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Zusammenfassung des wissenschaftlichen Inhalts 

(Anja Schneider) 

Es gibt zunehmend überzeugende Hinweise dafür, dass die für M. Parkinson 

typische, pathologische Aggregation von intraneuronalem -Synuclein im Hirnstamm 

beginnt und sich von dort entlang anatomischer Bahnen über das gesamte Gehirn 

ausbreiten kann. In einer Reihe von Arbeiten konnte gezeigt werden, dass die 

Übertragung von fehlgefaltetem/aggregiertem -Synuclein in einem bis dahin 

gesunden Neuron die Fehlfaltung und pathologische Aggregation von löslichem -

Synuclein induzieren kann. Eine zentrale und bisher unbeantwortete Fragestellung 

mailto:aschnei8@gwdg.de


ist der molekulare Mechanismus, der zur Freisetzung und gerichteten Übertragung 

von  -Synuclein in bislang nicht betroffene Neurone führt.   

 

Wir konnten in dieser Arbeit nachweisen, dass Exosomen eine wichtige Rolle bei der 

Übertragung von pathologischen -Synuclein Aggregaten zwischen Neuronen 

spielen könnten. Exosomen sind 40-100 nm große Vesikel, die im endosomalen 

System einer Zelle gebildet und nach extrazellulär freigesetzt werden. Exosomen 

können sowohl zur transzellulären Übertragung von Proteinen, Lipiden und RNA als 

auch zur „Clearance“ toxischer Substanzen aus der Zelle beitragen. Aus Zellkultur-

Vorarbeiten war bekannt, dass -Synuclein in vitro in Exosomen freigesetzt werden 

kann. Unsere Daten zeigen erstmals, dass  -Synuclein  im Zentralnervensystem in 

vivo in Exosomen vorkommt. Passend zur Hypothese, dass Exosomen zur 

interneuronalen Ausbreitung der Pathologie beitragen, fanden wir, dass 

Liquorexosomen von Patienten mit M. Parkinson (PD) oder Lewy Körperchen 

Demenz (DLB) eine pathogene Spezies von -Synuclein enthalten. Sowohl PD als 

auch DLB sind histopathologisch durch intraneuronale -Synuclein Aggregate 

gekennzeichnet. Aus Liquor dieser Patienten isolierte Exosomen induzierten in einer 

Reporterzelllinie die pathologische Aggregation von -Synuclein. Das Potential 

dieser Exosomen, die Aggregation von -Synuclein zu induzieren, korrelierte 

hochsignifikant und linear mit derem Gehalt an -Synuclein. Eine solche Korrelation 

liess sich für Liquorexosomen aus Patienten mit anderen neurologischen 

Erkrankungen nicht finden. Interessanterweise fand sich auch ein linearer 

Zusammenhang zwischen der Menge an exosomalem -Synuclein und dem 

Ausmass kognitiver Defizite. Die Menge an exosomalem -Synuclein im Liquor 

korrelierte ausserdem mit der Liquorkonzentration von Tau als einem generellen  

Marker für degenerierende Neurone. Diese Daten unterstützen die Hypothese, dass 

exosomales -Synuclein eine Rolle bei der Krankheitsprogression von 

Synucleinopathien spielt.  

Klinische Versorgung, Diagnose, Prognose und v.a. Therapieforschung der PD und 

auch der DLB sind massiv durch das Fehlen von diagnostischen Markern und 

Verlaufs-Biomarkern beeinträchtigt.  Die Rate an Fehldiagnosen ist hoch, selbst in 

auf Bewegungsstörungen spezialisierten Zentren. Es gibt seit längerem 



Bemühungen, die Konzentration von -Synuclein im Liquor als Biomarker zu 

etablieren. Eine Metaanalyse fand jedoch lediglich eine 80%ige Sensitivität und 

40%ige Spezifität für die Abgrenzung zwischen PD und Kontrollen durch die 

Bestimmung von Gesamt -Synuclein im Liquor. In der selben Metaanalyse konnte 

kein signifikanter Unterschied in der Konzentration von Liquor -Synuclein zwischen 

PD und DLB gefunden werden, so dass sich der Test zudem für die 

Differentialdiagnose nicht eignet.  Die Bestimmung von -Synuclein im Liquor ist 

ausserdem anfällig für Verfälschungen durch Blutkontaminationen, da es bei der 

Punktion immer wieder zu einer Verunreiningung mit Blut kommt, welches im 

Vergleich zum Liquor eine 1000fach höhere Konzentration von -Synuclein enthält. 

Im zweiten Teil unserer Arbeit wurde deshalb untersucht, ob die Anzahl der 

Liquorexosomen sowie deren -Synuclein Gehalt als potentieller diagnostischer bzw. 

Verlaufsbiomarker bei der Parkinson-Erkrankung und der Lewy Körperchen Demenz 

eingesetzt werden könnte. Es zeigte sich, dass die Bestimmung dieser Parameter mit 

hoher Sensitivität und Spezifität Diagnose von PD und DLB sowie deren 

Differentialdiagnose gegenüber Patienten mit klinischem Parkinsonsyndrom ohne 

zugrundeliegende -Synuclein Pathologie ermöglichen könnte. Die Quantifizierung 

von Liquor Exosomen und ihrem Gehalt an -Synuclein ist deshalb ein sehr 

vielversprechender neuer Ansatz, der jetzt in größeren klinischen 

Replikationskohorten validiert werden wird. Die Menge an exosomalem -Synuclein 

aus Liquor korreliert zudem mit der Progression kognitiver Defizite. Unser Assay 

könnte deshalb auch als Surrogatbiomarker für interventionelle Studien benutzt 

werden. Solche Surrogatmarker existieren bislang nicht. Die UMG hat im August 

2015 ein Patent für Liquorexosomen als potentiellen Diagnose- und 

Verlaufsbiomarker bei PD und DLB angemeldet 
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Induction of a-synuclein aggregate formation by
CSF exosomes from patients with Parkinson’s
disease and dementia with Lewy bodies
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Karin M. Danzer,5 Brit Mollenhauer4,6,* and Anja Schneider1,2,3,7,*
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Extracellular a-synuclein has been proposed as a crucial mechanism for induction of pathological aggregate formation in previously

healthy cells. In vitro, extracellular a-synuclein is partially associated with exosomal vesicles. Recently, we have provided evidence

that exosomal a-synuclein is present in the central nervous system in vivo. We hypothesized that exosomal a-synuclein species from

patients with a-synuclein related neurodegeneration serve as carriers for interneuronal disease transmission. We isolated exosomes

from cerebrospinal fluid from patients with Parkinson’s disease, dementia with Lewy bodies, progressive supranuclear palsy as a

non-a-synuclein related disorder that clinically overlaps with Parkinson’s disease, and neurological controls. Cerebrospinal fluid

exosome numbers, a-synuclein protein content of cerebrospinal fluid exosomes and their potential to induce oligomerization of

a-synuclein were analysed. The quantification of cerebrospinal fluid exosomal a-synuclein showed distinct differences between

patients with Parkinson’s disease and dementia with Lewy bodies. In addition, exosomal a-synuclein levels correlated with the

severity of cognitive impairment in cross-sectional samples from patients with dementia with Lewy bodies. Importantly, cerebro-

