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Introduction

Parkinson’s disease (PD) is one of the most common neurode-
generative disorders, affecting about 1% of the general popula-
tion older than 60-years.1,2 In spite of marked progress in the sci-
entific understanding of this condition, its diagnosis continues 
to be based upon key clinical features.3,4 A definitive diagnosis 
can only be made by pathologic confirmation of dopaminergic 
neuronal loss and the presence of Lewy bodies or Lewy neu-

rites in autopsied brain tissue, which has led to continued debat-
ed about the accuracy of clinical diagnoses.3,5-7 

The Lewy body, which was first described by Friedrich Hein-
rich Lewy, is located in the neuronal cytoplasm and is a patho-
logical hallmark of and dementia with Lewy bodies.8 This fila-
mentous spherical inclusion is composed of ubiquitin, ubiquitin-
C-terminal hydroxylase, microtubule-associated protein, DJ-1, 
tau, α-synuclein, and various proteins.9,10 α-synuclein has been 
regarded as the key pathological molecule for several reasons. 
First, genetic alterations (including point mutations and multiplica-
tions) of the α-synuclein gene cause familial PD.11-14 Second, 
α-synuclein can take the form of a soluble oligomer, fibril, or 
sheet structure by self aggregation, depending on the microen-
vironmental conditions.15-17 Recent studies have shown that 
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the soluble oligomeric form of α-synuclein induces neuronal cell 
injury and that the Lewy body might be an end-product of the 
sequestration of this toxic molecule with other proteins, as a 
type of cell-protective mechanism.18,19 Third, α-synuclein can be 
a seed molecule, which may explain the propagation of Lewy 
body pathology from the lower brainstem to the cortex.20-22 Ve-
sicular secretion of α-synuclein has been found without evidence 
of neuronal injury, and adjacent glial and neuronal cells could 
uptake the secreted α-synuclein.23-25 

The finding of an extracellular location of α-synuclein and the 
search for a reliable biological maker for PD is now drawing at-
tention to this protein. Using the enzyme-linked immunosorbent 
assay (ELISA), Lee et al.26 found that the levels of plasma α- 
synuclein were higher in patients with PD and multiple system 
atrophy than in age-matched healthy controls. In contrast, West-
ern blot analysis revealed that the plasma levels of α-synuclein 
were lower in PD patients than in control subjects.27 Assay of α- 
synuclein in cerebrospinal fluid (CSF) produced similar con-
flicting results to those seen in plasma; Mollenhauer et al.28 
reported that the CSF level of α-synuclein was lower in pa-
tients with PD and dementia with Lewy bodies than in those 
with Alzheimer’s disease, while other researchers have found 
no such difference.29 These discrepancies might reflect confor-
mational changes in α-synuclein and the presence of other cross-
reactive molecules.

A novel method for detecting oligomeric α-synuclein has yi-
elded notable results. El-Agnaf et al.30 reported that the plas-
ma level of α-synuclein oligomer was significantly higher in 
PD patients than in age-matched controls. Their study used a 
specific double-ELISA method for α-synuclein oligomers, 
which demonstrated diagnostic specificity, sensitivity, and posi-
tive predictive values of 0.852, 0.529, and 0.818. The detection 
of oligomeric α-synuclein in brain extracts and in viable cells us-
ing various methods and the blocking of these oligomeric pro-
cesses has yielded promising results.31-33 However, although such 
studies targeting oligomeric α-synuclein have produced signifi-
cant results, α-synuclein is known to undergo conformational 
changes according to the surrounding conditions. Factors such as 
membranes, metals, and oxygen metabolites such as dopamine 
could therefore contribute to the pathologic potential of 
α-synuclein.18,34-36 Currently there is little known about the na-
tive structure of α-synuclein in living cells, and it is possible that 
dopaminergic treatment and other environmental exposures dur-
ing the clinical course of the disease induce conformational 
changes in this protein.

Therefore CSF and plasma levels of α-synuclein were ana-
lyzed in the present study using different ELISA methods for 
both the total and oligomeric forms of the protein in drug-na-
ïve patients with PD in order to determine the potential of α- 
synuclein as a biological marker for PD. 

