
Neurobiology of Disease

Intravesicular Localization and Exocytosis of �-Synuclein
and its Aggregates

He-Jin Lee, Smita Patel, and Seung-Jae Lee
The Parkinson’s Institute, Sunnyvale, California 94089

�-Synuclein (�-syn), particularly in its aggregated forms, is implicated in the pathogenesis of Parkinson’s disease and other related
neurological disorders. However, the normal biology of �-syn and how it relates to the aggregation of the protein are not clearly
understood. Because of the lack of the signal sequence and its predominant localization in the cytosol, �-syn is generally considered
exclusively an intracellular protein. Contrary to this assumption, here, we show that a small percentage of newly synthesized �-syn is
rapidly secreted from cells via unconventional, endoplasmic reticulum/Golgi-independent exocytosis. Consistent with this finding, we
also demonstrate that a portion of cellular �-syn is present in the lumen of vesicles. Importantly, the intravesicular �-syn is more prone
to aggregation than the cytosolic protein, and aggregated forms of �-syn are also secreted from cells. Furthermore, secretion of both
monomeric and aggregated �-syn is elevated in response to proteasomal and mitochondrial dysfunction, cellular defects that are
associated with Parkinson’s pathogenesis. Thus, intravesicular localization and secretion are part of normal life cycle of �-syn and might
also contribute to pathological function of this protein.
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Introduction
Parkinson’s disease (PD) is a major neurodegenerative disease of
aging, pathologically characterized by selective loss of dopamine
neurons in substantia nigra and aggregated protein deposits
called Lewy bodies (LB) (Forno, 1996; Dauer and Przedborski,
2003). Fibrillar aggregates of �-synuclein (�-syn) constitute a
major component of these intracellular inclusions and are also
found in many other neurological disorders, including dementia
with Lewy bodies and multiple system atrophy (Goedert, 2001).
Missense and gene multiplication mutations in �-syn gene are
linked to familial forms of PD (Polymeropoulos et al., 1997;
Kruger et al., 1998; Singleton et al., 2003; Chartier-Harlin et al.,
2004; Ibanez et al., 2004; Zarranz et al., 2004) and result in an
acceleration of pathogenic aggregation of this protein (Conway et
al., 2000; Choi et al., 2004), supporting the importance of �-syn
aggregation in the pathogenesis of PD. Although animal models
with transgenic overexpression of �-syn do not show bona fide
Parkinson’s pathology, they do exhibit neuronal loss and �-syn
aggregation (Feany and Bender, 2000; Masliah et al., 2000; Gias-
son et al., 2002; M. K. Lee et al., 2002). Moreover, viral vector-
mediated expression of �-syn in substantia nigra in monkeys and
rats has led to nigrostriatal degeneration and LB-like inclusion

bodies (Kirik et al., 2002, 2003; Lo Bianco et al., 2002). Together,
all point to the possibilities that conformational defects and ag-
gregation of �-syn play critical roles in the pathogenesis of PD
and other �-synucleinopathies.

�-Syn localizes to nerve terminals (Iwai et al., 1995) and has
been implicated in synaptic transmission (Abeliovich et al., 2000;
Cabin et al., 2002; Liu et al., 2004; Yavich et al., 2004). Until
recently, �-syn has been considered exclusively an intracellular
protein, present mostly in the cytosol with some partitioning to
vesicle fractions (George et al., 1995; H.-J. Lee et al., 2002a), thus
leading to an assumption that this protein has only the cell-
autonomous functions. This concept was challenged recently by
the findings that �-syn is present in human CSF and blood
plasma at low nanomolar concentrations in both PD and normal
human subjects (Borghi et al., 2000; El-Agnaf et al., 2003). Fur-
thermore, blood level of �-syn is doubled in familial PD patients
with �-syn gene locus triplication (Miller et al., 2004). However,
the mechanism underlying this phenomenon and the physiolog-
ical and pathological roles extracellular �-syn may play in this
process are not understood. Here, we report that a portion of
�-syn is present in the lumen of vesicles (V) and can be secreted
through an unconventional exocytic pathway in a constitutive
manner. We also found that vesicular �-syn is highly prone to
aggregation, and the aggregated forms are also secreted from the
cells. These findings reveal a new branch of normal life cycle of
�-syn that might affect its aggregation under pathological
conditions.

Materials and Methods
Reagents. All-trans retinoic acid, saponin, z-Leu-Leu-Leu-al (MG132),
rotenone, proteinase K (PK), and protease inhibitor mixture were pur-
chased from Sigma (St. Louis, MO). OPTI-PREP iodixanol reagent was
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purchased from Accurate Chemicals and Scientific Corp. (Westbury,
NY). Brefeldin A (BFA) was purchased from Epicenter Technologies
(Madison, WI). Monoclonal antibodies for �-syn (Syn-1), protein disul-
fide isomerase (PDI), rab4, synapsin, and synaptotagmin 1 were pur-
chased from BD Biosciences (San Diego, CA). Ubiquitin antibody was
purchased from DakoCytomation (Carpinteria, CA). Monoclonal anti-
body for �-syn (H3C) and polyclonal antibody for catalase were kind
gifts from Dr. J. George (University of Illinois, Urbana-Champaign, IL)
and Dr. T. Imanaka (Toyama Medical and Pharmaceutical University,
Toyama, Japan), respectively. Gold-conjugated anti-mouse IgG anti-
body was obtained from Ted Pella (Redding, CA).

