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a b s t r a c t

Biological functions of extracellular vesicles (EVs) are being discovered to be critical in neurodegener-
ative disorders, including Parkinson's disease (PD). A previous study using cellular models of PD has
suggested that EVs derived from microglia exposed to aggregated a-synuclein (a-Syn) leads to enhanced
neurotoxicity. However, the function of EVs derived from microglia not treated with aggregated a-Syn or
treated with monomeric a-Syn are unclear. Here, employing a widely used cellular model of PD, i.e. SH-
SY5Y cells treated with MPPþ, a well-established parkinsonian toxicant, we revealed that microglial EVs,
when not stimulated by aggregated a-Syn, appeared to be protective, and the mechanisms, though
remain to be defined further, appeared to involve mitochondrial dynamics, especially mitochondrial
fission.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Extracellular vesicles (EVs), based on their origin or size, can be
classified as apoptotic bodies, microvesicles and exosomes [1]. The
release of EVs has been recognized as an important messenger in
cross-talking between neurons, microglia, astrocytes and oligo-
dendrocytes, not only in physiological condition, but also in
neurodegenerative and neuro-inflammatory diseases, including PD
[2].

PD, the second most common and severe neurodegenerative
disease following Alzheimer's disease (AD), is characterized by the
formation of Lewy bodies, the major component of which is mis-
folded, aggregated a-Syn [3]. Although the molecular mechanisms
underlying PD pathogenesis and development remain to be
ull treated microglia; EV(þ),
icroglia.

g), qingchang@bjmu.edu.cn
elucidated, microglial activation and neuroinflammation induced
by oligomeric and misfolded a-Syn are believed to contribute to
neurodegeneration in PD [4]. Indeed, oligomeric or aggregated a-
Syn has been reported to activate microglia, enhance neuro-
degeneration in various in vitro and in vivomodels [5,6]. Consistent
with this prevailing hypothesis, recent studies have revealed that
EVs derived from a-Syn aggregates treated microglia induce neu-
rodegeneration in a PD cellular model [7]. However, function of EVs
derived from a-Synmonomer-treatedmicroglia is unknown, which
is the major focus of this investigation.

To explore the effects of EVs derived from microglia that are
treated with a-Syn monomers, a cellular model of PD, i.e. cells
treated with MPPþ, the active component of Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), was used in this study. MPPþ,
conversed by monoamine oxidase (MAO) in glia cell, is a potent
neurotoxin that mediates cell death with multiple mechanisms,
such as mitochondrial dysfunction, especially altered mitochon-
drial fission/fusion, and excessive production of reactive oxygen
species (ROS) [8]. We demonstrated that MPPþ-induced mito-
chondrial dynamic imbalance, ROS production, and cell death in
cultured neuronal cells could be reversed or reduced after the
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Table 1
Antibodies used in immunoblot.

Description Catalogue number

Alix Millipore, ABC40
CD9 Santa Cruz, sc-13118
TSG-101 Abcam, ab125011
DRP1 Abcam, ab184247
FOXO3a-phospho T32 Abcam, ab26649
SGK1 Abcam, ab32374
HRP-conjugated goat anti-rabbit IgG (H þ L) Biodragon, BF03008
HRP-conjugated goat anti-mouse IgG (H þ L) Biodragon, BF03001
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neuronal cells were treated with EVs derived from a-Syn monomer
treated microglia.

2. Materials and methods

2.1. Cell culture and PD cell model establishment

The human SH-SY5Y DAergic neuroblastoma cell line and a
retroviral-immortalized microglia cell line BV2 were provided by
the Department of Pathology, Peking University Health Science
Center. Cells were cultured in F-12/DMEM (Gibco, 11330057) con-
taining 10% FBS (Gibco, 10099e141), 1% PS (Gibco, 10378e016).

The MPPþ PD cellular model was established as previously
described [9]. Briefly, SH-SY5Y neuronal cells were treated with
MPPþ (MPP-iodide) (Sigma, D048) at concentrations of 5 mM,
100 mM, 200 mM, and 400 mM for 24h.

