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Accumulation of neuronal a-synuclein is a prominent feature in Parkinson’s disease. More recently, such abnormal protein

aggregation has been reported to spread from cell to cell and exosomes are considered as important mediators. The focus of such

research, however, has been primarily in neurons. Given the increasing recognition of the importance of non-cell autonomous-

mediated neurotoxicity, it is critical to investigate the contribution of glia to a-synuclein aggregation and spread. Microglia are the

primary phagocytes in the brain and have been well-documented as inducers of neuroinflammation. How and to what extent

microglia and their exosomes impact a-synuclein pathology has not been well delineated. We report here that when treated with

human a-synuclein preformed fibrils, exosomes containing a-synuclein released by microglia are fully capable of inducing protein

aggregation in the recipient neurons. Additionally, when combined with microglial proinflammatory cytokines, these exosomes fur-

ther increased protein aggregation in neurons. Inhibition of exosome synthesis in microglia reduced a-synuclein transmission. The

in vivo significance of these exosomes was demonstrated by stereotaxic injection of exosomes isolated from a-synuclein preformed

fibrils treated microglia into the mouse striatum. Phosphorylated a-synuclein was observed in multiple brain regions consistent

with their neuronal connectivity. These animals also exhibited neurodegeneration in the nigrostriatal pathway in a time-dependent

manner. Depleting microglia in vivo dramatically suppressed the transmission of a-synuclein after stereotaxic injection of pre-

formed fibrils. Mechanistically, we report here that a-synuclein preformed fibrils impaired autophagy flux by upregulating PELI1,

which in turn, resulted in degradation of LAMP2 in activated microglia. More importantly, by purifying microglia/macrophage

derived exosomes in the CSF of Parkinson’s disease patients, we confirmed the presence of a-synuclein oligomer in CD11b + exo-

somes, which were able to induce a-synuclein aggregation in neurons, further supporting the translational aspect of this study.

Taken together, our study supports the view that microglial exosomes contribute to the progression of a-synuclein pathology and

therefore, they may serve as a promising therapeutic target for Parkinson’s disease.
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Introduction
Pathological hallmarks of Parkinson’s disease include the

loss of dopaminergic neurons in the substantia nigra pars

compacta (SNpc) and the presence of cytoplasmic protein

aggregates known as Lewy bodies in the remaining dopa-

minergic neurons. A major component of Lewy bodies is a-

synuclein (a-syn). This small presynaptic protein is central to

both familial and sporadic Parkinson’s disease. In the brain,

a-syn can exist in several forms including soluble unfolded

monomeric and polymeric forms, as well as b-sheet-contain-

ing fibrils (Mor et al., 2016). Since Braak proposed a step-

by-step scheme of pathological propagation of Parkinson’s

disease based on the examination of the distribution of a-

syn in the brain autopsy of patients with Parkinson’s disease

(Kadam and Chuan, 2016), the proposal that a-syn can

spread from one cell to another in a prion-like manner has

gained attention. The fibrillar form has been demonstrated

to serve as seeding material for a-syn aggregation

(Volpicelli-Daley et al., 2011). Indeed, a single intrastriatal

injection of a-syn fibrils results in spreading of a-syn with

Lewy body-like pathology to anatomically interconnected

regions (Luk et al., 2012a). Consequently, cell-to-cell spread

of a-syn could be a major mode of disease propagation.

This process could be mediated by several mechanisms of

cellular release and uptake, including exocytosis, exosomes,

tunnelling nanotubes, glymphatic flow and endocytosis

(Valdinocci et al., 2017). Among these different modes of

intercellular transmission, exosomes facilitate transmission

of a-syn over a long distance.

Exosomes are small extracellular vesicles with a typical size

of 40–100 nm. Different cell types within the brain have been

shown to release exosomes, including neurons, microglia, and

astrocytes. Exosomes have been shown to be involved in

many disorders, including Parkinson’s disease. Because exo-

somes can carry cargos such as mRNA and proteins that can

influence gene expression and protein activity in recipient cells

(Chistiakov and Chistiakov, 2017), they may contribute to

the spread of misfolded proteins such as a-syn. It has been

demonstrated that a-syn over-expressing neuronal cells can

release exosomes capable of transferring a-syn protein to

other normal neuronal cells (Alvarez-Erviti et al., 2011)

where they can form aggregates and induce death in the

receiving cell (Desplats et al., 2009; Hansen et al., 2011). In

fact, exosome-associated a-syn oligomers are more likely to

be taken up by recipient cells and are more neurotoxic com-

pared to free a-syn oligomers (Danzer et al., 2012). Despite

the evidence that exosomes are involved in the transmission

of a-syn between neurons, the role of microglial exosomes in

a-syn transmission requires additional research.

Microglia, the main resident immune cells in the brain,

phagocytose dead cells and help clear misfolded a-syn aggre-

gates in Parkinson’s disease (Bruck et al., 2016). However, a-

syn also activates microglia, which then release pro-inflamma-

tory cytokines. Neuroinflammation mediated by microglia

has been linked to the pathogenesis of Parkinson’s disease

(Hirsch et al., 2012). Recently, microglia have been observed

to efficiently secrete exosomes as part of their antigen presen-

tation and cargo release mechanisms (EL Andaloussi et al.,

2013). Currently it is not clear whether microglia accelerate

the spread of a-syn through promoting inflammation, exo-

some release, or a combination of these mechanisms. Some

evidence suggests that exosomes from microglia have an ac-

tive role in a-syn transmission. For example, a-syn is found

in the exosomes from the microglia BV-2 cells, which have

been shown to cause apoptosis in neurons (Chang et al.,

2013). Another study shows that misfolded tau protein, an

important pathology in Alzheimer’s disease, can spread via

microglial exosomes, whereas depletion of microglia and in-

hibition of their exosome synthesis halt tau propagation (Asai

et al., 2015). Based on these observations, we hypothesized

that misfolded a-syn involved in Parkinson’s disease may also

spread in a similar manner via microglia. We report in this

study that microglia indeed play an active role in the process

of a-syn transmission to neurons via exosomes. Additionally,

proinflammatory cytokines released from activated microglia

enhanced protein aggregation and spreading induced by

microglial exosomes. Stereotaxic injection of exosomes

derived from a-synuclein preformed fibril (PFF)-treated

microglia induced motor impairment and neurodegeneration

in the nigrostriatal pathway. To our knowledge, this is the

first report showing that PELI1 (pellino 1), an E3 ubiquitin

ligase highly expressed in activated microglia after PFF treat-

ment, induced lysosome breakdown and autophagy inhib-

ition, which promoted a-syn transfer via exosomes.
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Materials and methods

Preparation of human a-synuclein
preformed fibrils

Purified PFF were obtained using PFF monomer (provided by
The Michael J. Fox Foundation) according to the accompanied
protocol (The Michael J. Fox Foundation, 2017). PFF were gen-
erated by incubating a-syn monomer (5 mg/ml) with an
Eppendorf orbital mixer (1000 rpm at 37�C) and shaking for 7
days, followed by aliquoting and storage at –80�C. Thioflavin T
assay was performed to confirm the presence of amyloid struc-
ture and the morphology of PFF were identified by transmission
electron microscopy (TEM).

Cell cultures

Primary cortical neurons

As a transmission model of cell-to-cell spreading of a-syn, cor-
tical neurons are well-established and widely used (Volpicelli-
Daley et al., 2011, 2014; Freundt et al., 2012; Mao et al.,
2016). As compared to primary dopaminergic neurons, it is
technically more feasibe to obtain pure cortical neurons in suffi-
cient quantity for exosome isolation and western blot studies.
The transmission patterns in these two cells are very similar be-
cause seeded a-syn aggregates also developed in dopaminergic
neurons (Dryanovski et al., 2013). From the perspective of
Parkinson’s disease pathology, a-syn aggregates are present in
the cortex of Parkinson’s disease patients in advanced stage.
More importantly, it was reported that a-syn exosome transmis-
sion also exists in cortical neurons (Danzer et al., 2012; Stuendl
et al., 2016). Taken together, we believe cortical neurons repre-
sent a valid model to study a-syn transmission.

Primary cortical neuron cultures were prepared from embry-
onic Day 16–18 (E16–18) C57BL/6 mouse brains as reported
previously (Zhao et al., 2013). Briefly, meninges-free cortices
were isolated, digested in trypsin-EDTA (0.1%) for 20 min, and
dispersed in serum-free NeurobasalTM Medium with 2% B27, 2
mM L-glutamine and penicillin/streptomycin for 7 days
(#21103049, 17504044, 35050061, Life Technologies). The
cells were plated onto poly-L-lysine-coated glass bottom cell cul-
ture dishes (#801001, NEST) or 100 mm dishes at a density of
3–10 � 105 cells/ml. Cultured neurons were used for studies on
in vitro Day 7. Cell purity (495%) was confirmed by immuno-
fluorescence using Map-2 as a marker for neurons
(Supplementary Fig. 11A).

Primary microglia cultures

Primary cultured mouse microglia were prepared from post-
natal Day 0 (P0) newborn C57BL/6 pups as described previous-
ly (Floden et al., 2005). Briefly, meninges-free cortices were iso-
lated and trypsinized. Cells were cultured in complete DMEM-
F12 with 10% foetal bovine serum (FBS) and penicillin/strepto-
mycin (#11320033, 16000044, 15140163, Life Technologies).
Murine monocyte colony stimulating factor (M-CSF, 10 ng/ml,
#315-02, Peprotech) was added to the medium 6 days after plat-
ing. After 15 days, the cultures were shaken vigorously (4 h;
260 rpm on a rotary shaker) to remove microglia. Cell purity
(490%) was confirmed by immunofluorescence using Iba1 as a
marker for microglia (Supplementary Fig. 11B).

Drug treatment

Preformed fibril and lipopolysaccharide treatment

PFF were diluted in sterile Dulbecco’s phosphate-buffered saline

(D-PBS) at 0.1 mg/ml and sonicated using a QSonica XL-2000

at (settings: power level 2, 0.5 s for each pulse for a total of 60
pulses). Sonicated PFF (2 lg/ml) was added to culture media

and incubated for 24 h. Then culture media was aspirated and

cells were washed three times with fresh culture media to com-

pletely remove PFF. For neurons, appropriate media was added

and cells were incubated for a further 24 h. Specifically, micro-

glia were cultured for a further 36 h after PFF removal and

received lipopolysaccharide (LPS; 1 lg/ml, #L4516, Sigma
Aldrich) treatment for 3 h, followed by ATP (5 mM, #A3377,

Sigma Aldrich) for 15 min. Culture supernatants were then col-

lected for exosome isolation or cytokine measurement.