Cell culture and �-syn expression. Differentiation of SH-SY5Y cells and
preparation of rat primary cortical neurons were performed as described
previously (Lee et al., 2004). On day 5 of differentiation, SH-SY5Y cells
were infected with adenoviral vector containing cDNA for human �-syn
(adeno/�-syn), �-galactosidase (lacZ; adeno/lacZ), C-terminal-tagged
human �-syn (adeno/�-syn-MycHis), �-syn (adeno/�-syn-MycHis),
A53T (adeno/A53T-MycHis), A30P (adeno/A30P-MycHis), or empty
vector at a multiplicity of infection (m.o.i.) of 20 or as indicated. The
detailed procedure for infection was described previously (H.-J. Lee et al.,
2002b).

Western blotting and preparation of conditioned medium and cell ex-
tract. To collect the secreted proteins, cells were cultured in fresh medium
for 3 h unless otherwise indicated. The conditioned medium was centri-
fuged at 10,000 � g for 20 min to remove cell debris and used for Western
analysis without concentration. For extraction of cellular proteins, cells
were washed twice with ice-cold PBS, collected in cold extraction buffer
(PBS containing 1% Triton X-100 and protease inhibitor mixture), and
incubated on ice for 10 min. The total cell extracts were mixed with
Laemmli sample buffer and sonicated before Western analysis. Western
blot analysis was performed according to the procedure described previ-
ously (H.-J. Lee et al., 2002b).

Pulse-chase experiment. Cells were infected with adeno/�-syn-MycHis.
On day 3 of infection, cells were washed twice with warm DMEM (met�/
cys�) and incubated in DMEM (met�/cys�)/10% dialyzed fetal bovine
serum (Invitrogen, Carlsbad, CA) for 15 min. The cells were then pulse
labeled in the same medium containing 0.1 mCi/ml 35S-met/cys
(PerkinElmer, Boston, MA) for 30 min. After two washes with ice-cold
PBS, the cells were incubated in normal growth medium for different
periods before cell extraction. For BFA treatment, cells were preincu-
bated with 0.5 �g/ml BFA or DMSO for 2 h before the labeling. BFA and
DMSO were also added during the labeling and chase. For detection of
aggregated �-syn, the 2 h chase at 37 or 18°C was initiated 7 h after pulse
labeling in the presence of BFA. The conditioned medium and total cell
extracts were prepared as described above. The total cell extracts were
centrifuged at 14,000 � g for 10 min, and the supernatant was used for
further characterization. For purification of �-syn-MycHis, the cell ex-
tracts and the medium were incubated with nickel-nitrilotriacetic acid
(Ni-NTA) agarose beads (Qiagen, Valencia, CA) at 4°C overnight. The
beads were washed with 5 mM imidazole and 10 mM imidazole four times
each, and the bound proteins were eluted with 100 mM imidazole. The
eluted proteins were analyzed by SDS-PAGE and autoradiography.

Microsomal vesicle preparation by flotation centrifugation. Cells grown
in 10 cm dishes were washed twice in ice-cold PBS and scraped in buffer
M [containing the following (in mM): 10 HEPES, pH 7.2, 10 KCl, 1
EGTA, 250 sucrose] with protease inhibitor mixture except for the sam-
ple for the PK experiment. Cells were disrupted by using N2 cell disrup-
tion bomb (Par Instrument, Moline, IL) at 450 psi for 20 min. The extract
was then centrifuged at 1000 � g for 10 min to remove cell debris. The
supernatant was mixed with 60% iodixanol to obtain 35% final concen-
tration and then was layered under 1.7 ml of 30% iodixanol/buffer M in
ultracentrifuge tubes. Then, 0.1 ml of 5% iodixanol/buffer M was gently
layered on top and centrifuged at 200,000 � g for 2 h. The top fraction
containing vesicles and the bottom fraction with cytosolic (C) proteins
were obtained and used for additional analysis.

Rat brain fractionation. The fractionation procedure was based on the
work of Huttner et al. (1983) and was described in detail previously (H.-J.
Lee et al., 2002a).

