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Diesel Exhaust Extract Exposure Induces Neuronal

Toxicity by Disrupting Autophagy
Lisa M. Barnhill,*,† Sataree Khuansuwan ,*,† Daniel Juarez,* Hiromi
Murata,*,† Jesus A. Araujo,†,‡ and Jeff M. Bronstein*,†,1

*Department of Neurology; †Molecular Toxicology IDP; and ‡Division of Cardiology, Department of Medicine,
David Geffen School of Medicine, University of California Los Angeles, Los Angeles, California 90095
1To whom correspondence should be addressed at Department of Neurology, David Geffen School of Medicine, University of California Los Angeles, 710
Westwood Plaza, Los Angeles, CA 90095. Fax: 310 206-9819. E-mail: jbronste@mednet.ucla.edu.

ABSTRACT

The vast majority of neurodegenerative disease cannot be attributed to genetic causes alone and as a result, there is
significant interest in identifying environmental modifiers of disease risk. Epidemiological studies have supported an
association between long-term exposure to air pollutants and disease risk. Here, we investigate the mechanisms by which
diesel exhaust, a major component of air pollution, induces neurotoxicity. Using a zebrafish model, we found that exposure
to diesel exhaust particulate extract caused behavioral deficits and a significant decrease in neuron number. The
neurotoxicity was due, at least in part, to reduced autophagic flux, which is a major pathway implicated in
neurodegeneration. This neuron loss occurred alongside an increase in aggregation-prone neuronal protein. Additionally,
the neurotoxicity induced by diesel exhaust particulate extract in zebrafish was mitigated by co-treatment with the
autophagy-inducing drug nilotinib. This study links environmental exposure to altered proteostasis in an in vivo model
system. These results shed light on why long-term exposure to traffic-related air pollution increases neurodegenerative
disease risk and open up new avenues for exploring therapies to mitigate environmental exposures and promote
neuroprotection.

Key words: air pollution; Alzheimer’s disease; autophagy; diesel exhaust; dopaminergic neurons; neurodegeneration;
Parkinson’s disease; synuclein; ubiquitin proteasome system; zebrafish.

Air pollution is a well-accepted risk factor for respiratory and
cardiovascular disease but only recently has it been implicated
in neurodegenerative disorders. Several epidemiological stud-
ies have reported associations between exposure to air pollu-
tion and increased risk of Alzheimer’s disease (AD),
Parkinson’s disease (PD), and cognitive decline (Dimakakou
et al., 2018; Fu et al., 2019; Heusinkveld et al., 2016; Hu et al.,
2019; Palacios, 2017; Ritz et al., 2016; Shou et al., 2019). Because
more than 91% of the world is exposed to air quality below the
WHO standards, the potential impact air pollution could have
on disease prevalence is very large even if the effect size is rel-
atively small. Much is known about exposure to air pollution
increasing risk of asthma, cardiovascular disease, and stroke
(Guarnieri and Balmes, 2014; Hoek et al., 2001; Lee et al., 2018;
Mustafi�c et al., 2012) but little is known about the mechanisms

by which air pollution alters risk in neurodegenerative
diseases.

The pathological hallmark of most neurodegenerative disor-
ders is the accumulation of protein inclusions within and
around neurons including amyloid beta in AD and alpha synu-
clein in PD (Ohama and Ikuta, 1976; Ross and Poirier, 2004;
Spillantini et al., 1997; Taylor et al., 2002). In these diseases of ag-
ing, protein accumulation and neuronal loss lead to progressive
neurological symptoms and cognitive decline over time. These
disparate neurodegenerative diseases share common pathways
associated with protein aggregation, suggesting an underlying
commonality in disease etiology (Jellinger, 2010). Because ge-
netic forms can only account for a small minority of disease in-
cidence, it is quite likely that idiopathic forms of disease involve
gene/environment interactions (Elbaz et al., 2007; Goldman et al.,
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2012; Lee et al., 2015). Despite the fact that genetic forms of the
diseases are rare, mutations and polymorphisms associated
with these diseases have provided insight into important mo-
lecular pathways that confer susceptibility to neurodegenera-
tion. Some of the proposed pathways include CNS
inflammation, altered neuronal proteostasis, and mitochondrial
dysfunction (Betarbet et al., 2006; Ghiglieri et al., 2018; Vegh et al.,
2019).