Methods

Subjects
Drug-naïve patients with PD (23 patients, age 62.4±12.7 years, 
mean±SD; 11 males) were consecutively recruited for this 
study. All patients showed mild-to-moderate symptom severity 
(Hoehn and Yahr stage 1.5-3.0, median 2.5), and the diagnosis 
of the patients was confirmed according to clinical criteria dur-
ing follow-up visits for more than 6 months. Lumbar puncture 
and plasma sampling were conducted in the early morning af-
ter an overnight rest, prior to the administration of dopaminer-
gic medications. The control group consisted of 11 symptom-
atic patients (age 72.7±6.9 years; 6 males) who complained of 
slow movement and/or tremor and/or gait disturbance, and were 
diagnosed as having drug-induced parkinsonism (4 patients), 
hydrocephalus (6 patients), or vascular parkinsonism (1 patient). 
The symptomatic patients were diagnosed based on drug with-
drawal (for the patients with drug-induced parkinsonism), ra-
dioisotope cisternography, and therapeutic CSF drainage (for 
the patients with hydrocephalus). Movement specialists con-
firmed the diagnosis during the clinical follow-up visits for 
more than 6 months. An additional 18 subjects (age 52.4±15.4 
years; 10 males), comprising 8 with diabetic ophthalmoplegia 
and 10 normal adults, formed the neurologic control group. CSF 
and plasma samples from 15 patients with multiple sclerosis 
(age 41.3±9.6 years; 6 males) were also analyzed as an addi-
tional control group. CSF samples were collected in sterile poly-
propylene tubes, centrifuged for 10 minutes at 3,200 rpm, and 
stored as aliquots at -80ºC. Plasma samples were collected us-
ing plastic pipettes after being centrifuged at 3,000 rpm for 15 
minutes and were stored in aliquots at -80ºC. The local Institu-
tional Review Board approved the processes and all patients or 
family members provided signed written informed consent to 
participate. 

Materials
A mouse monoclonal antibody that recognized amino acid resi-
dues 121-125 of human α-synuclein, as well as a rabbit poly-
clonal antibody raised against the full-length α-synuclein of hu-
man origin were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Recombinant human α-synuclein was 
obtained from Calbiochem (San Diego, CA, USA). Sulfo-NHS-
LC-Biotin was purchased from Pierce (Rockford, IL, USA) and 
Bio-Spin-6 columns were obtained from Bio-Rad Laboratories 
(Hercules, CA, USA). Other chemicals including ExtrAvidin al-
kaline phosphatase and 4-hydroxyazobenzene-2-carboxylic acid/
avidin reagent were purchased from Sigma (St. Louis, MO, USA).

Preparation of aggregated α-synuclein
Recombinant human α-synuclein was solubilized with steril-
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ized phosphate-buffered saline [PBS; 137 mM phosphate buf-
fer and 150 mM NaCl (pH 7.4)] to produce a final concentra-
tion of 25 μM. An Eppendorf tube containing 25 μM α- 
synuclein solution was tightly sealed with Parafilm and incu-
bated at 37ºC for 4 days with continuous mixing (1,000 rpm). 
The resultant aggregated α-synuclein was aliquoted and stored 
at -80ºC until needed.

Preparation of the biotinylated antibody 
Sulfo-NHS-LC-Biotin was reacted with the mouse monoclonal 
antibody in PBS, at a 50-fold molar excess of biotin over anti-
bodies, for 2 hours. The mixture was desalted inn Bio-Spin-6 co-
lumns to remove any excess uncoupled biotin. The extent of bi-
otinylation per mole of antibody was determined with the 4-hy-
droxyazobenzene-2-carboxylic acid/avidin assay. The bio-
tinylated antibodies were stored at 4ºC until use.

