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Abstract Parkinson’s disease (PD) is a neurodegenerative
disease characterized by the selective loss of dopamine (DA)
neurons and the presence of �-synuclein (AS) aggregates as
Lewy bodies (LBs) in the remaining substantia nigra (SN)
neurons. A continuing puzzle in studying PD pathogenesis is
that although AS is expressed throughout the brain, LBs and
selective dopaminergic cell loss lead to characteristic clinical
signs of PD, suggesting that there is a link between AS
aggregation and DA metabolism. One potential candidate for
this link is the monoamine oxidase (MAO) metabolite of
DA, 3,4-dihydroxyphenylacetaldehyde (DOPAL), as neither
DA nor DA metabolites other than DOPAL are toxic to SN
neurons at physiological concentrations. We tested DOPAL-

induced AS aggregation in a cell-free system, in vitro in DA
neuron cultures and in vivo with stereotactic injections into
the SN of Sprague–Dawley rats by Western blots, Xuorescent
confocal microscopy and immunohistochemistry. We dem-
onstrate that DOPAL in physiologically relevant concentra-
tions, triggers AS aggregation in the cell-free system, and in
cell cultures resulting in the formation of potentially toxic AS
oligomers and aggregates. Furthermore, DOPAL injection
into the SN of Sprague–Dawley rats resulted in DA neuron
loss and the accumulation of high molecular weight oligo-
mers of AS detected by Western blot. Our Wndings support
the hypothesis that DA metabolism via DOPAL can cause
both DA neuron loss and AS aggregation observed in PD.
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Abbreviations
PD Parkinson’s disease
DA Dopamine
DAQ Dopamine quinone
CA Catecholamine
AS �-synuclein
LB Lewy bodies
MAO Monamine oxidase
mPTP Mitochondrial permeability transition pore
DOPAL 3,4-Dihydroxyphenylacetaldehyde
SN Substantia nigra
PVDF Polyvinilidene diXuoride
TBS Tris buVered saline
PCR Polymerase chain reaction
5Y SHSY-5Y cells
ECL Enhanced chemiluminescence
TH Tyrosine hydroxylase
DAB Diamonobenzidine dichloride
DOPAC 3,4-Dihydroxyphenylacetic acid
HVA Homovanillic acid
WT Wild type
IR Immunoreactivity
DAT Dopamine transporter
ALDH Aldehyde dehydrogenase
PAGE Polyacrylamide gel electrophoresis
VTA Ventral tegmental area

Introduction

Parkinson’s disease (PD) is the most common movement
disorder characterized pathologically by selective loss of
dopamine (DA)-producing neurons in the substantia nigra
(SN) and the accumulation of �-synuclein (AS) aggre-
gates in the form of Lewy bodies (LBs) in the remaining
neurons. DA or one of its metabolites has long been sus-
pected to be involved in the death of SN neurons [3].
However, DA itself is not suYciently toxic at physiologi-
cal levels to initiate cell death [7, 23]. Interestingly, over
50 years ago, Blaschko postulated that monoamine metab-
olites of monoamine oxidase (MAO) would be highly
reactive and toxic in tissues in which they are formed [3].
3,4-Dihydroxyphenylacetaldehyde (DOPAL) is the MAO
metabolite of DA and under normal conditions is con-
verted to 3,4-dihydroxyphenylacetic acid (DOPAC) by
aldehyde dehydrogenase [15]. DOPAL is present in
human SN at physiological concentrations of 2–3 �M in
neurologically normal human patients at autopsy [23].
Our prior work with in vitro [23] and in vivo [7] models
of DA neurons has conWrmed the neurotoxicity of

DOPAL at physiological concentrations. Additionally,
AS aggregation is also implicated in nearly all forms of
sporadic PD [44] and in certain genetic forms of PD, AS
mutations lead to early onset of PD [35]. Investigators
have posited that a byproduct of DA metabolism might be
required for AS toxicity in vivo [48]. The high reactivity
of DOPAL due to its aldehyde moiety [15] and its neuro-
toxic potential [30] led us to testing whether DOPAL
could trigger AS aggregation.

Materials and methods

Chemicals and reagents

DOPAL was prepared as described earlier [29]. Human-
recombinant AS 1-140 was purchased from Calbiochem
(EMD Biosciences, Inc., San Diego, CA, USA), while
NuPage gels and polyvinylidene diXuoride (PVDF)
membranes were from Invtirogen (Invitrogen Corporation
Carlsbad, CA, USA). All other chemicals were from Sigma
Chemical Company (St Louis, MO, USA). The AS
antibody (AS 202) was a gift from J. Trojanowski.