One of the major components of air pollution in urban envi-
ronments comes from diesel exhaust. Intriguing data has come
out of regions which experience heavy air pollution suggesting
that exposure to diesel exhaust may contribute to protein aggre-
gation and increase markers of neurodegeneration (Calder�on-
Garcidue~nas et al., 2008; 2012; Levesque et al., 2011). In addition,
animal models have shown neurotoxicity after exposure to air
pollutants like diesel exhaust (Suzuki et al., 2010; Yokota et al.,
2013). In order to determine the molecular pathways by which
diesel exhaust might increase the risk of neurodegeneration, we
utilized zebrafish (ZF) as a model organism and diesel exhaust
particle extract (DEPe). DEPe is commonly used as a surrogate
model of air pollution in health effects studies (Costa et al., 2014;
Hesterberg et al., 2010; Levesque et al., 2011). ZF are rapidly de-
veloping vertebrates with well-formed neuronal networks simi-
lar to that of mammals and are well suited for mechanistic
studies of environmental toxins. The larvae are transparent so
many pathological processes can be studied in intact living fish.

MATERIALS AND METHODS

Characterization of diesel exhaust particulate extract. A methanol
extract of DEP (DEPe) was used for these studies and generated
by sonication in methanol and resuspension in DMSO as de-
scribed previously (Lawal et al., 2015). The extract was submitted
for further component analysis by Dr James Schauer from the
University of Wisconsin-Madison. Total yield for each compo-
nent was calculated in a spiked sample as well as the experi-
mental sample and adjusted for dilution factor. The percent
recovery of each compound was determined using a spiked
sample and this was used to adjust the final concentration of
each compound identified in the DEPe. The presence of 120
compounds was analyzed and final concentration calculated
(Supplementary Table 1).

ZF treatment. ZF DEPe treatments were conducted on dechorio-
nated embryos/larvae between 24 and 120 hours post fertiliza-
tion (hpf) in 0.5� E2 embryo media (7.5 mM NaCl, 0.25 mM KCl,
0.5 mM MgSO4, 0.075 mM KH2PO4, 0.025 mM Na2HPO4, 0.5 mM
CaCl2, and 0.35 mM NaHCO3) with a final concentration of 0.1%
DMSO vehicle. Typically, 20 embryos were treated per well in a
final volume of 5–10 ml. ETvmat2: eGFP ZF which express eGFP
in aminergic neurons under the vesicle monoamine transporter
(vmat2) promoter (Wen et al., 2008) as well as isl:GFP ZF which
express eGFP in sensory neurons under the islet1 promoter
(Palanca et al., 2013) were utilized for neurotoxocity assays.
DEPe was added at 10–25 mg/ml and embryos were incubated for
24 h with treatment, except for morphology/mortality experi-
ments, which were kept in treatment through the course of the
experiment. In all other studies, DEPe was washed out 3� in E2
media and embryos were grown up to 72 or 120 hpf for fixation
or in vivo analysis.

ZF behavior assay. ZF embryos that had been dechorionated
were treated between 24 and 48 hpf with DEPe, washed out, and
grown up to 7 days post fertilization (dpf). Behavior analysis

was conducted on embryos that were morphologically normal
as published previously using the ZebraBox, and data were col-
lected using ViewPoint ZebraLab (ViewPoint Behavior
Technology, Civrieux, France) software (Lulla et al., 2016).
Briefly, larvae were transferred into a square 96-well plate with
12 larvae per condition and were acclimated in the dark for
20 min before recording movement. Behavior was captured for
1 h with light cycling of 10 min light/10 min dark for 3 cycles.
Data were analyzed by averaging the distance moved per larvae
during each 10 min increment.

ZF neuron counts. After DEPe treatment, 3 or 5 dpf ETvmat2: eGFP
ZF larvae were anesthetized in <0.01% tricaine-S (tricaine meth-
anesulfonate Western Chemical, Ferndale, Washington) and
fixed in 4% paraformaldehyde. Larvae were washed in PBS, anti-
body labeled, and cleared in 100% glycerol before mounting for
confocal imaging at 20� magnification on a Leica SPE (Leica
Microsystems Inc., Buffalo Grove, Illinois). For islet1 neuron
counts, embryos were live imaged. For vmat2 neuron counts,
fixed larvae were labeled as follows: larvae were permeablized
with Proteinase K (03115828001, Sigma Aldrich, St Louis,
Missouri) at 10 mg/ml, washed, and blocked in 5% BSA þ 5% goat
serum. Primary antibody incubation with monoclonal mouse-
anti GFP antibody (A11120, ThermoFisher Scientific, Waltham,
Massachusetts) followed by washes and secondary antibody in-
cubation with goat-anti mouse AlexaFluor 488 (A11001,
ThermoFisher Scientific).