GW4869 treatment of microglia

GW4869 (#D1692, Sigma-Aldrich) was initially dissolved in
DMSO to make a stock solution of 0.2 mg/ml. For inhibition of

exosome generation, primary cultured microglia were pretreated

with 3 lM GW4869 for 24 h before PFF and LPS treatment.

Culture supernatants were collected for exosome isolation and

neuronal treatment.

Inflammatory factor treatment of neurons

Exosomes from PFF (2 lg/ml) treated microglia (total 20 ml cul-

ture media from two 100-mm dishes) were added to primary

neurons after purification with or without TNF-a (20 ng/ml),

IL-1b (20 ng/ml) or IL-6 (20 ng/ml) for 4 days. TritonTM X-100

(TX-100) insoluble a-syn aggregation was quantified using im-
munofluorescence and western blot.

Animal treatments

C57BL/6 mice were purchased from the Beijing Vital River

Laboratory Animal Technology Co., Ltd. All procedures were

performed according to the experimental standards of Fudan
University, as well as international guidelines on the ethical

treatment of experimental animals. The study was approved by

the Ethics Committee of Fudan University, Shanghai, China;

IRB approval number: 20150572A259. This manuscript was

written in accordance with the Animal Research: Reporting In
vivo Experiments (ARRIVE) guidelines.

Preformed fibril injection

C57BL/6 mice between 2 and 3 months of age were anaesthe-

tized with ketamine hydrochloride (100 mg/kg, i.p.) and xyla-

zine (10 mg/kg, i.p.) and stereotaxically injected in the right

hemisphere with 5 mg PFF (2 mg/ml). Sham animals received ster-

ile D-PBS. Dorsal neostriatum (relative to bregma: –0.2 mm cau-
dal, ±2 mm lateral, –2.6 mm ventral from dura) injections were

performed using a 10 ll syringe (Hamilton) at a rate of 0.1 ll

per min (2.5 ll total per site) with the needle in place for 45

min after the end of the injection at each site.

PLX3397 treatment

PLX3397 (#S7818, Selleck Chemicals) was formulated in stand-

ard chow (Research Diets Inc.) at 290 mg/kg. Mice were fed

PLX3397 or control chow for 1 month before and after the PFF

injection and then sacrificed (n =4–6 per group). No obvious be-

havioural or health problems were observed during the
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PLX3397 diet. Animals were sacrificed 30 days after PFF
treatment.

Exosome injection

Exosomes were isolated from D-PBS treated microglial culture
medium or PFF, LPS and ATP treated medium. Total protein
level was measured using Pierce BCA Protein Assay Kit.
Exosomes (2.5 ll; �46 mg total protein at each site) were stereo-
taxically injected into the right dorsal neostriatum of 8–12-
week-old C57BL/6 mice each site (site 1: relative to bregma: –
0.2 mm caudal, + 2 mm right lateral, –2.6 mm ventral from
dura; site 2: relative to bregma: + 1 mm caudal, + 2 mm right
lateral, –2.6 mm ventral from dura). Equivalent amounts of D-
PBS were also injected into the same brain region of the sham
groups. Animals were sacrificed 30 or 180 days after injection
and the fixed brain tissues were subjected to
immunohistochemistry.

Exosome purification and cell
treatment

For the collection and functional assays of exosomes, exosome-
free FBS (#EXOFBS50A-1, ExoPerfect) was used in cell culture.
Twenty millilitres (from two 100 mm plates) of cell culture
media from primary microglia or primary neurons was collected
after PFF treatment as described above. Cells and cell debris
were removed by centrifuging at 3000g at room temperature
for 15 min. The resultant supernatant was mixed with 4 ml
of ExoQuick-TC PLUSTM Exosome Purification Kit
(#WQPL10TC-1, SBI System Biosciences) according to the man-
ufacturer’s instructions. Exosome-free conditioned medium was
prepared by centrifuging conditioned medium at 3000g fol-
lowed by 100 000g for 1 h. The supernatant was then collected
as exosome-free conditioned medium. Exosome pellets were
resuspended in culture medium and added to normal neurons
(70% confluence, 35 mm plate) for 4 days.

For the exosomes from patients, CD11b + exosomes from 3
ml CSF were purified by EasySepTM Release PE Positive Kit
(Stemcell, #17654) with a PE-conjugated CD11b antibody
(BioLegend, #101207). Then CD11b + exosomes were resus-
pended in 200 ll culture medium and added to primary neurons
in 24-well plates and incubated for 4 days. To demonstrate that
the exosomes pulled were of microglial origin, we performed
the following two approaches: first, we used an alternative PE-
conjugated CD11b antibody, which has no reactivity to human
(anti-rat, BioLegend, #201807). Second, we incubated the
CD11b antibody with its blocking peptide (MyBioSource,
#MBS425396) at a ratio of 10:1 (blocking peptide: CD11b anti-
body) for 1 h at room temperature to block the antigen binding
sites of CD11b antibody before the exosomes were isolated.
CD11b + exosomes from different protocols were added to pri-
mary neurons in 24-well plates and incubated for 4 days.

Transmission electron microscopy

Exosome pellets were resuspended in sterile water after purifica-
tion. Exosomes were then transferred to carbon-coated 200-
mesh copper electron microscopy grids and incubated for 10
min at room temperature. The exosomes were then incubated
with 2% phosphotungstic acid for 3 min at room temperature.
Micrographs were observed under a transmission electron

microscope (Phillip CM120). To visualize PFF, this protein was

diluted to 1 mg/ml in D-PBS and sonicated at power level 2 for

a total of 60 pulses (0.5 s each, QSonica XL-2000). PFF and

sonicated PFF were transferred to carbon-coated 200-mesh cop-

per electron microscopy grids separately. The PFF protein were

negatively stained with 1% uranium acetate for 10 s at room

temperature, and the morphology of PFF were examined by

TEM.

Immunofluorescence

Neurons treated with PFF or exosomes were fixed with 4% par-

aformaldehyde (PFA)/4% sucrose/1% TX-100 and stained with

the following antibodies: anti-a-syn filament (1:1000,

ab209538, Abcam), anti-total-a-syn (1:100, BD 610787), anti-

p-a-syn (1:1000; Abcam, ab51253), anti-Map-2 (ab11267;

ab5392, Abcam). PFA (4%) fixed brain sections were subjected

to immunofluorescence using anti-Iba1 (1:1000, ab107159,

Abcam), anti-PELI-1 (1:50, PA534465, Thermo Fisher), and

anti-TH (1:1000, ab76442, Abcam). The PFF-treated microglia

were fixed with 4% PFA and immunostained with an antibody

to detect total a-syn (1:100, BD 610787) and Iba1 (1:1000,

ab107159, Abcam). The PFF-treated BV-2 cells were fixed with

4% PFA and stained with the following antibodies: anti-CD63

(1:200, #143903, BioLegend), anti-LC3B (1:1000, ab48394,

Abcam), and anti-p-a-syn (1:200, ab59264, Abcam).

Corresponding secondary antibodies Alexa FluorVR 488 and 594

(1:1000, Life Technologies) were used. Nuclei were visualized

with DAPI (Life Technologies). Images were captured using con-

focal microscopy (FV1200, Olympus). Photoshop (Adobe) was

used to prepare figures. Microglia cell numbers were quantified

with ImageJ by counting the number of Iba1 + cells in the stri-

atum and substantia nigra from at least 15 200� objective ori-

ginal magnification images per group. Co-localization analysis

was performed using ImageJ software from a randomly chosen

field of cells (20 cells each group from three independent experi-

ments). a-Syn aggregations in neurons were determined by using

a standardized custom histogram-based coloured thresholding

technique and then subjected to ‘particle analysis’ using ImageJ.

Immunohistochemistry

Vectastain Elite ABC HRP Kit (#PK6101, PK6102, Vector

Laboratories, Inc.) was used and all procedures were performed

according to the instructions. Briefly, 4% PFA-fixed brain sec-

tions (30 lm) from mice receiving PFF, microglial exosomes or

D-PBS were incubated in 0.3% hydrogen peroxide for 30 min

and then incubated in blocking serum. Samples were incubated

with anti-p-a-syn (S129, 1:500, ab59264, Abcam) and anti-TH

(1:500, ab112, Abcam) at 4�C overnight, followed by secondary

antibody and ABC solution, each for 1 h at room temperature.

DAB tablets (D5905, Sigma) were used to develop colour. The

numbers of p-a-syn positive cells in different brain areas were

counted and normalized to the size of corresponding area

(mm2) using 400� original magnification images (20 randomly

captured sections at each target region, four to six animals per

group).
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Quantification of dopamine nigral
neurons and striatal terminals

Every fourth section (for midbrain) and every eighth section (for
striatum) spanning from the caudal to rostral boundaries of
these brain regions were subjected to TH immunostaining.
Total numbers of TH-positive neurons in the SNpc were quanti-
fied while blinded to the treatment as previously described
(Holcik, 1982). An Olympus BX-51 microscope coupled with
the Optical Fractionator probe of the Stereo Investigator soft-
ware was used. TH-stained neurons were counted in the ipsilat-
eral SNpc of every fourth section through the entire extent of
the SNpc. Each section was viewed at lower power and out-
lined. The numbers of TH-stained cells were counted at high
power (400� ) using a 60 � 80 mm counting frame.

TH levels in the striatum were quantified by densitometry.
Sections were scanned in a high-resolution scanner and images
measured using ImageJ software. The striatum boundaries were
traced and optical density measured in terms of grey levels for
8-bit images as previously described (Bourdenx et al., 2015).

ELISA, HPLC and LDH assays

The contents of TNF-a, interleukin (IL)-6 and interleukin (IL)-
1b in the microglia culture supernatants were determined with
RayBio Mouse ELISA kits (#ELM-IL6, ELM-TNFa, ELM-IL1b,
RayBiotech) according to the manufacturer’s instructions. Total
exosomal a-syn was quantified by human-specific ELISA kit
(Invitrogen, KHB0061), according to the manufacturer’s instruc-
tions. To quantify mouse striatal dopamine, HPLC was per-
formed as we previously reported (Cui et al., 2009). To evaluate
the cellular damage after different treatments, Lactate
Dehydrogenase (LDH) Assay Kit (Colorimetric, ab102526) was
used to measure the LDH levels of microglia according to the
manufacturer’s instructions.

Short interfering RNA-mediated
PELI1 knockdown

For PELI1 knockdown, BV-2 cells were transfected with short
interfering (si)RNA (50 nM) against mouse Peli1 (50-
GUUGAAUACUCAUGACA-30) or a scrambled control siRNA
using LipofectamineTM 2000 (Invitrogen), according to the man-
ufacturer’s instructions (Genomeditech). After 5 h incubation,
the medium was replaced with regular culture medium. After 24
h, PFF were added and the cells were cultured for an additional
24 h. The efficiency of Peli1 knockdown was confirmed by real
time RT-PCR and western blot.

