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Abstract

Parkinson’s disease (PD) is characterized by accumulations of toxic a-synuclein aggregates in
vulnerable neuronal populations in the brainstem, midbrain and cerebral cortex. Recent findings
suggest that a-synuclein pathology can be propagated transneuronally, but the underlying
molecular mechanisms are unknown. Advances in the genetics of rare early-onset familial PD
indicate that increased production and/or reduced autophagic clearance of a-synuclein can cause
PD. The cause of the most common late-onset PD is unclear, but may involve metabolic
compromise and oxidative stress upstream of a-synuclein accumulation. As evidence, the lipid
peroxidation product 4-hydroxynonenal (HNE) is elevated in the brain during normal aging and
moreso in brain regions afflicted with a-synuclein pathology. Here we report that HNE increases
aggregation of endogenous a-synuclein in primary neurons, and triggers the secretion of
extracellular vesicles (EVs) containing cytotoxic oligomeric a-synuclein species. EVs released
from HNE-treated neurons are internalized by healthy neurons which as a consequence
degenerate. Levels of endogenously generated HNE are elevated in cultured cells overexpressing
human a-synuclein, and EVs released from those cells are toxic to neurons. The EV-associated a-
synuclein is located both inside the vesicles, and on their surface where it plays a role in EV
internalization by neurons. Upon internalization, EVs harboring pathogenic a-synuclein are
transported both anterogradely and retrogradely within axons. Focal injection of EVs containing
a-synuclein into the striatum of wild type mice results in spread of synuclein pathology to
anatomically connected brain regions. Our findings suggest a scenario for late-onset PD in which
lipid peroxidation promotes intracellular accumulation and then extrusion of EVs containing toxic
a-synuclein species; the EVs are then internalized by adjacent neurons, so propagating the
neurodegenerative process.
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Introduction

Parkinson’s disease (PD), dementia with Lewy bodies and multiple system atrophy are age-
related neurodegenerative disorders characterized by accumulations of a-synuclein in the
soma (Lewy bodies) and neurites (Baba et al., 1998; Jellinger, 2011; Spillantini et al., 1998a;
Spillantini et al., 1998b; Spillantini et al., 1997; Wakabayashi et al., 1998). a-synuclein is a
highly conserved 140 amino acid presynaptic protein which associates with membranes, and
is believed to play a role in the regulation of neurotransmitter release (George et al., 1995;
Iwai et al., 1995; Withers et al., 1997; Abeliovich et al., 2000; Burre et al., 2010; Vargas et
al., 2014). Mutations in the gene encoding a.-synuclein cause dominantly inherited PD
(Polymeropoulos et al., 1997; (Kruger et al., 1998; Zarranz et al., 2004; Lesage et al., 2013),
and duplication or triplication of the a-synuclein gene (Chartier-Harlin et al., 2004; Farrer et
al., 2004; Kara et al., 2014; Singleton et al., 2003) indicating that overproduction of a-
synuclein is sufficient to trigger PD during aging. When mutated or overexpressed, a-
synuclein monomers tend to assemble into helically folded tetramers that resist aggregation
in the cytosol (Bartels et al., 2011).

Normally, a-synuclein is degraded in proteasomes and by autophagy in lysosomes (Cuervo
et al., 2004; Mak et al., 2010; Snyder et al., 2003; Webb et al., 2003; Xilouri et al., 2013).
Knockdown of the autophagy pathway proteins Atg5 or Atg7 results in the accumulation of
a-synuclein aggregates and neurological deficits similar to PD (Hara et al., 2006; Komatsu
et al., 2006), while overexpression of wild type a-synuclein or its mutants inhibits
autophagy (Chen et al., 2015; Chew et al., 2011; Choubey et al., 2011; Huang et al., 2012;
Koch et al., 2015; Winslow et al., 2010). In addition to ubiquitination (Lee et al., 2008b;
Nonaka et al., 2005), a-synuclein can be post-translationally modified by phosphorylation
(Anderson et al., 2006; Hasegawa et al., 2002; Okochi et al., 2000) and acetylation (Trexler
and Rhoades, 2012), which may influence its aggregation and degradation. One age-related
factor that may contribute to the aggregation and cytotoxicity of a-synuclein is oxidative
stress. In this regard the lipid peroxidation product 4-hydroxynonenal (HNE) is implicated in
PD because of its accumulation in Lewy bodies (Castellani et al., 2002; Yoritaka et al.,
1996), and because it can covalently modify a-synuclein (Qin et al., 2007; Nasstrom et al.,
2011) and can impair lysosome function in neurons (Zhang et al., 2017). However, if and
how HNE might cause intracellular accumulation and transcellular propagation of
neurotoxic a-synuclein species is unknown.

Studies of PD patients at various stages of the disease process suggested that a-synuclein
pathology spreads transcellularly, and may occur in peripheral neurons before spreading
rostrally to the brainstem, and thence to the midbrain and cerebral cortex (Braak et al., 2006;
Braak et al., 2003). Recent studies have shown that when preformed a.-synuclein fibrils are
introduced into the olfactory bulb (Rey et al., 2016) or striatum (Luk et al., 2012), the a-
synuclein pathology spreads in a retrograde manner. In addition, when Lewy body extracts
from PD patient brains were injected into the brains of monkeys, they induced a spreading
a-synuclein pathology and neurodegeneration (Recasens et al., 2014). The mechanism by
which a-synuclein pathology is transmitted between neurons is unclear, but may involve a
prion-like seeding process (Goedert, 2015). It has also been reported that neurons can
secrete pathogenic forms of amyloid B-peptide or a-synuclein in extracellular vesicles (EVSs;
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also known as exosomes) in experimental models relevant to AD and PD, respectively
(Danzer et al., 2012; Eitan et al., 2016). However, the possible involvement of membrane
lipid peroxidation in the extrusion of a-synuclein in EVs and their transcellular
pathogenicity is unknown. Here we report that HNE modifies a-synuclein which triggers
intracellular accumulation and subsequent extrusion of toxic a-synuclein species in and on
the surface of EVs. The EVs with HNE-modified a-synuclein are then internalized by and
transported within adjacent neurons, thus propagating a-synuclein pathology and causing
neuronal degeneration.

Materials and Methods

Reagents

Animals

HNE was from Cayman Chemical Company (Ann Arbor, MI). Anti- a-synuclein antibody
(C20) was from Santa Cruz (Dallas, TX; catalog # sc-7011), anti- human a-synuclein
antibody (Syn211) was from Thermo Fisher Scientific (Waltham, MA, catalog # MS-1572).
Anti- S129 phosphorylated a.-synuclein antibody was from Wako (Richmond, VA, catalog #
015-25191). Anti-actin antibody was from Sigma (St. Louis, MO; catalog #A2066). Anti-
HNE antibody was from Alpha Diagnostic (San Antonio, TX; catalog #HNE13-M). Anti-
flotillin-1 antibody (catalog # ab133497), anti- calnexin antibody (catalog # ab22595), anti
a-synuclein filament antibody (FILA-1, catalog # ab209538) were from Abcam

(Cambridge, MA). The MTS assay kit was from Promega Life Sciences (Madison, WI) and
the LDH assay kit was from Roche Diagnostics (Indianapolis, IN). Microfluidic chambers
were from Xona Microfluidics (Temecula, CA, catalog # SND450). The Elite ABC Kit
(catalog # PK-6100) and DAB Peroxidase Substrate Kit (catalog # SK-4100) were from
Vector Labs (Burlingame, CA). Blasticidin S HCI (catalog # A1113903), the ViraPower™ 11
Lentiviral Gateway® Expression System (catalog # K36720), antibiotic-antimycotic (catalog
# 15240062), exosome-depleted FBS (catalog # A2720801) and the BCA protein assay kit
(catalog # 23225) were from Thermo Fisher Scientific (Waltham, MA). a-synuclein
CRISPR/Cas9 KO plasmid (catalog # sc-417273) and puromycin dihydrochloride (catalog #
sc-108071) were from Santa Cruz (Dallas, TX). Ultra-Clear™ Beckman Coulter centrifuge
tubes (344059), polypropylene centrifuge tubes (catalog #s 326823 and 326819) were from
Beckman Coulter (Brea, CA). All other reagents were obtained from Sigma (St. Louis, MO).

