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Abstract

Parkinson’s disease (PD) is characterized by selective
and progressive degeneration of dopamine (DA)-pro-
ducing neurons in the substantia nigra pars compacta
(SNpc) and by abnormal aggregation of a-synuclein.
Previous studies have suggested that DA can interact
with a-synuclein, thus modulating the aggregation
process of this protein; this interaction may account
for the selective vulnerability of DA neurons in patients
with PD. However, the relationship between DA and
a-synuclein, and the role in progressive degeneration
of DA neurons remains elusive. We have shown that in
the presence of DA, recombinant human a-synuclein
produces non-fibrillar, SDS-resistant oligomers, while
B-sheet-rich fibril formation is inhibited. Pharmaco-
logic elevation of the cytoplasmic DA level increased
the formation of SDS-resistant oligomers in DA-pro-
ducing neuronal cells. DA promoted a-synuclein oli-
gomerization in intracellular vesicles, but not in the
cytosol. Furthermore, elevation of DA levels increased
secretion of a.-synuclein oligomers to the extracellular
space, but the secretion of monomers was not changed.
DA-induced secretion of a-synuclein oligomers may
contribute to the progressive loss of the dopaminergic
neuronal population and the pronounced neuro-
inflammation observed in the SNpc in patients with PD.

Keywords: alpha-synuclein; amyloid; dopamine;
Parkinson’s disease; protein aggregation; secretion

Introduction

Parkinson’s disease (PD) is an age-related, pro-
gressive neurodegenerative disorder characterized
by motor abnormalities, such as resting tremors,
bradykinesia, and rigidity (Fahn and Sulzer, 2004).
Such parkinsonian motor symptoms are attributed
to selective loss of pigmented, dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc)
in the midbrain (Fahn and Sulzer, 2004). Some of
the surviving neurons in this region contain cyto-
plasmic inclusion bodies known as Lewy bodies
(LBs). One of the major protein components of LBs
is the amyloid fibril form of a-synuclein, a presy-
naptic protein that modulates synapse function
(Goedert, 2001). It has been reported that a-
synuclein is a native, unfolded protein that spon-
taneously forms fibrils in a nucleation-dependent
manner (Uversky, 2007). In the process of forming
fibrils, a-synuclein generates various forms of non-
fibrillar oligomeric intermediates, or protofibrils
(Volles and Lansbury, 2003). Critical evidence linking
a-synuclein aggregation to PD has accumulated
from the finding of missense mutations and the
multiplication of the a-synuclein gene in rare forms
of early-onset PD (Farrer, 2006). All of these
mutations result in accelerated formation of one or
more forms of aggregates in the process of fibrilla-
tion (Kim and Lee, 2008).

Despite being a cytosolic protein, a small amount
of a-synuclein is released from neuronal cells via
unconventional exocytosis (Lee et al., 2005; Jang
et al., 2010). The release of a-synuclein is in-
creased under cellular stress conditions, and more
aggregated forms are present in the released
proteins (Jang et al., 2010). It has been suggested
that this release of a-synuclein is an important step
in the mechanism underlying the spread of LBs
during disease progression, and also provides an
extracellular trigger of neuroinflammation (Kim and
Joh, 2006; Lee, 2008; Desplats et al., 2009; Lee et
al., 2010).

In an effort to explain selective vulnerability of
dopaminergic neurons in patients with PD, it has
been hypothesized that high concentrations of free



cytosolic dopamine (DA) and the subsequent
increase in reactive oxygen species (ROS) levels
promote oxidative stress, mitochondrial dysfunction,
and protein modifications, leading to neuronal
death. We have shown that elevation of the DA
concentration increases the formation of non-fibrillar
a-synuclein aggregates both in vitro and in a
dopaminergic neuronal cell model. In neuronal cells,
by increasing the DA concentration, o-synuclein
aggregation takes place in intracellular vesicles,
and the release of aggregates, but not monomers,
is increased. These results may explain the me-
chanism underlying the progressive and selective
loss of DA neurons in patients with PD.