All cell cultures were maintained in an incubator with
controlled humidified atmosphere at 37 �C, 5% CO2.

2.2. a-Syn preparation

Human SNCA/a-synuclein protein (HNAE, 12093) was dissolved
in water at a concentration of 0.5mg/ml and kept at �80 �C. The
existence of the preparation was monomer (15 kDa) as shown by
western blot [10].

2.3. Cell viability evaluation

A total number of 5�103 SH-SY5Y neurons in a volume of 100 ml
F12/DMEM containing 10% FBS were plated in each well of a 96-
well plate. Cells were treated by 5 mM, 100 mM, 200 mM and
400 mMMPPþ for 24h and a 10 ml CCK-8 solution (Beyotime, C0038)
was added into the media and incubated for 3.5 h at 37 �C. Absor-
bance at 450 nm was then measured to evaluate cell viability
following the manufacturer's instructions.

2.4. EV preparation

BV2 cells were cultured in F12/DMEM containing 10% FBS and
1% PS in T75 flask overnight, then wash the cell with 1� PBS and
themediawas changedwith F12/DMEMwithout FBS or PS in a total
volume of 24ml with two replications. BV2 cells were treated
without or with a-Syn monomer (100 nM) or not to isolate
microglia derived-EVs.

The cell culture media were collected post 12h treatment with
a-Syn monomer or null treatment in 50ml tube. The media were
centrifuged at 500g, 4 �C, for 10min to remove large cell debris, and
then at 2000g, 4 �C, for 20min to further clean up. The media were
then centrifuged at 35000 rpm (SW 41 Ti), 4 �C, for 2h in an ul-
tracentrifuge tube (Becaman, #344059) to pellet EV. The pellet was
washed with PBS and was re-centrifuged again at 35000 rpm (SW
41 Ti), 4 �C for 2h. The final pellet (EVs) was resuspended in 500 ml
PBS and stored at �80 �C before use.

2.5. EVs labelling with Dil

A volume of 500ul isolated EVs were labeled with Dil (1,10-
dioctadecyl-3,3,3030-tetramerthylindocarbocyanine perchlorate) at
a concentration of 5 mM for 15min at 4 �C. To remove free Dil, Dil-
EVs were washed with PBS for two times and collected at
35000 rpm, 4 �C, for 2h after each wash. A parallel control was
prepared by dissolving Dil in PBS and with BV2 supernatant free of
Dil, and the remaining procedure was identical to that of Dil labeled
EVs outlined above.
2.6. SH-SY5Y incubation with Dil-EVs

Dil-EVs were added into SH-SY5Y cell culture in a 6-well plate
and were co-cultured for 24 h at a concentration of 35ug/ml (100ml
volume). Images were acquired under ZEISS confocal (LSM 710).

2.7. Electron microscopy

EVs were resuspended in water at a concentration of 0.35mg/
ml. The EVs mixture was applied to the grid and negatively stained
with 2% phosphotungstic acid. Transmission images were acquired
by TEM (JEM1400PLUS).

2.8. Western blotting

A total content of 35ug EVs (50ml) were loaded to SDS-PAGE on a
12% gels. Proteins were extracted from SH-SY5Y using cell lysis
buffer (RIPA, HARVEYBIO, C1503) containing Halt Protease &
Phosphatase Inhibitor Cocktail (100� ) (Thermo, 78444), and a BCA
Protein Assay Kit (Applygen, P1511) was used to determine the
concentration according to the manufacturer's instruction. Proteins
were blotted to PVDF (Merck Millipore, 4515) membrane, and the
membranes were blocked in TBST (Axygen, P25133) buffer con-
taining 5% BSA (Amresco, A-0332) for 1h at RT. Immunoblotting
was performed by incubating the membrane in 5% BSA-TBST with a
primary antibody overnight at 4 �C. The membranes were washed
three times by TBSTon the second day, followed by incubationwith
a secondary antibody for 1h at RT. The first antibodies and the
consistent second antibodies used were presented in Table 1. Pos-
itive bands were detected using enhanced chemiluminescence re-
gents (Millipore, WBKLS0100) under BIO RAD (Molecular
ImagerRChemi DocTMXRSþ). Expression levels of proteins were
quantified using densitometric analyses by Adobe Photoshop CC.