spinal fluid exosomes derived from Parkinson’s disease and dementia with Lewy bodies induce oligomerization of a-synuclein in a

reporter cell line in a dose-dependent manner. Our data suggest that cerebrospinal fluid exosomes from patients with Parkinson’s

disease and dementia with Lewy bodies contain a pathogenic species of a-synuclein, which could initiate oligomerization of soluble

a-synuclein in target cells and confer disease pathology.
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Introduction
Parkinson’s disease is a neurodegenerative disorder with

motor symptoms that affects �1% of the population over

65 years of age (Pringsheim et al., 2014). It is characterized

by the progressive loss of dopaminergic neurons in the

substantia nigra and pathological aggregation of the intrin-

sically disordered protein a-synuclein into Lewy bodies

(Spillantini et al., 1998; Braak et al., 2003a). Parkinson’s

disease and other neurodegenerative diseases with Lewy

body pathology, such as Parkinson’s disease dementia and

dementia with Lewy bodies, are considered as a continuum

of a disease spectrum termed Lewy body disorders (Lippa

et al., 2007). Clinically, dementia with Lewy bodies is

defined by dementia, visual hallucinations and fluctuating

attention within 12 months of Parkinson syndrome onset.

In contrast, the onset of dementia later than 12 months

after initial motor symptoms specifies Parkinson’s disease

dementia (McKeith et al., 2005b).

The accurate distinction between Parkinson’s disease,

dementia with Lewy bodies and other non-a-synuclein vari-

ants with Parkinson syndrome is challenging due to an

overlap of clinical symptoms and neuropathological

changes. Several comprehensive studies have identified ima-

ging and fluid biomarkers, including dopamine transporter

scans, serum peptide markers, and CSF a-synuclein

(Mollenhauer and Schlossmacher, 2010; Suzuki et al.,

2015).

Although a-synuclein does not contain a sorting signal

for extracellular release, soluble and aggregated a-synuclein

was detected in tissue culture medium and body fluids, such

as brain interstitial fluid, plasma and CSF (El-Agnaf et al.,

2003, 2006; Lee et al., 2005, 2014; Tokuda et al., 2010;

Emmanouilidou et al., 2011; Hansson et al., 2014).

Extracellular a-synuclein was subsequently studied as a

potential diagnostic biomarker, especially in the CSF,

where the majority of a-synuclein is derived from the

CNS rather than from peripheral blood (Mollenhauer

et al., 2012). Most studies have shown a reduction of

CSF a-synuclein levels in Parkinson’s disease and dementia

with Lewy bodies (Tokuda et al., 2006; Hong et al., 2010;

Mollenhauer et al., 2011); however, conflicting results with

either no differences compared to controls or even

increased levels of extracellular a-synuclein were reported

(Noguchi-Shinohara et al., 2009; Ohrfelt et al., 2009;

Reesink et al., 2010). In addition, the sensitivity and speci-

ficity of CSF a-synuclein to distinguish Parkinson’s disease

or dementia with Lewy bodies from non-a-synuclein related

Parkinson syndrome and other neurological controls are

low and to date, a-synuclein has not been approved as a

biomarker for clinical applications (Gao et al., 2015).

Extracellular a-synuclein was recently implied in the

prion-like transmission of pathological a-synuclein from

diseased to healthy neurons where misfolded a-synuclein

might serve as a seed to induce the aggregation of soluble

a-synuclein. This concept of interneuronal spreading is

based on Braak’s observation that a-synuclein pathology

in the brain propagates caudo-rostrally along axonal pro-

jections (Braak et al., 2003b). This hypothesis was further

supported by the detection of a-synuclein aggregates in

transplanted embryonic neurons in Parkinson’s disease

patients’ brains (Li et al., 2008; Kordower and Brundin,

2009b), the observation of neuron-to-neuron transfer of

a-synuclein in mouse brain (Desplats et al., 2009), intern-

alization of exogenous a-synuclein fibrils and induction of

neuronal a-synuclein aggregation in vitro and in vivo

(Emmanouilidou et al., 2010; Nonaka et al., 2010;

Volpicelli-Daley et al., 2011; Danzer et al., 2012a; Luk

et al., 2012a, b; Mougenot et al., 2012). Recently, exo-

somes have been implicated in the dissemination of mis-

folded proteins in a variety of neurodegenerative

disorders, including Parkinson’s disease (Bellingham et al.,

2012; Schneider and Simons, 2013). Exosomes are extra-

cellular vesicles of 40–120 nm diameters that are released

from various cells including neurons (Faure et al., 2006).

Exosomal release and transport of a-synuclein was reported

by us and several other groups in vitro and in vivo

(Emmanouilidou et al., 2010; Danzer et al., 2012b), fol-

lowed by intracellular uptake and the induction of toxicity

and cell death.

The aim of our study was to characterize exosomal

a-synuclein in CSF from patients with a-synuclein-related

neurodegeneration (Parkinson’s disease, dementia with

Lewy bodies), patients with Parkinson syndrome without

a-synuclein related degeneration (progressive supranuclear

palsy) and neurological controls.

Materials and methods

Reagents

Primary antibodies were anti-Flotillin-2 (BD Biosciences), anti-
Calnexin (Sigma-Aldrich), anti-a-synuclein (Invitrogen), anti-
a-synuclein clone 42/a-synuclein (BD Transduction
Laboratories). MJF-1 clone 12.1 was kindly provided by Dr
Liyu Wu, Epitomics, Burlingame, USA. Secondary antibodies
against mouse, rabbit and human IgG were obtained from
Dako, Dianova and Invitrogen.

Plasmids

a-Synuclein hGLuc1 (S1) and a-synuclein hGLuc2 (S2) con-
structs were described previously (Outeiro et al., 2008).

Cerebrospinal fluid collection

CSF specimens were collected at the Paracelsus-Elena Klinik in
Kassel and the Göttingen University Memory Clinic,
Department of Psychiatry, Germany [Institutional review
board (IRB) approval by the local board of Hessen,
Germany, IRB 09/07/04 and 26/07/02 and by the Ethics com-
mittee of the University Medical Centre, Göttingen, IRB 02/05/
09] between 2009 and 2012 by lumbar puncture between 9
and 12 am. Specimens were collected in polypropylene tubes

2 | BRAIN 2015: Page 2 of 14 A. Stuendl et al.

 by guest on January 6, 2016
http://brain.oxfordjournals.org/

D
ow

nloaded from
 

http://brain.oxfordjournals.org/


and centrifuged at 2000g for 10 min at room temperature,
aliquoted and frozen at �80�C within 30 min of completion
of the procedure (Mollenhauer et al., 2011). Samples with
erythrocyte counts 450/mm3 were excluded. All samples
were obtained in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki.

The cross-sectional Kassel cohort

The cohort is described in detail in Mollenhauer et al. (2011).
All patients with Parkinson’s disease fulfilled UK Brain Bank
criteria. Patients with dementia with Lewy body were diag-
nosed according to McKeith consensus criteria (McKeith
et al., 2005a). Patients with progressive supranuclear palsy
fulfilled the National Institute of Neurological Disorders and
Stroke-Society for Progressive Supranuclear Palsy (NINDS-
SPSP) criteria for possible or probable disease (Litvan et al.,
1996). None of the neurological control patients suffered from
Parkinson’s disease or dementia.