Ubiquitination assays

HEK293 cells were grown in 100 mm dishes and transiently
transfected with 1 lg of each plasmid containing HA-ubiquitin,
FLAG-LAMP2 in the presence or absence of MYC-PELI1 using
LipofectamineTM 2000 (Invitrogen). Six hours later, medium
was replaced with DMEM containing 10% FBS. Transfected
cells were detected by immunoblotting with antibodies against
MYC, FLAG or HA (haemagglutinin).

The immunoprecipitation (IP) was performed using a stand-
ard method. Briefly, cells were collected and lysed in IP buffer
and supernatant was collected for IP after centrifugation.

Primary monoclonal anti-HA antibody (2 lg) or 2 lg mouse
IgG (Santa Cruz) was bound to DynabeadsTM Protein G
(Invitrogen) and then washed in PBS containing 0.01% Tween
20 prior to being incubated with the soluble cell lysates. The
beads-Ab-Ag complexes were then washed with citrate-phos-
phate buffer. After washes to remove non-specific binding to
beads, the bound protein was solubilized in sample buffer, and
analysed by SDS-PAGE.

Autophagy flux analysis

BV-2 cells were transfected with Peli1 siRNA or a scrambled
control siRNA. Five hours later medium was replaced with
regular culture medium plus Ad-mCherry-GFP-LC3B adeno-
virus (multiplicity of infection: 40, Beyotime Biotechnology,
C3011). After 24 h, PFF (2 lg/ml) were added and the cells
were cultured for an additional 24 h. In these analyses,
mCherry + GFP + puncta are yellow, and mCherry + GFP–
puncta are red; images were collected using a fluorescent con-
focal microscope. Quantification of LC3 puncta was performed
using ImageJ, and the average numbers of LC3 puncta per cell
were counted from more than 20 cells randomly selected from
three independent experiments.

Western blot assay

Neurons were lysed with radioimmunoprecipitation assay buffer
(RIPA) containing protease inhibitors (Sigma). Soluble and in-
soluble cell fractions for a-syn protein analysis were prepared as
previously described (Volpicelli-Daley et al, 2011) with minor
change: cells were incubated with TX-100 lysis buffer [150 mM
NaCl, 50 mM Tris, 1% TritonTM X-100/Tris-buffered saline
(TBS) and protease and phosphatase inhibitor cocktails] on ice
for 25 min. The lysate was then sonicated briefly and centri-
fuged at 14 000g for 15 min. The supernatant was collected and
is referred to as the ‘TX-100 soluble fraction’. The remaining
pellet was extracted in 2% SDS in TBS and is referred to as the
‘TX-100 insoluble fraction’. Exosomes from different treated
microglia were purified from culture medium and lysed with
RIPA buffer containing protease inhibitors and sonicated before
loading.

Proteins were separated by SDS-PAGE and then transferred
onto nitrocellulose membranes. The membranes were incubated
overnight at 4�C with the following primary antibodies: anti-
Alix (1:1000; Abcam, ab117600), anti-Tsg101 (1:1000; Abcam,
ab125011), antibody for total a-syn (1:1000; BD 610787), anti-
body for p-a-syn (1:1000; Abcam, ab51253), antibody for
mouse a-syn (1:1000; Cell Signaling, #4179), anti-PELI-1
(abEPR19302), anti-LAMP2 (1:1000; Abcam, ab13524), anti-b-
actin (1:1000; Abcam, ab1801), anti-HA (1:1000; Sigma
H3663), anti-MYC (1:1000; ab32072), anti-FLAG (1:1000;
ab49763), anti-LC3 (1:1000; Novus, NB100-2220), and anti-
p62 (1:1000; ab227207). Secondary antibodies conjugated with
horseradish peroxidase (HRP) were used, and immunoreactivity
was visualized with chemiluminescence (Bio-Rad, ChemiDocTM

XRS + System). Protein bands were analysed and quantified
using Image Lab software.

For dot blot, exosomes from microglia were collected as
described above. Then exosomes were diluted in 100 ll PBS/
0.2% TX-100, and applied to nitrocellulose membrane (pore
size 0.22 lm) placed in a dot blot apparatus (the 96-well Bio-
DotV

R

and 48-well Bio-DotV
R

SF microfiltration units). Anti-a-syn
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filament antibody (1:1000; Abcam, ab209538), anti-total a-syn
(1:1000; BD 610787) and anti-p-a-syn (1:1000; Abcam,
ab51253) were used and developed with ECL chemilumines-

cence kit (Millipore, WBKLS0100).

Flow cytometry

CSF (150 ll) was incubated with 2 ll CD11b antibody
or isotype control antibody, respectively (Abcam

GR3173662-1, GR3173857-2) for 12 h. Exosomes were then
isolated using exoRNeasy Serum/Plasma Maxi Kit (Qiagen,
77064) according to the manufacturer’s instructions. Exosomes
were collected in clean polypropylene tubes and analysed using

Apogee micro-flow cytometry. Data analysis was performed
using Apogee Histogram Software.

Human studies

Nine patients with sporadic Parkinson’s disease, 10 patients
with multiple system atrophy (MSA) and nine age-matched

healthy controls (Supplementary Table 1) were recruited from
the Department of Neurology, Huashan Hospital, Fudan
University. All subjects received a PET scan using DAT to separ-

ate control subjects from patients. FDG-PET was performed to
distinguish between Parkinson’s disease and MSA in the study.
Before entering the study, all subjects were screened and clinical-
ly examined by two senior investigators of movement disorders.

Based on the UK Brain Bank criteria (Daniel and Lees, 1993), a
diagnosis of Parkinson’s disease was made in all subjects if the
patients had ‘pure’ parkinsonism without a history of known
causative factors such as encephalitis or neuroleptic treatment,

supranuclear gaze abnormalities, or ataxia. The Unified
Parkinson’s Disease Rating Scale (UPDRS) motor examination
and Hoehn and Yahr scale were assessed at least 12 h after the

cessation of oral antiparkinsonian medications (i.e. a practically
defined ‘OFF’ condition) and not more than 2 h before the PET
scan. The following exclusion criteria were used: (i) a history of
neurological or psychiatric illness; (ii) prior exposure to neuro-

leptic agents or drug use; and (iii) an abnormal neurological
examination. Diagnosis of MSA was made according to our
previous study (Bu et al., 2018). Ethical approval was granted
by the Huashan Hospitals Ethics Committee and written con-

sent was obtained from each subject after detailed explanation
of the procedures.

Behavioural analyses

Gait analysis

Six months after microglial exosome injection, locomotor activ-
ity was tested. The GaitLab System apparatus (Bureau Veritas)
was used. While the animal was walking along the GaitLab cor-

ridor, its gait was recorded by a camera at a distance of 80 cm
on the walkway. Records and results are stored and analysed by
the GaitLab software. A report of the experiment was gener-

ated, thus allowing the analysis of targeted parameters.

Y-maze

Six months after microglial exosome injection, spontaneous al-
ternation behaviour (SAB) was tested in a San Diego Y maze

Instrument (model 7001-0307) using a standard protocol to
evaluate hippocampal-dependent working memory deficits. SAB

score during an 8-min test period was calculated as the propor-
tion of alternations (an arm choice differing from the previous
two choices) to the total number of alternation opportunities
(total arm entries: 2). For example, if the mouse made the
choices: C, B, A, B, C, B, A, C, its alternation opportunity is:
8 – 2 = 6 and SAB therefore is: 4/6 = 67%.

Rotarod

Sixty days after injection of microglial exosomes, mouse motor
coordination and balance were assessed using a rotarod. Each
mouse was given training, the training schedule consisted of
three trials each day for 3 days. The rotarod accelerated from
4 rpm up to a maximum of 40 rpm over the course of 300 s.
The average latency to fall over three trials was recorded.

Open field

The open-field consisted of a square area (50 cm � 50 cm)
with a shelter. Mice were placed in the centre and allowed to
freely explore for 5 min while the trial was videotaped. After
each test, the apparatus was thoroughly cleaned with 70% etha-
nol. The total distance and the average speed were measured.
Open field tests were carried out 60 days after beginning the
PLX3397 diet and 6 months after injection of microglial exo-
somes. Subsequent video scoring was completed by an observer
blind to treatment groups.

Nanoparticle tracking analysis

Nanoparticle tracking analysis was performed using a
NanoSight NS300 (NanoSight Ltd.). The purified exosomes
were diluted 1:100–1:500 in PBS and subjected to nanoparticle
tracking analysis. Samples were measured in triplicates. Particle
numbers were analysed with the Nanoparticle Tracking
Analysis (NTA) 3.0 software (for Nanosight NS300).

Real-time PCR

Total RNA was isolated from cultured cells using TRIzolV
R

(Takara). RNA (0.5 lg) was used for cDNA synthesis, using
random primers and SuperScriptTM RT-II (Invitrogen). For
Peli1, we used SYBRVR Green (Quantitect SYBR Green kit,
Qiagen) together with mouse Actb as a control. The following
sequences were used: Peli1 forward 50-TGCCGAAAT
CAATCAATCAA-30, reverse 50-CAATGGAGTGTCACTGG
GTG-30. PCRs were performed in triplicate using a
QuantStudio 5 (Thermo Fisher Scientific), and the relative
amount of cDNA was calculated by the comparative CT
method.

PKH67-labelled exosomes

The purified exosomes were labelled with a PKH67 green fluor-
escent labelling kit (Sigma-Aldrich) according to the manufac-
turer’s instructions. Briefly, the exosome pellets from 20 ml
culture medium were resuspended in 500 ml of Dilution C,
PKH67 (2 ml) was diluted in 500 ml Dilution C, then they were
mixed and incubated for 3 min at room temperature. Then an
equivalent volume of 1% bovine serum albumin (BSA) was
added to bind the excess PKH67. Exosomes labelled with
PKH67 were collected as mentioned above, resuspended in
NeurobasalTM medium and added to neurons (cultured in a
confocal dish).
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Thioflavin T assay

Thioflavin T assay was performed as described previously
(Harischandra et al., 2019; Yun et al., 2019) with modifica-
tions. For primary microglia, cells were washed three times with
fresh medium after PFF were removed. Conditioned medium
was collected and exosomes were purified using ExoQuick-TC
PLUS Exosome Purification Kit (Cat#WQPL10TC-1, SBI system
biosciences) according to manufacturer’s instructions. Exosomes
from one T25 flasks were resuspended in 100 ml fresh medium.
Conditional medium (95 ml) or exosomes sample (95 ml) were
mixed with 95 ml of the 25 lM Thioflavin T (Sigma T3516) in
a 96-well plate and incubated at room temperate for 30 min.
CD11b + exosomes from patients were isolated from 1 ml CSF
sample using EasySep Release PE Positive Kit (Stemcell,
#17654) with a PE-conjugated CD11b antibody (BioLegend,
#101207). CD11b + exosomes were then resuspended in 100 ll
D-PBS and mixed with 2.5 ll Thioflavin T (1 mM) in a 96-well
plate and incubated at room temperate for 10 min. Each sample
was run in three replicates. The fluorescence was measured on a
Multi-Mode Microplate Reader with an excitation of 445 nm
and an emission at 480 nm.

