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Background: A prion-like spread of �-synuclein might play a role in the pathogenesis of Parkinson disease.
Results: Extracellular �-synuclein was cleaved by plasmin. Cultured microglia and astrocytes did not take up plasmin digested
extracellular �-synuclein, and were not activated.
Conclusion: Plasmin-mediated �-synuclein clearance problems might play a role in the pathogenesis of Parkinson disease.
Significance: Therapies aimed at �-synuclein clearance may lead to new therapies for Parkinson disease.

Parkinson disease (PD) is the secondmost common neurode-
generative disease characterized by a progressive dopaminergic
neuronal loss in association with Lewy body inclusions. Gathering
evidence indicates that�-synuclein (�-syn), amajor component of
the Lewy body, plays an important role in the pathogenesis of PD.
Although �-syn is considered to be a cytoplasmic protein, it has
been detected in extracellular biological fluids, including human
cerebrospinal fluid and blood plasma of healthy and diseased indi-
viduals. In addition, a prion-like spread of �-syn aggregates has
been recently proposed to contribute to the propagation of Lewy
bodies throughout the nervous system during progression of PD,
suggesting that themetabolism of extracellular�-synmight play a
key role in the pathogenesis of PD. In the present study, we found
that plasmin cleaved and degraded extracellular �-syn specifically
inadose-andtime-dependentmanner.Aggregated formsof�-syn
as well asmonomeric�-synwere also cleaved by plasmin. Plasmin
cleaved mainly the N-terminal region of �-syn and also inhibited
the translocation of extracellular �-syn into the neighboring cells
in addition to the activation of microglia and astrocytes by extra-
cellular �-syn. Further, extracellular �-syn regulated the plasmin
systemthroughup-regulationofplasminogenactivator inhibitor-1
(PAI-1) expression. These findings help to understand the molec-
ularmechanismofPDanddevelopnew therapeutic targets forPD.

Parkinson disease (PD)2 is the second most common neuro-
degenerative disease, characterized clinically by resting tremor,

rigidity, bradykinesia, and pathologically by a progressive do-
paminergic neuronal loss in association with Lewy body inclu-
sions (1).

�-Synuclein (�-Syn) is an abundant presynaptic protein that
is known to be a major component of the Lewy body in PD (2).
Specific mutations (A30P, E46K, and A53T) andmultiplication
of the wild-type gene were found in some early-onset familial
PD patients (3–7). Furthermore, recent genome-wide associa-
tion studies identified SNCA as a common risk factor for PD (8,
9). Animal models with transgenic overexpression of �-syn
were also shown tomimic several aspects of PD, suggesting that
�-syn may play a major role in the pathogenesis of PD (2).

Until recently,�-synwas considered to be a cytoplasmic pro-
tein and exert its pathogenic effects in the cytoplasm of the
cells. However,monomeric and oligomeric forms of�-syn have
been continuously shown to be present in human cerebrospinal
fluid (CSF) and blood plasma of healthy and diseased individu-
als (10–12).Moreover, it was also demonstrated that �-syn can
be released into the extracellular media by exocytosis (13–15)
and internalized into cells by several mechanisms (16–19),
implying that �-syn may function extracellularly as well as in
the cytoplasmic. In support of physiological and pathological
roles of extracellular �-syn, recent reports showed that extra-
cellular �-syn regulates phagocytosis of microglia in a confor-
mation-dependent manner (20) and stimulates the production
of proinflammatory factors from astrocytes and microglia (21–
26), which consequently cause dopaminergic neuronal death
(27).
Recently, it was reported that human nigral neurons grafted

into the putamen of patients with PD display Lewy bodies that
are distinguishable fromLewy bodies seen in regions of the host
brain (28, 29). Also, �-syn aggregates released from neuronal
cells can be transferred to neighboring neurons, forming Lewy
body-like inclusions, providingmechanistic basis for the devel-
opment of Lewy body pathology in normal mesencephalic
transplants in PD patients (30–32). These data suggest that a
prion-like mechanism might underlie the progression of PD.
Further, prevention of cell-to-cell transfer of �-syn by decreas-
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ing the levels of extracellular �-synmight delay the progression
of PD.
The level of extracellular �-syn depends not only on the rate