The DeNoPa cohort

Recruitment and diagnostic assessments of the longitudinal de
novo Parkinson (DeNoPa) cohort have been published
(Mollenhauer et al., 2013a). In brief, 159 patients had been
diagnosed with Parkinson’s disease according to the UK Brain
Bank criteria and were drug naı̈ve at enrolment. One hundred
and ten neurologically healthy controls matched according to
age, gender and educational level without family history of
Parkinson’s disease were enrolled in parallel. Clinical diagnosis
at baseline was confirmed after a 2-year follow-up. Ninety-
four per cent of subjects returned for follow-up investigations
after 24 months; in 84% the clinical diagnosis was confirmed
by follow-up. CSF was gained by lumbar puncture in the
morning (between 8 and 9 am with the patients fastened in a
sitting position). CSF (14 ml) was drawn in polypropylene
tubes and processed by centrifugation and freezing within
30 min after lumbar puncture according to the published
standard operating procedure (Mollenhauer et al., 2010).
Baseline CSF samples of 76 patients with Parkinson’s disease
and 58 healthy controls who had finalized the first follow-up
with normal routine CSF parameters (i.e. haemoglobin, protein
content), were randomly selected from this cohort.

Purification of exosomes from
cerebrospinal fluid

Exosomes were isolated as described previously (Strauss et al.,
2010). CSF was thawed on ice and subjected to subsequent
centrifugation steps at 4�C: 3500g for 10 min, two times
4500g for 10 min, 10 000g for 30 min and 100 000g for
60 min (Fig. 1A). The 100 000g pellet was washed once with
phosphate-buffered saline (PBS) at 100 000g for 60 min before
resuspension. Exosomes from human CSF for western blot
analysis were prepared from 2.5 ml CSF and resuspended in
Lämmli buffer. Exosomes for electrochemiluminescence
measurements were dissolved in 1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 5 mM
EDTA, 50 mM Tris-HCl, pH 8.0 lysis buffer. Total CSF was
diluted in 2� lysis buffer.

Nanoparticle tracking analysis

Exosomes in CSF or in the ultracentrifugation pellet were ana-
lysed by nanoparticle tracking analysis with a NanoSight
LM10 instrument and a LM14 viewing unit equipped with a
532 nm laser (NanoSight Ltd). Total CSF samples were diluted
1:4 to 1:40 in PBS (Gibco) to a final volume of 400ml prior to
analysis. Pellets from 100 000g centrifugation derived from
0.5 ml total CSF were resuspended in 50 ml PBS and diluted
1:40 in PBS. Samples were recorded in triplicates (DeNoPa
cohort) or six times (Kassel cohort) for 30 s. Particle numbers
were then analysed with the Nanoparticle Tracking Analysis
(NTA) 2.3 software.

Electrochemiluminescence assay for
a-synuclein quantification

Quantification of a-synuclein protein in CSF and in exosomes
prepared from CSF was performed as described (Kruse et al.,
2012). Standard 96-well plates (Meso Scale Discovery) were
coated overnight at 4�C with 3 mg/ml antibody MJF-1 clone
12.1 in PBS. After washing three times with 150ml
PBS + 0.05% Tween-20, plates were blocked with 150ml 1%
bovine serum albumin (Meso Scale Discovery) for 1 h under
shaking at 300 rpm at room temperature. After washing three
times with recombinant a-synuclein standards (kindly provided
by Dr Omar El-Agnaf, Hamad Bin Khalifa University, Doha,
Qatar), samples were applied in duplicate for 1 h at room tem-
perature and under shaking at 700 rpm. After washing three
times, Sulfo-TAG-labelled anti-a-synuclein clone 42 (1 mg/ml)
was added for 1 h at room temperature and 700 rpm shaking.
After washing three times 2� Read Buffer T (Meso Scale
DiscoveryTM) was applied to each well and plates were mea-
sured in a Sector Imager 6000 (Meso Scale DiscoveryTM). Data
analysis was performed with the MSD Discovery Workbench
3.0 Data Analysis Toolbox.

Quantification of CSF tau levels

The concentrations of total CSF tau were determined by a
commercially available validated enzyme-linked immunosorb-
ent assay (ELISA) (Innogenetics) according to the manufac-
turer’s instructions.

Cell culture and transfections

For oligomerization induction experiments, human H4 neuro-
glioma cells (Cell Lines Service) were maintained in Opti-
MEMTM medium supplemented with 10% foetal bovine
serum (both from Life Technologies) and incubated at 37�C
and 5% CO2. Cells were plated 24 h prior to transfection.
Transfection was performed at 80–90% confluency using
Superfect (Qiagen) with equimolar ratios of plasmids accord-
ing to the manufacturer’s instructions. After 2 h transfection
mix was removed from cells and replaced by fresh Opti-
MEMTM medium supplemented with 10% foetal bovine
serum containing purified exosomes derived from CSF from
patients with dementia with Lewy body, patients with
Parkinson’s disease or neurological controls. After 12 h, the
oligomerization of a-synuclein was measured using Gaussia
luciferase protein-fragment complementation assay as
described in Danzer et al. (2012a) and below.
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Gaussia luciferase protein-fragment
complementation assay

Complementation pairs of a-synuclein S1 and S2 wild-type were
transfected into H4 cells in a 96-well plate format as described

above. Twelve hours after transfection cells were washed with

PBS and replaced with serum- and phenol-red free media.

Luciferase activity from protein complementation was measured
in live cells in an automated plate reader at 480 nm following

Figure 1 Isolation and characterization of exosomes from CSF. (A) Exosomes were isolated by subsequent centrifugation rounds

including a final 100 000g ultracentrifugation step from a CSF volume of 0.5 ml. Exosome numbers and a-synuclein content were quantified in total

CSF and exosome fractions by nanoparticle tracking analysis and by electrochemoluminescence assay. (B) Left: Electron microscopy of the

100 000g exosome pellet derived from 4 ml of CSF. Scale bar = 100 nm. Right: For western blot analysis exosome pellets were prepared from

2.5 ml of CSF and resuspended in 20ml of sample buffer. CSF was diluted 1:5 in sample buffer and 20 ml of the exosome preparation and 20ml of

total CSF were probed with an antibody against the exosomal marker protein flotillin-2 (left panel). As a negative control, we probed exosome

preparations and CSF with a secondary antibody against human IgG (middle panel). To rule out microsomal contamination of the exosome

preparation, 20 ml of the exosome pellet, total CSF and of a cell lysate of mouse neuroblastoma N2a cells were blotted and incubated with an

antibody against the endoplasmatic reticulum protein calnexin (right panel). (C) Exosome numbers were determined by nanoparticle tracking

analysis in both, total CSF and the 100 000g exosome pellet derived from 0.5 ml CSF after resuspension in PBS. A representative plot depicting

vesicle size and number of vesicles is shown (total CSF: red curve; corresponding exosome pellet: blue curve; peak: 102 nm). The values were

adjusted for the respective dilution factors and calculated to represent the absolute vesicle numbers in 1 ml of CSF and in exosomes derived from

the same CSF volume. (D) The coefficient of variance was determined for the number of exosomes in the exosome preparation and in total CSF,

for the amount of exosomal a-synuclein protein and total CSF a-synuclein protein, and for the ratio of exosomal a-synuclein protein levels to the

number of exosomes. Blue bars: measurements in the exosome preparation; red bars: measurements in total CSF. CSF samples from two different

patients were analysed in replicates of n = 3 and n = 4.
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the injection of the cell permeable substrate, Coelenterazine
(20mM) (p.j.k) with a signal integration time of 2 s.

