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ARTICLE INFO ABSTRACT

Keywords: Background: Multiple system atrophy(MSA) is a neurodegenerative disease characterized by intracellular a-sy-
Multiple system atrophy nuclein deposits. There is an unmet need for blood-based biomarkers to diagnose MSA. Our previous studies
a-synuclein have reported elevated a-synuclein levels in erythrocytes of MSA patients. However, a-synuclein protein in the
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membrane and cytoplasm of erythrocytes in MSA have not been investigated.

Methods: The membrane and cytoplasm were extracted from erythrocytes in 77 patients with MSA and 133
healthy controls. Levels of total and oligomeric a-synuclein were detected using Electrochemiluminescence
assays. The correlations between a-synuclein levels and clinical characteristics were explored in MSA group. The
diagnostic value of erythrocyte a-synuclein for MSA was determined by Receiver operator characteristic curve.
Results: a-synuclein levels in the erythrocyte membrane were significantly elevated in MSA patients compared
with the healthy controls (total a-synuclein, p = 0.003; oligomeric a-synuclein/total a-synuclein, p = 0.033;
oligomeric a-synuclein/protein, p < 0.001). The combination of total and oligomeric a-synuclein levels in
erythrocyte membrane could efficiently distinguish MSA from healthy controls (sensitivity of 79.2%; specificity
of 69.2%j; area under the curve: 0.771). In contrast, no significant difference was found in erythrocyte cytoplasm
a-synuclein levels. In the subgroup of 48 patients with probable MSA, there was a weakly negative correlation
between oligomeric a-synuclein/protein in erythrocyte membrane and disease duration (r = —0.336;
p = 0.009).

Conclusion: Our pilot study suggests that the membrane fraction of a-synuclein levels in erythrocyte were ele-
vated in patients with MSA, and these levels may be decreased with the development of disease.

1. Introduction identified as the neurotoxic species in the synucleinopathies, such as

MSA, Parkinson's Disease(PD) and dementia with Lewy bodies(DLB)

Multiple system atrophy (MSA) is a progressive neurodegenerative
disease that clinically presents with autonomic failure, parkinsonism
and cerebellar ataxia [1]. MSA diagnosis is mainly based on clinical
symptoms, with a high risk of misdiagnosis. The primary neuropatho-
logical feature of MSA is the presence of cytoplasmic inclusions mainly
formed by a-synuclein (a-syn) protein in oligodendrocytes. a-syn is a
presynaptic protein comprised of 140 amino acids and deposits at high
levels in the brain. Moreover, oligomeric form of a-syn has been

[2]. Several studies have shown that levels of a-syn in cerebrospinal
fluid (CSF) are associated with synucleinopathies, making them po-
tential diagnostic biomarkers [3-6].

Besides the central nervous system(CNS), a-syn expression was also
detected in blood cells [7]. Reports have revealed that plasma a-syn
levels were elevated in patients with MSA and tended to decrease with
the progression of the disease [8,9]. Although a-syn protein is abundant
in red blood cells [7], erythrocyte a-syn levels in MSA have been rarely
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explored. Our previous study demonstrated that erythrocyte a-syn le-
vels were higher in MSA patients than that in control groups [10].
Notably, a-syn was found to be deposited both in the cell membrane
and cytoplasm of erythrocytes [11]. Since increasing evidence suggests
that a-syn can specifically bind to the cell membrane [12,13], we
therefore hypothesized that levels of a-syn in the cell membrane of
erythrocytes may be altered in MSA, which may serve as a potential
diagnostic marker.

In the present study, we aim to compare a-syn levels in the mem-
brane and cytoplasm of erythrocytes between MSA and healthy control
groups, respectively. Levels of total and oligomeric a-syn were mea-
sured by Electrochemiluminescence (ECL) assay, which is proposed to
have high sensitivity and large dynamic range compared to classical
ELISAs [14,15].