For neuron counts, z-stacks containing 40–60 optical sec-
tions were collected for each ZF brain 1–2mm apart. Aminergic
neurons in the telencephalon, diencephalon, and raphae clus-
ters were quantified using ImageJ in a blinded and randomized
fashion. Peripheral sensory neurons were quantified by treating
Tg(isl1[ss]:Gal4-VP16,UAS:eGFP) (Khuansuwan et al., 2019) em-
bryos and imaging at 10� magnification (Leica SPE) in the tail
region of 5 dpf larvae. Neuron numbers were quantified in
ImageJ in a blinded and randomized fashion. Neuron counts
were normalized within each experiment to the vehicle-treated
control group.

RT-PCR primers and assay. Quantitative RT-PCR was conducted in
96-well plates using a BioRad CFX Connect (Bio-Rad
Laboratories, Hercules, California). All data were normalized to
housekeeping control gene elfa (elongation factor 1B). Primers
used as follows:

ZF elfa Forward Primer: 50-CTTCTCAGGCTGACTGTGC-30

ZF elfa Reverse Primer: 50-CCGCTAGCATTACCCTCC-30

ZF sncg1 Forward Primer: 50-ATGGTGGTATGGAAGGAGGA-30

ZF sncg1 Reverse Primer: 50-GGGCTCAGGGAAAGTCTTTT-30

Samples were run using the BioRad SsoAdvanced SYBR
Green Supermix (172-5271 Bio-Rad Laboratories) under condi-
tions recommended by the manufacturer. All data were calcu-
lated using double delta Ct relative to internal housekeeping
gene expression.

Western blot. For analysis of ZF proteins, larvae were anesthe-
tized in tricaine and decapitated on ice before protein was
extracted from approximately 50 heads per condition in SDS
sample buffer (63 mM Tris, 10% glycerol, and 3.5% SDS). Human
cells were treated in 6-well plates for 24 h with 0.1% DMSO vehi-
cle control, 10 mg/ml DEPe, or pepstatin A (P5318-5MG, Sigma
Aldrich) at 10 mg/ml with E64D at 5 mg/ml (BML-PI107-0005, Enzo
Life Sciences Farmingdale, New York) before direct lysis in RIPA
with protease inhibitors (80–200 ml/sample). All samples were
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sonicated briefly on ice before centrifugation. Protein concen-
tration of the supernatant was established by BCA assay.

For each sample, 25–50 mg of protein was loaded and run on
a 12% SDS-PAGE gel (ZF) or 12% Bolt bis-tris gel (human) with 1�
loading dye and 2-mercaptoethanol in a final volume of 25 ml.
Protein was transferred to nitrocellulose membrane using the
XCell-II blotting system (ThermoFisher Scientific). Membrane
was blocked in 5% nonfat milk and probed with antibodies as
follows: polyclonal rabbit-a-Sncg1 1

�
antibody (1:1000) generated

as described previously (Lulla et al., 2016) followed by donkey-a-
rabbit HRP 2

�
antibody (1:2500) (sc-2313, Santa Cruz

Biotechnology, Dallas, Texas); monoclonal mouse-a-tubulin 1
�

antibody (1:10 000) (T9026, Sigma Aldrich) followed by goat-a-
mouse HRP 2

�
antibody (1:10 000) (62-6520, ThermoFisher

Scientific); rabbit a lc3B 1
�

antibody (1:1000) (NB100-2220, Novus
Biologicals Centennial, Colorado) followed by biotinylated goat-
a-rabbit 2

�
antibody (1:2500) (BA-1000, Vector Laboratories

Burlingame, California) and streptavidin HRP diluted 1:250 (SA-
5014, Vector Laboratories); mouse a tubulin 1

�
antibody (1:10

000) (T9026, Sigma Aldrich) followed by goat a mouse HRP 2
�

an-
tibody (1:10 000) (62-6520, ThermoFisher Scientific). Blots were
developed in chemiluminescent substrate ECL Plus (32132,
ThermoFisher Scientific) and exposed to film for band visualiza-
tion. Quantification of bands was done in ImageJ using the gel
analysis feature. For Sncg1, the band corresponding to tetra-
meric protein was quantified (�55 kDa) and normalized to a-tu-
bulin (�50 kDa). For lc3II/lc3I ratios, band intensity for both lc3I
(�17 kDa) and lc3II (�15 kDa) was measured and displayed as a
ratio.