Electron microscopy

Exosomes were prepared from CSF as described above, pel-
leted to glow-discharged Formvar-carbon-coated copper grids
and fixed with 4% paraformaldehyde. The grids were nega-
tively stained with 2% uranyl acetate containing 0.7 M oxal-
ate, pH 7.0, and imaged with a LEO EM912 Omega electron
microscope (Zeiss). Digital micrographs were obtained with an
on-axis 2048 CCD camera (Proscan).

Data and statistical analysis

Data were analysed blinded to the diagnosis. Statistical ana-
lysis was performed using SPSS statistics software (SPSS-
Statistics 17.0,) and Microsoft Excel software. Correlation
analysis was performed by using Pearson’s correlation.
Receiver operating characteristic (ROC) curves were used to
evaluate sensitivity and specificity relationships to determine
the diagnostic performance of exosomal a-synuclein as a diag-
nostic test.

Results
Our analysis included the quantification of CSF exosome

numbers by nanoparticle tracking, measurement of CSF

exosomal a-synuclein by a well-established electrochemilu-

minescence assay (Kruse et al., 2012) and determination of

the potential of CSF exosomes to induce the oligomeriza-

tion of a-synuclein in a split luciferase reporter cell assay

(Danzer et al., 2009).

Isolation of exosomes from
cerebrospinal fluid

We have previously shown that exosomes can be prepared

from CSF by subsequent centrifugation rounds followed by

a final 100 000g ultracentrifugation step (Kunadt et al.,

2015) (Fig. 1A and B). The ultracentrifugation pellet con-

tained vesicles of 40 to 120 nm diameters with the typical

cup-shaped morphology of exosomes (Fig. 1B). The CSF

exosome fraction was immunoreactive for the exosomal

marker protein flotillin-2 (Fig. 1B) whereas in total CSF,

flotillin-2 was only detectable at a much higher exposure

time (data not shown). In contrast, the heavy and light

chains of immunoglobulin G (IgG) were abundant in

total CSF but absent from the CSF exosome fraction (Fig.

1B). In addition, the endoplasmatic reticulum protein cal-

nexin was not detected in the CSF exosome preparation,

indicating the absence of microsomal contamination (Fig.

1B). We have already demonstrated by western blot that

CSF exosome preparations from 5 ml starting volume

contain a-synuclein (Kunadt et al., 2015). However, for

quantification of exosomal a-synuclein from smaller CSF

volumes as low as 0.5 ml a more sensitive detection

method was needed. We have previously described an

optimized ELISA that is based on an electrochemilumines-

cence (ECL) platform and allows for CSF a-synuclein quan-

tification with a large dynamic range and high sensitivity

(Kruse et al., 2012). Exosomes were prepared from 0.5 ml

CSF and the number and size distribution of vesicles in

total CSF and in the CSF exosome preparations were mea-

sured by nanoparticle tracking analysis (NTA) (Sokolova

et al., 2011; Oosthuyzen et al., 2013; van der Pol et al.,

2014). A representative graph is depicted in Fig. 1C and

shows vesicles in the range from 0 to 550 nm in total CSF

(red line). In contrast, the exosome preparation predomin-

antly consists of vesicles in the size range of exosomes (blue

line). In addition, we quantified a-synuclein protein levels

in CSF and CSF exosome preparations by an electrochemi-

luminescence assay using MJF-1 clone 12.1 as a capture

and SULFO-TAG-labelled anti-a-synuclein clone 42 as a

detection antibody (Kruse et al., 2012). This assay has an

average lower limit of detection of 5 pg/ml a-synuclein,

which allows the quantification of exosomal a-synuclein

levels from a CSF starting volume as low as 0.5 ml. We

next verified the reproducibility of these quantification

methods (Fig. 1D). Exosomes were prepared from several

aliquots of the same sample and exosome numbers as well

as a-synuclein protein levels were measured in total CSF

and in the exosome preparation. This was repeated with

a second series of aliquots from an independent CSF

sample. Coefficient of variance (CV) was 510% for the

number of exosomes (9.4%) and for a-synuclein protein

(8.2%) in total CSF. Coefficient of variance values for the

same measurements carried out in the exosome prepar-

ations were 22.3% for both the number of exosomes and

for exosomal a-synuclein (Fig. 1D). Coefficient of variance

values were also calculated for the ratio of exosomal a-

synuclein protein levels to the number of exosomes (9.9%

for the determination of exosome numbers in the exosome

pellet and 8.3% for the quantification of exosome numbers

in the starting volume of total CSF). These data show that

our exosome preparation is robust and suitable for quan-

titative analysis in clinical samples.

Quantification of exosomal
a-synuclein in cerebrospinal fluid
samples from early stage
Parkinson’s disease

We first characterized exosomal a-synuclein levels in early

stage Parkinson’s disease. Our single centre, prospective

and longitudinal study cohort ‘DeNoPa’ comprises 159

early, at enrolment drug-naı̈ve Parkinson’s disease subjects

and 110 healthy controls (Mollenhauer et al., 2013b).

From this cohort we selected 76 patients with Parkinson’s

disease and 58 age- and gender-matched healthy control

subjects (Supplementary Table 1). We prepared exosomes

from 0.5 ml baseline CSF samples and quantified

a-synuclein levels in the total CSF (Fig. 2A) as well as in

the exosome preparation (Fig. 2B). As previously described,
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total a-synuclein levels in CSF were significantly lower

in the Parkinson’s disease group compared to healthy con-

trols (Parkinson’s disease: mean a-synuclein = 647.88 pg/ml,

SEM = 26.95 pg/ml, n = 76; healthy controls: mean

a-synuclein = 774.64 pg/ml, SEM = 36.13 pg/ml, n = 58;

*P5 0.05, Student’s two-tailed t-test) (Fig. 2A). When we

compared the absolute amounts of CSF exosomal

a-synuclein between Parkinson’s disease and healthy con-

trol samples (Fig. 2B), we found a small but significant

difference, with lower levels in the Parkinson’s disease

group (Parkinson’s disease mean = 13.04 pg in exosomes

derived from 1 ml CSF, SEM = 0.61 pg, n = 76; healthy con-

trols mean = 16.01 pg in exosomes prepared from 1 ml CSF,

SEM = 0.98 pg, n = 58, *P5 0.05, Student’s two-tailed

t-test) (note that exosome preparations were performed

from 0.5 ml CSF in this and all subsequent experiments;

all numbers were normalized to 1 ml CSF starting volume

after quantification). Next, we calculated the ratio of exo-

somal a-synuclein to total a-synuclein present in the start-

ing volume of CSF (i.e. a-synuclein encapsulated within

exosomes plus vesicle-free CSF a-synuclein). Interestingly,

we found that only 2.17% (SEM = 0.12%) of CSF a-synu-

clein is present in exosomes in CSF from Parkinson’s dis-

ease patients and healthy controls (Parkinson’s disease

mean = 2.17%, SEM = 0.12%, n = 76; healthy controls

mean = 2.17%, SEM = 0.12%, n = 58, Student’s two-tailed

t-test) (Fig. 2C).