Male B6.Cg-Tg(Thy-1-SNCA*A53T) M53Sud/J (SNCA) mice (Chandra et al., 2005)
(original breeding pairs were purchased from Jackson Laboratories, Bar Harbor, ME) and
wild type (WT) littermates were housed under a 12 hour light/12 hour dark cycle. SNCA
mice express the A53T mutant human a-synuclein under the control of the murine Thy-1
promoter and exhibit a-synuclein accumulation in the midbrain and striatum, and age-
dependent motor impairment. For biochemical studies, tissues were flash frozen after
removal and stored at —80°C until used. Timed pregnant female Sprague-Dawley rats were
purchased from Charles River Laboratories, Raleigh, NC). All procedures were approved by
the Institutional Animal Care and Use Committee of the National Institute on Aging, and
complied with NIH guidelines.
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Stereotaxic injections

Wild type mice at 3 months of age or 24 months of age were anesthetized with isoflurane
and EVs isolated from the culture medium of a-synuclein overexpressing HEK cells were
injected stereotaxically (5 pg EV protein equivalents in 3 pl saline injected during a 5 minute
period) using a 10 pl Hamilton syringe into the right dorsal striatum (coordinates: +0.2 mm
relative to Bregma; +2.0 mm from the midline; 2.6 mm beneath the dura); control animals
received EVs isolated from the culture medium of HEK SNCA knockout cells. Mice were
monitored regularly following recovery from surgery, and euthanized at 5 days after EV
injection by overdose with isoflurane. For histological studies the brain was removed after
transcardial perfusion with PBS followed by 4% paraformaldehyde in PBS (pH 7.4). The
brains were then post-fixed overnight in 4% paraformaldehyde in PBS before being
immersed in 30% sucrose in PBS to cryopreserve the brains in preparation for cryostat
sectioning.

Immunohistochemistry

Immunohistochemistry was performed on 40 um thick free-floating coronal sections. After
incubated with 3% hydrogen peroxide to exhaust endogenous peroxidases, brain sections
were incubated with anti-human a-synuclein antibody (C20, 1:1000) at 4°C overnight, then
processed with 3 -diaminobenzidine (Vector Laboratories) as a chromogen. Sections were
subsequently stained with cresyl violet using the Nissl staining method. Images were
captured with a Qimaging Retiga 2000R digital camera connected to a Nikon Eclipse E600
microscope (Melville, NY).

Primary neuronal culture

Cultures of primary cortical neurons were prepared from embryonic day 18 (E18) Sprague-
Dawley rats. Cells were dissociated by trypsinization and trituration in Ca2*- and Mg2*-free
Hank’s Balanced Saline Solution the presence of DNAase to prevent cell clumping.
Dissociated cells were plated onto polyethyleneimine-coated plastic dishes or glass
coverslips in MEM medium (Invitrogen Inc., Carlsbad, CA) supplemented with 10%
Hyclone 111 (Thermo Fisher Scientific) at a density of 3.0 x10° cells/cm? for biochemistry
and 1.0 x 104 cells/cm? for imaging analyses. After cells attached to the surface (4 hours),
the medium was changed to Neurobasal medium containing B27 supplements (Invitrogen).
Every 7 days 50% of the medium volume was removed and replaced with fresh medium.
Immediately prior to experimental treatment, the culture medium was replaced with fresh
Neurobasal medium. HNE was prepared as a 2000X stock in ethanol; control cultures were
exposed to ethanol in the same amount as the cultures exposed to HNE.

HEK cell cultures

The stable HEK-wt-SNCA cell line was generated with ViraPower™ lentiviral expression
system from Invitrogen according to manufacturer’s instructions. The human wt-SNCA
expressing plasmid was a generous gift from Mark R. Cookson at the National Institute on
Aging. A stable HEK SNCA knockout cell line was generated using an a-synuclein
CRISPR/Cas9 KO plasmid from Santa Cruz. All HEK cell lines were cultured in DMEM
medium containing 10% Hyclone 111, penicillin (100 U/ml), streptomycin (100 pg/ml) and
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amphotericin B (0.25 pg/mL). Cells overexpressing WT a-synuclein were maintained in the
presence of 10 pug/ml blasticidin. SNCA-KO cells were maintained in the presence of 5
pg/ml puromycin dihydrochloride. For EV isolation, cells were grown in DMEM medium
with exosome-depleted FBS (A2720801) for 48 hours. The supernatants were then collected
and stored at —80°C for EV isolation and purification.

Isolation and purification of EVs

Isolation of EVs was performed as described previously (Vlassov et al., 2012; Eitan et al.,
2016) with a few modifications. Briefly, 35 milliliters of culture medium was first
centrifuged at 2000 g for 30 min at 4°C to remove dead cells and debris, and the supernatant
was further centrifuged at 10,000 g for 40 min at 4°C. The resulting supernatant was
collected and centrifuged at 120,000 g for 2 hours. The pellets were washed once in PBS
and centrifuged at 120,000 g for 2 hours. The pellets were resuspended in 100 pl PBS for
further experiments, subjected to PKH staining (PKH67-green; PKH26-red) with one more
ultracentrifugation at 120,000 g for immunofluorescence imaging analyses, or reconstituted
in RIPA lysis buffer for immunoblot analysis. To confirm the presence of a-synuclein in
EVs, some isolated EVs were further purified using an OptiPrep™ density gradient. Briefly,
a discontinuous iodixanol gradient was prepared by diluting a stock solution of OptiPrep™
(60% wi/v) with 0.25 M sucrose/10 mM Tris, pH 7.5 to generate 40%, 30%, 25%, 20%, and
10% wi/v iodixanol solutions. The discontinuous iodixanol gradient was generated by
sequentially layering 2 mL each of 40, 30, 25, 20 and 10% (w/v) iodixanol solutions in
14x89 mm Ultra-Clear™ Beckman Coulter centrifuge tubes. A 2 ml volume of EVs was
overlaid on the discontinuous iodixanol gradient and centrifuged in a SW 40 Ti rotor for 18
hours at 100,000 g at 4°C. Six 2 ml fractions were collected from the top of the gradient.
Each fraction was diluted to 30 ml in PBS and centrifuged at 120,000 g for 2 hours at 4°C in
a SW 28 Ti rotor. The resulting pellets were resuspended in 100 pl of 4X LDS sample buffer
(Thermo Fisher Scientific).

g-Nano analysis of EVs

Isolated EVs were loaded on a 200 nm nanopore membrane on the gNano platform and their
sizes and numbers were quantified with the g-Nano system (1zon Science, Cambridge, MA)
according to the manufacturer’s instructions.

Electron microscopy

Isolated exosomes were allowed to adsorb to freshly ionized 300 mesh formvar/carbon-
coated grids, washed briefly through 5-7 puddles of ddH,O; and negatively stained in 2%
aqueous uranyl acetate. Images were acquired using a transmission electron microscope (FEI
Tecnai G2 Spirit) with TWIN Lens operating at 100 kV with an Olympus Soft Imaging
System Megaview |11 digital CCD.