of �-syn release from neurons, but also on the rate of its
removal through various clearance pathways such as proteo-
lytic degradation, cell-mediated clearance as well as active and
passive transport out of the brain. These clearance pathways
could provide new therapeutic targets for PD. In the context of
cell-mediated clearance, it was reported that extracellular
�-syn could be cleared by neighboring cells such as neurons,
astrocytes and microglia (17). In addition, in the context of
proteolytic degradation, it was also reported that neurosin (33)
and matrix metalloproteinases (MMPs) (34) could degrade
extracellular �-syn.
Plasmin derived from its inactive zymogen form, plasmino-

gen, by tissue type plasminogen activator (tPA) or urokinase
plasminogen activator (uPA), is a serine protease that dissolves
the insoluble fibrin to soluble fibrin degradation products, thus
playing a central role in fibrinolysis (35). Plasmin activity is
regulated by the activity of tPA and uPA as well as inhibitors of
tPA and uPA including plasminogen activator inhibitor-1
(PAI-1) and neuroserpin. It is also regulated by direct inhibitors
including �2-antiplasmin and �2-macroglobulin (36). Besides
fibrin, plasmin also cleaves a variety of substrates including
extracellular matrix components such as fibronectin, laminin,
and matrix metalloproteinases (MMPs) (35). These plasmin
systems are also detected in the central nervous system (CNS)
(35) and have been shown to play an important role in both
physiological and pathological processes in the CNS including
neuronal development, synaptic plasticity and excitotoxicity
(37, 38). Interestingly, plasmin is also known to degrade A� and
block A�-induced neurotoxicity, thus contributing to the pro-
gression of Alzheimer disease (AD) (39–41). In the present
study, we searched for the protease responsible for degrading
extracellular �-syn and investigated whether the plasmin sys-
tem could degrade extracellular �-syn as well as contribute
�-syn-related pathogenesis of PD.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Recombinant wild type �-syn and
pointmutants (A30P, E46K, and A53T) were purchased from
ATgen (Bundang, Korea). Plasminogen, plasmin, uPA and
thrombin were purchased from Sigma-Aldrich. tPA and
�2-antiplasmin were purchased from Calbiochem. Antibod-
ies against �-syn were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA) and BD Bioscience (Franklin Lakes,
NJ). Antibody from Santa Cruz Biotechnology was used for
detecting the C-terminal region of �-syn, and antibody from
BD Bioscience was used for detecting the internal region of
�-syn. Antibodies against His probe and T7 tag were pur-
chased from Santa Cruz Biotechnology and Novagen (Darm-
stadt, Germany), respectively.
Preparation of T7-�-Syn-His Protein—Plasmid for T7-�-

syn-His protein was generated by cloning PCR product using
pCDNA3.1-�-syn (42) as a template into pET21a (Novagen,
Darmstadt, Germany). The construct was transformed into the
Escherichia coli strain, BL21(DE3) and T7-�-syn-His protein
was purified by affinity chromatography using Ni-NTA chelat-

ing agarose CL-6B (Peptron, Daejeon, Korea) according to the
manufacturer’s instructions.
Western Blot Analysis—�-Syn in phosphate buffered saline

(PBS, pH 7.5) was incubated with indicated proteins in a total
reaction volume of 20 �l at 37 °C in vitro unless otherwise
stated. Digestion of �-syn was then stopped by adding SDS-
sample buffer. Samples were resolved by 15% SDS-PAGE and
transferred to a nitrocellulose membrane. The membranes
were incubated with �-syn antibodies and HRP-conjugated
secondary antibodies (Invitrogen). They were then visualized
using the ECL system (Pierce).
MALDI-TOF Mass Spectrometry and Liquid Chromatogra-

phy Tandem-Mass Spectrometry (LC/MS/MS)—To determine
molecular mass of the �-syn fragments by plasmin, 1.735 �M