ELISA to measure α-synuclein oligomer
An ELISA plate was coated by overnight incubation at 4ºC 
with 1 μg/mL nonbiotinylated mouse monoclonal antibodies in 
200 mM NaHCO3 (pH 9.6) containing 0.02% (w/v) sodium 
azide. The plate was then washed three times with PBS contain-
ing 0.05% Tween 20 (PBST), and blocked with PBST contain-
ing 2% bovine serum albumin for 2 hours at 37ºC. After three 
further washes with PBST, 100 μL of α-synuclein monomer, 
aggregated α-synuclein, and samples to be tested were added to 
each well. CSF and plasma samples were used without dilution. 
The plate was incubated at 37ºC for 2 hours. After washing three 
times with PBST, 100 μL of biotinylated mouse monoclonal an-
tibody diluted to 1 μg/mL in blocking buffer was added, and the 
mixture was incubated at 37ºC for 2 hours. The wells were wash-
ed three times with PBST and incubated for 1 hour at 37ºC 
with 100 μL per well of ExtrAvidin-Alkaline phosphatase di-
luted 1 : 2,000 in blocking buffer. The wells were then washed 
three times with PBST and the enzyme substrate p-nitrophenyl 
phosphate was added. The reaction was allowed to proceed for 
30 minutes at room temperature, and then the absorbance was 
read at 405 nm on a microplate ELISA reader (EL312e, Bio-Tek).

ELISA to measure total α-synuclein
The same ELISA protocol was applied to measure the total 

α-synuclein in the samples, except that a rabbit polyclonal anti-
α-synuclein antibody (1 μg/mL) and biotinylated antirabbit anti-
body were used as detecting antibodies.

Statistical analysis
Data analysis was performed with SPSS 14.0 software (SPSS, 
Chicago, IL, USA). The significance of intergroup differences 
was evaluated by one-way analyses of variance, while Student’s 
t-test was used to evaluate single comparisons. Pearson’s cor-
relation was used to evaluate the association between the lev-
els of α-synuclein and the clinical characteristics of the cohort. 
Differences were considered significant at p<0.05.

Results

Characteristics of the subjects
The control subjects were matched for age and sex with the PD 
patients. The initial CSF and plasma laboratory values did not 
differ significantly between the two groups (Table 1). When the 
control subjects were divided into symptomatic control and 
neurologic control subgroups, the only significant difference 
from the PD group was found for age in the symptomatic con-
trol group (Table 2).

Validation of ELISA methods for total 
and oligomeric form of α-synuclein
Aggregated α-synuclein was detected more sensitively by ELI-
SA for oligomeric α-synuclein than by the conventional meth-
od that detects total α-synuclein (Fig. 1). The conventional ELI-
SA method for total α-synuclein gave an optical density (OD) 
reading of 1 for monomeric α-synuclein at a concentration of 5 
μM, but the same method produced an OD reading below 0.5 
for aggregated α-synuclein at the same concentration. The OD 
using the ELISA method for oligomers was 1 for aggregated 
α-synuclein at a concentration of 10 μM, for monomeric α-synu-
clein at the same concentration it was only 0.5. These results 
show that the ELISA method for oligomeric α-synuclein is a 
sensitive one for the measurement of levels of oligomer in ag-
gregated α-synuclein. Therefore, the subsequent results are pre-
sented as the OD value, of which α-synuclein oligomer was 
measured by the oligomeric ELISA method, and total α-synuclein 

Table 1. Characteristics of the subjects

Patients (n=23) Controls (n=29) p
Age (years) 62.4±12.7 60.1±16.2 NS
Sex (male : female) 11 : 12 16 : 13 NS
CSF pH 7.45±0.37 7.33±0.33 NS
CSF cell count (n/mm3) 0.74±1.32 0.55±2.22 NS
CSF protein (mg/dL) 33.17±11.15 38.66±12.66 NS

CSF: cerebrospinal fluid, NS: not significant.
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was measured by the conventional ELISA method.