Cell viability assays

The MTS assay (Promega Corporation, Madison, WI) and LDH assay (Roche Life Science,
Indianapolis, IN) were performed according to the manufacturer’s instructions. Neurons
were grown in 96-well plates at a density of 10,000 cells/well for 7 days. Different
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treatments were then added to the culture medium for designated time periods. The culture
medium was removed for the LDH assay and cells were left in the wells for the MTS assay.
For both assays, the absorbance (optical density) value was read at a wavelength of 492 nm
with a microplate reader (Biotek, Winooski, VT).

Immunoblot assays for denatured proteins

For preparation of nonionic detergent-soluble and detergent-insoluble fractions, neurons
were homogenized in ice-cold 1% Triton X-100 lysis buffer (50 mM Tris-HCI, pH 7.4, 150
mM NacCl, 0.1%SDS, 1% Triton X-100, 1% sodium deoxycholate, supplemented with
protease inhibitor cocktail), followed by sonication. Homogenates were centrifuged at
15,600 x g for 20 min at 4°C to separate supernatants (Triton X-100-soluble fractions). The
resulting pellets were further lysed by sonication in a buffer containing 2% SDS and a
protease inhibitor cocktail, followed by centrifugation at 15,600 x g for 10 min at room
temperature to separate the new supernatants (Triton X-100-insoluble fractions). For other
immunoblot assays, cells, EVs or brain tissue were lysed in radioimmunoprecipitation assay
buffer (50 mM Tris, pH 7.4, 150 mM NacCl, 0.1% SDS, 1% NP-40, 2 mM EDTA, 1 mM
DTT, 1 mM PMSF, 200 M NazgVO,, 50 mM NaF and protease inhibitors (Roche) on ice for
20 min with brief sonication, and centrifuged at 15,600 x g for 15 minutes. The supernatants
were collected for immunoblot analysis. The protein concentration of samples was
determined using a BCA protein assay kit (Thermo Fisher Scientific). Denatured samples
were heated to 70°C in NUPAGE LDS sample buffer (Invitrogen) and loaded onto NUPAGE
Bis-Tris gels (Invitrogen) for protein separation. Following electrophoresis, proteins were
transferred from the gel to a nitrocellulose sheet by electrophoresis and the sheet was stained
with Ponceau S solution (Sigma) to assess the efficiency of protein transfer. Then the sheet
was washed with deionized-water and incubated overnight at 4°C with a primary antibody
(see antibody sources in the first paragraph of the Methods section above) which included:
anti-actin (1:500 dilution), anti-HNE (1:2000), anti- a-synuclein antibody C20 (1:1000),
anti- human a-synuclein antibody Syn211(1:1000), anti- S129 phosphorylated a-synuclein
antibody (1:1000), anti-flotillin-1 antibody (1:5000), and anti- calnexin antibody (1:1000).
The sheet was then incubated in the presence of HRP-conjugated secondary antibodies (Cell
Signaling Technology) and the immunolabeled proteins were visualized using an enhanced
chemiluminescence kit (Thermo Fisher Scientific). Analysis of immunolabeled band
intensity was performed using Image J software (NIH) and values were normalized to the
intensity of the actin band for the same protein sample.

Native gel immunoblot analysis

For extraction of proteins for native gel immunobloting of a-synuclein, the cells or brain
tissue were harvested, washed twice with ice-cold PBS, briefly sonicated in PBS, and
centrifuged at 1,000 x g for 15 minutes at 4°C. The supernatants were analyzed using the
NativePAGE™ Bis-Tris Gel system. After transfer of protein to a PVDF membrane, the
membrane was incubated in 20 ml of 8% acetic acid for 15 minutes to fix the proteins. The
membrane was then rinsed with deionized water and processed for immunodetection of
designated proteins using the protocol for denatured proteins described above.
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Dot Blot Assay

EV lysates were spotted directly on the nitrocellulose membrane, forced go through
membrane by applying a vacuum, and let it dry completely. Membrane was subsequently
blocked for 1 hour with 5% bovine serum albumin in TBST and incubated with FILA-1 at
4°C overnight. The following steps were the same as regular Western Blot assay.
Immunoreactivity was visualized using chemiluminescence detection (Pierce) after
incubations with anti-rabbit horseradish peroxidase-conjugated secondary antibody, using x-
ray films. The immunoreactive dot intensities were determined by Image J software.

Proteinase K digestion

The lysates of EVs were treated with or without 50 ug/ml proteinase K (PK) for 20 min on
ice. The reaction was stopped by addiction of 2 mm (final concentration) phenylmethyl
sulfonyl fluoride.

Rat a-synuclein oligomer ELISA assay

Conditioned culture medium was harvested from rat primary cortical neuron cultures after
24 hours’ treatment of vehicle control or HNE. The medium was centrifuged at 2000 g for
30 min at 4°C to remove dead cells and debris, and the supernatant was further centrifuged
at 10,000 g for 40 min at 4°C to remove large microvesicles. The supernatants were then
used for a-synuclein oligomer detection using a rat a-synuclein oligomer ELISA kit from
Mybiosource (San Diego, CA, catalog # MBS733196) according to the manufacturer’s
protocol. To detect EV-associated a-synuclein oligomers, we lysed EVs in the supernatant in
1% Trition X-100 lysis buffer at a dilution of 1:2. Samples (100 pl) were assayed in
duplicate. Optical density values were at 450 nm were determined using a microplate reader.

Trypsin treatment of EVs

EVs were incubated with trypsin (1:20, trypsin:protein ratio) with or without 0.1% saponin
in PBS for 2 hours at 37°C. The digestion was halted with trypsin inhibitor (1:1,
trypsin:trypsin inhibitor ratio). The resulting EVs were lysed directly in 4X LDS sample
buffer for subsequent immunoblot analysis.

Immunofluorescence and confocal microscopy

Cortical neurons were grown on glass coverslips with or without specific treatments for
designated time periods before immunostaining. Neurons were washed in PBS twice and
then fixed in PBS containing 4% paraformaldehyde for 20 min at 23°C. Neurons were then
incubated in blocking solution (PBS containing 3% bovine serum albumin and 0.2% Triton
X-100) for 30 minutes, and then incubated with a primary antibody diluted in blocking
solution overnight at 4°C. Primary antibodies included: anti- a-synuclein antibody C20
(1:1000), anti- human a-synuclein antibody Syn211 (1:400). Alexa Fluor 488, 568 and 633
(Invitrogen) were used as secondary antibodies. Cell nuclei were stained with Hoechst
33258 dye. Coverslips were mounted in Mountant Permafluor medium (Thermo Fisher
Scientific) and visualized using a Zeiss LSM410 confocal microscope with a 40X objective
lens. Images were analyzed with Image J software.
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Statistics
All data are presented as mean + SEM. Comparisons between control and treatment groups
were performed by using Student’s unpaired t-test or analysis of variance where appropriate.
Values of p<0.05 were considered statistically significant.