Statistical analysis

Differences between groups were analysed using independent-
sample t-tests, one-way or two-way ANOVA followed by
Newman-Keuls post hoc testing for pairwise comparison using
SPSS 20.0. The null hypothesis was rejected when P-value was
50.05. Data are shown as mean ± standard error of the mean
(SEM) or mean ± standard deviation (SD).

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its Supplementary
material.

Results

Exosomes mediate transmission of
a-synuclein between neurons

Small seeds of PFF generated from recombinant a-syn can

be endocytosed by neurons where it recruits endogenous a-

syn to form phosphorylated and insoluble aggregates

(Volpicelli-Daley et al., 2014). PFF treatment has also been

shown both in vitro and in vivo to induce the spread of

a-syn from one cell to another (Freundt et al., 2012; Luk

et al., 2012b). We obtained PFF from The Michael J. Fox

Foundation and prepared them as instructed by the accom-

panying protocol. Using TEM, we confirmed the morph-

ology and size of PFF and their sonicated form

(Supplementary Fig. 1A). After sonication, PFF were added

directly to primary neurons for 24 h to induce the formation

of a-syn aggregates. As previously reported (Volpicelli-Daley

et al., 2011, 2014), PFF induced TX-100 insoluble a-syn

and phosphorylated-a-syn (p-a-syn) aggregation, as well as

high molecular weight a-syn (Supplementary Fig. 1). To

investigate whether the transmission of a-syn between neu-

rons can be mediated by exosomes, primary neurons were

first incubated with PFF for 24 h, washed and replaced with

fresh medium. On the following day, conditioned medium

exosome fractions from PFF-treated donor neurons (EF) or

exosomes from untreated neurons (control exosomes, EF-c)

were added to the recipient neurons for 4 days. As shown in

Supplementary Fig. 1B, exosomes were taken up by the re-

cipient neurons. Conditioned medium, and more important-

ly, EFs could serve as seeds to recruit endogenous a-syn and

to induce TX-100 insoluble a-syn and p-a-syn aggregation

(Supplementary Fig. 1C–E), which were found within the

soma and axon of the recipient neurons (Supplementary Fig.

1C).

Exosomes prepared from conditioned medium were

enriched in microvesicles 50–100 nm in diameter as demon-

strated using TEM and nanoparticle tracking analysis

(Supplementary Fig. 2A and B), consistent with the size of

exosomes. Immunoblotting confirmed that these vesicles

were immunoreactive to the exosomal markers Tsg101 and

Alix (Supplementary Fig. 2C).

Microglia actively phagocytose
extracellular preformed fibrils and
release exosomes containing a-
synuclein

In addition to their ability to transmit a-syn aggregation be-

tween neurons, we asked whether exosomes could also

transmit a-syn via another type of brain cell. Microglia, the

main resident immune cells in the brain, have received sig-

nificant attention largely because of their role in producing

neuroinflammation. Various neurotoxins, including a-syn

and LPS, have been shown to activate microglia (Aguzzi

et al., 2013; Heneka et al., 2014), which release neuroin-

flammatory cytokines such as TNF-a, IL-1b and IL-6 (Qu

et al., 2007) as shown in Supplementary Fig. 3A–C.

Neuroinflammation exacerbates neurotoxicity and promotes

a-syn spreading (Neumann et al., 2009). When treated with

PFF, or a combination of PFF and LPS, intracellular aggre-

gates of a-syn were detected in microglia (Fig. 1A), indicat-

ing that microglia could uptake PFF, but lack the ability to

effectively degrade fibrillary a-syn. Activated microglia have

been demonstrated to impair autophagy (Du et al., 2017). In

addition to reducing the ability of cells to clear protein ag-

gregation, blockade of autophagic flux also enhances the re-

lease of exosomes (Alvarez-Erviti et al., 2011; Danzer et al.,

2012; Baixauli et al., 2014). To investigate the role of acti-

vated microglia in releasing exosomes, we performed im-

munoblotting to quantify the amount of exosomes released

and the levels of a-syn within the exosomes found in condi-

tioned medium from primary microglia that had been

treated with LPS, PFF, and LPS plus PFF together. When

normalized to the same amount of exosomes, using Tsg101

and Alix as markers, it was evident that these treatments

increased the release of exosomes from microglia (Fig. 1B–
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D). Furthermore, PFF increased a-syn levels in exosomes

(Fig. 1B and E), indicating that exosomes may exert an im-

portant role in eliminating intracellular abnormal a-syn.

When the combination of PFF and LPS was administered,

the release of exosomes and their content of a-syn were

enhanced (Fig. 1B–E). Using dot blot with an antibody that

detects conformation-specific a-syn filaments, we confirmed

the presence of oligomeric a-syn, which is the neurotoxic

species (Fig. 1F and G), in microglia-derived exosomes after

PFF treatment. The levels of oligomeric a-syn were also

enhanced when treated with PFF plus LPS (Fig. 1F and G).

Next, a thioflavin T assay was performed to analyse the fi-

brillary structures of exosomal a-syn and dot blot was per-

formed to detect p-a-syn; however, no difference was

detectable (Supplementary Fig. 3D and E). Furthermore, to

eliminate the possibility that the observed higher levels of

exosomes in the conditioned medium from cells treated with

LPS and PFF were due to broken cell plasma membrane

caused by these treatments, we performed an LDH assay in

the media. Figure 1H indicates that at these sublethal con-

centrations, no cell breakage was detectable. Together, these

results indicate that microglia are capable of releasing a-syn-

containing exosomes with PFF treatment. When additionally

activated by LPS, this release was further enhanced. Thus,

for the subsequent experiments, microglia were treated with

PFF plus LPS.

Exosomes mediate extracellular
transmission of a-synuclein between
microglia and neurons

As shown in Fig. 1, exosomes obtained from the PFF-treated

microglia can carry a-syn oligomers. To determine the im-

pact of these exosomes on neurons, we used an alternative

approach as illustrated in Fig. 2A. Cell culture medium from

primary microglia was centrifuged at 3000g to remove cellu-

lar debris. This cleared conditioned medium—which still

contained exosomes and cytokines—was then subjected to

ultra-centrifugation, and the supernatant was collected as

exosome-free conditioned medium. Subsequently, condi-

tioned medium, purified EF (from the PFF-treated micro-

glia), EF-c (exosomes from untreated microglia) or exosome-

free conditioned medium were added to cultured primary

cortical neurons separately and incubated for 4 days to

allow internalization of exosomes to occur. TX-100 insol-

uble a-syn aggregation in the recipient neurons, as visualized

using antibody against total a-syn or antibody against

p-Ser129 a-syn, was most dramatically increased in the EF

group in more than 85% of neurons, whereas this effect was

largely absent in the exosome-free conditioned medium and

EF-c group (Fig. 2B, C, Supplementary Fig. 3F and G). This

was consistent with the immunoblot results (Fig. 2D–F). EF

treatment increased TX-100 insoluble a-syn, including

pathological p-a-syn, endogenous a-syn and total a-syn,

while soluble endogenous a-syn was reduced, suggesting

that a-syn containing exosomes recruited endogenous a-syn

to form insoluble aggregation. These results indicate that a-

syn containing exosomes was able to infect heathy neurons

and trigger a-syn aggregation in recipient neurons. We also

performed additional control experiments to demonstrate

that aggregation of a-syn in the secondary neurons was

induced by a-syn-containing exosomes rather than non-spe-

cific binding of residual PFF from the conditioned medium

(Supplementary Fig. 4).

Inhibition of exosome synthesis
reduces a-synuclein transmission
from microglia to neurons

Considering that PFF treatment increased the transmission

of a-syn from microglia to neurons through exosomes, we

asked whether pharmacological inhibition of exosome syn-

thesis could reduce a-syn transmission from microglia to

neurons. GW4869 is a pharmacological inhibitor of

nSMase2, which regulates the biogenesis of exosome

(Trajkovic et al., 2008). For this study, microglia were

treated with GW4869 for 24 h, followed by PFF and LPS

(Fig. 3A). Exosomes were collected from microglial condi-

tioned medium and subjected to immunoblotting. Results

showed that GW4869 strikingly reduced secretion of exo-

somes in microglia (Fig. 3B) without inducing cell death

(Supplementary Fig. 5A). To investigate whether this

reduced secretion of microglial exosomes would result in

lower internalization of exosomes into neurons, we labelled

purified exosomes with a membrane dye PKH67 and then

added these PKH67 + exosomes to primary neurons. Results

showed that with GW4869 treatment, the internalization of

exosomes into neurons was significantly reduced (Fig. 3C).

Consistent with this, there was also less a-syn aggregation in

these neurons (Fig. 3C). Neurons were then collected and

separated into TX-100 soluble and insoluble fractions.

Addition of GW4869 reduced TX-100 insoluble a-syn after

PFF plus LPS treatment (Fig. 3D–F), suggesting that reducing

the release of a-syn containing exosomes from microglia

could reduce a-syn spreading to neurons. These data indi-

cate that microglial exosomes may be a potential interven-

tion target for inhibiting the spread of a-syn.

Depletion of microglia suppresses
PFF-induced a-synuclein
transmission in vivo

Based on the in vitro data, we next turned to in vivo studies

to confirm the role of microglia and microglial exosomes in

a-syn transmission. First, we performed stereotaxic injections

of PFF, targeting the dorsal striatum in mice, an approach

that had been established to produce transmission of patho-

logical a-syn and other cardinal features of Parkinson’s

disease (Luk et al., 2012a). After 30 days post-injection,

p-a-syn accumulations were present in several brain regions

ipsilateral to injection, including the striatum, and other ana-

tomically interconnected regions such as substantia nigra
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(SN), cortical layers, olfactory bulb, and hippocampus

[Fig. 4A(i and ii)]. Of note, the presence of abnormal p-a-

syn aggregation in these areas, which have trajectory connec-

tions to the striatum, suggest a-syn pathology can spread

from one brain region to another. In contrast, D-PBS injec-

tions in the sham group did not produce such an a-syn path-

ology. Also, we observed that Iba1 positive cells in the SN

and striatum, two important brain areas in Parkinson’s dis-

ease, were increased 30 days after PFF injection [Fig. 4B

(i and ii)]. Together, these results indicate that microglia are

involved in the spread of a-syn.