�-syn was incubated with 75.3 nM plasmin for indicated times
at 37 °C. The mixture of the �-syn fragments were passed
through a self-packed POROS 20 R2 (Applied Biosystems,
Grand Island, NY) cartridge to capture the protein. The pro-
teins were dispensed onto a MALDI-TOF plate. The sample
was allowed to air-dry at room temperature for 10min and then
MALDI-TOFmass spectrometry analysis was performed.Mass
analysis of the fragments was performed on a Voyager-DE STR
MALDI-TOF mass spectrometer (Applied Biosystems, Grand
Island, NY) in the linear mode using a nitrogen laser (337 nM).
Mass spectra were collected in the positive ion mode using an
acceleration voltage of 25 kV and a delay of 800 ns. The grid
voltage, low mass gate, and laser intensity were set to 96%,
1000.0 m/z, and 2,500, respectively. Each mass spectrum col-
lected represents the sum of the data from 500 laser shots. To
sequence the �-syn fragments, liquid chromatography Tan-
dem-Mass spectrometry (LC/MS/MS) analysis was performed
using integrated system consisting of an autosampler (Tempo
nano LC system; MDS SCIEX, Ontario, Canada) and a hybrid
quadrupole TOF MS/MS spectrometer (QStar Elite; Applied
Biosystems, Gland Island, NY) equipped with a nano-electro-
spray ionization source and a fused silica emitter tip (New
Objective, Woburn, MA). 1.735 �M �-syn was incubated with
75.3 nM plasmin for 1 h at 37 °C. The sample was then electro-
sprayed through a coated silica tip at an ion spray voltage of
2300 eV. For each fragment, themean and standard deviation of
the experimental molecular mass (m/z) were determined from
three independent experiments. The theoretical molecular
mass (m/z) was determined using an ExPASy-computed
pI/MW tool program.
Transmission Electron Microscopy (TEM) and Thioflavin T

Binding Assay—Oligomeric and fibrillar forms of �-syn were
prepared as described previously with slight modifications (20,
43). Briefly, 1 mg/ml monomeric �-syn was incubated at 37 °C
with 250 rpm of agitation for 2 weeks, and then aliquoted and
stored at�80 °C until use. Oligomeric�-synwas collected after
8 h of incubation of monomeric �-syn at 37 °C with 600 rpm
agitation. The status of oligomeric and fibrillar�-synwas deter-
mined by TEM analysis and/or a thioflavin T binding assay.
Briefly, oligomeric and fibrillar forms of �-syn were adsorbed
onto carbon-coated copper grids (200 mesh) and air dried for 1
min. After negative staining with 2% uranyl acetate for 1 min,
the samples were observed with an electron microscope
(H7100, Hitachi). For the thioflavin T binding assay, small ali-
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quots of samples were taken and mixed with 5 �M thioflavin T
in 500 mM glycine buffer (pH 8.5) and the fluorescence were
measured using 482 nm excitation and 446 nm emission wave-
lengths (PerkinElmer Victor 3).
Preparation of �-Syn Overexpressing SH-SY5Y-conditioned

Medium—SH-SY5Y conditioned medium was prepared as
described previously (30). Briefly, differentiated SH-SY5Y cells
were infected with adeno/�-syn. On day 2 of infection, the
medium was replaced with serum free Dulbecco’s modified
Eagle’s medium (DMEM) after the cells were washed twice or
more times with PBS. After 24 h of incubation at 37 °C, the
conditionedmediumwas collected and centrifuged at 10,000�
g for 30 min to remove cell debris. The conditioned medium
was aliquoted into 50�l samples and stored at�80 °C. To eval-
uatewhether plasmin could degrade cell-derived�-syn, 40�l of
SH-SY5Y conditioned medium was incubated with indicated
doses of plasmin for 12 h at 37 °C. Then, Western blot analysis
for �-syn was performed.
Cell Culture—SH-SY5Y (a human dopaminergic neuron cell

line), �-syn-overexpressing SH-SY5Y (18) and BV-2 (an
immortalized murine microglia cell line) cells, were grown in
DMEMsupplementedwith 10 and 5% fetal bovine serum (FBS),
respectively. Rat primary microglia and astrocytes from cere-
bral cortices of 1-day old Sprague-Dawley rats were cultured as
described previously (44, 45). Briefly, the cortices were tritu-
rated and were plated into 75 cm2 T-flasks for 2 weeks in min-
imum essential medium (MEM) containing 10% FBS. Then,
microglia were detached from the flasks by mild shaking and
filtered through a nylon mesh to remove primary astrocytes.

The cells were then plated into 6-well plates for use in subse-
quent experiments. The purity of cultured rat primary micro-
glia was determined by flow cytometry using anti-OX-42 anti-
body and its approximate percentage was 90–95% of total
cultured cells. Following removal of primarymicroglia, primary
astrocyteswere prepared by trypsinization. The cells were incu-
bated with serum-free MEM for 2 days before use to deplete
microglia and meningeal cells, and the cells were then plated
into 6-well plates for use in subsequent experiments. The purity
of cultured rat primary astrocytes determined by GFAP stain-
ing was more than 95% of total cultured cells.
Confocal Microscopy—�-Syn-overexpressing SH-SY5Y cells