FACS analysis of SK-GFPu. Human neuroblastoma SK-N-MC cells
stably transfected with CMV: GFPu were grown as described pre-
viously (Wang et al., 2006). Briefly, cells were grown at 37�C and
5% CO2 in DMEM with 10% FBS and supplemented with penicil-
lin/streptomycin. Cells were 60%–80% confluent and treated in
24-well plates with DMSO vehicle (0.5% DMSO), 2.5 mM of clasto-
Lactacystin b-lactone (L7035, Sigma Aldrich), or DEPe between
10 and 25 mg/ml. All treatments were incubated at 37�C for 24 h
before FACS analysis. After treatment, 1 mg/ml propidium iodide
(P-3566, ThermoFisher Scientific) was added to wells for 30 min.
Cells were released in trypsin and immediately sorted using a
Beckman Coulter Epics XL-MCL flow cytometer.

ZF autophagy assay. For autophagy studies, transgenic ZF
expressing eGFP-tagged lc3 under the neuronal promoter elavl3,
Tg(elavl3:eGFP:map1lc3b) (Khuansuwan et al., 2019) were utilized,
known as huc:eGFP:lc3 onwards (Khuansuwan et al., 2019).
Experiments were done as published previously. Briefly, ZF
were treated between 48 and 72 hpf before in vivo imaging via
confocal microscopy (Leica SPE) and analysis of autophagosome
number.

Single larvae were anesthetized with <0.01% tricaine and
mounted in 1% agarose into a 35/12 mm glass-bottom culture
dish (64-0757, Warner Instruments, Holliston, Massachusetts).
For quantification of punctae, z-stacks of eGFP-Map1lc3b-
positive optic tectum regions were acquired using a 40� oil im-
mersion objective (NA¼ 1.15) and a 488-nM excitation laser line.
Each z-stack comprised 13 1024 � 1024 pixel sections with a z-
step size of 2 mm. Three nonconsecutive sections from the optic
tectum z-stack were quantified for punctae number.

Nilotinib rescue. Rescue experiments were conducted by co-
treating vmat2: eGFP embryos with 25 mg/ml DEPe and the
autophagy-inducing drug nilotinib (CDS023093, Sigma Aldrich)

at a concentration of 10 mM. At 48 hpf, DEPe was washed out
and embryos were retreated with nilotinib for the remainder of
the experiment. Neurons were imaged by confocal microscopy
and analyzed relative to vehicle controls in ImageJ as described
previously (Lulla et al., 2016).

Statistical methods. The following statistical methods were uti-
lized: Behavioral analysis utilized a two-way ANOVA with re-
peated measures. Aminergic neuronal comparisons were
analyzed using a one-way ANOVA with Sidak’s multiple com-
parisons analysis. Sensory and serotonergic neuron loss was
analyzed using an unpaired two-tailed Student’s t test.
Proteasome assay results were analyzed by a one-way ANOVA
with Dunnett’s multiple comparisons analysis and lysosomal
inhibition in SK-N-MC cells and Sncg1 blots were analyzed us-
ing a paired Student’s t test. Autophagic flux in ZF was analyzed
using an unpaired Student’s t test. One-way ANOVA with
Dunnett’s multiple comparison analysis was used to analyze
the effects of nilotinib on neuron counts after DEPe exposure.

RESULTS

ZF represent a unique transitional in vivo model system for
studying neurodegeneration and molecular pathways involved
in neurotoxicity (Bandmann and Burton, 2010; Martin-Jimenez
et al., 2015). General toxicity of DEPe in developing ZF embryos
was determined by exposing embryos to 1–25 mg/mL DEPe
through 7 dpf. Significant cardiac edema and tail curvature
were detected at 20 mg/ml (Figure 1A). Exposure of ZF to 20 mg/ml
of DEPe through 7 dpf led to increased lethality and significant
morphological abnormalities. Because the majority of treated
ZF survived through 5 dpf at a concentration of 10–25 mg/ml,
experiments were done within this range unless otherwise
noted. Additionally, in all subsequent experiments, DEPe treat-
ment was washed out after exposure between 24 and 48 hpf in
order to avoid mortality and morphological impairment.