We next investigated whether depletion of microglia

would affect this transmission. PLX3397 is an inhibitor of

colony stimulating factor 1 receptor (CSF1R), which has

previously been demonstrated to specifically deplete micro-

glia (Elmore et al., 2014). We depleted microglia in C57BL6

mice by feeding them with a chow containing PLX3397.

This treatment significantly reduced the number of Iba1-

positive cells in the brain after 30 days (Supplementary Fig.

5B), but did not affect mouse body weight (Supplementary

Fig. 5C). After 1 month of being on this diet, we injected

PFF into the dorsal striatum and mice were maintained on

Figure 1 PFF treatment promotes the release of a-syn containing exosomes from microglia. Primary cultured microglia were

treated with PFF (2 lg/ml) for 24 h, followed by treatment with or without LPS as described. (A) Primary cultured microglia were fixed and

stained with an antibody to detect total a-syn. Scale bar = 20 lm. (B–E) The exosomes were extracted from the same volume of culture me-

dium. Immunoblotting was used to detect exosomes as evidenced by the levels of the exosomal markers Alix and TSG 101 proteins (B–D).

Exosomes were lysed with RIPA buffer and sonicated briefly. The same amount of exosomal protein from isolated exosomes were loaded and

total a-syn levels were detected by western blotting (E). (F and G) Representative image of dot blot and scatterplots of densitometry analysis

assessing misfolded a-syn in exosomes obtained from same volume of microglia culture media with different treatments. A conformation-specific

antibody against a-syn oligomers was used. (H) LDH levels in culture media were measured after different treatment by ELISA. Ctrl = treatment

with ATP before exosome collecting. All data represent mean ± SEM, n = 5–6 independent experiments, using one-way ANOVA followed by

Newman-Keuls post hoc test, *P5 0.05 versus Ctrl, #P5 0.05 versus PFF. CM = conditioned medium.
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Figure 2 Exosomes from PFF-treated microglia induces a-syn aggregation in recipient neurons. (A) Schematic diagram illustrating

the timeline of experimental approach. Briefly, primary cultured microglia were treated with PFF, then PFF were removed and cells were washed

with fresh culture medium to avoid the contamination of PFF, followed by the treatment of LPS and ATP. Exosomes from microglia culture me-

dium were isolated. Primary cortical neurons were incubated for 4 days with conditioned medium (CM), extracted exosomes or exosomes-free

medium (EF-free CM) from microglia. Ctrl = no-treatment control; EF = exosomes from PFF-treated microglia; EF-c = exosomes from untreat-

ed microglia. (B) Neurons were then fixed with PFA alone or PFA with 1% TX-100 to extract soluble proteins, followed by immunostaining for

total a-syn and p-a-syn. CM and EF induced a-syn aggregation in neurons. Scale bar = 20 lm. (C) The quantitative data of TX-100 insoluble a-

syn aggregation in recipient neurons. *P5 0.05 versus Ctrl, #P5 0.05 versus EF. (D–F) Representative immunoblots and quantitative data of TX-

100 soluble and insoluble a-syn in recipient neurons. TX-100 soluble and insoluble fractions of neurons were isolated and analysed using indi-

cated antibodies. *P5 0.05 versus Ctrl, #P5 0.05 versus EF. Data represent mean ± SEM, one-way ANOVA followed by Newman-Keuls post hoc

test, n = 4–6 independent experiments. IF = immunofluorescence; WB = western blot.
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the same chow for one additional month. Control mice

received regular chow without PLX3397. Motor ability and

anxiety levels of mice were not affected by PLX3397 after

60 days (Supplementary Fig. 5D and E) and PLX3397 did

not induce TH cell death (Supplementary Fig. 6A and B).

Using confocal microscopy, we observed that the number of

Iba1-positive microglia in the SN and striatum was reduced

in the PFF + PLX3397-treated mice compared with those of

the PFF group. Moreover, the number of abnormal p-a-syn

aggregations was significantly reduced in striatum and its

anatomically interconnected regions in the PFF + PLX3397

group [Fig. 4A(i and ii)]. PLX3397 treatment alone had no

effect on p-a-syn in the brain (Supplementary Fig. 6C). In ac-

cordance with the immunostaining data, p-a-syn protein lev-

els in different brain regions and the whole brain were also

detected by western blot (Supplementary Fig. 6D and E),

which showed reduced p-a-syn by PLX3397 after PFF injec-

tion. These data demonstrate that microglial depletion par-

tially suppresses a-syn aggregation and transmission in

brain.

Microglial exosomes mediate a-
synuclein transmission in brain

To investigate the possibility that microglial exosomes can

facilitate a-syn transmission in vivo, we isolated exosomes

from different treated microglia and stereotaxically injected

these exosomes into the right dorsal striatum of mice. Using

p-a-syn antibodies, we performed immunohistochemical

analysis in multiple brain regions after injection to map out

a-syn pathology. After 30 days, no p-a-syn was detected in

sham mice and mice injected with exosomes from D-PBS

treated microglia (EF-c) (Supplementary Fig. 7A and B).

However, accumulations of p-a-syn were detectable in EF-

injected mice in multiple brain regions on the ipsilateral side

after 30 days (Fig. 5A), with an increase after 180 days

(Fig. 5B). These results confirm that exosomal a-syn from

microglia is readily transmissible in vivo, although the

underlying mechanism of this transmission between brain

regions is still unclear.

To evaluate whether striatally injected exosomes would in-

duce cellular damage to the dopaminergic system, we quanti-

fied the density of striatal dopaminergic terminals by

analysing optical density of TH-positive structures. As dem-

onstrated in Fig. 5C and D, there was a loss of dopaminergic

terminal density 6 months after injection of EF. Consistent

with the damage in the nigrostriatal pathway, HPLC ana-

lysis showed a reduction in total striatal dopamine content 6

months after exosome injection (Fig. 5E). Further analyses

using stereological cell counting of dopaminergic neurons in

SNpc confirmed corresponding loss of TH-positive cells

in the ipsilateral SNpc, whereas the number of TH neurons

in the contralateral SNpc were indistinguishable from sham

group (Fig. 5F and G). Nissl cell count indicated that the

loss of TH is not simply due to downregulation of phenotyp-

ic markers but rather due to cell loss (Fig. 5H). However,

neither the TH cell number in SNpc nor the TH staining in

striatum showed any decrease 30 days after injection of EF

in the ipsilateral hemisphere, indicating that there is a grad-

ual and unilateral loss of cell function. Together these results

indicated that microglial exosomes triggered retrograde cell

death in the nigrostriatal pathway in a time-dependent

manner.

We next evaluated if damage in the nigrostriatal system

impairs locomotor function. Using a gait analysis system, we

detected the behavioural changes in mice 6 months after in-

jection of EF. The base of support refers to the distance of

the average width between the front paws or the hind paws.

We found that the base of support of the hind limbs after in-

jection of exosomes was increased compared to the control

group (Fig. 5I). The average walking speed (Fig. 5J) was

decreased. The paw areas (Fig. 5K) were increased on both

sides and in both the front limbs and hind limbs. Swing time

refers to the duration of time that the animal does not place

a paw on the glass plate. We observed prolonged swing time

in the left limbs, contralateral to exosome injection side

(Fig. 5L). These changes above may contribute to the de-

crease in walking speed. However, no changes in memory

function were observed as assessed using the Y-maze

(Supplementary Fig. 7C). In addition, open field activity

remained unchanged, indicating overall motor activity was

not significantly altered (Supplementary Fig. 7D and E).

Taken together, these results demonstrate that microglia

exosomal a-syn was related to Parkinson’s disease progres-

sion, involved in the spreading of a-syn and the loss of

dopaminergic neurons. In addition, the neuropathology and

motor deficits became progressively more severe over time.

Pro-inflammatory cytokines
enhance a-synuclein aggregation
induced by microglial exosomes

Microglial activation in areas corresponding to a-syn depos-

ition and neurodegeneration has been reported to be an im-

portant characteristic in patients with Parkinson’s disease

(Fellner and Stefanova, 2013). In our study, microglia acti-

vation was observed both in vitro and in vivo after PFF

treatment. Microglia activation was accompanied by the

release of pro-inflammatory factors, as shown in

Supplementary Fig. 3. However, whether the inflammatory

factors would have an impact on exosome-mediated a-syn

spreading was unclear. To address this issue, we treated neu-

rons with EF (Fig. 6A) in the presence or absence of various

proinflammatory cytokines. Immunoblot demonstrated that

TX-100 insoluble endogenous a-syn were increased when

EFs were combined with pro-inflammatory cytokines

(Fig. 6B and C). This finding was further supported by

immunostaining to detect TX-100 insoluble a-syn aggrega-

tion, which showed that TNF-a, IL-1b, IL-6 increased intra-

cellular a-syn deposition (Fig. 6D). These results suggest that

EF plays an active role in mediating a-syn transmission and

microglial inflammatory reaction accelerated this process.
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Figure 3 GW4869 suppresses secretion of microglial exosomes and transmission of a-syn to neurons. (A) Schematic diagram illus-

trating the timeline and experimental procedures. Primary microglia were treated with either GW4869, PFF, or GW4869 first followed by PFF

before LPS and ATP. Ctrl = treatment with ATP before collecting exosome; IF = immunofluorescence. (B) The same volume of microglial culture

medium from different experimental conditions was extracted for exosomes, whose levels were determined by western blotting using Alix and

Tsg101. (C) GW4869 treatment reduced exosome internalization into neurons resulting in less a-syn aggregation. Exosomes isolated from the

same volume of microglia culture medium from different experimental conditions were labelled with the dye PKH67. These exosomes were then

added to recipient neurons and incubated for 4 days. Neurons were fixed with 4% PFA and a-syn filament staining was performed. (D–F)

Quantitative data and representative immunoblots of TX-100 soluble and insoluble a-syn in recipient neurons. *P5 0.05 versus Ctrl, #P5 0.05

versus PFF + LPS. Data represent mean ± SEM, one-way ANOVA followed by Newman-Keuls post hoc test, n = 3–6 independent experiments.
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Figure 4 Microglial depletion suppresses a-syn propagation in PFF injected mice. Mice were injected with PFF in the striatum. One

month before and after this injection, mice were fed with standard or chow containing PLX3397, a chemical that depletes microglia. Mice were

then sacrificed 30 days after PFF injection and brain samples were analysed using immunostaining. [A(i)] In addition to the striatum, p-a-syn was

also detected in the ipsilateral hippocampus, cortex, substantia nigra, olfactory bulb, and cerebellum 30 days after PFF injection. [A(ii)]

Quantification of the p-a-syn cells in different brain regions (n = 4–6 mice/group, 20 images per region). Data represent mean ± SEM, independ-

ent t-test, *P5 0.05 versus PFF. [B(i and ii)] Using immunofluorescence for Iba1, the number of microglia in the striatum and SN 30 days after

PFF injection was quantified (n = 6 mice/group, 24 images per group). One-way ANOVA followed by Newman-Keuls post hoc test, data represent

mean ± SEM, *P5 0.05 versus Sham, #P5 0.05 versus PFF. Sham = mice were injected with same volume of D-PBS. CB = cerebellum; Ctx =

cortex; Hip = hippocampus; OB = olfactory bulb; SN = substantia nigra; Str = striatum.