Recombinant protein aggregation

DOPAL was dissolved in 1% benzyl alcohol, then diluted
to a Wnal concentration of 1.5–1,500 �M as described previ-
ously [7]. AS (2 �M) was incubated at 37°C in 20 �l of
100 mM tris–HCl buVer (pH 7.2) with or without DA,
DOPAL, DOPAC, or homovanillic acid (HVA) for up to
4 h. The reaction was stopped by heating at 70°C for 3 min
in SDS buVer. The entire mixture was transferred to the
appropriate gel (vide infra).

SDS-PAGE silver staining and immunoblotting

Ten microgram of protein (estimated by Bio Rad protein
reagent) was resolved by electrophoresis on 4–12% bis-tris
gels run with MES SDS buVer, and 3–8% tris-acetate gels
using tris-acetate running buVer. The silver staining of the
gel was done by the conventional method; brieXy the gel is
Wxed in ethanol, followed by reduction using 1 mM DTT
and crosslinking with glutaraldehyde. The gel was reacted
with 0.1% silver nitrate solution, washed and developed in
3% sodium carbonate by Wxing in 2.3 M sodium citrate. For
immuno-blotting, the protein was transferred to PVDF blot-
ting membranes with 2 �m pore size, blocked with 5% milk
protein in tris buVered saline (TBS) containing 0.1% Tween
20, and incubated for 1 h with a AS 202 monoclonal anti-
body (1:2,500 dilution). Blots were washed Wve times with
5% milk protein in TBS and probed with horseradish per-
oxidase-conjugated antimouse secondary antibody (1:2,500).
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Blots were washed Wve times with TBS containing 0.1%
Tween 20 before detection with Super Signal (Pierce).

ThioXavin-S staining of AS aggregates

After a 4-h incubation of 2 �M AS, either with or without
1.5 mM DOPAL, the reaction mixture was stained with
triple-Wltered thioXavin-S (Wnal concentration 10 mg/ml).
A 10-�l aliquot of reaction mixture was observed and pho-
tographed with a Nikon Optiphot Xuorescence microscope
as previously described [19].

Generation of AS model

Wild-type AS cloned in PRK-172 was a gift from M. Goedert.
The AS gene was ampliWed from PRK-172 with following
primers which introduced Hind III and Xba l site into the
amplicon.

5�-ACGTAAGCTTTCTCGAGATGGATGTATTCAT
GAAAGGACT-3� (AS_FP1)

5�-CCGTTCTAGACTCGAGGGATGGAACATCTGT
CAGCAG-3� (AS_RP1)

Digestion of the PCR product with Hind III and Xba 1
was followed by ligation into similarly digested pcDNA3.1
(Invitrogen) to generate wild type �-synuclein construct
(AS_WT), as described [39].

Cell culture and immunoXuorescence

SHSY-5Y (5Y) cells were grown in Iscove’s modiWed Dul-
becco’s medium (Invitrogen) supplemented with 10% fetal
bovine serum (Invitrogen), 100 U/ml penicillin and 100 �g/
ml streptomycin at 37°C in 5% CO2. Cells were transfected
by Lipofectamine 2000 (Invitrogen) as per manufacturer’s
protocol; brieXy, cells were trypsinized and plated at 1 to 3
million cells per well on a six-well plate or one-Wfth the
above number for four-well chamber slide (Nunc, USA) a
day before transfection. On the next day, 5 �g of appropri-
ate plasmid DNA (estimated by O.D.) was diluted in 250 �l
of OPTI-MEM (Invitrogen) and mixed with equal volume
of OPTI-MEM containing 5 �l Lipofectamine 2000 [39].
The mix was incubated for 30 min at room temperature and
added directly to the cells in six-well plate. For four-well
chamber slide one-Wfth volumes were used and the experi-
ment continued as described above. The cells were allowed
to grow in OPTI-MEM for 6 h, after which normal medium
containing antibiotics was added.