2.9. Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) was performed using a
NanoSight instrument and NAT Version 3.2 Dev Build 3.2.16 soft-
ware to quantify EVs and their dispersion and size distribution. EVs
were diluted by PBS at 1:1000 and particle size was calculated by
the software.

2.10. Measurement of intracellular ROS production

Intracellular ROS concentration was measured using 20,70

-dichlorodihydrofluorescein diacetate (H2DCFDA) (Sigma, D6883).
SH-SY5Y cells were cultured on microscopy grade petri dishes (Jet
biofilm, BDD002035) at a density of 1� 106/ml with F12/DMEM
containing 10% FBS overnight. After incubation with EVs in F12/
DMEM free of FBS for 24h, cells were washed with F12/DMEM for
three times. Then 5 mM H2DCFDA diluted in F12/DMEM was added
into the dishes and incubated for 30min at humidified atmosphere



Table 2
Primers used in RT-PCR analysis.

Gene Primer sequence (50-30)

SGK1 Forward- ACTGACTTCGGACTCTGCAA
Reverse-CCAGTCCACAGTCCTGTCAT

DRP1 Forward- GAGTAAGCCCTGAACCAA
Reverse- TGATGAACCGAAGAATGAG

Mfn1 Forward- AGTGTGGATCCTTGGGTCTG
Reverse- TCAGAAACACCTGGATGGCT

Mfn2 Forward- ACCGCCACATAGAGGAAG
Reverse- GCACAGACACAGGAAGGA

FOXO3a Forward- AGTGCTTCCAGCATTAGGGT
Reverse- AAACACATTGGAGGGTTGCC

MFF Forward- CAGGGCAGCATTTCCTTCTC
Reverse- GGACCCTCATTCGCTGACTA

MiD51 Forward- CAGCTTCGCTACACTGATCG
Reverse- TCAGCGTCCTCTAGCTTCTG

b-actin Forward- ACTCTTCCAGCCTTCCTTCC
Reverse- CAATGCCAGGGTACATGGTG
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at 37 �C, 5% CO2. The cells werewashed by PBS for three times. After
staining the nuclei with DAPI, fluorescence images were acquired
by ZEISS confocal.
2.11. Real-time PCR

Total RNA was isolated from SH-SY5Y neurons using TRIZOL
reagent (Invitrogen, 15596e026) according to the manufacturer's
instruction. First, cDNA was synthesized from about 1 mg total RNA
using FastQuant RT Kit with gDNase (MCE, HY-K0511). 1 ml reverse-
transcribed cDNA was used in real-time PCR with PowerUp SYBR®
Green Master Mix (appliedbiosystem, A25741). b-Actin expression
was used as a control for normalizing the amounts of cDNA. The
primers used were presented in Table .2. All results were analyzed
using 2-△△Ct and were presented as mean ± SEM.
2.12. Statistical analysis

ANOVA analysis was performed using GraphPad Prism 5. Data
were shown as their mean þ SEM. *p < 0.05 was considered as a
statistically significant difference.
Fig. 1. Characterization of microglia-derived EVs and Internalization of microglia-deri
western blotting to detect the markers of Alix, CD9 and TSG 101. (B) Nanoparticle tracking
examined by transmission electron microscopy (TEM). (Scale bar ¼ 200 nm). (D) Microgli
15 min at 4 �C; unbound dye was washed off the EVs. Cultured SH-SY5Y cells were then tre
only (SH-SY5Y þ Dil) for 24 h. Cells were also stained with DAPI (blue). Images were acquire
Dil-EV-treated SH-SY5Y cells encompassing the nuclear membrane or in cytoplasm. (For inte
Web version of this article.)
3. Results

3.1. Microglial EVs entered SH-SY5Y cells readily

We first isolated and characterized EVs derived from microglia
cells (BV2). The purity of EVs was confirmed by presence of EV-
typically associated proteins (Alix, CD9, and TSG 101) (Fig. 1A).
Microglial EVs were further characterized by NTA for size distri-
bution and TEM for morphology, respectively. The results demon-
strate that EVs consisted of a heterogeneous population of particles
from 70 to 200 nm in diameter (Fig. 1B), and are membrane bound
and with a classic cup shape (Fig. 1C).