CSF exosomal a-synuclein distin-
guishes between Parkinson’s disease,
dementia with Lewy bodies and
neurological controls and correlates
with cognitive impairment

We next examined CSF exosomal a-synuclein in more pro-

gressed disease stages. To this end we prepared CSF exo-

somes from 37 clinically diagnosed patients with

Parkinson’s disease with different grades of motor symp-

toms as assessed by Hoehn and Yahr staging (mean Hoehn

and Yahr stage = 3.9, SEM = 0.20). All samples were ran-

domly selected from the ‘Kassel cohort’ and complemented

with two different neurological control groups

(Supplementary Table 2 and Supplementary Fig. 1)

(Mollenhauer et al., 2011). One group consisted of 15 pa-

tients with gait problems due to polyneuropathy but with-

out Parkinson’s disease. A second group contained 25

patients with progressive supranuclear palsy, which is char-

acterized by a Parkinson syndrome without underlying

a-synuclein but known tau pathology. When we quantified

absolute amounts of a-synuclein protein in the exosome

fraction of equalized CSF starting volumes we found no

significant differences between this more advanced

Parkinson’s disease, polyneuropathy and progressive supra-

nuclear palsy groups (one-way ANOVA, P = 0.000691.

Parkinson’s disease mean = 17.20 pg in exosomes derived

from 1 ml CSF, SEM = 1.50 pg, n = 36; polyneuropathy

control mean = 17.20 pg in exosomes derived from 1 ml

CSF, SEM = 2.97 pg, n = 15, progressive supranuclear

palsy control mean = 20.60 pg in exosomes derived from

1 ml CSF, SEM = 4.56 pg, n = 25, no significant differences,

Games-Howell post hoc test) (Fig. 3A). This finding is in

contrast to the small difference in exosomal a-synuclein

observed between very early Parkinson’s disease and

healthy controls in the DeNoPa cohort. It is possible that

CSF exosomal a-synuclein levels could increase during dis-

ease progression. However, in the Kassel cohort with more

advanced disease stages, no correlation was observed

between exosomal a-synuclein and the severity of motor

symptoms as assessed by Hoehn and Yahr staging

(Pearson’s coefficient, r = �0.011, P = 0.950) (Fig. 3B).

Another possible reason for the discrepancy between the

two cohorts could be the differences in the control

groups which consisted of neurologically healthy controls

in one (Fig. 2) and patients with polyneuropathy in the

second group (Fig. 3), who were referred to the movement

disorder clinic in Kassel due to gait disturbances and sym-

metric positional tremor mimicking Parkinson’s disease.

Although a Parkinson’s disease was ruled out by standar-

dized levodopa testing, smell test and brainstem ultrasound,

it is still possible that some of these patients had an early

stage of Parkinson’s disease. Furthermore, we cannot rule

out that the lack of a difference in exosomal a-synuclein

between Parkinson’s disease and neurological controls is

caused by the relatively smaller number of samples tested.

We additionally analysed exosomal a-synuclein levels in

CSF from 35 patients with dementia with Lewy bodies

from both the Kassel and the Göttingen cohorts, as another

disease with a-synuclein-related Parkinson syndrome. As

shown in Fig. 3A, we found significantly lower CSF exoso-

mal a-synuclein from patients with dementia with Lewy

bodies as compared to Parkinson’s disease, polyneuropathy

and progressive supranuclear palsy groups [dementia with

Lewy bodies mean = 7.92 pg in exosomes derived from

1 ml, SEM = 0.78 pg, n = 35, (*)P = 0.05, *P5 0.05,

***P50.0005, Games-Howell post hoc test].

Importantly, exosomal a-synuclein levels correlated in-

versely with the dementia with Lewy bodies patients’

Mini-Mental State Examination (MMSE) scores (Pearson’s

coefficient, r = �0.382, n = 32 for whom MMSE data were

available, P = 0.028, two-tailed probability) (Fig. 3C).

These data indicate that higher amounts of exosomal

a-synuclein in CSF are associated with a lower MMSE per-

formance and therefore with cognitive impairment. It is

feasible to assume that during disease progression, an

increasing number of neurons contain pathological

a-synuclein aggregates, which could be released with exo-

somes. This notion is further supported by the strong posi-

tive correlation of exosomal a-synuclein levels with tau

protein levels rising in CSF (Pearson’s coefficient,

r = 0.751, n = 17 for whom CSF tau data were available,

P = 0.0005, two-tailed probability) (Fig. 3D). Tau is an

intraneuronal protein required to maintain the structural
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integrity of neurons by stabilizing the microtubule cytoskel-

eton. It is assumed that neuronal damage leads to the re-

lease of tau from disintegrating neurons to the CSF. Thus,

an increase in CSF total tau levels is generally considered as

an unspecific marker of neurodegeneration, e.g. in

Alzheimer’s disease and dementia with Lewy bodies

(Mollenhauer et al., 2005; Montine et al., 2010; Musiek

and Holtzman, 2012; Kang et al., 2013). Therefore, higher

levels of exosomal a-synuclein in progressed stages of

dementia with Lewy bodies could likely reflect an increased

disease activity, although it is not clear why such a correl-

ation between disease progression and exosomal

a-synuclein is not observed in Parkinson’s disease.

The correlation between increasing exosomal a-synuclein

with clinical disease progression and the rise in the neur-

onal injury marker tau contrasts with the overall lower

exosomal a-synuclein levels in the group of patients with

dementia with Lewy bodies compared to the other groups.

We next performed a preliminary evaluation of the per-

formance of exosomal a-synuclein as a potential diagnostic

biomarker by ROC curve analysis (Supplementary Fig. 2

and Supplementary Table 3A). The sensitivity and specifi-

city of CSF exosomal a-synuclein to distinguish dementia

with Lewy bodies from Parkinson’s disease were 85.7%

Figure 2 Quantification of exosomal a-synuclein in CSF samples from the DeNoPa cohort. (A) CSF concentrations of a-synuclein

in total CSF were determined [red bar: Parkinson’s disease (PD) patients, blue bar: healthy control patients], n = 76 Parkinson’s disease patients,

n = 58 healthy control patients, *P5 0.05, two-sided Student’s t-test. (B) Exosomal a-synuclein protein levels were quantified in exosomes

prepared from 0.5 ml CSF starting material and levels were normalized to 1 ml (red bar: Parkinson’s disease patients, blue bar: healthy control

patients), n = 76 Parkinson’s disease patients, n = 58 healthy control patients, *P5 0.05, two-sided Student’s t-test. (C) The ratio of exosomal a-

synuclein (prepared from 0.5 ml CSF and normalized to 1 ml) to a-synuclein in total CSF (normalized to 1 ml) was determined in samples from

patients with Parkinson’s disease (red bar) and healthy controls (blue bar) and is given in %, n = 76 Parkinson’s disease patients, n = 58 healthy

control patients, n.s. = not significant, two-sided Student’s t-test.
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and 80.6% with a positive and negative predictive value of

81.1% and 85.3%, respectively. The sensitivity and speci-

ficity for the distinction of dementia with Lewy bodies from

polyneuropathy were 85.7% and 66.7%; that for dementia

with Lewy bodies versus progressive supranuclear palsy

71.4% and 92.0% (Supplementary Fig. 2 and

Supplementary Table 3A).