2. Patients and methods
2.1. Subjects

From January of 2015 to November of 2016, seventy-seven MSA
patients (59 probable MSA and 18 possible MSA) and 133 healthy in-
dividuals without neurological diseases were recruited from the
Department of Neurology in Beijing Tiantan Hospital, Capital Medical
University. Patients were diagnosed by two experienced neurologists
specialized in movement disorders and underwent an evaluation in-
cluding medical history, physical and neurological examinations. The
diagnosis of patients with MSA was based on the Second consensus
criteria [16]. Exclusive criteria were: (1) secondary parkinsonism syn-
drome, corticobasal degeneration, progressive supranuclear palsy or
spinocerebellar ataxia; (2) signs of cognitive impairment or dementia;
(3) a history of blood diseases, stroke or brain tumor; (4) a family
history of movement disorders. This study was approved by the Ethics
Committee of Beijing Tiantan Hospital and was performed in ac-
cordance with the Declaration of Helsinki. Informed consent was ob-
tained either from the participants or their closest relatives.

2.2. Erythrocyte collection and separation

Whole blood sample (5ml) was collected in EDTA tubes and pro-
cessed within 90 min after drawing. The blood was divided into three
layers by centrifugation at 1500g for 10 min at 4 °C. The upper and
middle layers were discarded to remove the plasma and the white blood
cells. The cell pellet was washed three times with phosphate-buffered
saline(PBS). The red blood cells were resuspended with aliquots (di-
luted 1:1 in ice-cold PBS) and stored at —80 °C. Samples were thawed
only at the time of analysis.

To separate the cytosolic and membrane fractions, erythrocytes
were subjected to two sequential freezes (—80°C) and thaw (room
temperature) cycles, then centrifuged at 14000 g for 10 min at 4 °C. The
cytosolic protein-containing supernatant (cytosolic fraction) was re-
moved and stored at —80 °C, while the membrane pellet was subse-
quently washed 3 times with PBS and centrifuged at 14000 g for 10 min
at 4 °C. The membrane wash supernatant was discarded between wa-
shes. The extracted membrane pellet was then solubilized with STET
lysis buffer (0.1 mmol/L NaCl, 10 mmol/L Tris pH8.0, 1 mmol/L EDTA,
1% Triton 100), incubated on ice for 30 min, and centrifuged at 14000 g
for 10 min at 4°C to pellet any remaining insoluble material. The
membrane protein-containing supernatant (membrane fraction) was
isolated and stored at —80 °C.

Protein concentration in erythrocyte membrane and cytosolic frac-
tions was measured using the bicinchoninic acid (BCA) protein assay kit
(Pierce, USA) at an absorbance of 562 nm relative to a protein standard.
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2.3. Electrochemiluminescence immunoassays for total and oligomeric a-
syn quantification

Standard proteins (Proteos, Inc.) were recombinantly phosphory-
lated or unphosphorylated a-syn monomers, or filaments. Filaments
were purified by ion exchange chromatography, with purity assessed by
SDS-PAGE, and concentration assessed by BCA protein assay as in-
structed by the manufacturer. Anti-a-syn MJFR-1 clone 12.1
(ab138501, Abcam), conformation-specific, anti-a-syn filaments MJFR-
14 [171(ab209538, Abcam) were biotinylated and coated onto standard
96-well Meso Scale Discovery (MSD) U-Plex plates by incubating the
plates with 1 pg/ml either MJFR-1 or MJFR-14 capture antibody solu-
tions for 2h at room temperature and under 600 rpm shaking, ac-
cording to the manufacturer's instructions. After washing three times
with 150 ml wash buffer (MSD), plates were blocked with 150 uL Di-
luent 35 (MSD) for 1h while shaking at 600 rpm and at room tem-
perature. After washing three times in wash buffer, samples and re-
combinant a-syn standards were incubated for 1 h at room temperature
and while shaking at 600 rpm. After washing three times, Sulfo-TAG-
labelled anti-a-synclein 42 antibody (1 ng/ml) was added followed by a
1 h room temperature incubation with 600 rpm shaking. After washing
three times, 150 pL of 2 x Read Buffer T (MSD) was applied to each well
and plates were analyzed in a Sector Imager 6000 (MSD). Data analysis
was performed with the MSD Discovery Workbench 3.0 Data Analysis
Toolbox. Due to individual variation of erythrocyte protein, the con-
centration of total a-syn in cell membrane was normalized to that of
total protein in the cell membrane. Levels of oligomeric a-syn in cell
membrane were presented for oligomeric a-syn per total a-syn in the
cell membrane and oligomeric a-syn per protein in the cell membrane,
respectively. Total a-syn and oligomeric a-syn in the cytoplasm were
presented in a similar fashion.