Microglial exosome and a-syn spreading BRAIN 2020: Page 13 of 22 | 13

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article-abstract/doi/10.1093/brain/aw

aa090/5827587 by Fudan U
niversity user on 15 M

ay 2020



PELI1-mediated lysosomal
breakdown contributes to
autophagy flux dysregulation and
exosome secretion in microglia

Based on our observations that PFF increased exosome se-

cretion from microglia, we next addressed the question of

why microglia activated by PFF would secrete more a-syn

carrying exosomes. To this end, we reviewed the process of

a-syn degradation and exosome formation. Autophagy is a

vital pathway by which a-syn is degraded (Webb et al.,

2003; Cuervo et al., 2004; Lee et al., 2004). The disruption

of autophagy flux has been observed in affected neurons, for

example, accumulation of autophagosomes and loss of lyso-

somal markers have been reported in cultured cells of

Parkinson’s disease patients, rodent models of Parkinson’s

disease and in post-mortem Parkinson’s disease brain sam-

ples (Anglade et al., 1997; Zhu et al., 2007; Chu et al.,

2009; Dehay et al., 2010). In agreement with findings in

neurons, we observed an induction of autophagy in PFF

treated BV-2 cells (Fig. 7A and B), with autophagosome ac-

cumulation (Fig. 7C and D). Because autophagosomes are

normally degraded through fusion with lysosomes to form

autophagolysosomes, the accumulation of autophagosomes

indicates that the lysosome-mediated clearance of autopha-

gosomes is impaired, suggesting a blockade of autophagy

flux. Consistent with this hypothesis, the levels of the lyso-

somal structural protein LAMP2 were markedly decreased

in PFF treated BV-2 cells (Fig. 7E, F and Supplementary Fig.

8A–C).

Exosomes are released from maturing late endocytic/multi-

vesicular bodies (MVBs) upon fusion of MVBs with the

plasma membrane. a-Syn exits MVBs through the endoso-

mal sorting complex required for transport (ESCRT) com-

plex and the expression levels of the MVB resident proteins

such as PARK9 regulate the number of exosomes that

releases a-syn into the extracellular space (Tsunemi et al.,

2014). Furthermore, autophagosomes can fuse with MVBs

forming amphisomes, leading to the convergence of auto-

phagic-endosomal pathway (Berg et al., 1998; Klionsky,

2005; Fader et al., 2008; Szatmari et al., 2014). To assess

whether the accumulated autophagosomes are indeed fused

with MVBs, we assessed the co-localization of CD63 (a

MVB marker) with LC3 (an autophagosome marker) in BV-

2 cells. As shown in Fig. 7G and H, there was a marked in-

crease in CD63 + LC3 + puncta after PFF treatment. These

findings indicated that PFF caused lysosomal dysfunction,

while also raising the question of why LAMP2 was

decreased in PFF-treated BV-2 cells.

The ubiquitin proteasome system (UPS) plays a vital role

in clearing intracellular proteins from eukaryocytes. Proteins

are polyubiquitinated by ubiquitin ligase and then trans-

ferred to the proteasome for degradation. PELI1 (pellino 1),

an E3 ubiquitin ligase, is reported to be abundantly

expressed in activated microglia and plays an important role

in their inflammatory reaction (Xiao et al., 2013; Medvedev

et al., 2015). Our data show that PELI1 levels were dramat-

ically increased in PFF treated BV-2 cells (Supplementary

Fig. 8A–D) as well as in activated microglia in the brains of

PFF injected mice (Supplementary Fig. 8E). To obtain direct

evidence, we performed in vitro polyubiquitination assays.

In the presence of HA-ubiquitin, LAMP2 was efficiently

polyubiquitinated; while overexpression of PELI1 enhanced

the degradation of LAMP2, evidenced by decreased levels

of FLAG-tagged LAMP2 detection (Fig. 7I). In the presence

of MG132 (proteasome inhibitor), the polyubiquitination

of LAMP2 was significantly increased (Fig. 7I). Together,

these data indicate that PELI1 targets LAMP2 for

ubiquitin-mediated degradation in BV-2 cells after PFF

treatment.

To examine the function of PELI1, we knocked down en-

dogenous PELI1 expression by siRNA. PELI1 siRNA signifi-

cantly reduced PELI1 mRNA and protein levels in BV-2

cells (Supplementary Fig. 9A–C). Silencing of PELI1 signifi-

cantly reversed PFF induced reduction of LAMP2, attenu-

ated autophagosome accumulation, restored autophagy flux

and reduced the fusion of autophagosomes with MVBs

(Fig. 7A–H). Moreover, silencing of PELI1 attenuated ab-

normal a-syn aggregation in PFF treated BV-2 cells (Fig. 7J).

Taken together, these results indicate that PELI1 is vital in

regulating lysosomal breakdown and that the blockage of

autophagy flux increased the proportion of MVB-autopha-

gosomes, leading to increased a-syn containing exosomes

from microglia.

Microglia/macrophage-derived
exosomes from CSF of Parkinson’s
disease patients induce a-synuclein
aggregation in neurons

Both our in vivo and in vitro data supported the hypothesis

that microglial exosomes participate in a-syn transmission to

neurons. To confirm this in patients, CSF from sporadic

Parkinson’s disease, control (healthy age-matched) and MSA

patients was collected (Supplementary Table 1,

Supplementary Fig. 10A and B). It has been reported that a-

syn exists in exosomes of CSF, including in the CSF of

healthy people and patients affected by neurodegenerative

disorders such as Parkinson’s disease and dementia with

Lewy bodies (Stuendl et al., 2016). Proteomic analysis of

exosome derived from microglial cells illustrated that

CD11b is a membrane-associated protein that is enriched in

exosomes and thus could be used as a microglial-origin

marker (Brites and Fernandes, 2015). First, to evaluate the

percentage of microglia/macrophage-derived exosomes in

CSF, CD11b antibody was used to label microglia/macro-

phage-derived exosomes. After incubation with CD11b anti-

bodies, flow cytometry was performed to detect the ratio of

CD11b + exosomes over total exosomes in CSF. The levels

of CD11b + exosomes were not statistically different be-

tween the groups, although MSA and Parkinson’s disease

patients showed a higher trend compared with the control
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Figure 5 Exosomes derived from PFF-treated microglia induces a-syn transmission, dopaminergic neuron degeneration and

behavioural changes. (A and B) Mice were stereotaxically injected with EF into the right dorsal striatum. Representative images show accu-

mulation of p-a-syn (brown) in different ipsilateral regions at 30 days (A) or 180 days (B) after the injection. (C–E) Striatal dopamine terminals

and total dopamine levels were measured at either 30 days or 180 days after injection. The OD level of dopamine terminals (D) showed a 40%

decrease and total dopamine levels (E) showed �30–35% decrease in hemisphere ipsilateral to injection. Data represent mean ± SEM, one-way

ANOVA followed by Newman-Keuls post hoc test, *P5 0.05 versus Sham. (F–H) TH-immunostaining and stereological cell counting of TH-

immunoreactive neurons and Nissl-positive neurons in the SNpc. Approximately 33% of TH cells were lost at 180 days in hemisphere ipsilateral

to injection. Data represent mean ± SEM, two-way ANOVA followed by Newman-Keuls post hoc test *P5 0.05 versus Sham, #P5 0.05 versus

contralateral side. (I–L) Gait analysis was performed 180 days after injection to evaluate locomotor activities. Results were analysed with inde-

pendent t-test, *P5 0.05 versus Sham. n = 6–8 mice/group. Sham = mice were injected with same volume of D-PBS; EF-c = exosomes from D-

PBS treated microglia (control exosome); and EF = exosomes from PFF treated microglia. CB = cerebellum; Contra = contralateral side; Ctx =

cortex; Hip = hippocampus; Ipsi = ipsilateral side; LF = left forelimb; LH = left hindlimb; OB = olfactory bulb; RF = right forelimb; RH = right

hindlimb; SN = substantia nigra; Str = striatum.
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group (Fig. 8A and Supplementary Fig. 10C). Next, we com-

pared the content of total a-syn in microglia/macrophage-

derived exosomes. CD11b + exosomes from CSF were puri-

fied by CD11b coated beads. Using ELISA we found that

total a-syn level in CD11b + exosomes was higher in

Parkinson’s disease and MSA patients than healthy controls,

while no difference between Parkinson’s disease and MSA

patients was identified (Fig. 8B). When comparing the oligo-

mer forms of a-syn using a confirmation-specific antibody,

dot blot showed microglia/macrophage-derived exosomes

from Parkinson’s disease and MSA patients had higher con-

centrations of oligomeric a-syn than healthy controls

(Fig. 8C and D). Importantly, CD11b + exosomes from

MSA patients contained more oligomeric a-syn than

Parkinson’s disease patients (Fig. 8C and D). However,

Thioflavin T assay showed no difference of fibrillary a-syn

between the three groups (Supplementary Fig. 10D). To test

the effect of these microglia/macrophage-derived exosomes

on a-syn spreading, CD11b + exosomes were isolated from

CSF and incubated with cortical neurons. After 48 h, we

observed that CD11b + exosomes from Parkinson’s disease

and MSA patients induced TX-100 insoluble a-syn in the

treated neurons, with a much more severe aggregation in the

MSA group (Fig. 8E and F). However, when pretreated with

a CD11b blocking peptide or incubated with a CD11b anti-

body that had no immunoreactivity to human, no aggrega-

tion was detected (Supplementary Fig. 10E). These data

demonstrate that the binding between CD11b antibody and

exosome was specific and the CD11b + exosomes isolated

were indeed of microglial origin. Together these data indi-

cate that microglia/macrophage-derived exosomes are a

major subgroup of a-syn containing extracellular vesicles in

the brain, playing an important role in cell-to-cell spreading

of a-syn.