To verify whether microglia-derived EVs could enter SH-SY5Y
neuronal cells, the EVs were labeled with Dil before incubating
with SH-SY5Y cells for 15min. By using confocal microscopy anal-
ysis, microglia-derived EVs were clearly shown to present in the
cytoplasm of SH-SY5Y cell, mainly encompassing the nuclei
(Fig. 1D).

3.2. MPPþ altered mitochondrial fission/fusion dynamics

To assess the function of microglial EVs, a MPPþ-induced Par-
kinson's cellular model was established. As shown in Fig. 2A, cell
viability decreased dose-dependently in SH-SY5Y cells when
treated with MPPþ. To determine the mitochondrial dynamics in
SH-SY5Y cells, the mRNA levels of mitochondrial fission regulators
DRP1 and MFF, as well as mitochondrial fusion effectors Mfn1 and
Mfn2were analyzed by RT-PCR. A few critical targets closely related
to cell toxicity (FOXO3a and SGK-1) were also examined. Among the
targets tested, mRNA levels of MFF, Mfn1, Mfn2, FOXO3a, and SGK-1
were consistently increased at high concentration of MPPþ

(Fig. 2B). In contract, at protein level, only DRP1 demonstrated a
dose-dependent and statistically significant increase (Fig. 3A and
B). FOXO3a and SGK1 also increased in protein level but no statis-
tical significance was achieved (Fig. 3A and B).

3.3. Microglial EVs attenuated DRP1 alteration along with reduced
MPPþ-induced toxicity

In the next series of experiments, remarkably, genes altered by
ved EVs by cultured SH-SY5Y neuronal cells. (A) Fractions of EVs were analyzed by
analysis (NTA) of EV concentrations and size distribution. (C) EVs from microglia were
a-derived EVs were isolated from culture media of BV2 cells and labeled with Dil for
ated with or without Dil (red)-labeled microglia-derived EVs (SH-SY5Y þ Dil-EV) or Dil
d using ZEISS confocal (Scale bar ¼ 10 mm). Dil fluorescent signals were observed inside
rpretation of the references to colour in this figure legend, the reader is referred to the



Fig. 2. MPPþ treatment inhibited SH-SY5Y cell viability, disturbed mitochondrial fission/fusion dynamics. (A) SH-SY5Y cell viability was measured by CCK-8 assay following
treatment of different concentrations (5 mM, 100 mM, 200 mM, 400 mM) of MPPþ for 24h, *p < 0.05, **p < 0.01 versus the control, n ¼ 5. (B) mRNA levels of mitochondrial functional
molecules, DRP1, MFF, Mfn1, Mfn2 and cell apoptosis related FOXO3a, PD related SGK-1 in PD cell model. SH-SY5Y neurons were treated with different concentrations of MPPþ

(5 mM, 100 mM, 200 mM and 400 mM) for 24h. Data are presented as mean þ SEM. *p < 0.05, **p < 0.01 and ***p < 0.001.

Fig. 3. MPPþ treatment promoted SGK1 and DRP1 expression in dose-dependent
manner. (A) Expressions of DRP1, SGK1 and FOXO3a in SH-SY5Y treated with MPPþ

were determined by western blot. (B) Protein expression intensities of DRP1, SGK1, and
FOXO3a were analyzed. Data are presented as mean þ SEM. *p < 0.05, **p < 0.01,
***p < 0.001 versus the control, n ¼ 3.
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MPPþ, i.e. MFF, Mfn1, Mfn2, DRP1, FOXO3a, and SGK-1 were all
redressed in SH-SY5Y cells treated by EVs from microglia exposed
to a-Synmonomer compared to null-treatedmicroglia (Fig Fig. 4A).
Oxidative stress, an essential cell death effector, was also assessed
in addition to cell toxicity. As shown in Fig. 4, compared with
vehicle treated controls, ROS production were substantially
decreased in SH-SY5Y cells (Fig. 4B) Addtionally, protein level of
DRP1 expression was also reduced significantly after cells were
incubated with EVs derived from a-Synmonomer treatedmicroglia
(Fig. 4C and D).
4. Discussion