Total and oligomeric forms of α-synuclein 
in the CSF and plasma
The absorbance of CSF oligomeric α-synuclein was signifi-
cantly higher in patients with PD than in the control subjects 
(Table 3)(Figs. 2 and 3). However, there was no difference in 
total α-synuclein from the CSF and plasma oligomeric and total 
α- synuclein (Figs. 2 and 4). A subgroup comparison of the 
control subjects with the PD patients revealed no significant 
difference (Table 3)(Fig. 5); when the control group was subdi-
vided into symptomatic and neurologic control subgroups, the 
level of α-synuclein did not differ between the control sub-
groups. Although subjects in the symptomatic control group 
were older and those in the neurologic control group were 
younger than the patient group, the CSF α-synuclein level was 
significantly higher in the patients group than in the control 
groups. The total level of α- synuclein in the CSF and plasma 
did not differ between the patient group and the subgroups of 
control subjects. Moreover, the CSF level of α-synuclein oligo-
mer was significantly higher in patients with PD than in the 
multiple sclerosis patients.

The absorbance of neither oligomeric nor total α-synuclein 
in the sample of CSF or plasma was not correlated with any of 
the clinical parameters (i.e., age, duration of symptoms, or se-
verity of motor symptoms; data not shown). 

Discussion

α-synuclein is a classical cytoplasmic protein that exists unfold-
ed in its native form.37 However, numerous transient structures 
can be found from monomers to oligomers and filamentous 
forms, depending on the environment.38 Although the function-
al role of α-synuclein has not yet been established, its membrane 
binding-affinity and presynaptic location of α-synuclein indi-
cate a role in synaptic transmission.39,40 The classical concept 
is one of a cytoplasmic location for α-synuclein, and also the pa-
thologic implications of α-synuclein have been widened with 
recent studies that have produced evidence for an extracellular 
location for α-synuclein in the body fluids of patients with PD. 
Along with the suggestion of Braak et al.,20 pathologic studies 
have shown a Lewy body-like pathology in grafted neurons of 
autopsied brains in patients with PD after embryonic nigral cell 
transplantation, which might indicate disease propagation from 

Table 2. Comparison of α-synuclein levels (expressed as absorbance at 405 nm) between PD patient and three subgroups of control subjects
PD

patients (n=23)
Symptomatic
control (n=11)

p*
Neurologic

control (n=18)
p*

MS
patients (n=15)

p*

Age (years) 62.4±12.7 72.7±6.90 0.005 52.4±15.4 0.028 41.3±9.68 0.000 
Sex (male : female) 11 : 12 6 : 5 NS 10 : 8 NS 6 : 9 NS
Duration of symptoms 
  (years)

2.2±2.3 1.4±2.0 NS

MMSE scores 26.5±3.6 24.9±5.40 NS
CSF oligomeric
  α-synuclein

0.33±0.25 0.13±0.02 0.001 0.18±0.11 0.014 0.21±0.10 0.039

CSF total
  α-synuclein

0.14±0.02 0.13±0.02 0.655 0.13±0.03 0.273 0.14±0.02 0.984

Plasma oligomeric
  α-synuclein

0.16±0.07 0.20±0.08 0.156 0.14±0.05 0.532 0.14±0.03 0.447

Plasma total
  α-synuclein

0.16±0.03 0.14±0.02 0.369 0.15±0.02 0.514 0.16±0.03 0.642

*vs. PD patients.
PD: Parkinson’s disease, MMSE: mini mental status examination, MS: multiple sclerosis, CSF: cerebrospinal fluid, NS: not significant.
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Fig. 1. Validation of ELISA methods for 
total and oligomeric forms of α-synuclein. 
The conventional ELISA (A) and oligo-
meric methods (B) were selectively sen-
sitive to monomeric and aggregated α- 
synuclein, respectively. ELISA: enzyme-
linked immunosorbent assay.
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host to graft.41,42 These findings imply the importance of extra-
cellular α-synuclein in the pathogenesis of PD, but no role for 
α-synuclein in the body fluids has been established yet.