Large dense core vesicle fractionation. The procedure was based primar-

ily on the work of Waites et al. (2001), except that an additional step was
added to remove cytosolic proteins. Cells grown in 10 cm dishes were
washed twice in ice-cold PBS and scraped in buffer L [containing the
following (in mM): 10 HEPES, pH 7.4, 2 EGTA, 300 sucrose] with pro-
tease inhibitor mixture. Cells were disrupted by using N2 cell disruption
bomb (Par Instrument) at 450 psi for 20 min. The extract was then
centrifuged at 1000 � g for 10 min to remove cell debris. To collect
vesicles and remove cytosolic proteins, the supernatant was layered on
the top of 1.6 M sucrose cushion and spun at 200,000 � g for 30 min. The
vesicles were collected on top of the 1.6 M sucrose cushion and diluted
with PBS and spun again as above. The washed vesicles were collected
and diluted with PBS before loading on to a linear 0.6 –1.6 M sucrose
gradient. The samples were then centrifuged at 100,000 � g for 16 h using
SW41Ti rotor. Fractions of 1 ml were collected from the top.

Proteinase K digestion. Proteinase K was serially diluted and added to
samples to final concentrations of 0, 0.05, 0.25, and 1.25 �g/ml or as
described. The samples were then incubated at 37°C for 30 min, and 5 mM

PMSF was added before adding Laemmli sample buffer.
Vesicle permeabilization by saponin or sonication. For saponin treat-

ment, saponin (3.2% stock solution in buffer M) was added to the vesicle
preparations to final 0.32% with gentle vortexing (Tollefsen et al., 2001).
The samples were then incubated on ice for 30 min before they were
subjected to the flotation centrifugation as described above. For sonica-
tion, the vesicles were sonicated at probe amplitude of 10 for 10 s before
it was subjected to the flotation centrifugation.

Electron microscopy. The sections were prepared and incubated with
anti-�-syn (H3C) or anti-synapsin 1 antibody, followed by the incuba-
tion with 10 nm gold-conjugated goat anti-mouse IgG antibody as de-
scribed by Gosavi et al. (2002).

Results
Secretion of �-syn through unconventional protein
export pathway
To determine whether �-syn is released from cells, we transiently
overexpressed human �-syn in differentiated SH-SY5Y human
neuroblastoma cells using adenoviral vector and examined the
release of �-syn in the culture medium. Released �-syn was de-
tected in the culture medium as early as 2 h and accumulated over
time (Fig. 1A), suggesting that �-syn is constitutively released
from the cells. PD-linked mutant variants of �-syn (A53T and
A30P) were also secreted from cells constitutively when expressed
in SH-SY5Y cells (Fig. 1B). To demonstrate that the release of
�-syn is not caused by either artifactual outcome of overexpres-
sion of foreign protein or membrane leakage of dying cells, we
performed the following four sets of experiments. First,
�-galactosidase protein was not detected in the medium when we
overexpressed it in SH-SY5Y cells using adenoviral vector at the
level comparable with the expression of �-syn (Fig. 1C). This
indicates that viral vector-mediated overexpression itself is not
the cause of �-syn release. Second, the amount of released �-syn
in the conditioned medium correlates with the intracellular ex-
pression levels of this protein (Fig. 1D). In the same set of cul-
tures, endogenously expressed cytosolic protein ubiquitin was
not detected in the conditioned medium, indicating that �-syn
release was not the result of membrane leakage caused by cell
death (Fig. 1D). We also did not detect the increased release of
lactate dehydrogenase, another cytosolic protein, in the culture
medium under the same condition (data not shown). On the
other hand, �-syn was also released from SH-SY5Y cells overex-
pressing this protein but to much lesser extent compared with
�-syn (Fig. 1D). Third, when the cellular proteins were pulse
labeled with 35S, and the secretion of labeled �-syn was followed
over time in the culture medium, the amount of released �-syn
reached a plateau in 2 h (Fig. 1E), again ruling out the possibility
that the release of �-syn is attributable to membrane leakage,
which would have led to continuous increase of extracellular
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�-syn. Finally, released �-syn was detected in the culture medium
of rat primary cortical neurons (Fig. 1F), suggesting that neuro-
nal endogenous �-syn is also constitutively secreted. To deter-
mine whether the release of �-syn is mediated by exocytosis, we
examined the effect of low temperature, a classical blocker of
vesicular exocytosis. When SH-SY5Y cells overexpressing �-syn
were incubated for 3 h at either 37 or 18°C, we found that the

secretion of �-syn was greatly reduced at 18°C (Fig. 1G). This
suggests that �-syn is released from the cells via exocytosis in a
stimulation-independent manner.

These results were unexpected, because �-syn lacks any kind
of signal sequence and is primarily known to be localized in the
cytosol. However, the secretion of proteins that lack signal se-
quence has been observed for more than a decade (Nickel, 2003).
Although the underlying mechanism of this unconventional ex-
port remains elusive, some of these proteins seem to use nonclas-
sical vesicular exocytosis, because their release is resistant to BFA
(Rubartelli et al., 1990, 1992; Elliott and O’Hare, 1997; Lecellier et
al., 2002), a classical inhibitor of endoplasmic reticulum (ER)/
Golgi-dependent protein secretion. To determine whether �-syn
secretion is mediated by classical ER–Golgi pathway, newly syn-
thesized proteins in SH-SY5Y cells expressing �-syn were pulse
labeled with 35S, and secretion of labeled �-syn was analyzed in
the presence and absence of BFA. BFA treatment drastically re-
duced protein release from cells, confirming that the classical
export pathway was affected (data not shown). In contrast, as
shown in Figure 1H, disruption of the classical export pathway
with BFA did not block the release of �-syn. Thus, �-syn seems to
use a secretory mechanism independent of ER/Golgi-related clas-
sical vesicular transport.