Results

Overexpression of human a-synuclein results in the accumulation of a-synuclein
aggregates and HNE-modified proteins

To establish a cellular system for the production and release in EVs of potentially pathogenic
forms of a-synuclein, we overexpressed wild type human a-synuclein in human embryonic
kidney (HEK) cells (HEK-wt-SNCA cells), and then performed immunoblot analyses of cell
lysates prepared in RIPA buffer. Lysates with the same amount of protein were loaded and
separated in NUPAGE Bis-Tris gels. The analysis demonstrated that levels of monomeric a.-
synuclein (approximately 17 kDa) were more than 12-fold greater in cells overexpressing a.-
synuclein compared to non-transfected cells (Figure 1A and B). To determine if cells that
accumulate a-synuclein aggregates exhibit increased oxidative stress, we performed
immunoblot analysis of proteins from control and HEK-wt-SNCA cells using an antibody
against HNE, a lipid peroxidation product that covalently modifies proteins on lysine
residues (Mattson, 2009). We found a clear increase of HNE-modified proteins of a wide
range of molecular weights in HEK-wt-SNCA cells compared to control cells (Figure 1C).
To further measure the aggregation status of a-synuclein in control and HEK-wt-SNCA
cells, we performed immunoblot analysis of non-denatured proteins using an a-synuclein
antibody (Santa Cruz C20, recognizes a-synuclein from all species), and used proteins from
cerebral cortex of 1 year old wild type and Thy1-A53T-SNCA human a-synuclein mutant
transgenic mice as negative and positive controls, respectively. Large amounts of
presumptive a-synculein aggregates with molecular weights ranging from approximately 30
— 70 kDa were present in samples from HEK-wt-SNCA cells but not in samples from
control HEK cells (Figure 1D). As expected, samples from the brains of a-synuclein mutant
transgenic mice exhibit large amounts of a-synuclein aggregates, ranging from
approximately 30 kDa to over 500 kDa in size, whereas no a-synuclein aggregates were
detected in samples from wild type mice (Figure 1D).

HNE induces a-synuclein aggregation in rat primary cortical neurons

Aging is the major risk factor for PD, and the accumulation of oxidatively modification of
proteins, including covalent modification by HNE, occurs during normal aging, and is
greatly exacerbated in vulnerable brain regions of PD patients and animal models of PD
(Dexter et al., 1989; Castellani et al., 2002; Droge and Schipper, 2007; Di Domenico et al.,
2016; Plotegher and Bubacco, 2016). We therefore determined whether exposure of neurons
to HNE is sufficient to trigger accumulation of a-synuclein in neurons. Cultured primary
cortical neurons were treated with vehicle control (ethanol) or 5 uM HNE, and 24 hours later
the neurons were harvested and lysed in buffer containing 1% Triton X-100 buffer. After
centrifugation, supernatants were collected and labeled as Triton X-100 soluble fraction (S).
The pellets were resuspended in 2% SDS lysis buffer and designated as the insoluble
fraction (IS). There was no difference in the amount of monomeric a-synuclein in control
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and HNE-treated neurons (Figure 2A and B). In contrast, there was an approximately 7-fold
greater abundance of higher molecular weight a.-synuclein aggregates in both the of S and
IS fractions of HNE-treated neurons compared to control neurons (Figure 2A and B). In
vehicle-treated control neurons, a-synuclein immunoreactivity was distributed diffusely
throughout the cell body and neurites; in contrast, in neurons exposed to HNE the a.-
synuclein immunoreactivity was concentrated in aggregates of various sizes throughout the
neurites and cell body (Figure 2C). Lewy bodies in PD patients are enriched in a-synuclein
phosphorylated on serine residue 129 (Hasegawa et al., 2002). We therefore used an
antibody that only binds pS129 a-synuclein to determine whether a-synuclein induced by
HNE exhibit a Lewy body-like molecular signature. Immunoblot analysis of S and IS
fractions of cell lysates from neurons that had been exposed to vehicle or HNE for 4 days
revealed that a-synuclein aggregates in both fractions were immunoreactive with the pS129
antibody, with the relative intensities of bands in samples from HNE-treated neurons being
greater than in samples from control neurons (Figure 2D and E).

Cortical neurons secrete extracellular vesicles (EVs) containing aggregated and S129-
phosphorylated a-synuclein

Pathogenic accumulations of a-synuclein in neurons impairs protein degradation systems,
particularly the autophagy — lysosome pathway (Chen et al., 2015; Choubey et al., 2011;
Huang et al., 2012). We and others previously showed that HNE can impair lysosome and
proteasome degradation systems (Hyun et al., 2002; Ferrington and Kapphahn, 2004;
Krohne et al., 2010a; Krohne et al., 2010b; Zhang et al., 2017). Inhibition of lysosome
function can trigger the secretion of EVs containing undegraded proteins (Danzer et al.,
2012; Eitan et al., 2016; Poehler et al., 2014). Here we asked if HNE causes neurons to
release EVs containing pathogenic a-synuclein species. We isolated EVs from the medium
bathing cultured primary cortical neurons using an ultracentrifugation protocol (Vlassov et
al., 2012). To confirm the presence of exosomes in the isolated fraction we performed
electron microscopy analysis, and we also measured the diameter of exosomes using g-Nano
technology. Both approaches revealed membranous vesicles of a size range (30 — 100 nm)
characteristic of exosomes (Figure 3A and B). We next performed immunoblot analysis of
presumptive EVs isolated from the culture medium of HNE-treated and control cortical
neurons. Flotillin-1, an EV marker protein, was present in similar amounts in vesicle-
containing preparations isolated from medium of HNE-treated and control neurons (Figure
3C). Greater amounts of a-synuclein oligomers and pS129 a-synuclein monomer were
present in EVs released from HNE-treated neurons compared to control neurons (Figure
3C). To further test the existence of pathological a-synuclein in EVs, we did dot blot assay
in order to detect toxic a-synuclein oligomers/fibrils with anti a-synuclein filament
antibody (FILA-1). EV lysates with or without Proteinase K (PK) digestion was spotted onto
nitrocellulose membrane directly without protein denaturing steps. To our expectation, the
amounts of alpha-synuclein oligomers/fibrils increased 2.5 folds in EVs from HNE-treated
neurons than EVs from control neurons (Figure 3D, E). Interestingly, most of alpha-
synuclein aggregates are not PK resistant (Figure 3D), suggesting that most of alpha-
synuclein species in HNE-EVs are oligomers and not fibrils. To determine the amounts of
oligomeric a-synuclein in the EV-free supernatant and in EVs we performed an ELISA
assay with conditioned medium supernatants from primary rat neuron cultures that had been
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treated for 24 hours with vehicle or HNE. We found that the amount of a.-synuclein
oligomers was increased in the supernatant of HNE-treated neurons (117.1 + 8.4 pg/ml)
compared with control neurons (73.8 = 15.7 pg/ml) (Figure 3F). When supernatants were
treated with Triton X-100 to lyse EVSs, the levels of oligomeric a-synuclein were increased
by approximately 3-fold and 5-fold in samples from control (327.0 £ 82.2 pg/ml) and HNE-
treated (565.3 £ 60.7 pg/ml) neurons (Figure 3F). These data provide evidence that elevated
levels of HNE cause neurons to release increased amounts of EVs containing potentially
pathogenic oligomeric a-synuclein species.