2.4. Statistical analysis

Statistical analyses were performed using SPSS 17.0 software (SPSS
Inc., Chicago, IL, USA). The t-test and the x? test were used to compare
differences in clinical data and a-syn levels between groups. The Mann-
Whitney test was used to compare differences between groups when the
data were not normally distributed. Spearman correlation was used to
correlate a-syn levels with participants’ clinical characteristics. Binary
logistic regression analysis and receiver operator characteristic (ROC)
curve were used to determine the diagnostic value for each a-syn
parameter separately and for combinations of parameters. The cutoff
for the ROC analysis was determined using the Youden Index. P < 0.05
was regarded as statistically significant.

3. Results
3.1. Demographic and clinical features

The demographic data and clinical characteristics of the MSA and
healthy control groups are listed in Table 1. There was no difference in
mean age and sex distribution between patients with MSA and healthy
controls. According to the second consensus statement on MSA diag-
nosis [16], seventy-seven MSA patients were subdivided into two
groups (56 patients with MSA-P and 21 patients with MSA-C). There
were no significant differences in mean age, sex distribution, disease
duration and H&Y score between MSA-P and MSA-C groups.

3.2. Comparison of a-syn between healthy controls and patients
with MSA

In the erythrocyte membrane, both total and oligomeric a-syn levels
were significantly higher in MSA group compared with that in the
healthy control group (Table 1, Fig. 1). In addition, no differences in the
cytoplasm a-syn levels were found between MSA and healthy control
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Table 1

Demographic, clinical data and erythrocyte a-syn levels of the study population.
Group MSA, n =77 MSA-P, n = 56 MSA-C, n =21 Controls, n = 133 P

MSA vs Controls MSA-P vs MSA-C

Females/Males 27/50 20/36 7/14 65/68 0.052 0.845
Age 61.18 + 7.38 61.93 = 7.55 59.19 + 6.68 59.85 + 9.06 0.075 0.148
Age at onset 57.96 + 7.01 58.54 = 5.71 56.43 + 5.71 NA NA 0.242
Duration 3.22 = 213 3.39 = 4.07 2.76 = 2.40 NA NA 0.254
H&Y 2.701 * 0.73 2.696 + 0.74 2.714 + 0.72 NA NA 0.862
Erythrocyte membrane
Total a-syn/protein, pg/ug 106.15 [78.08-130.61] 101.11 [76.24-127.21] 113.82 [84.28-301.18] 86.29 [70.71-110.79] 0.003" 0.217
Oligomeric a-syn/total a-syn, pg/ng  25.52 [16.55-30.88] 25.52 [18.33-29.92] 24.78 [9.26-36.51] 20.65 [14.49-27.36] 0.033" 0.945
Oligomeric a-syn/protein, pg/ug 2.487 [1.835-3.210] 2.224 [1.827-3.231] 2.856 [2.037-3.202] 1.692 [1.185-2.435] < 0.001" 0.277
Erythrocyte cytoplasm
Total a-syn/protein, pg/ug 77.86 [65.80-93.24] 86.02 [71.18-124.11] 75.71 [65.27-89.33] 76.55 [63.60-91.67] 0.435 0.107
Oligomeric a-syn/total a-syn, pg/ng  3.77 [2.86-4.57] 3.64 [2.53-4.17] 3.85 [3.07-4.61] 3.60 [2.69-4.86] 0.948 0.221
Oligomeric a-syn/protein, pg/ug 0.299 [0.249-0.350] 0.297 [0.246-0.356] 0.299 [0.255-0.345] 0.292 [0.233-0.365] 0.818 0.927

Abbreviation: MSA, multiple system atrophy; MSA-P, multiple system atrophy with predominant parkinsonism; MSA-C, multiple system atrophy with predominant

cerebellar ataxia; NA, not applicable; H&Y, Hoehn & Yahr.
Data are represented as mean * SD or median [25%-75%].
* This P value indicates a statistically significant difference.

groups (Table 1, Fig. 1).