Intravesicular localization of �-syn
Although majority of cellular �-syn is present in the cytosol, a
small portion is also present in membranous vesicle fractions in
tissue and cell homogenates (George et al., 1995; H.-J. Lee et al.,
2002a). Given that this protein is released from the cells via exo-
cytosis, we tested whether the vesicle-associated �-syn is present
in the lumen of the vesicles. First, we determined the topology of
�-syn in vesicles by examining the sensitivity to a nonspecific
protease, PK; proteins exposed on the outer surface of vesicles
would be digested by PK. Microsomal vesicles were isolated from
SH-SY5Y cells that overexpress �-syn and incubated with differ-
ent concentrations of PK. �-Syn in the vesicular fraction is pro-
tected from PK digestion, whereas cytosolic �-syn is readily di-
gested under the same condition (Fig. 2A). The protection
against PK digestion was completely abolished when vesicular
membranes were solubilized with detergent (Fig. 2A, �Tx), sug-
gesting that the protection is caused by the encapsulation by
membrane. Like the wild-type protein, both A53T and A30P mu-
tant variants were protected from PK digestion in vesicle frac-
tions (Fig. 2B). PK resistance is a common property of lumenal
proteins, such as PDI and catalase, whereas the proteins that are
exposed on the surface of vesicles, such as synaptotagmin 1 (an
integral membrane protein) and rab4 (a peripheral membrane
protein), are sensitive to PK (Fig. 2C). This is not an artifact
caused by overexpression of protein, because overexpression of
unrelated cytosolic protein (�-galactosidase) did not result in
PK-resistant vesicular protein (Fig. 2D), and endogenously ex-
pressed neuronal �-syn also showed PK resistance in vesicle frac-
tion (Fig. 2E). Similarly, �-syn is resistant to PK digestion in both
microsomal vesicles (P3) and crude synaptic vesicles (LP2) iso-
lated from rat cerebrum homogenates at PK concentrations that
readily digest cytosolic (S3) proteins (Fig. 2F). Again, synapto-
tagmin 1 and synapsin 1 (a peripheral membrane protein) were
digested under the same condition. These results suggest that
vesicular �-syn is located in the lumen of vesicles.

To further demonstrate this, we reasoned that, under the con-
dition that causes permeabilization of vesicular membranes with-
out complete solubilization, lumenal proteins would be released

Figure 1. �-Syn is secreted from cells via exocytosis. A, Release of �-syn from differentiated
SH-SY5Y cells. The conditioned medium (med) and the whole-cell extracts (ext) were collected
at the indicated times. B, Release of �-syn mutants from differentiated SH-SY5Y cells. wt, Wild
type. C, Overexpression of �-galactosidase does not cause its release. The conditioned medium
and the cell extracts were collected from differentiated SH-SY5Y cells overexpressing either
�-syn or lacZ (�-gal). D, Secretion of �-syn correlates with its expression levels. Different doses
of recombinant adenoviruses, adeno/�-syn and adeno/�-syn (1.25, 5, 20, 80 m.o.i.), were
expressed in differentiated SH-SY5Y cells, and the levels of intracellular (ext) and released
(med) proteins were analyzed. Released proteins were collected for 3 h. Note that ubiquitin
(ubiq) was not released from the cells overexpressing �-syn. E, Pulse-chase experiment of
�-syn secretion. SH-SY5Y cells expressing �-syn-MycHis were metabolically labeled with 35S-
met/cys for 30 min and chased for indicated periods, and �-syn-MycHis was purified from the
conditioned medium and the cell extract using Ni-NTA agarose beads. F, Secretion of endoge-
nous �-syn from primary cortical neurons. The medium and the cell extracts were collected at
day 7 (d7) or day 9 (d9) after 48 h of incubation in fresh medium. G, �-Syn secretion is blocked
by low-temperature incubation. SH-SY5Y cells expressing �-syn were incubated at either 37 or
18°C for 3 h. H, Secretion of �-syn is insensitive to BFA. SH-SY5Y cells expressing �-syn-MycHis
were pretreated with BFA for 2 h and metabolically labeled with 35S-met/cys for 30 min and
chased for 2 h in the presence of BFA. �S, �-Syn; �S, �-syn.
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from the vesicles, whereas both integral and peripheral mem-
brane proteins would remain bound to the vesicles. This condi-
tion can be achieved with low concentrations of saponin, a deter-
gent frequently used to permeabilize cellular membranes
(Tollefsen et al., 2001). The vesicles from SH-SY5Y cells (Fig. 3B)
and rat brain (Fig. 3C) were permeabilized with saponin, and the
membrane-bound and the released proteins were separated by a
flotation centrifugation (Fig. 3A). After the saponin-mediated
membrane permeabilization, PDI and catalase, lumenal proteins,
were released from the vesicles, whereas both peripheral (synap-
sin 1) and integral (synaptotagmin 1) membrane proteins re-
mained bound to the “ghost vesicles,” indicating that the perme-
abilization was successfully achieved without disrupting the
interaction between vesicular membranes and the associated pro-
teins (Fig. 3B,C). Under this condition, most of vesicular �-syn
was released from the vesicles, supporting the idea that �-syn is
present in vesicle lumen. To further support our interpretation,
we repeated this experiment after permeabilizing the vesicular
membranes using sonication, which permeabilizes membranes
by entirely different mechanism from saponin treatment. Soni-
cation caused a partial permeabilization of vesicles and thus re-
sulted in a partial release of �-syn and PDI (Fig. 3D), but no
release of synaptotagmin 1 was observed. Thus, after permeabili-
zation of vesicles, �-syn behaved like a lumenal protein.