were co-culturedwith BV-2 cells in dual chambers for 2 h in the
absence or presence of 75.3 nM plasmin. BV-2 cells cultured on
poly-D-lysine-coated coverslips were then washed twice with
PBS and fixed in 4% paraformaldehyde for 30min at room tem-
perature. The fixed cells were then washed with PBS and incu-
bated with PBS containing 0.1% Triton X-100 for 10 min. After
washing twice or more times with PBS, the cells were blocked
with PBS containing 5% bovine serum albumin (BSA) for 30
min at room temperature, and then incubated overnight with
�-syn antibody (Santa Cruz Biotechnology) at 4 °C. Prepara-
tions were then stained with fluorescence-conjugated second-
ary antibody (Jackson Immunoresearch, West Grove, PA) for
2 h, mounted with mounting solution containing Hoechst and
observed under a confocal microscope (Zeiss, Germany).
Quantitative Real-time RT-PCR—The cells were plated at a

density of 2–3 � 105 per well in six well plates and treated with
1�M �-syn pretreatedwith 43.4 nMplasmin for indicated times.

FIGURE 1. Plasmin cleaves recombinant �-syn specifically. A, after incubation of 1.735 �M �-syn with plasmin at the indicated molar ratios for 12 h at 37 °C.
B, after incubation of 1.735 �M �-syn with plasmin at the 1:0.04 molar ratio for the indicated times at 37 °C, C, after incubation of 1.735 �M �-syn with indicated
proteins (62.5 ng/ml plasminogen, 150 units/ml tPA, 100 units/ml uPA, or 25 �g/ml �2-antiplasmin) for 12 h at 37 °C, D, after incubation of 1.735 �M �-syn with
indicated dose of thrombin or PI (10 units/ml or 100 units/ml thrombin, 1:1000 PI) for 12 h at 37 °C, the samples were loaded into SDS-PAGE gels, then Western
blots for �-syn were performed. PI indicates complete protease inhibitors mixture (Roche Molecular Diagnostics, Mannheim, Germany).
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Total RNAwas extracted from cells using Trizol reagent (Invit-
rogen), and cDNA was prepared using avian myeloblastosis
virus reverse transcriptase (Promega) according to the manu-
facturer’s instructions. cDNA samples were analyzed by the
Rotor-Gene SYBR Green PCR Master mix kit on Rotor-Gene
cyclers (Qiagen, Valencia, CA) with specific primers: human
genes (plasminogen, NM_000301.2, tissue plasminogen activa-
tor: NM_000930.3, urokinase plasminogen activator: NM_
002658.3, plasminogen activator inhibitor-1: M16006.1,
GAPDH: NM_002046.3) and rat genes (plasminogen: NM_
053491.2, tissue plasminogen activator: NM_013151.2, uroki-
nase plasminogen activator: NM_013085.3, plasminogen acti-
vator inhibitor-1: M24067.1, TNF-�: NM_012675.3, IL-1�:
NM_031512.2, and GAPDH: NM017008.3). All values were
calculated using the delta Ctmethod and expressed as a change
relative to expression of GAPDH mRNA.
IL-1� and TNF-� ELISA—The cells were plated at a density

of 2–3 � 105 per well in six well plates and treated with 1 �M

�-syn for 12 h. IL-1� andTNF-� in cell-free culturemediawere
determined using a rat IL-1� ELISA kit (Antigenix America
Inc.) and rat TNFELISA Set (BDBioscience) according toman-
ufacturer’s instructions.
Statistical Analysis—All values are expressed asmeans� S.E.

Statistical significance was evaluated using an unpaired t test
(Graphpad Software, San Diego, CA).

RESULTS

Plasmin specifically cleaves recombinant �-syn- To evaluate
whether plasmin could cleave �-syn, recombinant �-syn was
incubated with a serial dose of plasmin for indicated times and
then Western blots were performed. As shown in Fig. 1, A and
B, plasmin cleaved recombinant �-syn in a dose- and time-
dependent manner. In this experiment, we used anti-�-syn
antibodywhich detects the internal region of�-syn. To validate
these cleaved patterns observed, we used a different anti-�-syn
antibody, which detects the C-terminal region of �-syn, and
also performed Coomassie Blue staining withoutWestern blot.
We also observed similar cleaved bands in both experiments as
shown in Fig. 1, A and B (supplemental Fig. S1). In addition, we
observed that plasminogen with tPA or uPA also cleaved
recombinant �-syn, but tPA and uPA alone did not cleave
recombinant �-syn. Also, plasmin with �2-antiplasmin, an
inhibitor of plasmin, did not cleave recombinant �-syn (Fig.
1C), suggesting that these phenomena are solely dependent on
plasmin activity, and not on other contaminated proteases.
Thrombin (10 units/ml), another serine protease, also did not
cleave recombinant�-syn, and even 100 units/ml thrombin had

FIGURE 2. PD-associated mutants of �-syn are cleaved by plasmin. After
incubation of 1.735 �M wild-type, A30P, E46K, or A53T �-syn with plasmin at
the indicated molar ratios for 12 h at 37 °C, the samples were loaded into an
SDS-PAGE gel, then Western blot for �-syn was performed.