EVs secreted by HNE-treated neurons are internalized by and toxic to previously healthy

neurons

After being released from one cell, EVs can be internalized by neighboring cells (Alvarez-
Erviti et al., 2011; Danzer et al., 2012; Emmanouilidou et al., 2010). To determine whether
EVs released from cortical neurons can be internalized by other cortical neurons, we isolated
EVs from the medium of cultured control or HNE-treated neurons, and labeled the EVs with
a lipophilic fluorescent probe (PKH67 green), and then added the labeled EVs to the culture
medium (20 pg exosome protein/ml medium) of healthy cortical neurons. We then fixed
neurons at 2, 6 or 24 hours after exposure to EVs, immunostained them with a-synuclein
antibody, and then simultaneously imaged the PKH67 green fluorescence and the a-
synuclein immunoreactivity. EVs from both control and HNE-treated neurons were
internalized by recipient neurons in a time-dependent manner with significantly more EVs
from HNE-treated neurons being internalized compared with EVs from control neurons
(Figure 4A and B). Enlarged Z-stack images showed that a-synuclein immunoreactivity is
co-localized with many of the internalized EVs, especially with HNE-EVs (Figure 4A). To
determine whether internalized EVs affected neuronal viability we exposed cortical neurons
to EVs isolated from the medium of control and HNE-treated neurons for 48 hours and then
performed MTS and LDH assays. EVs from HNE-treated neurons exhibited concentration-
dependent neurotoxicity on recipient neurons, as indicated by lower levels of MTS signal in
the neurons and increased levels of LDH released into the culture medium (Figure 4C). To
determine if exosomes from HNE-treated neurons modify the vulnerability of neurons to
another insult relevant to PD, we treated cortical neurons with a low concentration of the
mitochondrial complex I inhibitor rotenone (1 nM) in combination with EVs released from
control or 5 M HNE-treated neurons (20 ug protein/ml) for 48 hours. Rotenone at this
concentration did not cause a reduction in neuronal viability, but did significantly exacerbate
the toxicity of EVs from HNE-treated neurons (Figure 4D). These results suggest that a-
synuclein oligomer-containing exosomes released from neurons are readily internalized by
healthy neurons and can increase their vulnerability to mitochondrial stress.

To better understand the subcellular fate of the a-synuclein entering neurons in EVs, we
isolated EVs from the medium of HEK-wt-SNCA cells. We confirmed that the EV
preparation was indeed enriched in EVs as demonstrated by the presence of the EV marker
flotillin-1 and the absence of the endosome marker calnexin (Figure 5A). Human a-
synuclein was present in the isolated EVs (Figure 5A). The quality of ultracentrifugation
protocol on EV isolation was confirmed by Opti-prep gradient ultracentrifugation (Figure
S1A). EV pellets from ultracentrifugation were further evaluated by discontinuous gradient

Neurobiol Aging. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 11

ultracentrifugation; 6 fractions were collected. Both a-synuclein and flotillin-1 were
enriched in fractions 2 and 3, but not in the other fractions (Figure S1B). We then treated
cultured cortical neurons with EVs (20 pg protein/ml medium) derived from HEK-wt-SNCA
cells. After 2 hours the neurons were fixed and double-label immunostained with an
antibody that recognizes both human and rat a-synuclein (C20) and an antibody that is
specific for human a-synuclein (Syn211). The specificity of Syn211 antibody was
confirmed by immunoblot and immunostaining analyses (Figure S2). No human a.-synuclein
immunoreactivity was detected in rat primary neurons with antibody Syn211, while rat a-
synuclein was detectable with antibody C20 (Figure S2A, B). In addition, human a-
synuclein was recognized by antibody Syn211 in brain lysates from 1 year old Thy1-A53T-
SNCA mice, but not in brain lysates from age-matched wild type mice (Figure S2C). We
found that the majority of internalized human a-synuclein was located in the axon and
dendrites of recipient neurons, with some but not all of the human a.-synuclein colocalizing
with rat a-synuclein (Figure 5B). Z-stack image analyses confirmed that EV-derived human
a-synulcein was internalized by neurons rather than attached to the cell surface membrane
(Figure 5B).

a-synuclein is essential for EV-mediated neurotoxicity

To determine the role of a-synuclen in EV-induced neurotoxicity, we knocked out the Snca
gene in HEK cells with CRISPR-cas9 technology. Immunaoblot analysis confirmed that HEK
Snca KO cells and EVs secreted from those cells lacked a-synuclein protein (Figure 6A).
We measured viability of cortical neurons that were treated with EVs from HEK, HEK-wt-
SNCA, or HEK-SNCA-KO cells. After 24 hours, only neurons treated with HEK-wt-SNCA
EVs exhibited a significant decrease in MTS reduction (Figure 6B), and neurons treated with
either HEK-EVs or HEK-wt-SNCA EVs exhibited significantly greater LDH release
compared to neurons treated with EVs lacking a.-synuclein, or no EV treatment (Con)
(Figure 6B).

EV membrane surface-associated a-synuclein is required for EV internalization by neurons

To determine the location of a-synuclein in EVs, we incubated EVs with trypsin alone or in
combination with 0.1% saponin (membrane permeabilizer). HEK-wt-SNCA EVs were
incubated with trypsin (1:20, trypsin:total EV protein) at 37°C for 2 hours. EVs without
trypsin or saponin treatment, and brain lysates from Thy1-A53T-SNCA mice were used as
controls. After combined treatment with trypsin and saponin no a-synuclein was detected in
EV samples (Figure 7A). EVs treated with trypsin alone exhibited reduced amounts of a-
synuclein compared to untreated EVs, suggesting the association of a-synuclein with the
membrane surface (Figure 7A). The EV marker flotillin-1 was present in EVs from each
treatment group.

To determine whether proteins on the outer membrane of HEK-wt-SNCA EVs play a role in
a-synuclein internalization in neuron, we measured the internalization efficiency of EVs that
either had or had not been treated with trypsin. We also pre-incubated other EVs with human
a-synuclein antibody (Syn211) to block a-synuclein to determine if a-synuclein is required
for EV internalization. All EVs were labeled with the fluorescent PKH26 lipophilic dye
before adding them to the culture medium of primary neurons. After 2 hours, the cells were
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washed in fresh medium and the fluorescence intensity of the neuronal EV fluorescence
signal was measured with a plate reader. We found a large decrease of EV internalization
with trypsin-digested EVs, and with EVs that had been pre-incubated with a-synuclein
antibody, compared to untreated EVs and EVs pre-incubated with either rabbit or mouse IgG
(Figure 7B).

To determine whether EVs containing a-synuclein are preferentially internalized by axons,
and to determine their subcellular fate after internalization, we grew neurons in microfluidic
chambers in which the axons of neurons plated in one chamber grow through microgrooves
into an adjacent chamber, thereby enabling selective application of EVs to the axons or to
the cell body and dendrites. To confirm that EVs cannot move freely between compartments,
we grew neurons in one chamber for only 2 days, a time period insufficient to allow axons to
grow through the microgrooves into the second chamber. We then added HEK-wt-SNCA
EVs to either the chamber with the neurons or to the empty chamber, waited 24 hours, and
immunostained the neurons with the pan a.-synuclein antibody and the human a-synuclein
specific antibody. Human (i.e., EV-derived) a-synuclein was only detected in the neurons
when the EVs were added to the neuronal compartment, and not when added to the cell-free
compartment, demonstrating that the EVs do not pass through the microgrooves (Figure S3).
We next maintained neurons in the microfluidic chamber cultures for 10 days, during which
time numerous axons grew through the micrographs into the second chamber (Figure S4).
We added HEK-wt-SNCA EVs into either the axon chamber or the somato-dendritic
chamber for 4 hours. The neurons were then fixed and immunostained with antibodies that
recognize only human a.-synuclein or both rat and human a-synuclein. The EV-associated
human a-synuclein was internalized by axons, and then retrogradely transported to the soma
and dendrites (Figure 7C, upper panels). Interestingly, we also found that a-synuclein from
EVs can be internalized by soma/dendrites, and then be transported anterogradely into the
axon (Figure 7C, lower panels). These results suggest that EVs harboring a-synuclein can
be internalized by both axons and dendrites, and transported either retrogradely or
anterogradely.