As depicted in Fig. 3E, the number of exosomes in CSF

differs highly between the various diagnostic groups, with

nearly 4-fold higher values in Parkinson’s disease as com-

pared to dementia with Lewy bodies (one-way ANOVA,

P50.0001. Parkinson’s disease mean = 3.69 � 109 exo-

somes/ml CSF, SEM = 1.83 � 108 exosomes/ml CSF,

n = 37; dementia with Lewy bodies mean = 1.08 � 109 exo-

somes/ml CSF, SEM = 1.83 � 108 exosomes/ml CSF,

n = 30, P5 0.000, Games-Howell post hoc test) and �2

times higher numbers as compared to polyneuropathy

and progressive supranuclear palsy (polyneuropathy

mean = 2.03 �109 exosomes/ml CSF, SEM = 4.09 � 108

exosomes/ml CSF, n = 15; progressive supranuclear palsy

mean = 1.39 � 109 exosomes/ml CSF, SEM = 5.23 � 109

exosomes/ml CSF, n = 24, *P5 0.05, ***P5 0.0005

Games-Howell post hoc test). In contrast, no significant

differences were observed between the polyneuropathy

and progressive supranuclear palsy groups (Fig. 3E).

We next calculated the ratio of exosomal a-synuclein per

number of exosomes in the different diagnostic groups (Fig.

3F). Interestingly, an approximately two to three times

lower ratio was detected in patients with Parkinson’s

disease compared to all other groups (one-way ANOVA

P = 0.000377; Parkinson’s disease mean = 6.74 � 10�9 pg

a-synuclein/number of exosomes, SEM = 1.04 � 10�9 pg

a-synuclein/number of exosomes, n = 35; dementia with

Lewy bodies mean = 1.50 � 10�8 pg a-synuclein/number of

exosomes, SEM = 3.37 � 10�9 pg a-synuclein/number of

exosomes, n = 28; polyneuropathy mean = 2.63 � 10�8 pg

Figure 3 Characterization of exosomal a-synuclein in dementia with Lewy bodies, Parkinson’s disease and non a-synuclein-

related disease controls in the Kassel cohort. (A) Quantification of exosomal a-synuclein protein content. Exosomes were prepared from

CSF samples from patients with dementia with Lewy bodies (DLB, green bar), Parkinson’s disease (PD, red bar), polyneuropathy (PNP, dark blue

bar) and progressive supranuclear palsy (PSP, light blue bar), n = 35 DLB, n = 36 PD, n = 15 PNP control, n = 25 PSP control. (*) P = 0.05,

*P5 0.05, ***P5 0.0005, Games-Howell post hoc test. One-way ANOVA P = 0.000691. For ROC curve analysis, see Supplementary Fig. 2 and

Supplementary Table 3A. (B) Exosomal a-synuclein amounts do not correlate with the severity of motor symptoms determined by Hoehn and

Yahr staging (H&Y) in Parkinson’s disease (n = 36, Pearson’s correlation coefficient r = �0.011, P = 0.950, two-tailed probability). (C) Correlation

of CSF exosomal a-synuclein with impaired cognitive function in patients with dementia with Lewy bodies. Cognitive state was measured by MMSE

(lower scores indicate a decrease in cognitive function) (n = 32, Pearson’s correlation coefficient r = �0.382, P = 0.028, two-tailed probability).

(D) Correlation of CSF exosomal a-synuclein with increasing levels of CSF total tau indicating more progressed neuronal degeneration in patients

with dementia with Lewy bodies (n = 17, Pearson’s correlation coefficient r = 0.751, P = 0.0005, two-tailed probability). (E) The number of

exosomes per ml CSF was quantified by nanoparticle tracking analysis in CSF from patients with dementia with Lewy bodies (green bar),

Parkinson’s disease (red bar), polyneuropathy (dark blue bar) and progressive supranuclear palsy (light blue bar) (n = 30 DLB, n = 37 PD, n = 15

PNP, n = 24 PSP, *P5 0.05, ***P5 0.0005, Games-Howell post hoc test. One-way ANOVA P5 0.0001). (F) Ratio of exosomal a-synuclein to

number of exosomes in CSF from patients with dementia with Lewy bodies (green bar), Parkinson’s disease (red bar), polyneuropathy (dark blue

bar) and progressive supranuclear palsy (light blue bar) (n = 28 DLB, n = 35 PD, n = 15 PNP, n = 24 PSP, *P5 0.05, Games-Howell post hoc test.

One-way ANOVA P = 0.000377). For ROC curve analysis, see Supplementary Fig. 2 and Supplementary Table 3B.
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a-synuclein/number of exosomes, SEM = 1.03 � 10�8 pg a-

synuclein/number of exosomes, n = 15; progressive supra-

nuclear palsy mean = 4.99 � 10�8 pg a-synuclein/number

of exosomes, SEM = 1.27 � 10�8 pg a-synuclein/number

of exosomes, n = 24, *P50.05, Games-Howell post hoc

test). In contrast, no significant differences were found

between polyneuropathy and progressive supranuclear

palsy groups. ROC curve analysis of this marker for the

distinction of Parkinson’s disease versus dementia with

Lewy bodies, polyneuropathy and progressive supranuclear

palsy is shown in Supplementary Fig. 2 and in

Supplementary Table 3B. The ratio of CSF exosomal

a-synuclein to CSF exosome numbers distinguishes

Parkinson’s disease from dementia with Lewy bodies with

a sensitivity of 74.3% and a specificity of 60.7%

(Supplementary Table 3B).

Taken together, exosomal a-synuclein is significantly

decreased in CSF from patients with dementia with Lewy

bodies compared to neurological controls, mainly due to a

lower absolute number of CSF exosomes. Disease progres-

sion in dementia with Lewy bodies, defined by the severity

of cognitive dysfunction and increasing concentrations of

the neuronal injury marker CSF tau, is paralleled by

higher exosomal a-synuclein levels (Fig. 3C and D). In

Parkinson’s disease, exosome numbers are significantly

increased compared to dementia with Lewy bodies and

neurological controls with comparable levels of total exo-

somal a-synuclein and a lower ratio of a-synuclein per

exosomal particle (for a graphic summary and model see

Fig. 4E).

CSF exosomal a-synuclein from
patients with Parkinson’s disease and
dementia with Lewy bodies induces
the oligomerization of a-synuclein

Exosomes could contribute to spreading of a-synuclein dis-

ease pathology by the transfer of a-synuclein oligomers to

healthy neurons where they could induce the oligomeriza-

tion of soluble intracellular a-synuclein. We have previ-

ously shown that exosomal a-synuclein oligomers are

efficiently internalized into target cells (Danzer et al.,

2012b). We therefore quantified the seeding potential of

CSF exosomes to induce oligomerization of a-synuclein in

a cell line. Exosomes were prepared from CSF from pa-

tients with dementia with Lewy bodies, Parkinson’s disease

and neurological controls. Controls included six patients

with polyneuropathy, one patient with normal pressure

hydrocephalus and one with corticobasal degeneration.