FIGURE 3. Plasmin cleavage sites within �-syn. A, diagram for recombinant T7-�-syn-His protein. After incubation of 1.735 �M recombinant T7-�-syn-His
protein with plasmin at the indicated molar ratios for 12 h at 37 °C, Western blots for �-syn, T7-tag, and His tag were performed. B, after incubation of 1.735 �M

�-syn with 75.3 nM plasmin for indicated times at 37 °C, MALDI-TOF Mass spectrometry was performed as described under “Experimental Procedures.”
C, characteristics of the indicated fragments including sequencing region, observed molecular mass (Da) analyzed by LC/MS/MS, and theoretical molecular
mass (Da). D, sequence of human �-syn. Arrows indicate the cleavage sites for plasmin, and underlining indicates imperfect KTKEGV repeats.
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little effect (Fig. 1D), suggesting that plasmin cleaved �-syn
specifically.
PD-associated Mutants of �-Syn Are Also Degraded by

Plasmin—The �-syn point mutants (A30P, E46K, and A53T)
are found in patients with a rare early-onset familial form of PD
(3–5). These mutant forms of �-syn appear to have slightly
different properties than the wild-type with respect to in vitro
aggregation patterns, membrane binding properties and cellu-
lar cytotoxicity (46–48). When we evaluated whether point
mutants of �-syn were also cleaved by plasmin, we observed
that recombinant point mutants of �-syn were also cleaved
by plasmin in a similar pattern and degree as wild-type �-syn
(Fig. 2).
Plasmin Cleavage Sites within �-Syn—To identify the region

of plasmin cleavage within �-syn, first, we generated recombi-
nant �-syn fused with N-terminal T7 and C-terminal His tags
(Fig. 3A). As shown in Fig. 3A, when we incubated T7-�-syn-
His protein with plasmin, we detected fragmented �-syn by
Western blot using anti-�-syn and anti-His antibodies, but not
inWestern blots using anti-T7 antibody, suggesting that �-syn
fragments observed in Western blot contained the C-terminal
region of �-syn. Accordingly, plasmin cleaved mainly the
N-terminal region of �-syn into small fragments. Next, to fur-
ther characterize the sequence of plasmin cleavage within
�-syn, we performed MALDI-TOF Mass Spectrometric analy-
sis. Fig. 3B shows that the MALDI-TOF mass spectra of plas-
min-cleaved �-syn from 0–12 h. At the time 0 point, we
observed a major band of 14,455.9 � 7.2 Da, which is compat-

ible with the calculated molecular mass of intact �-syn
(14,460.2 Da). At 30min time point, we observed 6major peaks
which were 13,317.97 � 6.7, 11,224.04 � 5.6, 10,062.45 � 5,
8,557.12 � 4.3, 6,419.29 � 3.2, and 4,831.66 � 2.4 Da without
intact �-syn, and we still observed one major band of
4,830.36� 2.4 Da at the 12 h time point. To further identify the
exact sequence of plasmin cleavage sites within �-syn, we per-
formed LC/MS/MS analysis. It showed that the 6 major peaks
corresponded to 11–140, 33–140, 44–140, 59–140, 81–140,
and 98–140 of �-syn (Fig. 3C). We also observed that all plas-
min cleavage sites of�-synwere after lysine residues,which is in
agreement of general plasmin cleavage sites (49). In addition,
the plasmin cleavage sites of �-syn were mainly within the
KTKEGV repeat regions (Fig. 3D). Additional LC/MS/MS data
analyses are available in supplemental Table S1.
Oligomeric and Fibrillar �-Syn Are Degraded by Plasmin—