Using different ELISA methods to detect both the total and 
oligomeric forms α-synuclein, we found that levels of the α- 
synuclein oligomer in the CSF were significantly higher in PD 
patients than in their non-PD counterparts; however, the plas-
ma levels of α-synuclein did not differ between the PD patients 
and the controls. These findings are contrary to some previous 
studies that found increased plasma and decreased CSF levels 
of α-synuclein.26,28,43 However, those studies were based on a 
single method for detecting α-synuclein, which disregarded the 
conformational status of this protein. In addition, the study pa-
tients had been treated with dopaminergic drugs. The study 
found elevated levels of α-synuclein oligomer in the patients’ 
plasma using the oligomer-detecting method also recruited pa-
tients who had already been exposed to dopaminergic drugs.30 
The authors of that report found elevated levels of α-synuclein 
oligomer in postmortem CSF samples of patients. As mentioned 
above, the precise native structure of α-synuclein in living cells 
remains to be determined. These conflicting results might there-
fore be attributable to the unstable structure of α-synuclein. 

Table 3. Levels of total and oligomeric forms of α-synuclein (expressed as absorbance at 405 nm) in the subjects  
Patients (n=23) Control (n=29) p

CSF oligomeric α-synuclein 0.33±0.25 0.16±0.09 0.005
CSF total α-synuclein 0.14±0.02 0.13±0.02 0.316
Plasma oligomeric α-synuclein 0.16±0.07 0.16±0.06 0.705
Plasma total α-synuclein 0.16±0.03 0.15±0.02 0.340

CSF: cerebrospinal fluid.
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Fig. 2. Levels of total and oligomeric form of α-synuclein in CSF. Solid and white bars indicate measurements using the oligomeric and con-
ventional methods, respectively. CSF: cerebrospinal fluid, PD: Pakinsonʼs disease.
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Fig. 3. CSF levels of α-synuclein oligomer. The lower, upper, and 
bisecting lines correspond to the 25th, and 75th percentiles, and the 
median, respectively. The whiskers indicate the 5th and 95th percen-
tiles. CSF: cerebrospinal fluid, PD: Pakinsonʼs disease.
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However, the design of our study employing a dual ELISA 
method for simultaneous measurement of total and oligomeric 
α-synuclein eliminated the possible confusion arising from such 
conformational changes in α-synuclein. We were also able to 
exclude the potential confounding effect of dopamine, which is 
known to be an inducer of α-synuclein oligomerization, since 
our patients had not been exposed to that drug.44 

The meaning of elevated CSF levels of α-synuclein oligomer 
in PD patients is not easy to interpret. For example, we do not 
know whether α-synuclein oligomer levels are elevated in the 

CSF itself, or whether the oligomerization of α-synuclein is el-
evated in the milieu of the CSF. Although elevated levels of α- 
synuclein oligomer in the autopsied brain extracts of patients 
with dementia with Lewy bodies has been reported recently, 
the prevailing intracellular environment would differ from that 
of the CSF.31 However, the finding of an intravesicular local-
ization of α-synuclein, and this being more prone to aggrega-
tion and secretion from cells by exocytosis, could provide an 
explanation for our results.23 There is also evidence of a role of 
extracellular α-synuclein oligomer in the pathology of in vitro 
neuronal cell death, and the aggregation process appears to be 
dependent upon the concentration of α-synuclein.25,45-47 These 
findings support the importance of elevated α-synuclein oligo-
mer in the extracellular space and in the CSF, as indicated in 
our results. In fact, it has been suggested that neuronal cells are 
subject to the worst pathologic conditions during the early stage 
of PD, prior to medication with dopaminergic agents, because 
the increased turnover of dopamine in the brain could damage 
the surrounding tissues. This condition could also contribute to 
the increase in α-synuclein in the brain, which would lead to in-
creases in CSF α-synuclein oligomer. Therefore, we suggest that 
the CSF level of α-synuclein oligomer is a useful biological mark-
er for PD, especially in the dopaminergic drug-naïve condition.

Some reports have indicated that the level of α-synuclein is 
correlated with disease duration, cognitive function, and age, 
and suggested that synaptic loss or neuronal degeneration could 
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Fig. 4. Levels of total and oligomeric forms of α-synuclein in the plasma. Solid and white bars indicate measurements using the oligomeric 
and conventional methods, respectively. PD: Pakinsonʼs disease.
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be related to the level of α-synuclein.29,43 We did not find any 
correlations between these clinical factors and the level of 
α-synuclein in either the plasma or the CSF. The CSF level of 
α-synuclein oligomer was significantly higher in the patients 
with PD than in both the younger control group and the pa-
tients with multiple sclerosis who already had multiple brain 
and spinal cord lesions. These findings suggest that age and le-
sions of the brain or spinal cord were not associated with the 
level of α-synuclein, although pathological differences do ex-
ist between multiple sclerosis and PD.