Finally, localization of �-syn in vesicle lumen was confirmed
by electron microscopy with immunogold labeling. Vesicles were
prepared by flotation centrifugation to ensure that heavy nonve-
sicular material is not included in the samples. As shown in Fig-

ure 4, �-syn immunoreactivities were found in the lumen of ves-
icles isolated from rat brain (Fig. 4A) and SH-SY5Y cells (Fig.
4B). On the other hand, antibodies against synapsin 1 decorated
the outer surface of the brain LP2 vesicles (Fig. 4C), suggesting
that the immunogold labels faithfully represented the localiza-

Figure 2. Vesicular �-syn is not accessible to protease digestion. A, PK resistance of vesicular
�-syn. V and C prepared from differentiated SH-SY5Y cells were incubated with different con-
centrations of PK. Note that detergent-mediated solubilization of membrane (1% Triton X-100)
eliminates PK resistance of vesicular �-syn. B, PK resistance of mutant �-syn in vesicles. Mi-
crosomal vesicles were prepared from differentiated SH-SY5Y cells overexpressing wild type
(wt) or mutants and incubated with different concentrations of PK (0, 0.1 and 1 �g/ml). C, PK
digestion of other vesicular proteins. Microsomal vesicles from SH-SY5Y cells were incubated
with PK. Concentrations of PK: 0, 0.1 and 1 �g/ml. D, PK sensitivity of �-galactosidase (�-gal).
V and C from SH-SY5Y cells overexpressing �-galactosidase were treated with 0, 0.1, and 1
�g/ml PK. E, PK sensitivity of neuronal endogenous �-syn. Vesicular and cytosolic fractions
were isolated from rat cortical neurons and treated with PK. F, PK sensitivity of brain �-syn.
Microsomal vesicles (P3), crude synaptic vesicles (LP2), and cytosol (S3) were prepared from rat
brain homogenate and subjected to PK digestion. �Tx, With 1% Triton X-100; �Tx, without
Triton X-100; �S, �-syn; cat, catalase; ST, synaptotagmin 1; SN, synapsin 1. Figure 3. Vesicular �-syn is released from vesicles after membrane permeabilization. A,

Diagram of the lumenal protein release experiment. Vesicles were prepared from differentiated
SH-SY5Y cells overexpressing �-syn or rat brain tissues and were permeabilized with saponin
treatment or sonication. Saponin treatment and sonication produced ghost vesicles without
lumenal components. The ghost vesicles and released proteins were separated with the flota-
tion centrifugation. B, Lumenal protein release from the SH-SY5Y vesicles after the saponin-
mediated permeabilization. C, Lumenal protein release from the rat brain P3 vesicles after the
saponin-mediated permeabilization. D, Protein release from the SH-SY5Y vesicles after the
sonication-mediated permeabilization. Sap, Saponin; �S, �-syn; cat, catalase; ST, synaptotag-
min 1; SN, synapsin 1.

Figure 4. Immunoelectron microscopy of the brain vesicles and neuroblastoma vesicles. Rat
brain P3 vesicles (A), SH-SY5Y vesicles (B), and rat brain crude synaptic vesicles (C) were pre-
pared by the flotation centrifugation and examined after immunogold labeling for �-syn (A, B)
and synapsin 1 (C). Note that 10 nm of gold particles label �-syn in the lumen of electron-dense
vesicles and synapsin-1 on the surface of vesicles. Scale bars, 100 nm.
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tion of the proteins in these vesicles. Together, these results dem-
onstrate that vesicle-associated �-syn is mainly a lumenal
protein.

In SH-SY5Y cells, it has been suggested that two types of se-
cretory vesicles exist, small synaptic-like vesicles (SSLVs) and the
large dense core vesicles (LDCVs) (Goodall et al., 1997). LDCVs
can be followed with a specific marker, secretogranin II, and
distinguished from lighter SSLVs with synaptophysin, which is
present only in light vesicles. Subcellular fractionation indicates
that the distribution of �-syn correlates with secretogranin II but
not with synaptophysin (Fig. 5A). In addition, with electron mi-
croscopy of LDCV-enriched fractions, �-syn immunolabels were
frequently found in electron-dense vesicles similar to the LDCVs

(Fig. 5B). These results suggest that �-syn is enriched in LDCVs.
The presence of �-syn in the lumen of LDCVs is consistent with
our finding that this protein can be released from cells via
exocytosis.