Monomeric �-syn is prone to aggregation, and aggregated olig-
omeric and fibrillar �-syn has different characteristics from
monomeric �-syn (50). In addition, the conversion of �-syn
from soluble monomers to aggregated, insoluble forms is a key
event in the pathogenesis of PD (51). It was also reported that
oligomeric �-syn as well as monomeric �-syn is detected in the
CSF of patientswith PD (10) and fibrillar�-syn aswell asmono-
meric �-syn is secreted from neurons (14).
Thus, to evaluate whether plasmin also cleaves oligomeric

and/or fibrillar forms of �-syn, we performed two independent
experiments. In electron microscopic (EM) analysis, typical
oligomeric and fibrillar forms of �-syn were detected in the

FIGURE 4. Oligomeric and fibrillar �-syn are degraded by plasmin. After incubation of 1.735 �M oligomeric (A) and fibrillar �-syn (C) with plasmin at the
indicated molar ratios for 3 and 12 h, respectively, at 37 °C, the samples, which were prepared as described under “Experimental Procedures,” were observed
by electron microscopy. Scale bar indicates 1 �m (A) and 200 nm (C). After incubation of 1.735 �M oligomeric (B) and fibrillar �-syn (D) in the presence or
absence of plasmin for 12 h at 37 °C, the samples were loaded into SDS-PAGE gels, then Western blots for �-syn were performed. E, after incubation of 1.735 �M

fibrillar �-syn with plasmin at the indicated molar ratios for 12 h at 37 °C, the samples were analyzed with thioflavin T binding assay.
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control samples, respectively. However, when we incubated
oligomeric and fibrillar �-syn with plasmin, the oligomeric and
fibrillar forms of �-syn were significantly decreased (Fig. 4, A
andC). In addition, we also observed that oligomeric and fibril-
lar forms of�-synwere cleaved by plasmin in a dose-dependent
manner byWestern blot analysis (Fig. 4, B and D). The thiofla-
vin T binding assay for fibrillar �-syn also showed similar
results as seen EM andWestern blot analysis (Fig. 4E), suggest-
ing that plasmin could also cleave the extracellular oligomeric
and fibrillar forms of �-syn.
Cell-derived �-Syn Is Degraded by Plasmin—To evaluate

whether cell-derived �-syn is also cleaved by plasmin, we first
used culture supernatant from �-syn-overexpressing SH-SY5Y
cells. As shown in Fig. 5A, when we performed Western blots
for �-syn, we could detect cell-derived �-syn in the culture
supernatant, which is in agreement with previous findings (15).
Next, we incubated with culture supernatant from �-syn-over-
expressing SH-SY5Y cells with plasmin. Cell-derived�-synwas
also cleaved by plasmin in a dose- and time-dependentmanner.
In addition, using a co-culture system, we previously observed
that �-syn from one cell is propagated into the neighboring cell
(18). When plasmin was added into the co-culture system,
propagation of �-syn from �-syn-overexpressing SH-SY5Y
cells into BV-2 cells (a murine microglial cell line) was signifi-
cantly inhibited (Fig. 5B). Plasmin treatment in a co-culture
system did not show any cytotoxicity in our experimental con-

dition (data not shown), suggesting that cell-derived extracel-
lular �-syn was also cleaved and degraded by plasmin and its
propagation into neighboring cells was also inhibited by
plasmin.

�-Syn Degraded by Plasmin Loses Its Effects on Cytokine
Expression of Primary Microglia and Astrocytes—We and oth-
ers previously observed that �-syn could activate microglia and
astrocytes (21–26). To evaluate the effect of plasmin on �-syn-
induced microglia/astrocytes activation, we pre-incubated
�-synwith plasmin, and then added these�-syn solutions to rat
primary microglia and astrocytes. We observed that �-syn
without pretreatment of plasmin activatedmicroglia and astro-
cytes, so the expression/secretion of TNF-� and IL-1� was
increased. However, �-syn pretreated with plasmin lost its
effect on TNF-� and IL-1� expression/secretion of microglia/
astrocytes significantly (Fig. 6, A and B), suggesting that plas-
min degraded �-syn, and degraded �-syn did not affect neigh-
boring cells.
Exogenously Added �-Syn Increases the mRNA Expression of

PAI-1, but Not the Expression of Plasminogen, tPA, and uPA in
SH-SY5Y Cells, Rat Primary Astrocytes and Microglia—To
evaluate whether extracellular �-syn could affect the expres-
sion of the plasmin system in the brain, we incubated SH-SY5Y
cells (human dopaminergic neuronal cell line), rat primary
astrocytes and microglia with �-syn, then analyzed the mRNA
expression level of the components of the plasmin system