Results

DA-induced a.-synuclein oligomer formation in vitro

To determine the effect of DA on the a-synuclein
aggregation process in vitro, we incubated recom-
binant human a-synuclein with 20 times molar
excess of DA and analyzed the aggregation kinetics
and protein structure. The Thioflavin T fluore-
scence assay showed that fibril formation was
significantly slowed by DA (Figure 1A). Similarly,
the CD spectra showed that 3-sheet formation was
drastically reduced in the presence of DA (Figure
1B). In contrast, size exclusion chromatography
(SEC) revealed that the formation of non-fibrillar
oligomeric aggregates was increased in the
presence of DA (Figure 2A). Oligomeric assemblage
formed in the presence of DA was maintained in
the denaturing gel containing sodium dodesylsulfate
(SDS), perhaps indicating that the oligomers were
either covalently cross-linked or non-covalently
associated in a highly organized manner (Figure
2B). Confirming these results, electron microscopy
showed that incubation with DA resulted only in
non-fibrillar aggregates with heterogeneous shapes
and sizes (Figure 2C). Thus, in agreement with
previous reports (Conway et al., 2001; Cappai et
al., 2005), our results suggest that DA leads to the
accumulation of non-fibrillar, non-p-sheet-rich, oligo-
meric aggregates, thus preventing the formation of
fibrils.

Increased a-synuclein aggregation in neuronal cells
by elevation of DA concentration

To determine the effect of DA on a-synuclein
aggregation in neuronal cells, we analyzed «-
synuclein aggregation in differentiated SH-SY5Y
cells, which produce catecholamines, including DA,
and express dopaminergic markers, such as tyro-
sine hydroxylase, DA transporter, and vesicular
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Figure 1. DA-induced oligomerization of a-synuclein in vitro. (A) Thioflavin
T binding assay. Recombinant a-synuclein was incubated in the pres-
ence (red) or absence (green) of DA. (B) CD analysis of a-synuclein
monomer (blue), fibrils (green), and oligomer-monomer mixture prepared
in the presence of DA (red).
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Figure 2. Analysis of DA-induced a-synuclein oligomers Size exclusion
chromatography (A) and Western blotting (B) of a-synuclein proteins in-
cubated with DA. (Dotted line: a-synuclein monomer, black line: DA-in-
duced a-synuclein oligomer profiles. A blue-dextran [2,000 kDa], IN:
albumin [66,000 Da], @: cytochrome ¢ [12,400 Da]) (C) Electron micro-
scopy images of control (left) and DA-induced oligomers (right) (Scale
bar: 0.2 um).

monoamine transporter-2 (VMAT-2) (Presgraves et
al.,, 2004). First, we examined the extent of a-
synuclein aggregation when the cells were treated
with L-DOPA, the precursor of DA. After L-DOPA
treatment, a-synuclein aggregation was increased
in a dose-dependent manner (Figure 3A). Treat-
ment with L-DOPA did not cause significant cell
toxicity as shown in Supplementary Figure 1. The
effect of L-DOPA was further augmented when the
metabolic turnover of DA was blocked with par-
gyline, a selective inhibitor of monoamine oxidase
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Figure 3. DA-induced a-synuclein aggregation and vesicular localization in SH-SYSY cells. (A) L-dopa treatment
increased o-synuclein aggregation in differentiated SH-SY5Y cells in a dose-dependent manner. Differentiated
SH-SY5Y neuronal cells overexpressing a-synuclein were treated with L-dopa at final concentrations of 0, 50, 150,
and 400 uM for 48 hours. (B) Inhibition of MAO-B by pargyline (0, 1, 5, and 20 uM) further elevated a-synuclein
aggregate formation in L-dopa-treated cells (1 mM). The data were obtained from the same blot. (C) Addition of
c-dopa (1, 4, and 10 mM) inhibited DA-induced a-synuclein aggregation (L-dopa [1 mM)], pargyline [5 uM]). All
the data shown here were originated from the same blot. (D) Quantitation of high MW a-synuclein aggregates in
blot (C). B-actin was shown to demonstrate equal loading of proteins on all blots.

B (MAOB) (Figure 3B). The increase in a-synu-
clein aggregation in L-DOPA-treated cells was due
to increased levels of DA rather than the effect of
L-DOPA itself because the L-DOPA effect was
eliminated when the L-DOPA-to-DA conversion
was blocked with carbi-DOPA, an inhibitor of L-
aromatic amino acid decarboxylase (Figures 3C, D).