Our study was subject to several limitations. First, even th-
ough movement specialists diagnosed the patients with par-
kinsonian conditions of different etiologies and confirmed the 
diagnosis over a clinical follow-up period of longer than 6 
months, there is a possibility of diagnostic uncertainty. Objec-
tive diagnostic tests (e.g., dopamine-transporter imaging) and 
longer clinical observation periods of the patients groups could 
increase the reliability of any noted intergroup differences. Sec-
ond, there was a wide range of absorbance reading for the CSF 
level of α-synuclein oligomer. Nearly half of the subjects ex-
hibited an overlap, as shown in Figs. 4 and 5. Although these 
overlaps diminished with increments of age in symptomatic con-
trol subjects, more sensitive measures are needed for this to be 
considered a reliable marker. As suggested in the consensus re-
garding Alzheimer’s disease, an ideal marker should detect fun-
damental features of the disease neuropathology and should 
have a diagnostic sensitivity and specificity of over 80%. Third, 
the exact target for different ELISA methods should be ad-
dressed. Since we do not know the precise form in which α- 
synuclein exists in cells, intercellular spaces, or body fluids, tar-
get specification in the controlled condition might shed light on 
α-synuclein dynamics.

Conflicts of Interest
The authors have no financial conflicts of interest.

Acknowledgements
This study was supported by Dong-A University Research Fund.

REFERENCES
1. Koh SB, Kwon DY, Lee JM, Han JK, Kim BJ, Park MK, et al. Preva-

lence of Parkinsonism in Ansan-city. J Korean Neurol Assoc 2003;21: 
498-501.

2. Twelves D, Perkins KS, Counsell C. Systematic review of incidence 
studies of Parkinson’s disease. Mov Disord 2003;18:19-31.

3. Gibb WR. Accuracy in the clinical diagnosis of parkinsonian syndromes. 
Postgrad Med J 1988;64:345-351.

4. Gelb DJ, Oliver E, Gilman S. Diagnostic criteria for Parkinson disease. 
Arch Neurol 1999;56:33-39.

5. Forno LS. Neuropathology of Parkinson’s disease. J Neuropathol Exp 
Neurol 1996;55:259-272.

6. Rajput AH, Rozdilsky B, Rajput A. Accuracy of clinical diagnosis in 
parkinsonism--a prospective study. Can J Neurol Sci 1991;18:275-278.

7. Hughes AJ, Daniel SE, Blankson S, Lees AJ. A clinicopathologic study 

of 100 cases of Parkinson’s disease. Arch Neurol 1993;50:140-148.
8. Tretiakoff K. Contribution a l’etudie de l’anatomie pathologique du 

locus niger de Soemmering avec quelques deductions relatives a la pa-
thogenie des troubles du tonus musculaire et de la maladie de Parkin-
son [thesis]. Paris: University of Paris, 1919.

9. Fukuda T, Tanaka J, Watabe K, Numoto RT, Minamitani M. Immu-
nohistochemistry of neuronal inclusions in the cerebral cortex and 
brain-stem in Lewy body disease. Acta Pathol Jpn 1993;43:545-551.

10. Shults CW. Lewy bodies. Proc Natl Acad Sci U S A 2006;103:1661-
1668.

11. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra 
A, et al. Mutation in the alpha-synuclein gene identified in families 
with Parkinson’s disease. Science 1997;276:2045-2047.

12. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus 
J, et al. alpha-Synuclein locus triplication causes Parkinson’s disease. 
Science 2003;302:841.

13. Miller DW, Hague SM, Clarimon J, Baptista M, Gwinn-Hardy K, 
Cookson MR, et al. Alpha-synuclein in blood and brain from familial 
Parkinson disease with SNCA locus triplication. Neurology 2004;62: 
1835-1838.