Although ZF behavioral phenotypes can be directly related
to neurotoxicity or represent a more global toxicity, they can be
useful as a screening tool, as has been shown in previous envi-
ronmental exposures to pesticides like ziram (Lulla et al., 2016).
At 7 dpf, morphologically normal larvae show reproducible light
cycling behavior, moving more under dark conditions relative to
light conditions. DEPe treatment resulted in no change in move-
ment under dark conditions, but total movement was signifi-
cantly reduced in 2 of 3 light cycles relative to untreated
controls (Figure 1B). This indicates DEPe-induced toxicity even
when the toxin has been washed out and the larvae appear
morphologically normal.

After establishing behavioral toxicity, it is important to de-
termine if this correlates with a toxicity that may be relevant to
neurodegeneration. ZF embryos from the transgenic line
ETvmat2: eGFP, which expresses eGFP in aminergic neurons (do-
paminergic, noradrenergic, and serotonergic) under the control
of the vesicle monoamine transporter (vmat2) promoter, were
treated between 24 and 48 hpf, washed out, and raised to 3 or 5
dpf before quantification of neuronal clusters (Figs. 2A and 2B).
This brief exposure to DEPe led to progressive loss of eGFP-
positive neurons in both the telencephalon and diencephalon at
both 3 and 5 dpf (Figs. 2C and 2D).

Given the considerable aminergic neuron loss we identified,
we next determined the specificity of DEPe-induced neurotoxic-
ity. Nonaminergic sensory neurons expressing eGFP were quan-
tified using the transgenic line Tg(isl1[ss]:Gal4-
VP16,UAS:eGFP)zf154, which labels both central and peripheral
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sensory neurons and is present in early developing ZF embryos.
Consistent with the loss of Vmat2þ neurons, sensory neurons
in the tail region of 5 dpf larvae showed reduction in eGFP-
positive neurons after DEPe treatment (Figs. 3A and 3B).
Furthermore, serotonergic neurons were also reduced in the
raphae nucleus at 5 dpf (Figs. 3C and 3D). Thus, a brief exposure
to DEPe led to progressive and nonselective loss of neurons.

Because of the importance of alterations in protein degrada-
tion in neurodegenerative disease, we tested whether exposure
to DEPe may be altering the ubiquitin proteasome system (UPS)
or autophagic flux by first utilizing a sensitive and validated
proteasome efficiency assay in human neuroblastoma cells
(Bence et al., 2001; Chou et al., 2008; Wang et al., 2006). In this as-
say, we used transformed SK-N-MC (SK-GFPu) cells, which ex-
press GFP targeted for rapid UPS degradation. Treatment with
the proteasome inhibitor lactacystin showed a 2.5-fold increase
in cells expressing GFP compared with control, whereas 25 mg/
ml DEPe treatment showed no change in cells expressing GFP
(Figure 4A), suggesting DEPe does not impact UPS activity. We
next tested whether DEPe alters autophagic flux. Autophagy is
dynamic and cannot be parsed by examining a single timepoint

or the levels of one protein (Klionsky et al., 2016). To determine
the effect of DEPe on autophagic flux, we treated SK-N-MC hu-
man neuroblastoma cells for 24 h with DEPe in the presence or
absence of lysosomal protease inhibitors Pepstatin A and E64D
(P/E) and then measured levels of LC3II/LC3I via Western blot
(Figure 4B). Treatment with P/E alone led to an increase in the
ratio of LC3II/I because turnover was inhibited. After treatment
with DEPe alone, the ratios of LC3II/I were unchanged. However,
after DEPe treatment in combination with P/E, there was a re-
duction in LC3II/LC3I levels compared with P/E treatment alone,
suggesting that the rate of autophagosome formation during
the treatment was reduced in a manner consistent with lower
autophagic turnover (Figure 4C).