FIGURE 5. Cell-derived �-syn is also cleaved and degraded by plasmin. A, conditioned media containing cell-derived �-syn obtained as described under
“Experimental Procedures” were incubated with the indicated doses of plasmin for 12 h at 37 °C or with 6.25 �g/ml plasmin for the indicated times at 37 °C, and
then Western blot for �-syn was performed. Recombinant �-syn in the absence or presence of plasmin (1:0.04 substrate/enzyme molar ratio) for 12 h at 37 °C
was loaded as the control. SCM indicates SH-SY5Y-conditioned media. B, after co-culture of BV-2 cells with �-syn-overexpressing SH-SY5Y cells for 2 h in the
presence and absence of 75.3 nM plasmin, BV-2 cells were stained with �-syn antibody (red). Then, the cells were observed by confocal microscopy. BV-2 cells
cultured in the absence of �-syn-overexpressing SH-SY5Y cells are indicated by “control.” Scale bar indicates 10 �m.
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including plasminogen, tPA, uPA, and PAI-1 by real-time RT-
PCR. As shown in Fig. 7, we observed that plasminogen, tPA,
uPA and PAI-1 were expressed in the neuronal cell line, pri-
mary astrocytes, and microglia. However, the expression of
plasminogen was not detected in rat primary microglia under
our experimental conditions. Moreover, exogenously added
�-syn did not induce the expression of plasminogen, tPA, and
uPA in the three distinct cells. Interestingly, �-syn induced the
expression of PAI-1 in the three distinct cells equally, suggest-
ing that extracellular �-syn may decrease the activity of the
plasmin system by increasing the expression of PAI-1 in the
brain.

DISCUSSION

Many neurodegenerative diseases such as AD, PD, Hunting-
ton disease (HD), and prion disease share some common char-
acteristics. They show typical protein aggregate deposition, and
the processes from monomeric forms of each protein such as
A�, tau, �-syn, huntingtin, and prion to fibrillar forms have
been considered to play a significant role in the pathogenesis of
each neurodegenerative disease (52–54). Additionally, recent
studies suggest that such aggregation prone proteins can spread
into neighboring cells, and this spreading might also play a role
in the pathogenesis of AD, PD, andHD like that of prion disease
(55). Accordingly, a number of studies searching for therapeu-

tics of these neurodegenerative diseases focus on how protein
aggregate formation can be inhibited, how the aggregates can
be eliminated, and how their spreading can be efficiently halted.

�-Syn, which is a major component of Lewy bodies found in
PD and is considered to be a cytosolic protein, has been contin-
uously reported to be found extracellularly (10–12), and the
molecular mechanisms of its release and uptake in cells have
also been elucidated (13–19). In addition, its potential extracel-
lular effects, including activation of neighboring astrocytes and
microglia, has been also increasingly reported (21–26). Inter-
estingly, reports on its propagation to neighboring cells and the
association between its phenomena and the pathogenesis of PD
have received much attention in order to further understand
the pathogenesis of PD (30–32). Therefore, the regulation of
extracellular �-syn levels may play an important role for the
treatment of PD.
To our knowledge, four proteases including calpain, cathep-

sin D, MMPs, and neurosin, have been reported to be able to
cleave and degrade �-syn (34, 56–58). Among them, neurosin
andMMPs can cleave and degrade extracellular �-syn (33, 34).
In the present study, we observed that plasmin also cleaved
extracellular �-syn. Based on our observation that other serine
proteases such as tPA, uPA, and thrombin, which could be
found in the CNS, did not cleave �-syn, the effect of plasmin on

FIGURE 6. �-Syn cleaved by plasmin loses its effect on the activation of primary microglia and astrocytes. Rat primary microglia (A) and astrocytes (B)
were incubated with 1 �M �-syn with or without preincubation of 43.4 nM plasmin (1:0.04 substrate/enzyme molar ratio) for 1 or 2 h (real-time RT-PCR) or 12 h
(ELISA), and then real-time RT-PCR and ELISA for TNF-� (a) and IL-1� (b) were performed. **, p � 0.01 against control.
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�-syn cleavage appears to be specific. Plasmin, which is synthe-
sized in the liver and plays a role in the coagulation system, has
now been found in the CNS and reportedly expressed in neu-
rons and astrocytes (41). Interestingly, plasmin also cleaves sev-
eral forms of A�, which play a key role in the pathogenesis of
AD (40, 59). In the present study, we observed that plasmin also
cleaved oligomeric and fibrillar �-syn as well as monomeric
�-syn. Considering that the processes for conversion of mono-
meric �-syn to oligomers, and further to the fibrillar form can
play a significant role in the pathogenesis of PD, it is a very
important finding for development of a therapeutic strategy of
PD, since plasmin can cleave the monomeric, oligomeric, and
fibrillar forms of �-syn.
MMP-3has been reported to cleaveT54, E57,A78,Q79,A91,