Aggregation of intravesicular �-syn
To characterize the aggregation properties of vesicular �-syn, we
incubated brain P3, LP2, and S3 fractions at room temperature
and compared the rate at which the high-molecular-weight ag-
gregates were formed. We found that aggregates formed more
rapidly in the P3 and LP2 vesicle fractions than in the cytosolic
fraction (Fig. 6A). Vesicles from SH-SY5Y cells also showed rapid
�-syn aggregation compared with the cytosol (data not shown).
These vesicular aggregates were formed from the intravesicular
�-syn rather than the trace amounts of cytosolic contaminants or
vesicle-surface-bound �-syn, because the release of lumenal
�-syn completely abolished de novo aggregation (Fig. 6B,C). We
then asked whether this rapid vesicular �-syn aggregation also
occurs in intact cells. To test this, SH-SY5Y cells overexpressing
�-syn were cultured for different periods, and at each time point,
�-syn aggregation was analyzed in the vesicle and cytosolic frac-
tions. We found that the aggregation was faster and more robust
in the vesicles than in the cytosol (Fig. 6D). Together, these re-
sults suggest that �-syn aggregation is favored in the vesicle lu-
men compared with the cytosol.

Secretion of aggregated �-syn
Next, we asked whether aggregates are also secreted from cells. To
test this, we examined the secretion of �-syn aggregates from
SH-SY5Y cells expressing different levels of �-syn. At low levels of
�-syn expression, only monomeric �-syn was detected in both
cell extracts and conditioned medium. However, higher levels of
�-syn expression led to its aggregation in cells and also the secre-
tion of the aggregates (Fig. 7A). The release of the aggregates is
also mediated by exocytosis rather than membrane damage, be-
cause the incubation at a low temperature blocked the secretion
of pulse-labeled �-syn aggregates as well as the monomer (Fig.
7B). It has been shown that specific cellular defects, such as pro-
teasomal dysfunction and mitochondrial deficits, also caused
�-syn aggregation (Ciechanover and Brundin, 2003; Lee, 2003).
Therefore, we asked whether these abnormal conditions would
increase the secretion of �-syn aggregates. To induce proteaso-
mal dysfunction, we cultured the cells in the presence of MG132,
a proteasomal inhibitor, and the aggregation and secretion of
�-syn were analyzed. Consistent with previous studies, proteaso-
mal inhibition led to the increase in intracellular �-syn aggrega-
tion. Under this condition, increased levels of both aggregated
and monomeric �-syn were found in the conditioned medium
(Fig. 7C). Ubiquitin, on the other hand, was not detected in
MG132-treated cells, indicating that the increased �-syn release
was not attributable to the leakage of cytosolic proteins from
dying cells. Addition of rotenone, a mitochondrial complex I
inhibitor that induces intracellular �-syn aggregation, also led to
an increase in the levels of extracellular �-syn aggregates (Fig.
7D). Collectively, these data provide evidence that cells release
aggregated forms of �-syn as well as the native form, and specific
cellular impairment causing �-syn aggregation leads to the ele-
vated levels of extracellular �-syn aggregates.

Discussion
We show that a portion of �-syn is constitutively released from
neuronal cells to the culture medium via exocytosis as a part of
normal life cycle of this protein rather than an experimental ar-

Figure 5. �-Syn in LDCVs. A, Subcellular fractionation of LDCVs. Cell extract from differen-
tiated SH-SY5Y cells overexpressing �-syn was subjected to a linear sucrose gradient centrifu-
gation, and fractions were collected from the top. High-molecular-weight aggregates are
marked with a bracket on the right, and monomeric �-syn is marked with an arrowhead. SgII,
Secretogranin II; SPh, synaptophysin. B, Immunoelectron microscopy of LDCV fractions (frac-
tions 8 and 9). Arrows indicate 10 nm of gold particles labeling �-syn. Scale bar, 100 nm.
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tifact that might occur because of membrane leakage from dying
cells. This conclusion is based on the facts that (1) the release of
other cytosolic proteins (e.g., endogenous lactate dehydrogenase,
overexpressed �-galactosidase, and endogenous ubiquitin) was
not detected in the culture medium, (2) the pulse-chase experi-
ment showed that the release of labeled �-syn reached a plateau
after 2 h, although there was plenty of labeled �-syn still existed in
the cytoplasm, and (3) the release of �-syn was inhibited by low
temperature, a classical blocker of vesicular exocytosis. In addi-
tion, our finding of intravesicular �-syn supports the conclusion
that �-syn is released from cells via exocytosis. Importantly,
�-syn was detected in human CSF and blood plasma in both PD
and normal human subjects (Borghi et al., 2000; El-Agnaf et al.,
2003). Our current studies suggest that intravesicular localization
and secretion of �-syn might be the underlying basis for the
generation of the extracellular �-syn in humans.

