cell responses of APP peptides to nPM at 1, 5 & 10 ug/ml for 24 h a A 40,
& —42 in conditioned media were increased by nPM at 5, 10 pg /ml, but not 1 pug /ml . (b). In
cell lysates, 5 pg /ml nPM increased both Ap 40 and AR 42 (* p<0,05, ** p<0.01, ***
p<0.005, one-way ANOVA). ¢ Western blots (6E10 antibody): nPM decreased total APP by
20% at 10 pg /ml nPM, * p<0.05). d Western blots (22C11 antibody): nPM (5-10 ug /ml)
increased the ratio SAPPB:sAPPa (** p<0.01, *** p<0.005). n=3 independent experiments,
3 samples each. Mean + SEM. * p<0.05, ** p<0.01, ***p<0.005.
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Ingvitro N2a-APP/swe cell lipid raft responses to nPM. a Western blots for APP-FL (full
length), PS1, BACEL1 and flotillin-1 in lipid raft b Total APP was decreased by nPM
exposure with dose-dependence. ¢ PS1 had a trend for increase at higher nPM (p=0.06). d
BACEL1 and e flotillin-1 did not respond to nPM. f Lipid raft fractions stained for cholera
toxin B (Ctx-B), nuclear staining (DAPI, middle panels) and merged images; scale bar, 15
pum. Control (ctrl, globular, upper panels) and nPM exposed cells (puncta, lower panels). g
nPM at all doses increased Ctx-B puncta-like staining of lipid rafts, with statistical

% puncta-like
CTx-B staining
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significance at 5 pg/ml nPM. n=3 independent experiments, 3 samples each. Mean + SEM *
p<0.05, ** p<0.01, *** p<0.005.
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nF?M induced NO and other markers of oxidative stress in N2a-APP/swe cells a NO® was
assayed as nitrite (Griess reagent) in media. The NO increase was rapid by 15 min and was
transient (not shown). b Histochemical images of oxidative stress markers after nPM
exposure for 24 h ¢ MitoSOX RED response to nPM, as immunofluorescent cell area. d
3NT. e 4-HNE. Responses were significant at 5-10 pg/ml, but not at 1 ug/ml. f, g NAC
blocked response of MitoSOX and 4-HNE to 10 ug/ml nPM. n=3 independent experiments,
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3 samples each. Mean £ SEM. * compared to ctrl, # compared to nPM alone * p<0.05, **
p<0.01, *** p<0.005, **** p<0.001, ## p<0.01, ### p<0.005. Scale bar= 50 pm
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(a) AB ELISA (media) (b) AB ELISA (cell lysate)
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Fig. 6.

NXC attenuated nPM effects on N2A-APP/Swe cells for AB, APP and 4-HNE in lipid rafts
a, b NAC at 10 uM attenuated the nPM induced A in cell media and cell lysates. ¢ Western
blot of APP in lipid rafts. d APP/flatillin in lipid rafts: NAC blocked the nPM-induced APP
decrease in lipid raft fractions vs controls. e Western blot of APP in lipid rafts. f NAC
blocked the nPM-induced 4-HNE increase in lipid raft fractions vs controls. n=3
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independent experiments, 3 samples each. Mean + SEM. * p<0.05, ** p<0.01, *** p<0.005,
# p<0.05, nd, not detected, * vs ctrl, # vs nPM.
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Table 1:
Summary of nPM effects /in vivoand in vitro
In vitro : N2a-APP/swe In vivo (hAPP/swe)
1pg/ml-24h | 5pg/ml-24h | 10 pg/ml -24h NPM+NAC” 150h
AP40-42

AB plaque load ne t t b t
APP (lipid raft) nc { | 0 1

NO 1 1 1

MitoSOX nc 1 1

3NT nc 1 T
4-HNE nc 1 1 Y 1

CTx puncta t 0 T

“*” increase, “V* decrease, “nc” no change, “blank” data not available,

*
compared to nPM alone; NAC (N-acetyl L-cysteine). We propose a hierarchy of nPM effects, with lower dose inducing increases NO as first
effect, but still below the threshold of oxidative stress required for changes in protein levels and increased production of AB peptides.
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