The cells were grown for 48–72 h before culturing cells
in the presence or absence of increasing concentrations of
DOPAL for 2 or 8 h. The cells were then Wxed for immuno-
Xuorescence assays or harvested for immunoblot analysis.
One hundred transfected cells containing the aggregates
were counted twice in multiple view Welds. The cells were

initially screened for aggregates at 20£ magniWcation, and
aggregates were then conWrmed by examinations at higher
magniWcations of 40£ and 60£. The percent of cells
containing AS aggregates at the three highest DOPAL
concentrations was compared to the control group using
Student’s t test.

ImmunoXuorescence was done as per standard protocol,
AS 202 antibody was used at a dilution of 1:2,000 for
immunoXuorescence assays. Appropriate secondary anti-
bodies were used at a dilution of 1:2,000 for immunoXures-
cence experiments and cells observed under a confocal
microscope (Zeiss LSM 5 PASCAL system).

Western blot of extracts from 5Y cells

Forty-eight hours after transfection, IMDM medium of 5Y
cells were replaced by serum-free reduced medium (OPTI-
MEM) and a concentration of DOPAL ranging from 3 �M
to 1.0 mM was added to growing cells. Cells were incu-
bated for 2 or 8 h in DOPAL-containing medium following
which, they were harvested and lysed by sonication pulses.
The lysis buVer was RIPA buVer containing SDS: 150 mM
NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1.0% Triton X-100,
1% deooxycholate, 5 mM EDTA plus 100 �M sodium
orthovanadate plus 1 tablet of protease cocktail (Boehringer
Mannheim, for 10 ml of lysis buVer). The lysed samples were
centrifuged at 12,000g for 10 min at 4°C and 25 �g of super-
natant protein samples were electrophoresed on NuPAGE
3–8% tris-acetate gels with a 500-kDa exclusion (Invitrogen)
and transferred to a PVDF membrane (Millipore, Bedford,
MA, USA). Immunoblotting was done as per standard
protocols detailed above. AS 202 antibody (1:4,000) and
�-actin (Abcam, UK) antibody (1:1,000) were utilized as
primary antibodies. The immune complexes were visualized
with a horseradish peroxidase-conjugated secondary antibody
(1:6,000) and the use of the enhanced chemiluminescence
(ECL) Plus or the ECL Advance kit (Amersham Biosciences,
Piscataway, NJ, USA) according to the manufacturer’s
protocol.

Intranigral DOPAL injections and tissue preparation

The housing and nutrition of the rats used in this study and
all procedures performed on them conformed to standards
set forth in the Guide for the Care and Use of Laboratory
Animals of the National Research Council (National Acad-
emy Press, 1996). The experimental protocols reported
herein were reviewed and approved by the Animal Care
Committee of the Saint Louis University. The details of the
surgical and immunohistochemical methods have been
published [7]. BrieXy, 2-month-old male Sprague–Dawley
rats (300 g; Harlan, Indianapolis, IN, USA) were deeply
anesthetized with 4% induction and maintained with 1%
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isoXurane. The heads of the rats were Wxed in a stereotaxic
apparatus (David Kopf, Tujunga, CA, USA). Single
injections of DOPAL were made into the SN unilaterally
(AP-5.5 mm, ML 2 mm and DV -7.4 mm from bregma) via
a glass micropipette (O.D. 30–50 �m) glued to a 1-�l Ham-
ilton syringe. Control injections of similar volumes of the
vehicle (1.0% benzyl alcohol in phosphate-buVered saline,
pH 7.4) were made on the opposite side. Three rats were
injected with 400 nl/1.0 �g DOPAL, while six were
injected with 200 nl/0.2 �g DOPAL. Black microspheres
(6.0 �m; Molecular Probes, Eugene, OR, USA) were added
to mark the injection sites.

Rats for Western blot analysis were killed after 4 h by
injecting pentobarbital (100 mg/kg, IP). Their brains were
exposed, the midbrain removed stereotaxically, and a
punch of the injection site obtained using a 15-gauge nee-
dle. The resultant biopsies were frozen immediately on dry
ice and stored at ¡80°C until analysis. Tissue biopsies were
homogenized in Wve volumes and centrifuged at 13,000g
for 10 min at 4°C. The black microspheres were identiWed
in the pellets and supernatants were analyzed with Western
blot as described above using AS 202 and �-actin antibod-
ies. For the 4-h 1.0-�g DOPAL and control SN injections,
the density of the bands on the blot was determined using
the UnScan it program (Silk ScientiWc, Orem, UT, USA).
The results were expressed as units of AS aggregate/unit of
actin.