It has been shown that �-syn binds artificial liposomes con-
taining phospholipids with acidic head groups (Davidson et al.,
1998; Jo et al., 2000), lipid droplets (Cole et al., 2002), and lipid
rafts (Fortin et al., 2004). It was also demonstrated that the bind-

ing to lipid is accompanied by the acquisi-
tion of extended helical structure (Bussell
and Eliezer, 2003; Chandra et al., 2003; Jao
et al., 2004). Although the interaction of
�-syn to certain liposomes appears to be
stable (Davidson et al., 1998), its interac-
tion with brain-derived and cell line-
derived vesicles has been difficult to detect
in cell-free conditions, probably as a result
of rapid dissociation (Cole et al., 2002;
Ding et al., 2002). The fact that �-syn
binding to lipid membranes was stabilized
by chemical cross-linking (Cole et al.,
2002) supports the dynamic nature of the
interaction between �-syn and vesicular
surface. We showed that the portion of
�-syn that stably cofractionated with vesi-
cles from brain tissues and neuronal cells is
in fact localized in the lumen of the vesicles
rather than bound to the surface. There-
fore, in cells, �-syn might be localized in
vesicles in two different ways. Some are
bound to the cytosolic surface of vesicles,
where the interaction is controlled by dy-
namic equilibrium with the free cytosolic
�-syn. The others enter into the lumen of
vesicles, and at least some of the intrave-
sicular �-syn appears to be secreted via
exocytosis. It is not clear how �-syn trans-
locates into vesicles, nor is it known
whether binding to vesicle surface contrib-
utes to entry into vesicles in any capacity.
Investigations into these problems are
likely to enhance our understanding on
normal biology of �-syn. In agreement
with its interaction with lipid membranes
and localization in vesicles, �-syn has been
implicated in lipid metabolism and vesicle
trafficking (Scherzer et al., 2003; Willing-
ham et al., 2003). It remains to be seen to
what extent intravesicular �-syn plays a
role in lipid and vesicle-related function of
this protein.

�-Syn lacks the signal sequence and is indeed secreted via an
unconventional, ER/Golgi-independent protein export pathway.
Similar unconventional export has been observed for the secre-
tion of certain cytokines and angiogenic growth factors, such as
interleukin-1� and -1� and fibroblast growth factor-1 and -2
(Nickel, 2003). Interestingly, there is an increasing body of evi-
dence that the export of classical cytosolic proteins is a common
phenomenon, because other leader-less proteins, such as galec-
tins, thioredoxin, heat shock proteins, and certain cytoskeletal
proteins, are also secreted from cells through unconventional
export pathways (Nickel, 2003; Fevrier and Raposo, 2004). Some
of these pathways involve vesicular intake of the protein before
secretion, whereas others are vesicle independent. Although the
physiological function of unconventional secretion is not fully
understood, there are reports suggesting that some of these se-
creted proteins are involved in intercellular communication. A
recent study showed that when purified recombinant �-syn was
added to the culture medium, the extracellular �-syn was inter-
nalized into cells in a rab5a-dependent manner (Sung et al.,
2001). In light of this report as well as our current findings, we

Figure 6. Aggregation of the vesicular �-syn. A, Rate of �-syn aggregation in vesicles and cytosol. Rat brain fractions were
incubated at room temperature for 1 or 2 d. High-molecular-weight aggregates are marked with a bracket on the right, and
monomeric �-syn is marked with an arrowhead. B, C, Lumenal �-syn is responsible for vesicular �-syn aggregation. Vesicles
were prepared from SH-SY5Y cells overexpressing �-syn and treated with either a buffer with (�) or without (�) saponin.
Treated vesicles were isolated once again with flotation centrifugation and incubated for 2 d. �-Syn aggregation was analyzed by
Western blotting (C). The asterisk indicates an unrelated protein that cross-reacts to Syn-1 antibody (Perrin et al., 2003). D, Time
course of �-syn aggregation in V and C in intact cells. Sap, Saponin; RT, room temperature.