Cells, including neuron and glia, are known to release EVs,
which act as a mediator of neuron-glia communication, locally or
even over a long distance [11,12]. Previous studies have reported
that microglial EVs may physiologically modulate neuronal syn-
aptic activity [13], inhibit presynaptic transmission [14], and
regulate the pathologic development of AD [15] and PD [16]. It has
been established that unless treated with very high concentrations,
a-Syn aggregates do directly exert significant neurotoxicity in the
absence of microglia [17]. Also, as mentioned, EVs derived from
microglia pre-exposed to a-Syn aggregates accelerate neuro-
degeneration [7]. However, the function of microglia exposed to a-
Syn monomer on neurodegeneration remains to be determined. To
initiate this line of investigation, we demonstrated that microglia
treatedwith non-aggregated a-Syn, i.e. treatedwith predominantly
a -Syn monomers, can enter SH-SY5Y readily (Fig. 1D), as well as
attenuate MPPþ-mediated neurotoxicity and increase oxidative
stress (Fig. 4).

The molecular mechanisms underlying the protective effects of
microglial EVs are unclear; however, it seems that mitochondrial
dynamics is clearly involved (Fig. 4A) as the treatment redressed
the gene expression profile of mitochondrial dynamics and alter-
ation in critical fission protein DRP1 (Fig. 4C and D). Support for a
critical role of mitochondrial dynamics in MPPþ-induced neuro-
toxicity can also be found in several earlier reports [10,11]. It should
be noted, however, alteration in mRNAs does not mean necessarily
lead to corresponding changes in protein levels, with or without
post-translational modification. This phenomenon is indeed
recaptured in our studies, with only DRP1 demonstrated significant
alteration at protein level (Figs. 3 and 4), despite multiple genes



Fig. 4. EVs from a-synuclein monomer treated microglia protect neuronal from injury induced by MPPþ. (A) mRNA levels of mitochondria dynamic molecules. (B) Intracellular
ROS level in control, MPPþ treated SH-SY5Y, MPPþ þ EV (�) treated SH-SY5Y, and MPPþ þ EV (þ) treated SH-SY5Y neurons. (Scale bar ¼ 10 mm). (C) Influence of microglia derived
EVs on DRP1, SGK1 and FOXO3a in PD cell model. (D) Intensity of protein expressions. n ¼ 3. Data are presented as mean þ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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were regulated by MPPþ at mRNA level (Fig. 2).
How might microglia EVs regulate DRP1and associated neuro-

toxicity is unclear, although downregulating DRP1 appears to be
protective in several PD cellular models [18]. As mitochondrial
fission regulators, DRP1 forms a multimeric structure via MFF,
MiD49 and MiD51 on the outer mitochondrial membrane to ach-
ieve membrane constriction and fission [19]. MiD51, which in-
teracts and recruits DRP1 to mitochondria but inhibits its activity,
executs a negative effect on mitochondria fission [20]. As MiD51
was inhibited in MPPþ treated neurons, which could be corrected
with microglial EVs after monomeric a-Syn treatment (Supple-
mentary Fig), indicating a regulation in mitochondrial fission.

One of the major caveats of the current studies centers on the
fact that it is purely an observation using cultured neurons (SH-
SY5Y) and microglia cells (BV2) cells, respectively, not to mention
the difference fromwhat is actually occurring in vivo animalmodels
or even in patients with Lewy body diseases. Nonetheless, our
investigation does emphasize the point that exogenous monomeric
a-Syn might have protective effects on neuronal function and cell
toxicity.

In summary, our present findings demonstrated that EVs from
a-Syn monomer treated microglia have a protective effect on
Parkinsonian toxin MPPþ, possibly by regulating mitochondrial
dynamics, particularly mitochondrial fission. The observation, if
validated in additional in vivo experimental systems, might provide
a novel perspective for future interventions of Lewy body disorders,
like PD.
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