DA-induced aggregation in vesicles and secretion of
a-synuclein aggregates

Previous studies have shown that a-synuclein
aggregation occurs within vesicles and that these
aggregates can be secreted from cells (Lee et al,,
2005). Consistent with these findings, the DA-
induced increase in a-synuclein aggregation was
exclusively found in the vesicle fraction, but not in
the cytosol (Figure 4). The purity of cytosolic and
vesicle fractions were tested by blotting against
cytosolic marker Hsp27 and vesicle marker synap-
totagmin (Supplementary Figure 2). In order to
determine the effect of DA on a-synuclein secretion,
we measured the levels of a-synuclein in the
culture media over time in the presence or
absence of L-DOPA and pargyline (Figure 5). Both
monomeric and aggregated forms of a-synuclein
were detected in the culture media, and the overall
levels of secreted a-synuclein were increased in
the presence of DA. When the monomers and
aggregates were quantified separately, we found
that only the aggregates were increased in the
media, while monomer levels were not changed
significantly. Therefore, elevation of cytoplasmic
DA levels promotes a-synuclein aggregation in
intracellular vesicles and specifically increases the
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Figure 4. Localization of DA-induced a-synuclein aggregates in vesicle
fractions. Differentiated SH-SY5Y neuronal cells overexpressing a-synu-
clein were treated with 1 mM L-dopa and the extract was separated by
density gradient centrifugation to obtain vesicle (Ves) or cytosolic (Cyt)
fractions. Note the increased o-synuclein aggregates (side bar) in vesi-
cle fraction of L-dopa treated cells.

release of aggregated forms of a-synuclein into the
extracellular space.

Discussion

Primary symptoms of PD are attributed to the
selective loss of DA neurons in the SNpc of the
ventral midbrain. We hypothesized that the inter-
action of DA with a-synuclein contributes to the
selective vulnerability of DA neurons in PD. In
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Figure 5. DA-induced secretion of a-synuclein aggregates from SH-SY5Y
cells. Differentiated SH-SY5Y cells were treated with 1 mM L-dopa and
10 uM pargyline for indicated times and the conditioned media were col-
lected and analyzed for o-synuclein release. Note that the monomer lev-
els do not differ but the amount of o-synuclein aggregates increased sig-
nificantly in L-dopa- and pargyline-treated cells (***P < 0.001).

support of this hypothesis, it has been shown that
high concentrations of cytosolic DA and Ca* in
o-synuclein-overexpressing DA neurons of SNpc
evoked selective death of these neurons (Mosharov
et al., 2009). In the present study, we determined
the effects of DA on aggregation of a-synuclein in
test tubes and in a DA neuronal model. The
presence of DA inhibited fibril formation, and pro-
duced a heterogeneous mixture of non-fibrillar
aggregates. These aggregates have little B-sheet
conformation, lack thioflavin dye-binding ability,
and have various non-fibrillar morphologies under
EM. This is in good agreement with previous studies
reported by a number of groups (Conway et al.,
2001; Li et al., 2004; Cappai et al., 2005). When
the cellular DA concentration was elevated phar-
macologically, a-synuclein aggregation was in-
creased. This DA-induced aggregation was specifi-
cally increased in vesicle fractions, and subse-
quently led to the increased release of a-synuclein
aggregates into the medium.

In the presence of oxygen molecules at normal
pH, DA auto-oxidizes into dopamine-quinone (DAQ)
species through a series of oxidation steps (Bisaglia
et al, 2007). Studies suggest that these non-
enzymatic reactive intermediates of DA oxidation,
rather than DA itself, interact with a-synuclein and
modulate the aggregation process of this protein.
In the presence of dopaminochrome (Norris et al.,
2003) or more stable derivatives, such as 5,6-
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dihydroxyindole (Pham et al.,, 2009) and indole-
5,6-quinone (Bisaglia et al., 2007), a-synuclein
forms SDS-resistant soluble oligomers that are
indistinguishable to those formed in the presence
of DA (Cappai et al., 2005). DA can also undergo
an enzymatic oxidation reaction, the first step of
which is catalyzed by MAO to produce 3,4-dihydro-
xyphenylacetaldehyde (DOPAL) (Galvin, 2006). DOPAL
is a highly reactive aldehyde which can induce a-
synuclein aggregation into oligomers in vitro (Burke
et al., 2008). However, the present study suggests
that the production of DOPAL may not be nece-
ssary for increased oa-synuclein aggregation and
secretion; inhibition of DOPAL production by par-
gyline, a MAO inhibitor, further increased L-DOPA-
induced a-synuclein aggregation (Figure 3). There-
fore, DAQ species may be responsible for the
increased a-synuclein aggregation and secretion
shown in the present study. Several mechanisms
have been suggested regarding how DA meta-
bolites modulate a-synuclein aggregation. These
include a-synuclein-DAQ adduct formation (Conway,
et al., 2001; Norris et al., 2003; Li et al.,, 2004;
2005), non-covalent interaction of DAQ with the
C-terminal region of a-synuclein (Norris et al.,
2003), and methionine oxidation (Leong et al.,
2009). Elucidation of the mechanism may provide
us with the strategy to modulate a-synuclein aggre-
gation in DA neurons, thereby protecting these
neurons.