Human a-synuclein in EVs placed in the striatum spreads to other brain regions

To determine whether EV-associated a-synuclein can move from one brain region to another
in vivo, we injected EVs (5 g total protein in 3 pl volume) from HEK-wt-SNCA or HEK-
SNCA-KO cells into the dorsal striatum (unilaterally) of young (3 months) and old (24
months) wild type mice. Mice were euthanized 5 days after injection, and their brains
processed for immunohistochemistry using the anti-human a-synuclein antibody Syn211,
with cresyl violet counterstaining to label cell nuclei. In the hemisphere into which the EVs
from HEK-wt-SNCA EVs were injected, human a-synuclein immunoreactivity was present
not only in the dorsal striatum, but also in the cerebral cortex, substantia nigra and
hippocampus (Figure 8A). Interestingly, we also observed human a-synuclein
immunoreactivity in the cerebral cortex and hippocampus of the contralateral hemisphere,
although the staining intensity was much lower than in the ipsilateral hemisphere (Figure
8A). Mice injected with EVs from HEK-SNCA-KO cells exhibited no human a-synuclein
immunoreactivity (Figure 8B). When viewed at higher magnification, the human a-
synuclein immunoreactivity was present in both neurites and cell bodies of neurons (Figure
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9). Intense human a-synuclein immunoreactivity was present in occasional Lewy neurite-
like structures and neuronal cell bodies in the ipsilateral striata of both young and old mice,
and to a much lesser extent in the contralateral striatum (Figure 9A-H). Human a-synuclein
immunoreactivity was also present in the cell bodies and neurites of some neurons in the
ipsilateral, and to a lesser extent contralateral cerebral cortex of mice injected with HEK-wt-
SNCA EVs (Figure 91-P). Some neurons in the ipsilateral dentate gyrus of young and old
mice exhibited human a-synuclein immunoreactivity in their soma (Figure 9Q-T). Neurons
in both ipsilateral and contralateral substantia nigra pars compacta of both young and old
mice exhibited EV-derived human a-synuclein immunoreactivity in their cell bodies and
neurites. (Figure 9U-X).

Discussion

Our findings demonstrate that: 1) EVs containing a-synuclein oligomers can be released
from cultured primary neurons and a cell line overexpressing human a-synuclein; 2) EVs
containing a-synuclein can be internalized by axons of healthy primary neurons, wherein
they are transported retrogradely to the cell body and dendrites; 3) a-synuclein is present
within EVs and on their surface, and the surface-associated a.-synuclein plays a role in the
internalization of the EVs by neurons; 4) Exposure of primary neurons to the lipid
peroxidation product HNE enhances the accumulation of a-synuclein aggregates within the
neurons and increases the release of EVs containing toxic forms of a-synuclein; 5) When
EVs harboring human a-synuclein are placed in the dorsal striatum of mice, that a.-
synuclein spreads from the site of injection to the substantia nigra, cerebral cortex and
hippocampus. In the light of previous findings showing that HNE accumulates in neurons in
PD and that HNE can covalently modify a-synuclein (Yoritaka et al., 1996; Castellani et al.,
2002; Qin et al., 2007; Nasstrom et al., 2011), our findings suggest a scenario in which
membrane-associated oxidative stress promotes a.-synuclein aggregation inside of neurons
and consequent release of toxic a-synuclein species in EVSs. The EVs are then internalized
by and toxic to previously healthy neurons adjacent to those first affected by the
accumulation of HNE-modified a-synuclein.

Two, not mutually exclusive, mechanisms for the spread of a-synuclein pathology between
neurons and across regions of the nervous system are suggested from the results of previous
studies. One mechanism is similar to prion proteins; pathogenic a-synuclein species “‘seed’
the acquisition of previously non-pathogenic a-synuclein, thereby propagating a molecular
‘chain reaction’. The latter mechanism is supported by data showing that extracts of PD
patient brain, and pathogenic a-synuclein species isolated from the extracts, can trigger the
accumulation of endogenous a-synuclein aggregates in the rodent brain (Guo et al., 2013;
Mao et al., 2016; Volpicelli-Daley et al., 2014; Volpicelli-Daley et al., 2011; Luk et al.,
2012). Moreover, mouse a.-synuclein preformed fibrils are able to induce accumulation of
LB-like intracellular inclusions and nigrostriatal degeneration in rats (Paumier et al., 2015)).
The second mechanism, which is supported by our findings, is that neurons first affected by
the accumulation of pathogenic a-synuclein species extrude those potentially cytotoxic a-
synuclein species, which are then internalized by and transported within adjacent
(synaptically connected) neurons. Similar to a recent study (Emmanouilidou et al., 2011;
Danzer et al., 2012), we found that a cell line overexpressing human a-synuclein releases
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EVs that contain a-synuclein aggregates, and we further found that primary cortical neurons
exposed to HNE release EVs harboring a-synuclein. Importantly, we found that EVs
released in response to a-synuclein overexpression or exposure of cells to HNE can be
internalized by neurons in cell culture and in the brain. Taking advantage of an antibody that
binds only human and not rodent a-synuclein, we found that neurotoxic EV-associated a-
synuclein species are transferred trans-neuronally.

A large literature has accumulated that supports pathogenic roles for HNE in several
prominent age-related diseases including cardiovascular disease, diabetes and Alzheimer’s
disease (for review see Mattson, 2009). For example, studies relevant to Alzheimer’s disease
have shown that pathogenic forms of amyloid B-peptide can cause membrane lipid
peroxidation and consequent destabilization of neuronal ion homeostasis and energy
metabolism (Mark et al., 1995; Mark et al., 1997; Keller et al., 1997). Conversely, HNE
promotes amyloidogenic processing of the p-amyloid precursor protein and aggregation of
amyloid B-peptide. We found that HNE can cause neurons to release EVs harboring
neurotoxic a-synuclein species. Although we did not establish the specific molecular
mechanism by which HNE triggers release of EVs harboring pathogenic a-synuclein,
previous findings suggest HNE may impair intracellular degradation of a-synuclein in
proteasomes or via the autophagy — lysosome pathway. HNE can inhibit the proteasome
(Keller et al., 2000; Farrington and Kapphahan, 2004), and HNE-modified protein
aggregates may be refractory to proteasomal degradation (Shringarpure et al., 2000). In
addition, exposure of cerebral cortical neurons to HNE impairs lysosome function resulting
in the accumulation of polyubiquitinated proteins (Zhang et al. 2017). Moreover, it was
recently reported that lysosome dysfunction triggers the release of EVs harboring pathogenic
species of amyloid p-peptide, and EVs with similar pathogenic amyloid B-peptide species
are present in the cerebrospinal fluid of AD patients (Eitan et al., 2016). It remains to be
established if oxidative stress and impaired autophagy are pivotal for generation of EVs
harboring pathogenic a-synuclein species in PD, and whether such EVs are critical for
propagation of the disease process between different brain regions.