Immunochemistry

Rats for immunohistochemistry were reanesthetized 4, 24
or 48 h after surgery and perfused Wrst with saline followed
by Wxative (4% paraformaldehyde in 0.1 M phosphate
buVer). The brains were removed, postWxed for at least 4 h,
sunk in 20% sucrose, and sectioned frozen at 40 �m with a
sliding microtome. A 1:4 series of sections was immuno-
stained using antibodies against tyrosine hydroxylase (TH,
made in mouse; 1:10–12,000; ImmunoStar, Inc., Hudson,
WI, USA) while another series was immunostained with
antibodies against AS 202 (monoclonal, made in mouse;
1:20,000). BrieXy, the sections were immersed in phos-
phate buVer (PB; pH 7.3) containing 0.3% Triton X-100,
1% goat serum and primary antibody and kept on a shaker
overnight. They were washed 3£ the next morning and
then immersed for 1 h in PB/Triton serum containing
biotinylated secondary antibodies (1:400) against anti-
gens of the species where the primary antibodies were
produced. The sections then were incubated in Vecta-
stain ABC Elite solution (1:200; Vector, Burlingame, CA,
USA) for 1 h, washed with three rinses of PB, and reacted
with diaminobenzidine dihydrochloride (DAB) intensiWed
with nickel ammonium sulfate for 4–10 min. Hydrogen per-
oxide at a concentration of 0.6% catalyzed the reaction. The

sections were then rinsed, mounted on gelatinized slides,
air-dried, counterstained with Neutral Red, dehydrated
in alcohols, defatted in xylenes, and coverslipped with
Permount.

Results

EVect of DOPAL on AS aggregation in a cell free system

Aggregation of AS monomers showed a dose response to
concentrations of DOPAL from 15 to 1,000 �M (Fig. 1a)
on a silver-stained gel. In contrast to DOPAL, DA, DOPAC
or HVA, at a concentration of 1,400 �M, did not trigger AS
aggregation as detected on a silver stained gel (Fig. 1b).

Aggregation of AS monomers to higher molecular
weight oligomeric forms was visualized by Western blot
within 1 min of exposure to DOPAL and continued up to
4 h, generating increasingly high molecular weight com-
plexes (Fig. 2a). In lanes 7,8, there appears to be some self-
aggregation of the AS monomer after the 4-h incubation
with DOPAL or control. Dose–response experiments at
60 min using bis-tris and tris-acetate gels demonstrated that
dimers of AS can form at DOPAL concentrations as low as
1.5 �M (Fig. 2b). Higher-order oligomeric forms of AS
were induced by increasing concentrations of DOPAL. At
300 �M and above, DOPAL induced large multimeric AS
aggregates (Fig. 2c). In contrast to DOPAL, neither DA nor
its other major metabolites (DOPAC, HVA) triggered AS
aggregation at concentrations of up to 500 �M using a bis-
tris gel (Fig. 2d1). With a tris-acetate gel there neither DA,
DOPAC, nor HVA, triggered AS aggregation at concentra-
tions of up to 1,500 �M (Fig. 2d2). With exposures to
DOPAL longer than 60 min, very high molecular weight
AS aggregates (>500 kDa) did not enter the tris-acetate gel.
These aggregates were visualized after thioXavin-S staining
with Xuorescent microscopy (Fig. 2e, f).

EVect of DOPAL on AS aggregation in SHSY-5Y cells

The eVects of DOPAL on aggregation of AS was examined
in a human DA cell line, 5Y cells overexpressing wild type
AS (AS-WT) (Fig. 3). The addition of DOPAL greatly
accelerated AS aggregation. At DOPAL concentrations
¸30 �M, large intracellular aggregates increased from 106
to 133% above baseline AS-WT transfection. The percent-
age of cells showing large AS aggregates at the three high-
est DOPAL concentrations is signiWcantly higher than in
controls (P<0.002; Student’s t test). At DOPAL doses
greater than 150 �M, increased toxicity was observed with
approximately 60% dead cells after 8 h based on the
appearance of Xoating cells compared to those attached to
the dish. The remaining cells were rich in large intracellular
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AS aggregates compared to control cells. These aggregates
appear both in cell bodies and in axons.