One of the common features of neurodegenerative
diseases is the progressive development of clinical
symptoms. This progression of disease is accom-
panied by spreading of pathologic protein aggre-
gates. In the brains of patients with PD, LBs first
appear in the dorsal motor nucleus of the vagus
nerve in the lower brain stem, spread through the
midbrain and mesocortex, and finally affect large
areas in the neocortex (Braak et al., 2003). As a
model explaining the progressive spreading of LBs,
a prion-like, direct cell-to-cell transmission of a-
synuclein aggregates has recently been suggested
(Desplats et al., 2009). The mechanism of trans-
mission is not fully understood. However, results
from recent studies demonstrate that neurons can
release a-synuclein aggregates via unconventional
exocytosis (Lee et al., 2005; Jang et al., 2010), and
the released a-synuclein aggregates can internalize
into neighboring neurons via endocytosis (Lee et
al., 2008; Desplats et al., 2009). Therefore, under-
standing the modulators of neuronal a-synuclein
release will provide critical insight into the mecha-
nism of cell-to-cell aggregate transmission. Release
of a-synuclein is not a robust event; only a small
fraction of cytosolic a-synuclein is released from
neuronal cells (Lee et al., 2005). Thus, there must
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be a mechanism by which the protein to be
released is selected. We have recently shown that
the release of a-synuclein is increased under
conditions in which misfolding of this protein is
promoted and the released protein is oxidatively-
modified more extensively than the cellular protein
(Jang et al., 2010). Consistent with this finding, we
have shown in the present study that the increased
concentration of cytosolic DA promotes a-synuclein
aggregation and exocytosis of these aggregates
into the extracellular space. Increased release of
a-synuclein aggregates from DA neurons may
accelerate the cell-to-cell transmission and may
thus explain why the SNpc is more severely affected
than other regions of the brain. Since extracellular
a-synuclein aggregates can activate microglia,
DA-induced a-synuclein release may also explain
extensive microglia activation in the SNpc of brains
from patients with PD. Therefore, investigations
into the transmissibility, neurotoxicity, and ability to
induce neuroinflammation of DA-modified a-synu-
clein will enhance our understanding of the mecha-
nism underlying progressive loss of the SNpc DA
neurons and associated neuroinflammation.

Methods

Materials

Isopropyl-1-thio-p-D-galactopyranoside (IPTG), dopamine
hydrochloride, pargyline, levo-DOPA (L-dopa), carbi-DOPA
(c-DOPA), glycine, thioflavin T, and protease inhibitor cock-
tail were purchased from Sigma (St. Louis, MO). Anti-a-
synuclein and synaptotagmin antibodies were obtained
from BD Biosciences (San Jose, CA). Hsp27 antibody was
from Stressgen (British Columbia, Canada).

Expression and purification of a.-synuclein

Plasmid containing a-synuclein (a-syn/pDualGC) was
expressed in E. coli BL21(DE3) strain (RBC Korea, Seoul,
Korea); protein expression was induced with 0.1 mM IPTG
for 3 hours at 37°C. Cells were sonicated in 0.1 M sodium
phosphate buffer (pH 7.6), then boiled for 15 min before
centrifugation at 10,000 g for 10 min. The supernatant was
subjected to anion-exchange chromatography and Sepha-
cryl S-200 gel filtration column chromatography for further
purification.

Preparation of dopamine-induced a-synuclein
oligomers

Dopamine hydrochloride was dissolved in a 20 mM Tris
(pH 7.4)/0.1 M NaCl solution to a final concentration of 100
mM. The dopamine solution was immediately mixed with
purified a-synuclein to obtain a 100 pM a-synuclein/2 mM
dopamine solution and incubated at 37°C with 290 RPM for
110 hours. The mixture was spun at 16,000 g for 10

minutes and the supernatant was filtered through a 0.2 uM
filter.

Thioflavin T binding assay

Protein samples were mixed with 10 uM Thioflavin T solu-
tion (1:1) in 10 uM glycine buffer (pH 8.5) and the emission
fluorescence was recorded at 490 nm with excitation at
450 nm using a SpectraMax GEMINI EM device (Molecular
Probes, Eugene, OR).