Compared to other neuronal populations, dopaminergic neurons in the SN may prone to very
high levels of oxidative stress for several reasons. SN dopaminergic neurons have very high
levels of iron which, when present in the free ionic Fe2* form, is a potent inducer of
membrane lipid peroxidation and HNE production (Jenner, 2003). Dopamine and its
metabolites can themselves generate reactive oxygen species and cause lipid peroxidation
(Napolitano et al., 2011). In addition, dopaminergic neurons experience high levels of
excitability, and the consequent Ca2* influx and uptake by mitochondria generates reactive
oxygen species (Mattson, 2012; Surmeier et al., 2017). Recent findings suggest that a-
synuclein pathology is propagated from peripheral neurons to the brainstem via the vagus
nerve, thence to midbrain dopaminergic neurons and then to cerebral cortical neurons
(Klingelhoefer et al., 2015). Because aggregating a-synuclein associates with membranes
and aggregating a-synuclein can induce membrane lipid peroxidation, a cascade of events
can be envisioned in which age-related factors (for example, impaired mitochondrial and
lysosome function, inflammation) promote lipid peroxidation, and modification of a-
synuclein by HNE resulting in a-synuclein aggregation and release from dendrites in EVs.
The EVs harboring pathogenic a-synuclein species are then internalized by axon terminals
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of neurons innervating the affected neuron. The pathogenic a-synuclein then triggers
oxidative stress and aggregation of endogenous a.-synuclein in the previously unaffected
neuron, thereby propagating the neurodegenerative cascade in a retrograde manner.
Consistent with this retrograde propagation scenario, we found that when HNE-modified a-
synuclein is introduced into the striatum where axons of SN dopaminergic neurons are
located, a-synuclein pathology later appears in SN dopaminergic neuron cell bodies.

Our findings demonstrate that HNE induces the generation and release of EVs harboring
neurotoxic species of human a-synuclein, and suggest that such EV-derived a-synuclein can
be internalized by axons and distributed within and between neurons. We found that a-
synuclein is present on the outer surface of EVs released from human cells that accumulate
a-synuclein aggregates, and that a a-synuclein antibody inhibits the internalization of EVs
harboring such pathogenic a-synuclein species, suggests that membrane-associated a.-
synuclein may play a critical role in trans-cellular propagation of a-synuclein pathology.
Indeed, we found that such a-synuclein-laden EVs are neurotoxic and increase the
vulnerability of neurons to a low concentration of the mitochondrial complex I inhibitor
rotenone. Considerable evidence suggests that impaired complex | function contributes to
neuronal vulnerability in PD including the fact that rodents, monkeys and humans exposed
to complex I inhibitors (MPP+, 6-hydroxydopamine and rotenone) exhibit selective
degeneration of dopaminergic neurons and clinical motor signs diagnostic of PD (Betarbet et
al., 2002; Langston, 2017). Moreover, mutations in multiple genes that cause early-onset
inherited PD (a-synuclein, Parkin, PINK1, DJ-1 and LRRK2) result, either directly or
indirectly, in mitochondrial dysfunction (Pickrell and Youle, 2015; Ryan et al., 2015; Bose
and Beal, 2016). Aging, the major risk factor for late-onset PD, involves accumulation of
HNE-modified proteins in the brain (Di Domenico et al., 2016). Because HNE can impair
mitochondrial function and autophagy (Keller et al., 1997; Zhang et al., 2017), and because
impaired autophagy can trigger release of EVs containing pathogenic self-aggregating
proteins (Eitan et al., 2016), our findings suggest a therapeutic potential for interventions
that reduce the generation of EVs harboring a-synuclein or that inhibit the internalization of
such potentially pathogenic EVs by other neurons.
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The lipid peroxidation product HNE increases aggregation of endogenous a.-
synuclein in primary neurons.

HNE triggers the secretion of extracellular vesicles (EVSs) containing cytotoxic
oligomeric a-synuclein species.

EVs released from HNE-treated neurons are internalized by healthy neurons
which as a consequence degenerate.

EV-associated a-synuclein is located both inside the vesicles, and on their surface
where it plays a role in EV internalization by neurons.

Upon internalization, EVs harboring pathogenic a.-synuclein are transported both
anterogradely and retrogradely within axons.

Focal injection of EVs containing a-synuclein into the striatum of wild type mice
results in spread of synuclein pathology to anatomically connected brain regions.
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Figure 1. Cultured cells overexpressing wild type human a-synuclein accumulate oligomeric
aggregates of a-synuclein

(A) Immunoblot showing relative levels of a-synuclein and p-actin as an internal control in
HEK cells with or without human wildtype a-synuclein (wt-SNCA) overexpression. (B)
Results of densitometric analysis of a-synuclein levels in HEK cells with or without human
wildtype a-synuclein overexpression. Values are the mean and SEM of determinations made
in 9 independent experiments. ***p<0.001. (C) Immunoblot showing relative levels of
HNE-protein adducts and B-actin in HEK cells with or without human wild type a.-synuclein
overexpression. Arrows point to protein bands that exhibit much higher levels of 4-
hydroxynonenal (HNE) immunoreactivity in samples from the cells overexpressing wild
type a-synuclein. (D) Lysates prepared from HEK cells with or without a-synuclein
overexpression, and cerebral cortex from nontransgenic (Ng) and Thy1-A53T-SNCA
transgenic mice were run in NativePAGE™ Bis-Tris gels. The immunablot reveals high
amounts of a-synulcein aggregates in samples of HEK cells overexpressing a-synuclein and
cortical tissue from Thy1-A53T-SNCA transgenic mice, compared to respective control
HEK cells and wild type mice.
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Figure 2. HNE induces endogenous a.-synuclein aggregation in rat primary cortical neurons
(A) Primary cortical neurons were treated with vehicle (Con) or 5 uM 4-hydroxynonenal

(HNE) for 24 hours, lysed, and soluble (S) and insoluble (IS) fractions were isolated (see
Methods). The immunoblot shown was probed with a-synuclein and actin antibodies. Note
relatively greater amounts of higher molecular weight a-synuclein species in both S and IS
fractions of HNE-treated neurons compared to control neurons. (B) Results of densitometric
analysis of a-synuclein (monomer and aggregates) levels (normalized to the actin level).
Values are the mean and SEM of determinations made in 3 independent experiments.
*p<0.05, **p<0.01 compared to control value. (C) Cortical neurons were treated with
vehicle (Con) or 5 uM HNE (HNE) for 24 hours, and the neurons were then fixed and
immunostained with of a-synuclein antibody (red) and counterstained with Hoechst 33258
to label cell nuclei (blue). Scale bar = 20 um. (D) Primary cortical neurons were treated with
vehicle (Con) or 5 uM HNE (HNE) for 4 days, lysed, and soluble (S) and insoluble (IS)
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fractions were isolated. The immunoblot was probed with serine 129 phosphorylated a-
synuclein (S129 p-Syn) and actin antibodies. (E) Results of densitometric analysis of S129
p-Syn (monomer and aggregates) levels (normalized to the actin level). Values are the mean
and SEM of determinations made in 4 independent experiments. *p<0.05 compared to
control value.
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Figure 3. Cortical neurons secrete extracellular vesicles (EVs) containing aggregated a-synuclein
and S129 phosphorylated a.-synuclein

EVs were isolated from the culture medium of primary rat cerebral cortical neurons and the
EV preparations were evaluated by electron microscopy, nanoparticle tracking and
immunoblot analysis. (A) Electron micrograph showing EVs (arrows). Scale bar = 500 nm.
(B) The size and number of EVs was analyzed using a gNano instrument. Histogram shows
numbers of EVs of the indicated diameters. (C) Cortical neurons were treated with vehicle
(Con) or 5 uM HNE (HNE) for 24 hours, and then EVs were isolated from the culture
medium and lysed in RIPA buffer. EV proteins were separated on a NUPAGE Bis-Tris gel
and immunoblotted using antibodies against total a-synuclein and S129 phospho-a-
synuclein. An antibody against the EV marker protein flotillin-1 was used as an internal
control. (D) Dot blot of EV samples from control and HNE-treated neurons using an anti-a.-
synuclein filament antibody. Samples had been incubated without or with the indicated
concentrations of proteinase K (PK). (E) Result of densitometric of a-synuclein dot blots
(without PK digestion). Values are the mean and SEM (n = 3 independent experiments;
*p<0.05). (F) The concentration of oligomeric a-synuclein in conditioned medium
supernatants were measured with an ELISA kit. Triton X-100 was used to permeabilize EVs
in the supernatant. Values are the mean and SEM (n = 3 independent experiments; *p<0.05,
***p<0.001).
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Figure 4. EVs secreted by HNE-treated neurons are readily internalized by and toxic to healthy
neurons