and G93 within the �-syn sequence (34) while neurosin cleaves
K80, K97, E114, andD121 sequence (60). On the contrary, plas-

min cleaves �-syn from its N-terminal region and subsequently
amino acids below the lysine residue within �-syn sequence
(K10, K32, K43, K58, K80, and K97) specifically (Fig. 3). It was
reported that MMP cleavage of �-syn further induces the
aggregation of �-syn, which establishes a detrimental effect of
MMPs on the pathogenesis of PD (34, 61). In our previous
report, the N-terminal region of �-syn plays an important role
on microglial/macrophage activation (26). In agreement of our
previous findings, �-syn cleaved by plasmin lost its effect on
activation of neighboring astrocytes and microglia (Fig. 6). In
addition, the KTKEGV imperfect repeat within the �-syn
sequence was reported to play an important role on internal-
ization of �-syn into cells (16). Based on previous findings and
our data showing that plasmin cleaved primarily at the
KTKEGV repeat region of �-syn sequence, its internalization
into neighboring cells was also significantly inhibited by plas-

FIGURE 7. Exogenously added �-syn induces the mRNA expression of PAI-1, but not plasminogen, tPA and uPA in SH-SY5Y cells, rat primary astro-
cytes, and microglia. After SH-SY5Y cells, rat primary astrocytes and microglia were treated with 1 �M �-syn for 3 h, and then real-time RT-PCR for plasmin-
ogen, tPA, uPA, and PAI-1 were performed. *, p � 0.05, **, p � 0.01 against control.
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min cleavage (Fig. 5), although we could not exclude the addi-
tional possibility that plasminmay also cleave a certain receptor
for internalization of �-syn into cells. This suggests that plas-
min may have a beneficial effect on the pathogenesis of PD in
terms of extracellular �-syn propagation, although the patho-
logical roles of plasmin in the brain are still controversial (35).
In the present study, we also observed that exposure of �-syn

to SH-SY5Y cells, a dopaminergic neuronal cell line, as well as
rat primary astrocytes andmicroglia did not induce the expres-
sion of plasminogen, tPA, and uPA. However, it induced the
expression of plasmingoen activator inhibitor-1 (PAI-1), a nat-
ural inhibitor of tPA and uPA (62), suggesting that extracellular
�-syn might reduce the activity of the plasmin system, which is
in agreement with a recent report showing that �-syn reduced
tPA activity with only marginal changes in tPA mRNA in pri-
mary astrocytes and microglia (63).
Currently, there is no report on the association between the

plasmin system in the CNS and PD. However, in AD, tPA activ-
ity has been shown to be decreased in ADmodels, and its activ-
ity is proposed to be controlled by substantial increases in
PAI-1 (64). In addition, PAI-1 protein levels increase in the CSF
of AD patients (65), and PAI-1 mRNA is increased in APP
transgenic mice (66). Brain plasmin activity was reported to
also be reduced in AD brains (67). In prion disease, tPA was
reported to accelerate the cleavage of prion protein by plasmin,
implying that the plasmin systemmay be involved in the patho-
genesis of prion disease (68). Thus, it suggests that the plasmin
system in the brain may be also involved in the pathogenesis of
PD as well as AD and prion diseases. Further studies will be
needed to elucidate the role of the plasmin system in the patho-
genesis of PD.
In conclusion, plasmin cleaved and degraded extracellular

�-syn specifically in a dose- and time- dependentmanner.Olig-
omeric and fibrillar forms of �-syn as well as monomeric �-syn
were also cleaved by plasmin. Plasmin cleaved mainly the
N-terminal region of �-Syn. Thus, plasmin-cleaved �-syn frag-
ments did not activate neighboring astrocytes and/ormicroglia.
Additionally, they were not transferred into neighboring cells,
suggesting that it could prevent further propagation of �-syn.
Exogenously added �-syn induced PAI-1 expression, not plas-
minogen, tPA, and uPA expression in the brain. These obser-
vations may help to elucidate the pathogenesis of PD and
develop the therapeutic strategies of PD.
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