14. Ross OA, Braithwaite AT, Skipper LM, Kachergus J, Hulihan MM, 
Middleton FA, et al. Genomic investigation of alpha-synuclein multi-
plication and parkinsonism. Ann Neurol 2008;63:743-750.

15. Wood SJ, Wypych J, Steavenson S, Louis JC, Citron M, Biere AL. 
Alpha-synuclein fibrillogenesis is nucleation-dependent. Implications 
for the pathogenesis of Parkinson’s disease. J Biol Chem 1999;274: 
19509-19512.

16. Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE, Lansbury 
PT Jr. Acceleration of oligomerization, not fibrillization, is a shared 
property of both alpha-synuclein mutations linked to early-onset Par-
kinson’s disease: implications for pathogenesis and therapy. Proc 
Natl Acad Sci U S A 2000;97:571-576.

17. Uversky VN, Lee HJ, Li J, Fink AL, Lee SJ. Stabilization of partially 
folded conformation during alpha-synuclein oligomerization in both 
purified and cytosolic preparations. J Biol Chem 2001;276:43495-
43498.

18. Galvin JE. Interaction of alpha-synuclein and dopamine metabolites 
in the pathogenesis of Parkinson’s disease: a case for the selective 
vulnerability of the substantia nigra. Acta Neuropathol 2006;112:115-
126.

19. Soto C, Estrada LD. Protein misfolding and neurodegeneration. Arch 
Neurol 2008;65:184-189.

20. Braak H, Rüb U, Gai WP, Del Tredici K. Idiopathic Parkinson’s dis-
ease: possible routes by which vulnerable neuronal types may be sub-
ject to neuroinvasion by an unknown pathogen. J Neural Transm 2003; 
110:517-536.

21. Lee SJ. Origins and effects of extracellular alpha-synuclein: implica-
tions in Parkinson’s disease. J Mol Neurosci 2008;34:17-22.

22. Danzer KM, Krebs SK, Wolff M, Birk G, Hengerer B. Seeding in-
duced by alpha-synuclein oligomers provides evidence for spreading 
of alpha-synuclein pathology. J Neurochem 2009;111:192-203.

23. Lee HJ, Patel S, Lee SJ. Intravesicular localization and exocytosis of 
alpha-synuclein and its aggregates. J Neurosci 2005;25:6016-6024.

24. Lee HJ, Suk JE, Bae EJ, Lee JH, Paik SR, Lee SJ. Assembly-depen-
dent endocytosis and clearance of extracellular alpha-synuclein. Int J 
Biochem Cell Biol 2008;40:1835-1849.

25. Kim C, Lee SJ. Controlling the mass action of alpha-synuclein in Par-
kinson’s disease. J Neurochem 2008;107:303-316.

26. Lee PH, Lee G, Park HJ, Bang OY, Joo IS, Huh K. The plasma alpha-
synuclein levels in patients with Parkinson’s disease and multiple sys-
tem atrophy. J Neural Transm 2006;113:1435-1439.

27. Li QX, Mok SS, Laughton KM, McLean CA, Cappai R, Masters CL, 
et al. Plasma alpha-synuclein is decreased in subjects with Parkinson’s 
disease. Exp Neurol 2007;204:583-588.

28. Mollenhauer B, Cullen V, Kahn I, Krastins B, Outeiro TF, Pepivani I, 



α-Synuclein Oligomer in CSF of PD Patients

222  J Clin Neurol 2011;7:215-222

et al. Direct quantification of CSF alpha-synuclein by ELISA and first 
cross-sectional study in patients with neurodegeneration. Exp Neurol 
2008;213:315-325.

29. Ohrfelt A, Grognet P, Andreasen N, Wallin A, Vanmechelen E, Blennow 
K, et al. Cerebrospinal fluid alpha-synuclein in neurodegenerative dis-
orders-a marker of synapse loss? Neurosci Lett 2009;450:332-335.