To confirm the reduction in autophagic flux in vivo, we uti-
lized a previously validated assay in transgenic ZF larvae
expressing eGFP fused to Lc3 in neurons (Tg(elavl3: eGFP:
map1lc3b)LA50016) referred to as huc: eGFP: Lc3. Under normal
conditions, eGFP: Lc3 protein is diffuse and relatively ubiquitous
within neurons. Autophagosomes can be seen as small, intra-
cellular, eGFP-positive puncta when visualized in the live ani-
mal via confocal microscopy. The number of autophagosomes

Figure 1. Diesel exhaust particulate extract toxicity in ZF. Dechorionated embryos were exposed to 20 mg/ml DEPe in 0.01% DMSO from 24 to 72 hpf and imaged for gross

morphological defects in both the heart (left) as well as the tail (right) (A). Square, clear-walled 96-well plates were used for behavioral analysis in 7 dpf embryos treated

with 25 mg/ml DEPe from 24 to 48 hpf and washed out. Light cycling was analyzed averaging distance moved per 10 min in both light and dark conditions (dark condi-

tions are shaded in the graph) for 3 cycles with 9–11 larvae per condition (B). Statistical analysis by two-way ANOVA with repeated measures (*p< .05 and SEM).

4 | DIESEL EXHAUST EXTRACT EXPOSURE

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/advance-article-abstract/doi/10.1093/toxsci/kfaa055/5820985 by U

C
LA D

igital C
ollections Services user on 20 M

ay 2020



Figure 2. DEPe treatment and analysis of ZF aminergic neurons. Experimental design (A) and representative image of the aminergic neurons quantified in the vmat2:

eGFP transgenic line (B). Vmat2þ neurons were quantified after treatment with 10 mg/ml DEPe at (C) 3 dpf or (D) 5 dpf via confocal microscopy in fixed embryos and

counts were normalized to the baseline in control embryos for aminergic neurons in the telencephalon (Tele) and diencephalon (Dien). Counts from 3 and 5 dpf

showed a statistically significant decrease in neurons after DEPe treatment (***p< .0001, **p< .005 as determined by one-way ANOVA with Sidak’s multiple comparisons

analysis and SEM).

Figure 3. Specificity of neuronal toxicity after DEPe exposure. Neurons expressing GFP from the islet1 or vmat2 promoter were quantified at 5 dpf after 24 h of DEPe treat-

ment in order to determine the selectivity of neurotoxicity (A). We found a significant loss of GFP-positive sensory neurons in the tail of isl:GFP embryos after treatment

with 25 mg/ml DEPe (B). Statistical analysis by unpaired two-tailed Student’s t test (**p¼ .0077) (C). Serotonergic neurons within the raphae cluster of vmat2: eGFP-posi-

tive embryos treated with 10 mg/ml DEPe were also significantly reduced at 3 dpf as quantified by unpaired two-tailed Student’s t test (*p¼ .011) (D).
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is an indicator of autophagic activity, particularly when paired
with inhibitors of autophagic flux as described previously
(Khuansuwan et al., 2019).

To determine whether DEPe acted as an inhibitor of auto-
phagic flux in vivo, we treated huc: eGFP: Lc3 transgenic ZF with
DEPe and lysosomal inhibitors P/E, which allowed us to quantify
autophagosome turnover (Figure 5A). After treatment with DEPe
for 24 h, we saw an increase in the total number of autophago-
somes (Figure 5B). This could be interpreted as either an in-
crease in autophagosome formation or a decrease in turnover.
To distinguish between these two possibilities, we combined
DEPe treatment with P/E. There was no difference in the total
number of autophagosomes accumulated under these two con-
ditions (Figure 5C). These findings confirm that the initial in-
crease in autophagosome number in DEPe-treated animals was
not due to increased formation, but occurred through inhibition

of turnover. Thus, two independent assays measuring autopha-
gic flux showed that DEPe reduced autophagosome turnover.

Because autophagic flux was reduced after treatment with
DEPe, we measured an aggregation-prone ZF protein to deter-
mine if impaired proteostasis resulted in higher levels of toxic
neuronal proteins. ZF do not have a homolog of amyloid beta or
a-synuclein, but the genome does contain three synuclein fam-
ily genes, including synuclein gamma 1 (Sncg1), synuclein
gamma 2, and synuclein beta (Milanese et al., 2012; Sun and
Gitler, 2008). Based on region of expression, aggregation propen-
sity, and neurotoxicity, Sncg1 is the closest functional paralog
in the ZF embryo (Lulla et al., 2016; Milanese et al., 2012). To de-
termine the impact of DEPe exposure on levels of Sncg1 in ZF
larvae, they were treated with DEPe from 48 to 120 hpf and pro-
tein was analyzed for Sncg1 by Western blot. This allowed us to
measure Sncg1 in the brain in the absence of neuron loss. After
exposure to DEPe, the protein level of aggregated Sncg1 was sig-
nificantly increased relative to control, particularly when look-
ing at the species that corresponds to tetrameric synuclein
(Figs. 5D and 5E). Unfortunately, no ZF Sncg1 antibodies exist
that would allow for distinguishing between aggregated and
monomeric protein. However, Sncg1 mRNA expression was re-
duced in the presence of DEPe (data not shown) and therefore,
the protein increases cannot be accounted for by transcriptional
upregulation.