Western blot of the extracts of 5Y cells incubated with
increasing DOPAL concentrations for 8 h showed small
oligomers up to 55 kDa induced by 3 �M DOPAL
(Fig. 4a). The size of the oligomers increased up to
500 kDa after incubation of cells with 30 and 60 �M
DOPAL (Fig. 4a). At 60 �M DOPAL most of the AS
aggregates (Fig. 3g, j) were too large to enter the gel
(Fig. 4a). To check for speciWcity of DOPAL-AS interac-
tion, a blot was probed with antibodies against �-actin. No
low or high MW oligomers were detected (data not shown).
At supraphysiological doses of DOPAL (1 mM), 5Y cells
were dead within 2 h. Although no intracellular aggregates
could be visualized within this brief period, Western blot
analysis revealed low and high MW AS oligomers up to
500 kDa (Fig. 4b).

EVect of DOPAL on AS aggregation in vivo

AS monomers were present in biopsies from the SNs
injected either with DOPAL or vehicle, but aggregates were
at very low levels from biopsies injected with vehicle
(Fig. 5a). Western blot of extracts of rat SN injected with
1 �g of DOPAL showed an increase in AS oligomers rang-
ing in size from 50 to 170 kDa at 4 h, but not at 1 h
(Fig. 5a). These oligomers accounted for 63% of the total
AS on the blot. There was a 2.75-fold increase in AS aggre-
gates after 4 h in DOPAL-injected SN compared to the con-
trol injection when corrected for the amount of actin protein
on the gel (DOPAL: 0.44 AS aggregate units/actin unit vs.

Control: 0.16 AS aggregate units/actin unit). A blot probed
for actin showed no evidence of aggregation in the
DOPAL-injected SN either at 1 or 4 h (Fig. 5a). Western
blot of extracts of rat SN injected with 0.2 �g of DOPAL
showed a lesser increase in 50 to 170 kDa oligomers com-
pared to the 1.0-�g DOPAL injection (Fig. 5b). Injections
of both 1.0 and 0.2 �g DOPAL into the SN resulted in a
loss of TH immunoreactivity (ir) at 24 and 48 h (Fig. 6a–d).
Large AS aggregates were not detected with AS immuno-
histochemistry after DOPAL injections at 4, 24, or 48 h
(data not shown).

Discussion

This study demonstrates that application of DOPAL at
physiologically relevant concentrations triggers rapid AS
aggregation in a cell-free system, in vitro and in vivo. Por-
tions of the in vitro study shown in Fig. 3 were published
earlier [15]. In contrast to DOPAL, DA, DOPAC and HVA
do not trigger either low or high molecular weight AS
aggregates at physiologically relevant, concentrations.
These Wndings are consistent with earlier reports [11, 28,
32, 36] which show that DA quinones (DAQ) and other DA
oxidation products, at concentrations of 100 �M, (11) bind
to AS and inhibit, rather than trigger, aggregation of AS
oligomers from forming Wbrils. Our results do not conWrm
an earlier report [9] that, at concentrations of 100 �M and
above, DA triggers AS aggregation. In comparison, we
show that DOPAL triggers AS aggregation at concentra-
tions as low as 1.5 �M. The diVerence between our results

Fig. 1 Aggregation of AS 1-140 in vitro induced by application of
DOPAL detected by silver stain. a AS (2 �M) was incubated for
60 min with or without increasing concentrations of DOPAL. At each
concentration of DOPAL, 1 �g of AS was electrophoresed on tris ace-
tate gel. b AS (2 �M) was incubated for 30 or 60 min with or without

1,400 �M DA, HVA, DOPAC, or DOPAL. At each concentration,
1 �g of AS was electrophoresed on tris acetate gel. After PAGE, gels
were silver stained as described in “Methods” section. Arrows point to
bands corresponding to AS monomer while arrowheads indicate AS
aggregates
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with DA and those described earlier [9] may be due to a
diVerent propensity of diVerent batches of AS to aggregate.
An increasing age of a particular AS batch may increase
the propensity of the AS to aggregate. In this regard AS
self-aggregates with prolonged storage. Further, unlike
DOPAL, DA does not trigger AS monomer aggregation to
form oligomers in vitro [37]. These results taken together
suggest that a combined increase in cytosolic levels of
DOPAL and DAQ could lead to large increases in levels of
toxic AS oligomers [1]. In addition, our thioXavin-S and in
vitro studies indicate that DOPAL can trigger formation
of large intracellular AS aggregates, which have a beta-
pleated sheet structure [37]. The lack of a DOPAL-induced

�-actin aggregation shows the speciWcity of this eVect on
AS. The in vivo and in vitro toxicity of DOPAL is consis-
tent with our earlier demonstration of a dose-related
DOPAL toxicity to DA SN neurons in vivo [7] and to PC-
12 cells in vitro [23]. These results provide a link between
the two central hypotheses explaining the selective death of
DA neurons in PD, namely the DA [13] and the AS [12]
hypotheses for PD pathogenesis.