Circular dichroism (CD)

The CD spectra of protein samples (0.5 mg/ml) were
recorded in 0.01 cm cells from 190-260 nm with a J-810
spectropolarimeter (Jasco Inc., Easton, MD). Ten scans
were obtained for each spectrum and the mean value was
obtained.

Electron microscopy

Protein samples were applied to formvard-coated copper
grids and negatively stained with 1% (w/v) uranyl acetate
and washed with deionized water. Transmission electron
microscopy images were collected at 100 kV on a Philips
CM electron microscope (Philips, Eindhoven, The Nether-
lands).

Cell culture and a.-synuclein expression

Maintenance and differentiation of the human neuro-
blastoma cell line, SH-SY5Y, have been previously des-
cribed (Lee et al., 2004). For a-synuclein expression in
differentiated SH-SY5Y cells, a recombinant adenoviral
vector containing human a-synuclein cDNA (adeno/a-syn)
was used, as described (Lee et al., 2004). Briefly, differen-
tiated SH-SY5Y cells were infected with recombinant
adenoviral vector ‘adeno/a-syn’ at a m.o.i. of 33 in 1/2
volume of fresh medium. Following a 90 min incubation,
the remaining 1/2 volume of fresh medium was added and
incubated overnight. The next day, the medium was
replaced with fresh medium and incubated further before
treatment.

Treatment of L-dopa and pargyline

Differentiated SH-SY5Y cells infected with adeno/a-syn
were treated with 10 uM pargyline and 1 mM L-dopa on
day 3 of infection for 48 hours, or as indicated. To prevent
oxidation of L-dopa in the culture medium, 5 mM gluta-
thione was added.

Preparation of cell extract and conditioned medium

The conditioned medium was centrifuged at 10,000 g for
20 min to remove cell debris and stored with protease
inhibitor cocktail at -80°C until further analysis. Protein
extracts were obtained in the manner previously described
(Lee et al., 2005). Briefly, cells were washed twice in
ice-cold PBS, followed by the addition of extraction buffer



(PBS/1% Triton X-100/protease inhibitor cocktail). The
extract was then spun at 16,000 g for 10 min to obtain
triton-soluble (supernatant) and -insoluble (pellet) fractions.
The amount of protein was quantified by the BCA protein
assay (Pierce, Rockford, IL).

Total vesicle preparation

The procedure for vesicle preparation has been described
previously (Lee et al., 2005). Briefly, buffer M (10 mM
HEPES [pH 7.2], 10 mM KCI, 1 mM EGTA, and 250 mM
sucrose) with a protease inhibitor cocktail was used for cell
harvesting. Cells were disrupted using a N cell disruption
bomb (Parr Instrument, Moline, IL) or a Dounce homo-
genizer. The supernatant from a 1,000 g centrifugation was
mixed with OptiPrep density gradient medium (Sigma) to
obtain a final concentration of 35%; the mixture was
layered under 30% and 5% step-gradient layers. After
centrifugation at 200,000 g for 2 h, total vesicles were
collected at the interphase between 5% and 30%, and the
cytosolic fraction was collected from the 35% bottom
fraction.

Western blotting

Western blotting was performed as previously described
(Lee et al., 2002). Chemiluminescence detection was per-
formed using a FUJIFILM Luminescent Image Analyzer
LAS-3000 and Multi Gauge (v3.0) software (FUJIFILM,
Tyoko, Japan).

Cell viability assay

Cells treated with 1 mM L-dopa or dH20 for 48 hours were
trypsinized and transferred to two tubes. Detergent was
added to one of the tubes to permeabilize cells. Propidium
iodide was then added to both tubes to label total cells
(detergent added cells) and damaged cells (no detergent).
Cells from both tubes were counted by ADAM cell counter
(NanoEnTek, Seoul, Korea).

Statistical analysis

All experiments were blind-coded and repeated three-to-
four times. The values in the figures are expressed as the
mean £ SEM. Differences were considered significant if P
values were < 0.05. The graphs were drawn with Prism 5
software (Graphpad Software Inc., La Jolla, CA). For deter-
mination of statistical significance, values were compared
by one-way ANOVA with Tukey’s post-test using InStat
(version 3.05) software (Graphpad Software Inc.).

Supplemental data

Supplemental data include two figures and can be found with
this article online at http://e-emm.or.kr/article/article_files/
SP-43-4-06.pdf.
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