All CSF samples were randomly selected from the ‘Kassel

cohort’. Induction of oligomerization was measured by a

split luciferase fragment complementation technique, which

is one of the most sensitive and dynamic detection methods

to study protein-protein interactions (Luker and Piwnica-

Worms, 2004; Danzer et al., 2012b). In short, luciferase is

split into two non-bioluminiscent fragments S1 and S2, and

fused with a short linker to the C-terminus of a-synuclein

(Fig. 4A). Interaction of a-synuclein molecules, e.g. during

oligomerization and higher order aggregation, brings both

luciferase fragments into close proximity. The resulting

luciferase complementation can be measured as a lumines-

cence signal in the presence of the substrate (Fig. 4A).

Unspecific complementation of both luciferase fragments

had previously been excluded by a series of experiments

where no complementation was shown for the combination

of a-synuclein S1 with amyloid-b fused to the C-terminal

fragment of luciferase nor for a-synuclein S2 and amyloid-b
fused to the N-terminal fragment of luciferase (Danzer

et al., 2011). As a reporter cell line we used H4 neuro-

glioma cells co-transfected with the split luciferase

a-synuclein constructs S1 and S2. The reporter assay was

previously characterized by size exclusion chromatography

and revealed the detection of a-synuclein S1/S2 multimers

in the size range of dimers to 30mers (Danzer et al., 2011).

The activity change of the bioluminescence signal induced

by treatment with CSF-derived exosomes was quantified as

‘fold luminescence increase’ compared to mock treated con-

trol, e.g. cells that were exposed to exosomes but were

treated with transfection reagent without the plasmids

coding for S1/S2 a-synuclein. Incubation of the reporter

cell line with exosomes prepared from equal amounts of

either dementia with Lewy bodies, Parkinson’s disease or

neurological control CSF resulted in �2-fold increase of the

bioluminescence signal in cells treated with Parkinson’s dis-

ease-derived exosomes compared to neurological control or

dementia with Lewy bodies exosomes (one-way ANOVA,

P = 0.000513; dementia with Lewy bodies mean = 6.40-fold

increase, SEM = 0.77-fold increase, n = 9; Parkinson’s dis-

ease mean = 15.79-fold increase, SEM = 1.73-fold increase,

n = 10; control mean = 8.79-fold increase, SEM = 1.58-fold

increase, n = 7, *P5 0.05, Student’s two-tailed t-test) (Fig.

4B). This indicates that exosomes in the CSF of Parkinson’s

disease patients can serve as seeds to induce the oligomer-

ization of a-synuclein in recipient cells.

As shown above, the overall amount of exosomal a-synu-

clein and the number of exosomes in CSF from patients

with dementia with Lewy bodies is significantly lower com-

pared to Parkinson’s disease and neurological controls. We

therefore analysed the potential of CSF-derived exosomes

to induce oligomerization after adjusting for CSF exosomal

a-synuclein levels (Fig. 4C). The ratio of luminescence in-

crease as a measure for oligomer inducing potential to CSF

exosomal a-synuclein protein levels was calculated for each

preparation. Interestingly, when adjusted to exosomal

a-synuclein content, CSF exosomes derived from patients

with dementia with Lewy bodies and Parkinson’s disease

had a higher potential to induce a-synuclein oligomeriza-

tion as CSF exosomes from neurological controls [one-way

ANOVA P = 0.00698; dementia with Lewy bodies

mean = 2.43-fold increase/pg exosomal a-synuclein,

SEM = 1.05-fold increase/pg exosomal a-synuclein, n = 8;

Parkinson’s disease mean = 2.87-fold increase/pg exosomal

a-synuclein, SEM = 0.95-fold increase/pg exosomal a-
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synuclein, n = 9; neurological controls mean = 1.50-fold

increase/pg exosomal a-synuclein, SEM = 1.19-fold

increase/pg exosomal a-synuclein, n = 6, (*)P5 0.1 indi-

cates strong statistical tendency due to small sample sizes,

Mann-Whitney U-Test, *P5 0.05, Mann-Whitney U-Test].

When we plotted the oligomerization inducing activity

versus exosomal a-synuclein content we found a strong

correlation for CSF exosome preparations derived from

dementia with Lewy bodies and Parkinson’s disease

patients but not for preparations from the neurological

control group (Fig. 4D) (dementia with Lewy bodies and

Parkinson’s disease group r = 0.85, n = 17, P = 1.6 � 10�5,

neurological control group r = �0.25, n = 6, P = 0.64,

Pearson’s correlation).

Discussion
The findings from our work address two major aspects: (i)

we provide the first comprehensive analysis and

quantification of exosomal a-synuclein in CSF from patient

cohorts; and (ii) we show that CSF exosomes from patients

with Parkinson’s disease and dementia with Lewy bodies

contain a pathogenic a-synuclein species which serves as a

seed to induce the oligomerization of soluble a-synuclein in

recipient cells. These findings may shed light on several

aspects of a-synuclein spreading and clearance in a-synu-

clein-related disorders. Moreover, replication provided,

CSF exosomal a-synuclein may well be suited as a diagnos-

tic marker in the future.

CSF exosomes from patients with
dementia with Lewy bodies and
Parkinson’s disease induce
a-synuclein oligomerization

We and others have demonstrated previously in vivo

uptake and functional recovery of exosomal proteins and

RNA in neurons (Fruhbeis et al., 2012; El Andaloussi et al.,

Figure 4 CSF exosomal a-synuclein from patients with dementia with Lewy bodies and Parkinson’s disease induces the oligo-

merization of soluble a-synuclein. (A) Illustration of the assay: human neuroglioma H4 cells are co-transfected with a-synuclein fused to split

luciferase constructs (S1: N-terminal part of luciferase, S2: C-terminal part of luciferase). A luminescence signal is measured only after comple-

mentation of both split luciferase fragments (e.g. during dimerization and oligomerization of a-synuclein) and indicates the induction of a-synuclein

aggregation. (B) Luminescence increase in reporter cells upon treatment with exosomes prepared from equal volumes of CSF. CSF was derived from

the ‘Kassel cohort’ [dementia with Lewy bodies (DLB) patients: green bar, n = 9; Parkinson’s disease (PD) patients: red bar, n = 10 and neurological

controls (Neurol. Ctr.), blue bar, n = 7]. All measurements were performed in duplicates (*P5 0.05, two-sided Student’s t-test, one-way ANOVA