PD is a common neurodegenerative disorder character-
ized clinically by rigidity, bradykinesia and postural
tremor [40] and pathologically by selective loss of DA
neurons in the SN and LBs [44]. The DA hypothesis has
suggested that DA or its metabolites contributed to the

Fig. 2 Aggregation of AS 1-140 in vitro induced by application of
DOPAL detected by Western blot using AS 202 antibody. a AS (2 �M)
was incubated with or without 1.5 mM DOPAL for various times and
at each time point, 1 �g of AS was electrophoresed on a tris-acetate gel.
b, c AS (2 �M) was incubated for 60 min with or without increasing
concentrations of DOPAL. At each concentration of DOPAL, 1 �g of
AS was electrophoresed on bis-tris gel (b) or tris-acetate gel (c). d1, d2
AS (2 �M) was incubated for 60 min with or without increasing con-
centrations of DA, DOPAC or HVA. At each concentration, 1 �g of

AS was electrophoresed on bis-tris (d1) or tris-acetate (d2) gels. After
PAGE, immunoblotting was performed as described in “Methods”.
Arrow indicates the monomeric species of AS (MW 14.5 kDa). e, f
Fluorescence microscopy of thioXavin-S stained, DOPAL-induced AS
aggregates. AS (2 �M) was incubated either with (e) or without (f)
1.5 mM DOPAL for 4 h. The incubation mixtures were stained with
thioXavin-S and viewed under a Xuorescence microscope. Scale bars in
e and f equal 100 �M
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selective vulnerability of DA neurons [13, 15]. However,
no direct genetic link between DA and PD has been
described [12]. Toxicity to neurons in vivo requires a 400-
fold higher concentration of DA than DOPAL [7,14], sug-
gesting that DA itself is not toxic in normal physiological
conditions. We postulate instead that DOPAL mediates

DA toxicity [7] most likely due to the fact that unlike DA,
DOPAC or HVA, DOPAL is highly reactive [3]. DOPAL
aldehyde moiety [15] increases its capacity to generate a
free radical [30] and to activate the mitochondrial
permeability transition pore (mPTP) [23], a trigger for
cell death. We now show that DOPAL also triggers AS

Fig. 3 EVect of DOPAL on AS 
aggregation in the neuronal 
SHSY-5Y cell line. ImmunoXu-
orescent photomicrographs of 
transfected 5Y (overexpressing 
AS-WT protein) cells after 
immunostaining with AS 202 
antibody. a–c Confocal images 
of transfected 5Y cells treated 
with 150 �M of DOPAL (a), or 
without it (c) and an untreated 
control 5Y cells with endoge-
nous AS expression and lacking 
AS overexpression (b). d–i 
MagniWed images of 5Y cells 
exposed to 3–300 �M DOPAL. 
Cytoplasmic aggregates in the 
cell bodies and neuritic pro-
cesses are highlighted by 
arrows. Scale bar is at the 
bottom right of panels. j Plot of 
AS aggregation propensity with 
respect to varying concentration 
of DOPAL. Each bar represents 
two separate counts of 100 cells 
each in multiple Welds. As 
aggregation increases at DOPAL 
concentrations of 30 �M or 
greater compared to controls 
(*P < 0.002; Student’s t test)
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aggregation, similar to the eVect of the highly reactive
free hydroxyl radical on AS aggregation [38]. In contrast,
DA is not chemically reactive, does not form a free
radical and is not toxic at physiologically relevant levels
[7, 23, 30]. However DAQ, a DA an oxidation product, is
reactive.

Non-DA neurons through the brainstem may also be
aVected in PD [22]. However these are mainly other cate-
cholamine (CA) neurons [34] which have a MAO metabo-
lite, 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL), with
in vitro and in vivo toxicity similar to DOPAL [5, 8]. In
contrast to DA SN neurons, none of the other CA neuronal
groups was aVected in PD control motor activity. It is the
loss of DA SN neurons in PD that results in the loss of
motor control, the major cause of disability in PD [13].