3.3. Comparison of a-syn between MSA-C and MSA-P groups

In erythrocyte membrane and cytoplasm components, both total
and oligomeric a-syn levels between MSA-P and MSA-C groups were
not statistically different (Table 1).

3.4. Comparison of a-syn levels in the membrane and cytoplasm component
of erythrocytes

Total and oligomeric a-syn levels were detected in the cell mem-
brane and cytoplasm components in MSA and healthy control groups.
In both MSA and healthy control groups, total and oligomeric a-syn
levels in cell membrane were significantly higher than that in the cy-
toplasm.

3.5. Correlation of a-syn with age, disease duration and H&Y score in MSA

In the membrane and cytoplasm component of erythrocytes, total
and oligomeric a-syn levels in patients with MSA were not correlated
significantly with age, age at onset, disease duration or H&Y score.
While in the subgroup of 59 patients with probable MSA, there was a
weakly negative correlation between oligomeric a-syn/protein in the
cell membrane and disease duration (r = —0.336; p = 0.009) (Fig. 2).

3.6. ROC curve analysis of a-syn in erythrocyte membrane between healthy
controls and patients with MSA

Total a-syn discriminated MSA from healthy controls with a sensi-
tivity of 94.5% and a specificity of 21.8% (cut-off > 67.49 pg/ug,
AUC = 0.588). Oligomeric a-syn/protein and oligomeric a-syn/total a-
syn discriminated MSA from healthy controls with a sensitivity of
80.5% and 71.1%, and a specificity of 53.4% and 60.2%, respectively
(oligomeric a-syn/protein at a cut-off > 1.776 pg/ug, AUC = 0.696;
oligomeric a-syn/total a-syn at a cut-off of > 22.14pg/ng,
AUC = 0.622). Binary logistic regression with Forword Likelihood
Ratio method using total a-syn, oligomeric a-syn/total a-syn and oli-
gomeric a-syn/protein levels from MSA patients and healthy controls,
provided a model (—3.791 + 0.46*total a-syn+ 1.432*oligomeric a-
syn/protein-0.62*oligomeric a-syn/total a-syn) that significantly im-
proved the ability to distinguish MSA from control with a sensitivity of
79.2% and specificity of 69.2% (AUC = 0.771) (Fig. 3).

4. Discussion

Our present study demonstrated that total and oligomeric a-syn
levels of erythrocyte membrane were increased in MSA patients com-
pared with healthy controls. The combination of total and oligomeric a-
syn levels in the cell membrane yielded a sensitivity of 79.2% and a
specificity of 69.2%, with an AUC of 0.771 for the differentiation be-
tween MSA patients and healthy controls. In contrast, a-syn levels in
erythrocyte cytoplasm in MSA were not different from that of healthy
controls.

Given the ease of sample collection, attempts have been made to
diagnose MSA using blood-based biomarker. Substantial evidence in-
dicates significant higher a-syn levels in plasma in MSA compared with
healthy subjects [6,8,9]. However, a-syn levels of plasma could be ar-
tificially elevated due to contamination with erythrocytes or platelets
during sample collection and processing [7,18]. Because RBCs contain
more than 99% of a-syn levels in blood and detection of erythrocyte a-
syn can avoid contamination arising from hemolysis [7], the present
method should be more stable compared with detection of plasma.