30. El-Agnaf OM, Salem SA, Paleologou KE, Curran MD, Gibson MJ, Court 
JA, et al. Detection of oligomeric forms of alpha-synuclein protein in hu-
man plasma as a potential biomarker for Parkinson’s disease. FASEB 
J 2006;20:419-425.

31. Paleologou KE, Kragh CL, Mann DM, Salem SA, Al-Shami R, Allsop 
D, et al. Detection of elevated levels of soluble alpha-synuclein oligo-
mers in post-mortem brain extracts from patients with dementia with 
Lewy bodies. Brain 2009;132:1093-1101.

32. Outeiro TF, Kazantsev A. Drug Targeting of alpha-Synuclein Oligo-
merization in Synucleinopathies. Perspect Medicin Chem 2008;2:41-49.

33. Yuan B, Sierks MR. Intracellular targeting and clearance of oligomer-
ic alpha-synuclein alleviates toxicity in mammalian cells. Neurosci Lett 
2009;459:16-18.

34. Pandey AP, Haque F, Rochet JC, Hovis JS. Clustering of alpha-synu-
clein on supported lipid bilayers: role of anionic lipid, protein, and di-
valent ion concentration. Biophys J 2009;96:540-551.

35. Brown DR. Metal binding to alpha-synuclein peptides and its contribu-
tion to toxicity. Biochem Biophys Res Commun 2009;380:377-381.

36. Outeiro TF, Klucken J, Bercury K, Tetzlaff J, Putcha P, Oliveira LM, et 
al. Dopamine-induced conformational changes in alpha-synuclein. PLoS 
One 2009;4:e6906.

37. Uversky VN, Li J, Fink AL. Evidence for a partially folded intermedi-
ate in alpha-synuclein fibril formation. J Biol Chem 2001;276:10737-
10744.

38. Uversky VN. A protein-chameleon: conformational plasticity of alpha-
synuclein, a disordered protein involved in neurodegenerative disorders. 

J Biomol Struct Dyn 2003;21:211-234.
39. Iwai A, Masliah E, Yoshimoto M, Ge N, Flanagan L, de Silva HA, et al. 

The precursor protein of non-A beta component of Alzheimer’s disease 
amyloid is a presynaptic protein of the central nervous system. Neuron 
1995;14:467-475.

40. Davidson WS, Jonas A, Clayton DF, George JM. Stabilization of alpha-
synuclein secondary structure upon binding to synthetic membranes. J 
Biol Chem 1998;273:9443-9449.

41. Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, et al. Lewy 
bodies in grafted neurons in subjects with Parkinson’s disease suggest 
host-to-graft disease propagation. Nat Med 2008;14:501-503.

42. Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW. Lewy 
body-like pathology in long-term embryonic nigral transplants in Par-
kinson’s disease. Nat Med 2008;14:504-506.

43. Tokuda T, Salem SA, Allsop D, Mizuno T, Nakagawa M, Qureshi MM, 
et al. Decreased alpha-synuclein in cerebrospinal fluid of aged individ-
uals and subjects with Parkinson’s disease. Biochem Biophys Res Com-
mun 2006;349:162-166.

44. Yamakawa K, Izumi Y, Takeuchi H, Yamamoto N, Kume T, Akaike A, 
et al. Dopamine facilitates alpha-synuclein oligomerization in human 
neuroblastoma SH-SY5Y cells. Biochem Biophys Res Commun 2010; 
391:129-134.

45. Du HN, Tang L, Luo XY, Li HT, Hu J, Zhou JW, et al. A peptide motif 
consisting of glycine, alanine, and valine is required for the fibrillization 
and cytotoxicity of human alpha-synuclein. Biochemistry 2003;42: 
8870-8878.

46. Volles MJ, Lansbury PT Jr. Zeroing in on the pathogenic form of al-
pha-synuclein and its mechanism of neurotoxicity in Parkinson’s dis-
ease. Biochemistry 2003;42:7871-7878.

47. Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML, et al. Aggregat-
ed alpha-synuclein activates microglia: a process leading to disease pro-
gression in Parkinson’s disease. FASEB J 2005;19:533-542.