In contrast to DA, AS mutations have been linked to PD
pathogenesis [12]. However, AS is widely distributed in
neurons and glia throughout the brain [16], and therefore by
itself cannot explain the selective DA neuron loss in the SN
in sporadic forms of PD. There are however, several links
between AS and DA metabolism [30, 46, 48]. For instance,
AS binds to the DA transporter (DAT) and increases DA
uptake into the cytosol of cells transfected with DAT and
AS [27]. Thus, these cells become more susceptible to DA
toxicity [27]. In addition, oligomers of AS permeabilize
vesicles [47] and allow DA to leak out [46], which could
lead to increased cytosolic DA and its metabolites, includ-
ing DOPAL. Furthermore, the toxicity of AS oligomers is
mediated by a toxic DA metabolite [48]. We showed that

DOPAL, but not its other metabolites (DOPAC, DOPET,
HVA) is toxic in vitro and in vivo [7, 23, 30].

Thus, we propose that DOPAL not only triggers aggre-
gation of AS to its toxic oligomeric form, but also medi-
ates the toxicity of these oligomers [7, 23, 48]. Other
possible sources of DA toxicity include its reactive oxida-
tion products DAQ [11] and dopaminochrome (DC) [36],
which inhibit AS Wbrillization. However, neither free
unbound DAQ nor DC have been directly detected or
quantitated in human brain. The presence of DAQ and DC
in brain is presumed, as they appear to be one of the mul-
tiple-postulated intermediates in the neuromelanin path-
way. Therefore, the relevance of DAQ and DC to PD is
speculative.

Another common theory implicates a complex I deWcit
found in SN neurons in PD pathogenesis [43, 45]. The com-
plex I dysfunction may be inherited through maternal mito-
chondrial DNA [45] or acquired through pesticide exposure
[2]. For instance, the pesticide rotenone, which inhibits
complex I in all brain cells [2], provides a model of PD
with selective loss of DA SN neurons and LB-like inclu-
sions. The loss of DA SN neurons in the rotenone model is
not due to a bioenergetic defect with ATP depletion [2],
which would aVect all brain cells. Rather, rotenone, which
produces a partial inhibition of complex I in vivo [2], pro-
duces increased DOPAL levels in an in vitro model of DA
neurons [26]. This eVect of rotenone may be due to the fact

Fig. 4 Western blot of extracts from 5Y cells transfected with AS-WT
and treated with DOPAL. The same amount of supernatant protein
(25 �g) was added to each lane of the gels. a 5Y cells were transfected
with AS and incubated either without or with increasing concentrations
of DOPAL for 8 h, and probed with AS 202 monoclonal antibodies.
b In an acute toxicity study, 5Y cells were transfected with AS and incu-
bated either with (lanes 2, 4) or without (lanes 1, 3) 1.0 mM DOPAL
for 2 h. The blot was developed with AS 202 antibody. Arrows point to
bands corresponding to the AS monomer, while arrowheads indicate
large AS aggregates

Fig. 5 Western blot of extracts from rat SN injected with DOPAL.
a SN was injected with either 1.0 �g DOPAL or vehicle control (lanes
2, 4). After either 1 or 4 h, rats were killed, the SN biopsied and, after
PAGE, immunoblotted using AS 202 monoclonal antibody as de-
scribed in “Methods”. The blot was stripped and reprobed with �-actin
antibody. b SN was injected with either 0.2 �g DOPAL or vehicle con-
trol, and after a 4-h survival, immunoblotting was performed using AS
202 antibody as described above. Compare the DOPAL dose eVect
after 4 h in (a) to that in (b)
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that complex I inhibition reduces levels of nicotinamide
adenine dinucleotide, a cofactor of aldehyde dehydrogenase
(ALDH) required for the metabolism of DOPAL to
DOPAC [26]. A study of the enzyme itself showed that
ALDH gene expression is decreased in SN of patients with
sporadic PD [15, 31].