Figure 6 Inflammatory cytokines enhanced a-syn aggregation after microglial exosome treatment. (A) Exosome from PFF

treated microglia were purified. (B and C) Primary neurons were treated with EF, EF + TNF-a, EF + IL-1b or EF + IL-6 for 4 days. TX-100 insol-

uble fractions of neurons with different treatments were isolated and analysed by targeting endogenous a-syn. Forty micrograms of total protein

was loaded. Ctrl = no treatment control. (D) TX-100 insoluble total a-syn aggregation staining was performed. Scale bar = 10 lm. Data repre-

sent mean ± SEM, n = 3–6 independent experiments. One-way ANOVA followed by Newman-Keuls post hoc testing, *P5 0.05 versus Ctrl,
#P5 0.05 versus EF.
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Figure 7 PFF treatment increases the degradation of LAMP2 through ubiquitin-proteasome system after ubiquitination by

PELI1 in BV-2 cells, thus impairing the autophagy flux and enhances the fusion of autophagysomes and MVBs. (A and B)

Western blotting of LC3 and p62 levels in BV-2 cells following PFF treatment (2 lg/ml; 24 h) with or without Peli1 siRNA. n = 6 independent

experiments. (C) Representative images of BV-2 cells transfected with Ad-mCherry-GFP-LC3B adenovirus following PFF (2 lg/ml, 24 h) with/

without Peli1 siRNA. Scale bar = 5 lm. (D) The number of red (autolysome) and yellow puncta (autophagasome) per cell were determined using

ImageJ. Twenty cells from three independent experiments were analysed in each group. (E and F) Western blot analysis of LAMP2 and PELI1 lev-

els in BV-2 cells following PFF treatment (2 lg/ml; 24 h) with or without Peli1 siRNA. n = 6 independent experiments. Data were analysed using

Image Lab (version 5.2.1). (G) Confocal microscopy analysis of the MVB marker CD63 (red) and LC3 autophagysomes (green). BV-2 cells were

treated with PFF (2 lg/ml, 24 h) with/without Peli1 siRNA. Scale bar = 10 lm. (H) Co-localization of CD63 (MVB) with LC3 (autophagysome)

was measured in BV-2 cells. Twenty cells from three independent experiments were analysed in each group. (I) Western blot analysis of poly-

ubiquitination of LAMP2 by PELI1 in vivo. FLAG-LAMP2 and HA-ubiquitin were transiently expressed in HEK293 cells with MYC-PELI1. The cells

were treated with MG132 (20 lM) for 7 h before analysis. Antibodies to HA and FLAG were used to visualized ubiquitinated LAMP2 following

immunoprecipitation with HA beads. (J) Confocal microscopy analysis of p-syn in BV-2 cells treated with PFF (2 lg/ml, 24 h) ± Peli1 siRNA. Scale

bar = 10 lm. n = 6 independent experiments. Data represent mean ± SEM. One-way ANOVA followed by Newman-Keuls post hoc testing.

*P5 0.05 versus Ctrl, #P5 0.05 versus PFF.
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Discussion
Based on the Braak staging hypothesis, the gut and the olfac-

tory bulb are the initial spreading sites of misfolded a-syn

(Klingelhoefer and Reichmann, 2015). Monomeric or oligo-

meric a-syn released from the ‘donor’ neurons can be taken

up by the ‘recipient’ cells, where they act as templates—or

‘seeds’—to induce misfolding of endogenous a-syn

(Valdinocci et al., 2017). Emerging evidence indicates that a-

syn can spread between neurons through exosome release

(Visanji et al., 2013). However, how and to what extent

microglia and their exosomes impact a-syn pathology has

not been well delineated. We show here that microglial exo-

somes mediated a-syn transmission from microglia to neu-

ron, including in vitro, in vivo, and in a human study.

Neuroinflammation produced by activated microglia has

been demonstrated to play an important role in neuropathol-

ogy as seen in Parkinson’s disease (Tansey and Goldberg,

2010; Xu et al., 2016). Microglia can be activated by a wide

range of neurotoxic molecules. Exogenously introduced a-

syn such as PFF and those endogenously released by injured

neurons are both capable of eliciting strong neuroinflamma-

tory responses from microglia (Zhang et al., 2005; Lee,

2008). As shown in our study and by other laboratories

(Zhang et al., 2005), sonicated human PFF can be taken up

by microglia and activate microglia both in vivo and in vitro

(Zhang et al., 2005; Lee et al., 2010; Cao et al., 2012;

Harms et al., 2013). We also observed that the treatment of

PFF induced the release of a-syn containing exosomes from

microglia. Because microglia can be activated by any non-

self substance, using LPS as a positive control, we demon-

strated PFF treatment increased both total a-syn levels and

a-syn oligomers in microglial exosomes, which was not

observed in the presence of LPS alone.

Although understanding the mechanism of such release

requires additional work, one possible explanation is that in-

hibition of autophagy flux is induced by a-syn in microglia.

Blocking autophagic activity and lysosome dysfunction has

been documented to increase the release of exosomes in

neuronal cells (Alvarez-Erviti et al., 2011; Danzer et al.,

2012; Minakaki et al., 2018). Previous studies have also

reported that a-syn levels in exosomes increase when

autophagy flux is inhibited in a-syn overexpressing neurons

through promoted MVB-autophagosome fusion (Alvarez-

Erviti et al., 2011; Poehler et al., 2014; Minakaki et al.,

2018).

However, it is not clear whether the same mechanism

exists in microglia and what the underlying mechanism is. In

this study, we demonstrated that PFF induced the level of

PELI1 (an E3 ubiquitin ligase highly expressed specifically in

activated microglia) and mediated the degradation of

LAMP2 through UPS, leading to inhibition of the autoph-

agy-lysosome pathway in microglia. Under this condition,

an increased fusion of autophagosome-MVB intracellular

compartments was observed in microglia, accompanied by

increased exosome release and an increase of a-syn in exo-

somes. Because of the specific and high expression of PELI1

in activated microglia, we have demonstrated a pathway

that specifically affects the lysosomal function of microglia

and their secretion of exosomes.

The present study also supports the view that when deliv-

ered through exosomes, a-syn is effective in generating pro-

tein aggregation in neurons (Danzer et al., 2012). When

neurons were treated with exosomes, conditioned medium

or exosome-free conditioned medium from PFF-treated

microglia, the presence of exosomes dramatically increased

protein aggregation in neurons. It was reported that �75%

a-syn exist in exosomes in conditioned medium from cells

over-expressing a-syn (Alvarez-Erviti et al., 2011). A recent

study demonstrated that exosome associated a-syn oligomers

are internalized into recipient cells whereas free a-syn

oligomers are not internalized and remain bound to cell sur-

face (Delenclos et al., 2017). Coupled with this observation,

it has been found that the amount of free a-syn was sharply

decreased after exosomes were purified from conditioned

medium, and that exosome-associated a-syn oligomers,

which present on both the outside and inside of exosomes,

are more likely to be taken up by recipient neurons (Danzer

et al., 2012). The uptake of intact exosomes involves mul-

tiple mechanisms, involving the caveolin-mediated endo-

cytotic process (Harischandra et al., 2019), and cell

membrane fusion (EL Andaloussi et al., 2013). It is therefore

unsurprising that a-syn delivered by exosomes can induce

more aggregation than free a-syn oligomers, further impli-

cating the importance of exosome-associated a-syn.

In addition to exosomes, activated microglia also release

cytokines, such as TNF-a, IL-1b and IL-6. In the CNS this

pro-inflammatory role of microglia affects the surrounding

neurons as cytokines diffuse to the extracellular microenvir-

onment. To address whether neuroinflammation affects

microglial exosome mediated a-syn transmission, we incu-

bated neurons with microglial exosomes in the presence or

absence of TNF-a, IL-1b and IL-6. As shown in this study,

a-syn aggregation was more evident when exosomes were

combined with cytokines. These results indicate that the up-

take of microglial exosomes in neurons was accompanied by

an immunologically synergic effect, resulting in enhanced a-

syn toxicity.

We used a mouse model to investigate the effects of micro-

glia in a-syn spreading in the brain, and showed that after

receiving a single injection of synthetic a-syn fibrils in dorsal

striatum, cell-to-cell transmission of phosphorylated a-syn

occurred and Lewy body-like pathology was detected in ana-

tomically interconnected regions (Luk et al., 2012a). In this

study, we confirmed that this abnormal p-a-syn aggregates

in the striatum and several other areas directly intercon-

nected to the striatum such as the cortex and substantia

nigra. In addition, we observed an increase in Iba1 + cells in

striatum and substantia nigra, showing an active microglia

morphology. A recent study focused on microglia activation

and accumulation of p-a-syn inclusions in brain after PFF in-

jection demonstrated that PFF triggered reactive microglia,

with increased MHC-II expression, even months prior to

nigral degeneration (Duffy et al., 2018). Thus, this mouse
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model enables us to study the interaction of a-syn transmis-

sion and microglia. With this animal model, we then fed

mice with a chow containing PLX3397, an inhibitor of

CSF1R, which depletes microglia (Elmore et al., 2014).

Strikingly, PLX3397 treatment reduced the presence of p-a-

syn in addition to the number of Iba1 + cells in the PFF

injected mice, compared to the PFF-treated mice fed with

regular chow. These data indicate that microglia act as effi-

cient participants in the pathological spreading of a-syn after

PFF injection.