Experimental results both in vivo and in vitro demonstrate
that DEPe reduced autophagic activity. To test if this reduced
turnover was the cause of DEPe-induced neurotoxicity, we used
the drug nilotinib, which has previously been shown in ZF to in-
crease autophagic flux (Khuansuwan et al., 2019). In combina-
tion with DEPe treatment, nilotinib mitigated the DEPe-induced
loss of eGFP-positive neurons in the diencephalic cluster of
Vmat2þ neurons (Figs. 6A and 6B) but did not rescue morphol-
ogy (data not shown). This supports the hypothesis that neuro-
toxicity from DEPe is caused, at least in part, by reduced
autophagic activity.

DISCUSSION

In this study, we investigated the mechanisms by which expo-
sure to diesel exhaust may alter molecular pathways that pre-
dispose individuals to neurodegenerative disease and found
that DEPe exposure resulted in behavioral deficits and neuro-
toxicity in an in vivo vertebrate model. In two models, DEPe ex-
posure reduced autophagic flux, which was further supported
by a concurrent increase in Sncg1 protein levels in ZF larvae.
Finally, using an autophagy-inducing drug treatment, we were
able to rescue DEPe-induced Vmat2þ neurotoxicity.

This study expands on what is known about the mecha-
nisms behind diesel exhaust-induced neurotoxicity and adds
biological plausibility for a causal relationship to the epidemio-
logical association between air pollution exposure and neurode-
generative disease risk. This study further underscores the
importance of protein turnover as a critical pathway disrupted
in neurodegenerative disease and is novel in its approach to
studying environmental exposures that impact the degradation
of aggregation-prone neuronal proteins in vivo. Although the
change in autophagic flux in our model system appears small, it
was confirmed in SK-N-MC cells and was sufficient to cause
neuronal toxicity given that it was rescued using the relatively
toxic drug nilotinib which we and others have shown induces
autophagy (Khuansuwan et al., 2019). Our ZF autophagy assay is
extremely sensitive and utilizes our ability to measure neuronal
autophagic flux in living intact larvae. Impaired proteostasis is

Figure 4. Proteasome function and autophagy in cells after DEPe treatment.

Using SK-N-MC expressing a GFPu degron, cells were analyzed by FACS for GFP

intensity after treatment with DEPe. Quantification of the % of GFP-positive cells

represents the degree of proteasome inhibition. Lactacystin resulted in a statis-

tically significant increase in GFPþ cells relative to control (2.5-fold increase),

but DEPe did not alter GFP fluorescence (A). Data analysis by one-way ANOVA

with Dunnett’s multiple comparisons analysis (*p¼ .0001). SK-N-MC cells treated

with DEPe, P/E, or both were collected for protein purification after 24 h of treat-

ment and run on a Western blot (B). Lysosomal inhibition with P/E caused a sig-

nificant increase in LC3II/I ratio, but when combined with DEPe, showed a

decrease in LC3II/I, indicating lower autophagic flux (C). Quantification of N¼5,

Western blots; *p¼ .044 by paired Student’s t test.
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further supported by the increase in Sncg1 levels although we
do not believe that the accumulation of this protein is enough
to account for DEPe neurotoxicity. Knocking down Sncg1 ex-
pression with morpholinos resulted in a small but not signifi-
cant reduction in Vmat2þ neuron loss suggesting that impaired
autophagy resulted in the accumulation of other proteins or
dysfunctional organelle resulting in neuron toxicity (data not
shown). Thus the elevated levels of Sncg1 is likely ran example
of a protein that accumulates because of dysfunctional degrada-
tion. It is not difficult to conceive that the cumulative impact of
reduced turnover of toxic proteins or organelles over years of
exposure has the potential to dramatically impact the health of

neurons. Interestingly, nilotinib did not rescue the morphologi-
cal phenotype observed in some of the larvae, suggesting other
pathways must also be impaired resulting in a more general
toxicity.