P = 0.000513). (C) Ratio of luminescence increase in reporter cells to CSF exosomal a-synuclein protein levels (patients with dementia with Lewy

bodies: green bar, n = 8; Parkinson’s disease patients: red bar n = 9; neurological controls: blue bar, n = 6). All measurements were performed in

duplicates. [(*)P5 0.10, *P5 0.05, two-tailed Mann-Whitney U-test, one-way ANOVA P = 0.00698]. (D) Correlation of luminescence increase

indicative of a-synuclein oligomerization in the reporter cells with exosomal a-synuclein levels (prepared from 1 ml CSF) (dementia with Lewy bodies:

green diamonds, n = 8, Parkinson’s disease: red rectangles, n = 9; neurological controls: blue triangles, n = 6). Pearson correlation coefficient:

dementia with Lewy bodies and Parkinson’s disease r = 0.85, P = 1.6 � 10�5; neurological controls r = �0.25, P = 0.64. (E) Model (left) and summary

table (right) of exosomal a-synuclein in different diseases (left). Exosomal a-synuclein in dementia with Lewy bodies: green diamonds, in Parkinson’s

disease: red rectangles, in neurological controls: blue triangles. Depicting a-synuclein symbols as dimers in dementia with Lewy bodies and Parkinson’s

disease exosomes indicates their potential to act as a seed to induce aggregate formation.
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2013). Exosomal release and transfer of neuron-derived

oligomeric a-synuclein was reported in vitro (Danzer

et al., 2012a) and we have recently shown first in vivo

evidence of exosomal a-synuclein in the CNS (Kunadt

et al., 2015). Our study revealed that exosomal a-synuclein

can be isolated from human CSF. Interestingly, here we

find that CSF exosomes from patients with Parkinson’s dis-

ease induce a-synuclein oligomerization in a reporter cell

line. CSF from patients with dementia with Lewy bodies

contains lower numbers of exosomes compared to

Parkinson’s disease and neurological controls. As a result,

exosomes isolated from equal CSF volumes from dementia

with Lewy bodies and neurological controls do not differ in

their activity to induce a-synuclein oligomerization.

However, after adjusting to exosomal a-synuclein protein

levels, the oligomerization-inducing potential of dementia

with Lewy bodies and Parkinson’s disease CSF exosomes

was approximately two times higher compared to neuro-

logical controls. Furthermore, a linear correlation between

exosomal a-synuclein levels and their activity to induce

a-synuclein oligomerization was observed for dementia

with Lewy bodies and Parkinson’s disease but not for con-

trol CSF exosomes. Our results thus suggest that exosomes

derived from Parkinson’s disease and dementia with Lewy

bodies CSF may contain a pathogenic species of a-synuclein

that is distinct from neurological controls (Fig. 4E). It is

tempting to speculate that exosomes are enriched for mis-

folded oligomers of a-synuclein since oligomerization was

described to target proteins for exosomal release (Fang

et al., 2007). In Parkinson’s disease and dementia with

Lewy bodies, pathogenic a-synuclein oligomers may be

preferentially sorted into exosomes and act as a seed for

a-synuclein fibril growth in recipient cells. Interneuronal

transfer of exosomal a-synuclein may thus explain the

propagation of pathology along interconnected neuronal

tracts, which is observed in a-synuclein-related neurodegen-

eration (Muller et al., 2005; Kordower and Brundin,

2009a; Li et al., 2010; Lee et al., 2012; Luk et al.,

2012a; Ulusoy et al., 2013).

Exosomal secretion of superfluous or toxic cellular con-

tent has been described under various physiological and

pathophysiological conditions previously (Vidal et al.,

1997; Strauss et al., 2010). Therefore, exosomal release

of pathological a-synuclein intermediates may represent a

cellular response to remove neurotoxic substances, espe-

cially in cells with low degradative capacity. Supporting

this notion, increased exosomal secretion of a-synuclein

was observed after lysosomal inhibition in vitro (Alvarez-

Erviti et al., 2011; Danzer et al., 2012b). Interestingly, exo-

somes are most efficiently internalized into microglia

whereas neuronal uptake rates are much lower (Fitzner

et al., 2011; Zhuang et al., 2011; Fruhbeis et al., 2013).

This suggests that pathogenic a-synuclein may be released

by exosomes and subsequently degraded by microglia.

However, insufficient microglial clearance function, as

observed in many neurodegenerative diseases, may pave

the way for interneuronal propagation of pathogenic

exosomal a-synuclein species (Luo et al., 2010).

Interestingly, the levels of exosomal a-synuclein rise in

later disease stages of dementia with Lewy bodies as

reflected by deteriorating cognitive function and increasing

levels of the neuronal injury marker tau. On a more specu-

lative basis we suggest that the initially decreased levels of

exosome numbers and hence exosomal a-synuclein in

dementia with Lewy bodies CSF might mirror a clearance

deficit for a-synuclein, which might explain the pan-cortical

presence of a-synuclein aggregates. It is feasible to assume

that during disease progression, more neurons contain

pathological a-synuclein aggregates, which could be

released with exosomes. Therefore, higher levels of exoso-

mal a-synuclein in progressed stages of dementia with Lewy

bodies could likely reflect an increased disease activity and

the higher number of affected neurons could contribute to

the rise of exosomal a-synuclein levels in CSF. Clearly, this

assumption needs to be corroborated by further experimen-

tation, including a comparison of exosomal release rates

from cortical neurons in dementia with Lewy bodies and

controls, e.g. by using induced pluripotent stem cell-derived

cortical neurons from the respective patient groups or by

using neuronal subtype-specific exosomal marker proteins,

which would allow us to quantify exosomes in CSF,

dependent on their cellular origin.

Preliminary evaluation of CSF
exosomal a-synuclein as a potential
biomarker in a-synuclein-related
disorders

We demonstrate that exosomal a-synuclein is present in

CSF where it is accessible for quantification as a potential

biomarker to detect a-synuclein-related pathology (Fig. 4E).

Preliminary ROC curve analysis revealed a high sensitivity

and specificity for the discrimination of dementia with

Lewy bodies, Parkinson’s disease and neurological controls.

Moreover, we detected a highly significant correlation of

CSF exosomal a-synuclein with cognition and the neuronal

injury marker tau in dementia with Lewy bodies. Thus,

CSF exosomal a-synuclein could additionally serve as a

surrogate marker to monitor disease progression. Such

markers have not been available in the past and could

aid future interventional studies in dementia with Lewy

bodies. Clearly, further experiments including larger

cohorts and independent validation samples are needed to

verify the potential of CSF exosomal a-synuclein as a bio-

marker in Parkinson’s disease and dementia with Lewy

bodies.

Interestingly, exosomal a-synuclein was recently charac-

terized in plasma samples from a large cohort of patients

with Parkinson’s disease and healthy controls. There, exo-

somes derived from the CNS were immune-captured by an

antibody directed against the neural L1 cell adhesion mol-

ecule L1CAM (Shi et al., 2014). Using this approach and in

contrast to our findings, Shi et al. (2014) report increased
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amounts of exosomal a-synuclein in Parkinson’s disease

compared to healthy controls. However, this may be

caused by increased rates of transport from the CNS to

the blood that are described in Parkinson’s disease

(Popescu et al., 2009).

In summary, our study is the first detailed analysis of

a-synuclein in CSF exosomes from different diseases with

a-synuclein-related neurodegeneration. CSF exosomes from

patients with a-synuclein-related neurodegeneration possess

the capacity to induce oligomerization of soluble

a-synuclein in an in vitro model. These data are therefore

highly relevant for disease pathogenesis. In addition, upon

independent validation in larger cohorts, we propose exo-

somal a-synuclein as a potential future biomarker in

a-synuclein-related neurodegenerative disorders.
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