(A) EVs secreted by control or HNE-treated neurons (24 hour exposure to 5 UM HNE) were
labeled with lipophilic fluorescent dye PKH67 (green) and were then added at a
concentration of 20 ug EV protein/ml medium to cultured primary cortical neurons for 4
hours. Neurons were then fixed and immunostained with anti-a-synuclein antibody
(magenta). Confocal images show that labeled EVs were internalized by recipient neurons.
Scale bar = 20um. (B) Neurons were grown in 96-well plates for 7 days and exposed for 2, 6
or 24 hours to PKH26-labeled EVs isolated from the medium of cultured vehicle- (Con) or
HNE-treated neurons. Cultures were then washed to remove EVs in the medium and the
fluorescence intensity of cell-associated PKH26 fluorescence corresponding to internalized
EVs was quantified in a plate reader. Values are the mean and SEM of determinations made
in 4 independent experiments. *p<0.05, *p<0.01, *p<0.001. (C) Naive cortical neurons were
treated for 48 hours with EVs (20 pg/ml) released from neurons that had been treated with
vehicle (Con) or the indicated concentrations of HNE, and neuron viability was measured
with MTS and LDH assays. Values are the mean and SEM of determinations made in 6
independent experiments. **p<0.01. (D) Cortical neurons were exposed for 48 hours to
vehicle or 1 nM rotenone, alone or in combination with EVs released from vehicle-treated
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control neurons (Con EVs) or EVs released from HNE-treated neurons (HNE EV5s).
Neuronal viability was quantified using MTS and LDH assays. Values are the mean and
SEM of determinations made in 3 independent experiments. * p<0.05.
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Figure 5. EVs containing human a-synuclein are internalized by primary cerebral cortical
neurons

(A) EVs were isolated from the culture medium of HEK cells overexpressing wild type a-
synuclein, and proteins in the EVs and the cells that released the EVs were separated in a
NuPAGE Bis-Tris gel and immunoblotted using antibodies against human a.-synuclein,
flotillin-1 (EV marker protein) and calnexin (a protein not known to be in EVs). (B)
Cerebral cortical neurons were treated with HEK-wt-SNCA EVs at a concentration of 20
pg/ml for 2 hours. Neurons were then fixed and immunostained with an a-synuclein
antibody that recognizes both human and rat a-synuclein (C20 antibody, green) and an
antibody specific for human a-synuclein (Syn211 antibody, red). Confocal images reveal
EV-derived human a-synuclein immunoreactivity within the axon, and to a lesser extent in
the cell body and dendrites of a recipient neuron. The Z-stack image shows the distribution
of EV-derived human, and endogenous rat a-synuclein, in the cell body of the same neuron
shown at the left. These images are representative of 20 neurons examined in 3 independent
experiments. Scale bar, 20 um.
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Figure 6. a-synuclein is essential for EV mediated neurotoxicity
(A) EVs were isolated from the medium of cultured control HEK cells (=), HEK cells

overexpressing wildtype human a-synuclein (+), and a-synuclein knockout HEK cells
(KO). Proteins in the EVs and the cells that released the EVs were separated in a NUPAGE
Bis-Tris gel and immunoblotted using antibodies against a.-synuclein, flotillin-1, calnexin
and actin. (B) Primary cortical neurons were incubated for 24 hours in the presence of EVs
(20 pg protein/ml) isolated from the medium of control HEK cells (=), HEK cells
overexpressing wildtype human a-synuclein (+), and a-synuclein knockout HEK cells
(KO). Neuronal viability was assessed using MTS and LDH assays. Values are the mean and
SEM of determinations made in 3 independent experiments. * p<0.05, ** p<0.01,
***p<0.001.
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Figure 7. Evidence that a-synuclein is present within and on the surface of EVs, and that EV
surface-associated a-synuclein enhances EV internalization by recipient neurons

(A) EVs isolated from HEK-wt-SNCA cells were subjected to trypsin digestion without or
with EV membrane permeabilization (see Methods). Proteins in the EVs and mouse cortical
tissue were separated in a NUPAGE Bis-Tris gel and immunoblotted with a-synuclein and
flotillin-1 antibodies. (B) Control and trypsin digested EVs from HEK-wt-SNCA cells were
labeled with fluorescent PKH26 dye. EVs were preincubated with or without human a-
synuclein antibody, rabbit 1gG, or mouse IgG for 30 minutes before being added to the
medium of cortical neurons cultured in 96 well plates. Neurons were incubated with the
different EV preparations for 2 hours and the fluorescence intensity of PKH26 inside
neurons was quantified in a plate reader. Values are the mean and SEM of determinations
made in 3-5 independent experiments. ***p<0.001 compared to the control value. (C) Rat
primary cortical neurons were grown in microfluidic chambers for 10 days. EVs released
from HEK-wt-SNCA cells were then added to the medium of either the axonal compartment
(upper panels) or the somatodendritic compartment (lower panels), and 4 hours later neurons
were fixed and immunostained with anti-pan a-synuclein (green) and anti-human a-
synuclein (red) antibodies. Confocal images show EV-derived human human a-synuclein
immunoreactivity in axons, and the cell body and dendrites. The region of the image
demarcated by the dashed white squares in left low magnification images are enlarged in the
middle panels. The region of the image demarcated by the dashed yellow square in the
middle panels are enlarged in right panels. Scale bar = 200 um in panels at left, 50 ym in
panels in middle, and 10 um in the panels at the right.
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Figure 8. When EVs harboring human a-synuclein are placed in the dorsal striatum of mice, the
human a-synuclein is distributed to several different brain regions

EVs released from HEK cells overexpressing human a-synuclein (panel A) or HEK-SNCA-
KO cells (panel B) were injected into right dorsal striatum in wild type male mice at 3
months or 24 months of age. Mice were euthanized 5 days after EV injection and brains
were fixed and coronal sections were immunostained with an antibody specific for human a-
synuclein, and counterstained with cresyl violet to stain all neuronal cell bodies.
Representative sections at four different rostral to caudal levels are shown. Similar patterns
of immunoreactivity were observed in brain sections from 3 different mice.
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Figure 9. Human a-synuclein derived from EVs placed in the dorsal striatum accumulates
within neurons in substantia nigra, cortex and hippocampus in mice

EVs released from HEK cells overexpressing human a-synuclein were injected into right
dorsal striatum in wild type male mice at 3 months or 24 months of age. Mice were
euthanized 5 days after EV injection and brains were fixed and coronal sections were
immunostained with an antibody specific for human a-synuclein, and counterstained with
cresyl violet. Images of human a-synuclein immunoreacitivty in different regions of brain
are shown. (A-D) Lower magnification of ipsilateral and contralateral striatum. (E-H)
Higher magnification images of ipsilateral and contralateral striatum. (I-L) Images of
frontal cortex. (M-P) Images of posterior cortex. (Q-T) Images of dentate gyrus of
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hippocampus. (U-X) Images of substantia nigra pars compacta (SNpc). Scale bars =1 mm
in A-D, and 100 pm in E-X.
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