These findings do not suggest that other disease-relevant
pathways are not involved in air pollution-induced neurotoxic-
ity. Indeed, it is quite clear from previous studies that neuroin-
flammation, among other things, is altered by exposure to
diesel exhaust (Block et al., 2004; Levesque et al., 2011). One rea-
son we believe this is not playing a major role in our model of
toxicity is that during the time of diesel exhaust exposure,
microglia are not yet active within the brain of the developing

Figure 5. Effect of DEPe on autophagic turnover in ZF. Punctae quantification from confocal images of live embryos (A). There was an increase in the number of auto-

phagosomes after DEPe treatment when compared with vehicle controls as analyzed by Student’s t test (p> .05) (B). When paired with a lysosomal inhibitor, DEPe treat-

ment did not show any additional punctae formation (C). Statistical analysis by unpaired Student’s t test, *p< .05. Western blot on protein extracted from the heads of

50 larvae per group (N¼ 5 treatments) after treatment with 10 mg/ml DEPe between 48 and 120 hpf (D). Bands were normalized to a-tubulin intensity and Sncg1 was

quantified at 55 kDa, which is consistent with tetrameric synuclein. Analysis by paired Student’s t test yielded significant differences in synuclein level (p¼ .027) (E).
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embryo (Rossi et al., 2015). Based on previous studies, it is likely
that long-term exposure to air pollution would result in neuro-
inflammation that could also contribute to disease risk.

One weakness of our study is that most assays were per-
formed in developing fish larvae. This was necessary to take ad-
vantage of the fact that they are transparent at this age
allowing us to assay autophagy in living intact vertebrate neu-
rons. Because neurodegenerative disorders develop over deca-
des, measuring the perturbation of pathways leading to the
disorders has become a well-accepted approach (ie, adverse
outcome pathways) (Tan et al., 2018). Another potential weak-
ness of these studies is the mode of diesel exhaust exposure; al-
though we believe using DEPe in the water is still very relevant
to human exposures. Both the olfactory and gastrointestinal
systems represent major routes of environmental exposure and
inhaled toxins can gain direct access to the brain via the olfac-
tory bulb or indirectly through the bloodstream (Oberdörster
et al., 2004; Peiffer et al., 2013; Takenaka et al., 2001). It has previ-
ously been demonstrated that many components of air pollu-
tion reach the brain and can bioaccumulate (Bond et al., 1986;
Oberdörster et al., 2004; Peiffer et al., 2013; Takenaka et al., 2001).
Because this study utilizes diesel exhaust particulate extract, it
is difficult to extrapolate to relevant human exposure levels
from air pollution. However, a recent study of postmortem brain
tissue found that polycyclic aromatic hydrocarbons (PAHs),
thought to be some of the most biologically active components
in air pollution, are not only found within the human brain but
also accumulate. In this report, the mean concentration of 13
different PAHs was found to be 0.377 ng/g (Pastor-Belda et al.,
2019). The DEPe we utilized in our study contains 4 of these 13
PAHs including phenanthrene, pyrene, fluorene, and chrysene
(Supplementary Table 1) and the average concentration of each

compound that the fish were exposed to was 1.06 ng/ml. When
the 13 compounds were compared directly, the mean concen-
tration of these PAHs in our treatment was 0.32 ng/ml, which is
very comparable to concentrations found within the human
brain. This is particularly concerning for human health given
that we are seeing dramatic toxicity at concentrations in the
same range that are in our brains presumably for many years.

As pathways of critical importance are thoroughly defined, it
becomes possible to begin designing disease-modifying thera-
peutic agents that can address the underlying mechanisms of
neurotoxicity. Inducing autophagy to reduce the levels of toxic
proteins in the brains of individuals with neurodegenerative
disease has recently become of interest for therapeutic pur-
poses (Martinez-Vicente and Cuervo, 2007; Menzies et al., 2017;
Rubinsztein et al., 2012). In rodent models, treatment with the
drug nilotinib has been shown to be neuroprotective and to acti-
vate the clearance of aggregated protein (Hebron et al., 2013;
Karuppagounder et al., 2015; Lonskaya et al., 2014). Although still
in preliminary stages of investigation, this class of drugs has
shown promise in several model systems and lends credence to
the idea that impaired autophagy is a primary molecular mech-
anism of neurotoxicity in neurodegenerative disease.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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