Figure 7. Secretion of aggregated �-syn. A, Secretion of �-syn (�S) aggregates parallels with intracellular aggregate forma-
tion. SH-SY5Y cells were infected with adeno/�-syn at increasing m.o.i. (0, 2.5, 5, 10, 20). Secreted proteins were collected for
16 h. High-molecular-weight aggregates are marked with a bracket on the right, and monomeric �-syn is marked with an
arrowhead. The whitening in the Western data of medium (60 kDa area) is attributable to an abundant presence of serum
albumin. B, Secretion of �-syn aggregates is blocked by low-temperature incubation. SH-SY5Y cells expressing �-syn-MycHis
were metabolically labeled with 35S-met/cys for 2 h, and the fresh medium was added for 7 h and the medium was changed again
and chased for another 2 h at either 37 or 18°C to monitor secretion of aggregates. C, Secretion of �-syn in response to MG132.
Cells were treated with 10 �M MG132 for 24 h to induce aggregation, and the medium and the cell extract were collected. D,
Secretion of �-syn from rotenone (Rot)-treated cells. Cells were treated with rotenone (0, 3, 10, and 30 nM) for 2 d to induce
aggregation. ext, Whole-cell extract; med, conditioned medium; ubiq, ubiquitin.
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speculate that the secreted forms of �-syn might enter into the
neighboring cells and perform as yet unidentified functions. Al-
ternatively, vesicular intake and secretion might represent a novel
mechanism by which cells expel damaged or misfolded �-syn. In
support of this, secretion of �-syn was elevated under the condi-
tions that would increase the levels of misfolded �-syn, such as
inhibition of proteasomal or mitochondrial function. These pos-
sibilities still remain speculative, but they should be testable using
our tissue culture models.

Recently, it has been shown that �-syn is localized in the
plasma membrane of yeast cells (Outeiro and Lindquist, 2003;
Dixon et al., 2005), and the plasma membrane localization is
affected by the mutations in the conventional secretory pathway
(Dixon et al., 2005). However, it is unclear whether and to what
extent this yeast study is related to our current findings. There are
no reports on the enrichment of �-syn in the plasma membrane
of mammalian cells and tissues. In addition, the intravesicular
localization and secretion of �-syn in our study do not involve
stable membrane association, whereas the yeast study likely rep-
resents the association of �-syn to the plasma membrane on the
cytosolic surface. Nevertheless, we cannot rule out the possibility
that the classical secretory pathway indirectly contributes to the
secretion of �-syn by providing vesicles and proteins that are
required for the uptake of �-syn into the vesicles and subsequent
secretion.

Our study shows that �-syn is highly prone to aggregation
within the vesicles, and the aggregates are secreted from the cells.
Furthermore, mitochondrial and proteasomal dysfunctions,
conditions that are associated with intracellular �-syn aggrega-
tion and pathogenesis of PD (Ciechanover and Brundin, 2003;
Lee, 2003), caused elevated secretion of �-syn aggregates. The
secretion of �-syn aggregates is of potential importance in patho-
genic function of this protein, because it has been reported that
extracellular treatment with �-syn led to cell death, and this cy-
totoxic effect was dependent on its aggregation (Du et al., 2003;
Kayed et al., 2003). Therefore, conformational abnormalities and
aggregation of �-syn not only lead to cell-autonomous cytotox-
icity but might also affect the viability of neighboring cells
through the secretion of the aggregates. Thus, vesicle entry and
secretion of �-syn, although a part of normal life cycle, may play
an important role in neurodegeneration under pathogenic
conditions.

Although the presence of monomeric �-syn in human blood
plasma and CSF has been clearly demonstrated in previous stud-
ies (Borghi et al., 2000; El-Agnaf et al., 2003), these reports do not
provide evidence for extracellular �-syn aggregates in human
samples. We speculate that it might be because only a small group
of cells release aggregated �-syn, compared with the infinitely
larger number of cells that secrete the monomer. Therefore, it
would be difficult to detect the aggregates using conventional
Western blotting because of the dilution of the secreted material
in body fluid. Advancement of sensitive detection methods for
oligomeric or aggregated �-syn would help us resolve this issue.
Another consideration is that in vivo, secreted �-syn aggregates
could be cleared by either extracellular proteases or uptake by
other cells such as microglia or neighboring neurons.

It is not clear why intravesicular �-syn is more prone to aggre-
gation than the cytosolic protein. It is, however, interesting to
note that vesicular membranes and their components create and
maintain specific environments inside the vesicles that are differ-
ent from each other and from the cytosol. Some of the known
characteristics of certain vesicular environment, such as high cal-
cium concentration (Lowe et al., 2004) and low pH (Hoyer et al.,

2004), are known to increase the rate of �-syn aggregation. Alter-
natively, a spatially restricted compartment with a potentially
high concentration of macromolecules might present molecular
crowding effect, which has been shown to cause an accelerated
aggregation of �-syn (Shtilerman et al., 2002; Uversky et al.,
2002). Moreover, because the cytosol and vesicular lumen have
different protein repertoire, the molecular interactions of �-syn
with other proteins could differentiate the conformation and sol-
ubility of the protein in those locations. Thus, determination of
the vesicular identity and the molecular interactions of �-syn
within these vesicles would provide important clues for resolving
this problem.

In conclusion, we propose vesicle entry and secretion as a new
branch of normal biology of �-syn, which might affect the aggre-
gation of this protein under pathogenic conditions. These find-
ings raise a number of questions. What is the underlying mecha-
nism by which �-syn translocates into vesicles? What makes the
vesicle lumen more favored environment for �-syn aggregation?
What are the physiological and pathological functions of the se-
creted �-syn? Resolution of these questions will enhance our un-
derstanding of the normal biology of �-syn and also provide
insights into the pathogenic mechanism of synucleinopathies.
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