To our knowledge, this is the first study evaluating total and oli-
gomeric a-syn concentrations in erythrocyte membrane of patients with
MSA. a-syn gene (SNCA) is specifically expressed in CNS and hemato-
poietic cells [7,15,19]. Several studies have examined erythrocyte a-
syn levels in PD [20-22], which is regarded as one of the synucleino-
pathies. A previous study demonstrated that levels of oligomeric a-syn
appeared higher in erythrocytes of PD patients as compared with con-
trols [21]. Furthermore, Papagiannakis et al. [23] extracted the ery-
throcyte membrane components and found significantly increase in a-
syn dimer levels of PD patients compared to healthy subjects. Our
findings show that total and oligomeric a-syn levels deposited in ery-
throcyte membrane are also increased in MSA patients. However, the
pathogenic mechanism of increased erythrocyte a-syn levels in synu-
cleinopathies is still not fully understood. Recently, it has been shown
that red blood cells and dopaminergic cells in the substantia nigra share
similar regulatory factors that activate SNCA transcription [19], sug-
gesting a parallel a-syn increase in erythrocytes and substantia nigra.
Importantly, a-syn is a lipid-binding protein and interacts directly with
cell membranes in physiological and pathological conditions [13].
Preclinical studies suggest that toxic species of a-syn, possibly dimers or
oligomers, are formed based on lipid interactions [12,24]. Therefore,
our results might also reflect the increased tendency of toxic species of
a-syn being formed in the erythrocyte membrane of MSA. Moreover,
several studies proved that oligomeric species of a-syn can disrupt cell
membrane integrity and then lead to cellular dysfunction [12,13].
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Fig. 1. Scatter plot of a-syn levels between HC and MSA groups. This scatter plot illustrates the median and interquartile range of a-syn levels. Long horizontal lines

represent median values.

Further studies are needed to assess the specific function of a-syn and difference in erythrocyte cytoplasm components was observed between
the morphology of erythrocyte membrane in MSA patients. MSA patients and healthy controls. Interestingly, we found total and

The a-syn levels in erythrocyte cytoplasm have not been previously oligomeric a-syn levels in cell membrane were significantly higher than
investigated in synucleinopathies. In the present study, no significant that in the cytoplasm both in MSA patients and healthy controls.
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Emerging evidence suggests that exosome-mediated transport could
play a critical role in the processing of proteins involved in synuclei-
nopathies [25,26]. Similar to one explanation for the elevated plasma
levels of a-syn in patients with PD [26], it is hypothesized that a-syn is
transported, at least in part, in association with membrane vesicles,
whereas the majority of a-syn is accumulated in the membrane fraction
of erythrocytes. It is important in future studies to access blood exo-
somes originated from CNS in MSA and explore their association with
a-syn alterations in the brain.

Beyond these observations, our study showed a-syn oligomers/
protein ratio in erythrocyte membrane negatively correlated with dis-
ease duration in the subgroup of patients with probable MSA. While
erythrocyte a-syn levels were not correlated significantly with disease
duration and age, age at onset, disease duration or H&Y score in both
probable and possible MSA patients. The identification of biomarkers
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that reflect the disease progression could significantly improve future
disease-modifying treatments. To date, blood-based a-syn levels were
assessed with inconclusive results, one study found a correlation be-
tween plasma a-syn and disease severity, while another one did not
[8,9]. This discrepancy may result from the differences in several
variables, such as sample collection protocols and operating procedures
[27]. Our findings should be confirmed by future larger and long-
itudinal studies.

There are some limitations to this study. Firstly, we did not access
erythrocytes a-syn levels in patients with PD. Because of the relatively
fast deterioration of clinical outcomes which could increase the accu-
racy of clinical diagnosis and allow monitoring disease modifying ef-
fects more rapidly, MSA is regarded as the most relevant clinical model
for biomarker development as well as disease-modifying therapeutic
studies in all synucleinopathies [28]. Further study should include pa-
tients with PD and DLB, in order to identify if this indicator can dif-
ferentiate MSA from other synucleinopathies. Secondly, the potential
confounding effect of dopaminergic medication has not been addressed.
So far, the effect of dopaminergic drugs on the a-syn protein levels is
controversial. It has been reported that specific dopaminergic medica-
tion does not change plasma a-syn levels [29]. Similarly, Mollenhauer
et al. [6] did not record any significant effect of dopamine treatment on
CSF and serum a-syn concentrations. Further study should investigate
the effect of dopaminergic drugs to the erythrocyte a-syn levels.

In conclusion, we found that only the membrane-bound fraction of
erythrocyte a-syn was elevated in patients with MSA, which would
potentially serve as a diagnostic biomarker for MSA. Moreover, the
specific elevation of a-syn in erythrocyte membrane might help un-
derstand the role of a-syn in MSA pathogenesis, and the potential
correlation with disease duration would be useful in future disease-
modifying trials. Large-scale and prospective studies are needed to
validate our findings in patients with MSA and related synucleino-
pathies.
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