Similar to direct injection of PFF to the brain, stereotaxic

delivery of microglial exosomes to the striatum also induced

a-syn aggregation and propagation in mice—although with

a slower onset of 6 months. Strikingly, these exosomes also

Figure 8 CD11 + exosomes derived from CSF of Parkinson’s disease patients contain a-syn oligomer and are able to induce a-

syn aggregation in neurons. (A) Exosomes from 150 ll CSF were isolated and then detected using flow cytometer with a CD11b-FITC anti-

body to label microglia/macrophage derived exosomes [minimum (Ctrl: 2.5; Parkinson’s disease: 4.1; MSA: 3.8); 25%ile (Ctrl: 3.8; Parkinson’s dis-

ease: 5.1; MSA: 4.875); median (Ctrl: 4.8; Parkinson’s disease: 6.3; MSA: 7.15); 75%ile (Ctrl: 7.1; Parkinson’s disease: 8.25; MSA: 10.06); maximum

(Ctrl: 9.7; Parkinson’s disease: 10.9; MSA : 12.5)]. (B) CD11b + exosomes were isolated from 5 ml CSF and total a-syn were measured by ELISA

[minimum (Ctrl: 3.103; Parkinson’s disease: 4.509; MSA: 4.909); 25%ile (Ctrl: 3.642; Parkinson’s disease: 4.926; MSA: 5.688); median (Ctrl: 4.175;

Parkinson’s disease: 5.849; MSA: 6.076); 75%ile (Ctrl: 4.842; Parkinson’s disease: 6.862; MSA: 6.904); maximum (Ctrl: 5.6; Parkinson’s disease:

8.849; MSA: 9.509)]. (C) Representative image of dot blot on CD11b + exosomes isolated from 200 ll CSF using a conformation specific a-syn

antibody, which recognizes amino acid sequence-independent oligomers of a-syn. Images of four patients in every group are shown. (D)

Densitometry analysis of the dot blot assessing the misfolded a-syn in CD11b + exosomes from patients [minimum (Ctrl: 0.6; Parkinson’s dis-

ease: 1.509; MSA: 3.249); 25%ile (Ctrl: 0.9877; Parkinson’s disease: 2.703; MSA: 3.688); median (Ctrl: 1.976; Parkinson’s disease: 3.747; MSA:

4.876); 75%ile (Ctrl: 2.509; Parkinson’s disease: 4.496; MSA: 5.507); maximum (Ctrl: 3.103; Parkinson’s disease: 5.143; MSA: 5.903)]. (E)

CD11b + exosomes isolated from the 3 ml CSF of patients were added to neurons. Proteinase K-resistant a-syn aggregation was detected after

4 days. (F) The quantitative data of a-syn puncta in neurons. Data are shown as mean ± SEM. One-way ANOVA followed by Newman-Keuls post

hoc testing, *P5 0.05 versus Ctrl, #P5 0.05 versus Parkinson’s disease. PD = Parkinson’s disease.
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induced nigral dopaminergic neurodegeneration and

impaired motor coordination. One limitation of our behav-

iour studies is the lack of measurement of behavioural asym-

metry using amphetamine-induced rotational test as reported

(Harischandra et al., 2019). Thus, our data suggest that

oligomer carrying exosomes from microglia are sufficient to

induce major behavioural and pathological features of spor-

adic Parkinson’s disease, leading to a vicious neurotoxic

cycle.

It has been reported that injection of CSF-derived exo-

somes from patients with dementia with Lewy bodies and

Parkinson’s disease is able to induce oligomerization of sol-

uble a-syn in neuronal cells and at the injected site of mouse

brain (Stuendl et al., 2016; Ngolab et al., 2017; Minakaki

et al., 2018). These studies support the concept of exosomes

from patients having infectious abilities. However, exosomes

in CSF including those from neuron, astrocyte, microglia,

and endothelium and exosome from different cell types have

different functions and properties (Budnik et al., 2016).

Mixed exosomes were used in these studies because the ori-

ginal sources of exosomes in the CSF were not identified. In

our study, we found that microglia/macrophage-derived exo-

somes (CD11b + ) were present in CSF of patients with

Parkinson’s disease, comprising �4–12% of the total exo-

somes. Based on a previous study, only 2.17% of CSF a-syn

is present in exosomes in CSF from both Parkinson’s disease

and healthy controls (Stuendl et al., 2016). Thus, the

amount of a-syn in microglia/macrophage-derived exosomes

was limited, yet sufficient to be capable of infecting neurons

and serving as a seed to induce oligomerization of soluble a-

syn in neurons as we observed, which showed more strong

evidence to support the function of microglial exosome in a-

syn transmission.

In summary, we report that microglia, in addition to their

well-established role in neuroinflammation, are also actively

involved in the process of cell-to-cell transmission of a-syn

through the release of exosomes(Supplementary Fig. 12).

Our observations, that CD11 + exosomes isolated from CSF

of Parkinson’s disease patients contained a-syn and that

microglial exosomes were capable of inducing nigrostriatal

degeneration, further illustrate the critical role of these exo-

somes in the pathogenesis of Parkinson’s disease. Because of

previous reports that astrocyte-derived exosomes are also

able to induce protein aggregation in mouse brain (Dinkins

et al., 2014), it is most likely that glial cells in general par-

ticipate in the process of protein transmission. Therefore,

targeting exosome release from all cell types should be taken

into consideration as a potential therapeutic strategy for

Parkinson’s disease.

Acknowledgements
We are grateful to The Michael J.Fox Foundation for the gift

of preformed fibrils monomer. We thank Jue Zhao for assist-

ance in preparing PET and clinical data of patients.

Funding
This study was supported by the National Natural Science

Foundation of China (81971013 to M.C.; 81870915 and

81571109 to Q.D.; 81571232 to J.W.), Grant from the

Science and Technology Commission of Shanghai

Municipality (16411970200). K.T. is supported by the

National Institute of Environmental Health Sciences (R01-

ES022274 and R35-ES030523).

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain online.

References
Aguzzi A, Barres BA, Bennett ML. Microglia: scapegoat, saboteur, or

something else? Science 2013; 339: 156–61.
Alvarez-Erviti L, Seow Y, Schapira AH, Gardiner C, Sargent IL, Wood

MJ, et al. Lysosomal dysfunction increases exosome-mediated alpha-

synuclein release and transmission. Neurobiol Dis 2011; 42: 360–7.
Anglade P, Vyas S, Javoy-Agid F, Herrero MT, Michel PP, Marquez J,

et al. Apoptosis and autophagy in nigral neurons of patients with

Parkinson’s disease. Histol Histopathol 1997; 12: 25–31.

Asai H, Ikezu S, Tsunoda S, Medalla M, Luebke J, Haydar T, et al.

Depletion of microglia and inhibition of exosome synthesis halt tau

propagation. Nat Neurosci 2015; 18: 1584–93.

Baixauli F, Lopez-Otin C, Mittelbrunn M. Exosomes and autophagy:

coordinated mechanisms for the maintenance of cellular fitness.

Front Immunol 2014; 5: 403.
Berg TO, Fengsrud M, Stromhaug PE, Berg T, Seglen PO. Isolation

and characterization of rat liver amphisomes. Evidence for fusion of

autophagosomes with both early and late endosomes. J Biol Chem

1998; 273: 21883–92.
Bourdenx M, Dovero S, Engeln M, Bido S, Bastide MF, Dutheil N,

et al. Lack of additive role of ageing in nigrostriatal neurodegenera-

tion triggered by alpha-synuclein overexpression. Acta Neuropathol

Commun 2015; 3: 46.
Brites D, Fernandes A. Neuroinflammation and depression: microglia

activation, extracellular microvesicles and microRNA dysregulation.

Front Cell Neurosci 2015; 9: 476.
Bruck D, Wenning GK, Stefanova N, Fellner L. Glia and alpha-synu-

clein in neurodegeneration: a complex interaction. Neurobiol Dis

2016; 85: 262–74.
Bu LL, Liu FT, Jiang CF, Guo SS, Yu H, Zuo CT, et al. Patterns of

dopamine transporter imaging in subtypes of multiple system atro-

phy. Acta Neurol Scand 2018; 138: 170–6.

Budnik V, Ruiz-Canada C, Wendler F. Extracellular vesicles round off

communication in the nervous system. Nat Rev Neurosci 2016; 17:

160–72.

Cao S, Standaert DG, Harms AS. The gamma chain subunit of Fc

receptors is required for alpha-synuclein-induced pro-inflammatory

signaling in microglia. J Neuroinflamm 2012; 9: 259.
Chang C, Lang H, Geng N, Wang J, Li N, Wang X. Exosomes of BV-

2 cells induced by alpha-synuclein: important mediator of neurode-

generation in PD. Neurosci Lett 2013; 548: 190–5.

20 | BRAIN 2020: Page 20 of 22

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article-abstract/doi/10.1093/brain/aw

aa090/5827587 by Fudan U
niversity user on 15 M

ay 2020

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa090#supplementary-data


Chistiakov DA, Chistiakov AA. Alpha-Synuclein-carrying extracellular

vesicles in Parkinson’s disease: deadly transmitters. Acta Neurol

2017; 117: 43–51.
Chu Y, Dodiya H, Aebischer P, Olanow CW, Kordower JH.

Alterations in lysosomal and proteasomal markers in Parkinson’s

disease: relationship to alpha-synuclein inclusions. Neurobiol Dis

2009; 35: 385–98.
Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT, Sulzer D.

Impaired degradation of mutant alpha-synuclein by chaperone-medi-

ated autophagy. Science 2004; 305: 1292–5.

Cui M, Aras R, Christian WV, Rappold PM, Hatwar M, Panza J,

et al. The organic cation transporter-3 is a pivotal modulator of neu-

rodegeneration in the nigrostriatal dopaminergic pathway. Proc Natl

Acad Sci U S A 2009; 106: 8043–8.
Daniel SE, Lees AJ. Parkinson’s Disease Society Brain Bank, London:

overview and research. J Neural Transm Suppl 1993; 39: 165–72.
Danzer KM, Kranich LR, Ruf WP, Cagsal-Getkin O, Winslow AR,

Zhu L, et al. Exosomal cell-to-cell transmission of alpha synuclein

oligomers. Mol Neurodegener 2012; 7: 42.

Dehay B, Bove J, Rodriguez-Muela N, Perier C, Recasens A, Boya P,

et al. Pathogenic lysosomal depletion in Parkinson’s disease.

J Neurosci 2010; 30: 12535–44.
Delenclos M, Trendafilova T, Mahesh D, Baine AM, Moussaud S,

Yan IK, et al. Investigation of endocytic pathways for the internal-

ization of exosome-associated oligomeric alpha-synuclein. Front

Neurosci 2017; 11: 172.
Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, Crews L, et al.

Inclusion formation and neuronal cell death through neuron-to-neu-

ron transmission of alpha-synuclein. Proc Natl Acad Sci U S A

2009; 106: 13010–5.

Dinkins MB, Dasgupta S, Wang G, Zhu G, Bieberich E. Exosome re-

duction in vivo is associated with lower amyloid plaque load in the

5XFAD mouse model of Alzheimer’s disease. Neurobiol Aging

2014; 35: 1792–800.

Dryanovski DI, Guzman JN, Xie Z, Galteri DJ, Volpicelli-Daley LA,

Lee VM, et al. Calcium entry and alpha-synuclein inclusions elevate

dendritic mitochondrial oxidant stress in dopaminergic neurons. J

Neurosci 2013; 33: 10154–64.
Du D, Hu L, Wu J, Wu Q, Cheng W, Guo Y, et al.

Neuroinflammation contributes to autophagy flux blockage in the

neurons of rostral ventrolateral medulla in stress-induced hyperten-

sion rats. J Neuroinflamm 2017; 14: 169.
Duffy MF, Collier TJ, Patterson JR, Kemp CJ, Luk KC, Tansey MG,

et al. Lewy body-like alpha-synuclein inclusions trigger reactive

microgliosis prior to nigral degeneration. J Neuroinflamm 2018; 15:

129.
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