Our results suggest that AS oligomers, and not the large
AS aggregates, may mediate AS toxicity [1]. This hypothe-
sis is supported both by the presence of oligomers in
extracts of transfected 5Y cells treated with 1.0 mM
DOPAL, and the large intracellular AS aggregates in cells
remaining after exposure to 300 �M DOPAL. We also
show that both 1.5 �M concentrations of DOPAL in a cell
free system and 3 �M DOPAL in 5Y cell cultures rapidly
trigger formation of potentially toxic oligomers of AS of
the same size as those found in PD SN neurons [48]. Simi-
larly, injection of DOPAL into SN of rats leads to a dose-
dependent AS oligomerization and to a loss of TH ir. We
did not visualize intracellular aggregates with either high or
low doses of DOPAL in vivo. This suggests that rapid
injection of DOPAL onto SNneurons results in neuronal
death before these large aggregates can form and may reX-
ect the diYculty in reproducing the gradual build up of
DOPAL necessary to trigger large aggregates in vivo [2].
These results are consistent with cell culture data support-
ing the view that AS oligomers, and not the large AS aggre-
gates, trigger neuronal cell death [1].

DOPAL levels of 2–3 �M have been measured in
autopsy brains from neurologically normal patients [23].
This concentration of DOPAL is the same concentration
that we used in vitro and twice that was required in a cell-free

system to trigger AS aggregation. This Wnding suggests that
under normal in vivo conditions, DA neurons may contain
factors that protect against low-level DOPAL-induced
injury [7]. In PD, however, these protective factors may
become depleted [20], and other deWcits associated with
PD, such as a complex I deWcit, may contribute to increased
DOPAL levels [2, 43, 45]. AS aggregates could Wbrillize
into large multimeric �-pleated sheets, forming LBs with
prolonged exposure to DOPAL [35].

Concentrations of both DOPAL and AS [19] may con-
tribute to the propensity for aggregation via two possible
mechanisms. First, DOPAL could react with H2O2 formed
by oxidative DA metabolism to produce hydroxyl radicals
[30], which induce AS aggregation [37]. Second, we show
here that DOPAL directly triggers AS aggregation. DOPAL
reactivity could be due to either the aldehyde group or to
quinones formed from the ring hydroxyls [6]. However, the
aldehyde group distinguishes DOPAL from catechol qui-
nones [11], which do not trigger AS aggregation at low
concentrations suggesting that the aldehyde moiety of
DOPAL may be essential for its eVect on AS aggregation.

Accumulation of AS either due to multiplication of
SNCA locus [33], proteasomal defects [42], or mutation in
AS gene [24, 41, 49], may also enhance formation of
DOPAL-triggered oligomers and aggregates of AS. Oligo-
meric forms of AS could permeabilize DA storage vesicles
[47]. Such pathologic function of AS could increase cyto-
solic DOPAL levels and as a consequence further increase
AS oligomerization and aggregation, with a feed forward
reaction culminating in SN cell death and LB formation as
evidenced in our in vivo and cell culture experiments.

Fig. 6 Photomicrographs of 
sections illustrating the eVect of 
microinjections of DOPAL or 
vehicle into rat substantia nigra 
(SN). Compare the substantia 
nigra in sections taken from the 
same level immunostained for 
tyrosine hydroxylase either 24 h 
(a, b) or 48 h (c, d) after an 
injection of either vehicle (a, c) 
or DOPAL (b, 1.0/0.4 �l; d, 0.2/
0.2 �l) and note the diminished 
immunoreactivity on the side 
injected with DOPAL 
(arrows and asterisk)
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These Wndings provide evidence for new targets in drug
development for PD [4].

Our experiments, showing DOPAL-induced AS aggre-
gation in vitro and in vivo support the hypothesis that there
are common convergent pathogenic mechanisms underly-
ing PD [7, 18]. Taken together, our results are consistent
with the view that DOPAL may account for the selective
loss of DA neurons mediated by toxic AS oligomers [48],
as well as the formation of LBs [44] in remaining SN neu-
rons. Our results also provide a plausible link between DA
production and its metabolism, AS and the pathogenesis of
PD. Finally, this is one of the Wrst studies to demonstrate
that a neurotransmitter metabolite can trigger aggregation
of a protein linked to a neurodegenerative disease. Recent
reports indicate that synaptic function is altered by toxic
protein oligomers before other parts of the neuron are
aVected in a number of neurodegenerative diseases includ-
ing PD [10, 17, 21, 25]. Neurotransmitters, their metabo-
lites and AS protein, are in highest concentration at the
synapse. Our results provide a mechanism for selective pro-
tein oligomerization and loss of synaptic function early in
neurodegenerative diseases.
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